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FOREWORD 

The SPS System Definition Stuay was initiated in June of 1978. Phase I of this 
ef for t  was completed in December of 1978 and was reported in seven volumes 
(Boeing document number D180-25037-1 through 7). Phase 11 of this study was 
s tar ted in January 1979 and was completed in November 1979. The Phase I1 study 
results are reported herewith. This study is a follow-on effor t  t o  an  earlier study 
of t h e  same t i t le  completed in March of 1978. These studies a r e  a part  of a n  
overall SPS evaluation effor t  sponsored by t h e  U.S. Department of Energy (DOE) 
and the  National Aeronautics and Space Administration. 

This study is being managed by t h e  Lyndon B. Johnson Space Center. The 
Contracting Off icer  is Thomas hlancusco. The Contracting Officer's 
representative and Study Technical Manager is Harold Benson. The study is  being 
conducted by The Boeing Company with Arthur D. Little, General Electric, 
Crummaq, TRW, and Brown and Root as subcontractors. The study manager for 
Boeing is Gordon Woodcock. Subcontractor managers a r e  Dr. Philip Chapman 
(ADL), Roman Andryczyk (CE), Ronald McCaffrey (Grumman), Ronald Crisman 
(TRW), and Don Hervey (Brown and Root). 

This report includes a to ta l  of five volumes: 

I - Executive Summary 
li - Reference System Description 

111 - Operations and Systems Synthesis 
IV - Technical Analysis Report 
V - Phase I1 Final Briefing 
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SECTION 1 

INTRODUCllON 

This document contains the  results of the  operations analyses t h a t  were conducted 

during Phase I1 of this contract. Some of these analyses examined operations tha t  

have never been studied before, e.g., space vehicle in-space maintenance. Many of 

t h e  analyses explored in greater depth some operations tha t  were lightly treated 

during previous studies, e.g., LEO Base cargo handling operations. Other analyses 

were of operations that  have been detailed previously but were now obsolete, e.g., 

personnel transportation operations and cargo packaging. 

The primary objectives of these operations analyses were to  define the  operational 

requirements for all of t h e  SPS system elements so  tha t  1) equipment and facilities 

could be  synthesized, and 2) to make estimates of the manpower requirements. 

An overall, integrated, end-to-end description of t h e  SPS operations is presented 

first in Section 2. (This integrated description is written in such a way that  i t  can 

be extracted as a standalone document.) The detailed operations analyses, upon 

which this integrated description was based, a r e  found in the  remaining sections of 

this book. For most of the  operations analyses, t h e  12th year of commercial 

operation, see Figure 1-1, was used a s  the basis for generating the requirements. 

TOTAL n\S- " -7 
113 I ~ ~ I ~ ~ I I S I I I I ~ ~ I ~ O I ~ O ~ ~ ~ I ~ I ~ ~ I ~ ~ I ~ I ~ ~ I  2 7 1 z e r  

~ . Y R s ~ ~ '  2 1 3  1 4  1 6  1 8  1 7  ' 8  1 9  I 1 0 1 1 ; l 1  I f 1  13 

t:',:: CONST LEO BASE I !  
E2= ICONST DEW sAT 

TRANSFER DEMO SAT TO GEO 
DFMO SAT FINAL ASSY 6 CD ,.------- 

L - - - - -- -2 TEST DEMO 

REPLACEMENT 

CONST SMALL 
GEO BASE 

USED FOR OPERATIONS 
AND SYSTEMS SYNTHESIS 

Figure 1 - 1. SPS Demonstration and Commercia1izat;bn Schedu/e 
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SECTION 2 

SOLAR PDWiiR SATELLITE PKOCKAM 

INTEGRATED OPERATIONS 

1.0 INTRODUCTION 

The overall scope of the Solar Fower Satellite program operdtlons is depicted in 

Figure I. These operations involve many surface as well as in-space operations. In 

this discussion, we will take a look at  these operations using the 12th year of 

commercial operations as a ,nodel. ljuring this time perioa the p r ~ n a r y  enu 

products of SPS industrial enterprise are the followin&: l j  operation ana rnainte- 

nance of 20 satellites, L) completion of a new jPS and its ground receiving antenna 

every 6 months, and 3) construction of electric cargo o r ~ i t a l  transfer vehicles 

(EOTV's) at  the rate of one vel~icle every 45 aays. EOTV's are not constructed 

every year of SPS operations; we have selected a year including tOTV cor~struction 

for completeness. 

fi . SPS WAINTEHANCE OPS 

. SPS CmST. OPS 
-.- . - / . I P S  REFUIB O P I  

. . 
F G t O  BASE 

Ltru l  U P ~  

. LWNCH L RECOVER 
. EOTV CONST. OPS 
. STAGING DEPOT OPS 

_ ~ M l S S l ( l  CONTROL W S  

-- . INNISTRIAL 
C W L E X  O S  

RECTENNA . SURFPCE T l A l l S P  WS 
COt4STRUCTION OPS 

Figure 1 - Integrated SPS Program Operations 
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Let's take  a quick look at the  operations being conducted on a typical day during 

this twelfth year. 

ktaw materials will be extracted from the  Carth and delivered t o  processing plants 

where aluminum, steel, graphite, and other primary products will be produced. 

These materials a r e  delivered t o  manufacturing plants where satell i te and rectenna 

components a r e  fabricated and space vehicle propellants are produced. 

The rectenna components, concrete, electrical apparatus, and etc., a r e  delivered t o  

rectenna construction sites (there will be four restennas unaer various stages of 

construction at any time). 

Satellite components and propellants a re  del ive~ed to the  laut~cn site. tleavy lift 

launcn vehicles a r e  loaded with 1 niill~on pound payloads. Tllere will be 1 or 2 

launches each day. Space crews a r e  launctled oy a dedicated vehicle. Trie cdr60 

and crews a r e  delivered t o  a low Earth orbit base (the L C 0  Hase shown in Figure 2). 

Some of the  cargo and crew rernain ax this base wnere electric orbital transfer 

vehicles (EOTV's) will be ccnstructea. The rnajor~ty of cargo is transferred t o  tl!e 

EOTV's which will deliver the  cargo t o  the  geosynchronous Earth omit  base (tne 

GEO Base). Crews will be delivered t o  CLO by deciicateo vehicles. 

S T R W I O N  OANT RY 

STATIONKEEPI 
E O N  STRUCTURE 

S O U R  ARRAY DEPLOY€ 

FACILITIES f UO DOCKINO A I D  
I CARGO SORTING AND 

\ STORAGE FACILITIES 
ON LOWER LEVEL 

Figure 2 - LEO Base 





2.0 INDUSTRIAL COMPLEX CPERATIONS 

During t h e  12th year of commercial  SPS operations, t h e  inaustriai infrastructure 

will be  producing t h e  materials  and components required t o  construct  2 satellites, 2 

rectennas and 8 EOTV's. Figures 4 and 5 i l lustrate  some of t h e  manufacturing 

plants and t h e  quanti ty of g o ~ d s  t o  b e  produced to support t h e  space  construction 

and ground receivinq stat ion construction operations. S t ~ d i e s  have shown tha t  t h e  

prociuction of photovoltaic cells and blankets will b e  tile most significant riew 

industrial enterprise. Certain other  subsystems will require t h e  develop~nent  of 

significant new industrial capaci ty,  but t he  SPS demand seems reasonably coinpar- 

ab le  with projected capaci ty to serve  o tner  markets. 

uespi te  t h e  la rge  s i ze  of many of t he  rrrajor siitelllte elerirents, rnost o i  t h e  

cornponents can be shippea via truck or  rail. Tne notable exceptions will o e  

antenna subarrays (1 I x 1 i meters)  ano electr ical  rotary joints asserriulies i lbin 

diarneter x i2nl iong) which can be shipped only via barge o r  ship. 

If we consider only t h e  SPS and EOi'V structural  components, solar arrays, clnd 

power bus materials  to be delivered t o  the  launcn s i t e  eacn  month (a to ta l  of 

approximately 7400 me t r i c  tons per nlonth), trle equivalent of only 130 rail c a r s  

woulcl be required. The rectenna construction will require auout  600,OGti met r i c  

tons per rnonth of concrete,  s tee l ,  aluminum, ce ran~ ics ,  plastic, etc. Tnis will 

require t he  equivalent of approxirnately 14,000 rail ca r s  per month. '(he sptice 

transportation vehicle propellant production &ill require approxirnately 760,000 

me t r i c  tons per month of coal  and liquid H2 t o  be transportea. This is t h e  

equivalent of 13,500 rail  ca r s  per month. When the  above requireirrents a r e  added 

together t h e  result is t h a t  t he  SPS progratn will require t h e  equivalent oi about  

30,000 rail ca r s  per rnonth t o  support all  operations. This is only 1.6% of t h e  1.9 

rniiiion rail ca r s  per month moved in tile U.S. in 1978. df course these  gooos would 

be delivered by ships, trucks, and pipelines in addition to rail  cars. 

It  is es t imated  t n a t  over 500,300 people will be involveo in the  SPS lndustridl 

complex and surface transportation operations, t ha t  will s t r e t ch  from coast- to-  

coast.  With the  exception of the coal and recterlna materials ,  all of tile 

iT\anufdctclred goods arru propellants will oe  directeu towdru the  laurlcll dnu 

recovery site.  
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Whie the preliminary site preparation work is cmaucted, a portable, automated 

structural support arch casting factory is brought on-site. The arcnes will be 

produced at the rate of 250 arches per hour. The rectenna panels are produced a t  a 

central pane! factory and these panels are delivered to the construction site, 

Figure 7 illustrates the types of construction equipment used to  erect the rectenna. 

Automated augers bore footiqg holes. An automated footing machine pours the 

corzrete footings and sleeves. The precast arches are trucked into a position 

wknm t h y  can be offloaded by a crane and installed into the footings. Other 

cranes install the rectenna panels and power busses. 

It is estimated that a total of 12,600 man-months will be required t o  construct 

each rectenna over a 24 month period (average of 525 workers per month). This 

includes the people working in the arch factory and panel factory. With four sites 

in work simultarteously, this translates to  2100 workers. 

Q 
Q HIUWDATION MACHINE / 

Q 0 
0 0 

Figure 7 - Rectenna Construction Equipment 
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4.0 LAUNCH AND REOVERY SlTE OPERA- 

The Kennedy Spare Center (KX) is the reference location for the  SPS System 

Launch and Recovery Site. Figure 8 illustrates the operations flow concept for the 

lam& complex. The heavy lift cargo launch vehicles (HLLVs) and the personnel 

launch vehicle (PLIPs) boosters and arbiters land at the landing s t r i p  The HLLV 

Boosters and Orbiters and the PLV Boosters are towed from the landing strip 

directly to their processing facilities. The PLV Orbiter is towed from t k  landing 

area to a Passenger Offloading Facility where the passengers are disembarked. 

The vehicle is then towed to i ts  processing facility. 

The H U V  Orbiters are taken to the HLLV Orbiter and Payload Processing Facility 

where the Orbiter is maintained and the cargo pallets a r e  loaded in a 70 hour 

turnaround time. Cargo is delivered t o  KSC via ship, rail, and truck. 

The H L i V  Boaters  are taken to the HLLV Booster Processing Facility where the 

booster vehide is maintained. The boosters a re  turned arourrd in 58 hours. 

Figure 8 - Operations Flow Conce~t for Launch Complex 



The HLLV Boosters and Orbiters are towed t o  one of 3 HLLV launch pads where the 

stages are mated horizontally and then erected for launch as shown in Figure 9. 

Figure 10 shows an HLLV la& The launch pad operations take 34 hows. There 

will be approximately 400 HLLV launches per year. 

The personnel launch vehicles will be processed in a similar fashion. 

Propellants will be delivered by snip or barge t o  tne  launch site. These propellants 

are stored, conditioned, and deli aed  by pipelines to  the  launcn paas. Propellants 

destined for in-space vehicles will be pumped into propellant delivery vehicles at 

the launch pads. 

Table I su~nmarizes the facilities ano iilanpovier requirements for the launch ana 

recovery site. 

Figure 9 - HL L V Launcher/Ert%tor Concept 
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terminated until year 10 when a replacement EOTV fleet will be constructed dt tne 

rate of 8 units per year (1 EOTV every 45 days). A cmstruction crew of 35 people 

are requir*. These workers operate beam machines, cherrypickers, bus ueployers, 

etc. from pressurized control cabins on the mcbile construction equipment items. 

Depot operations are conducted continuously throughout the 1 if e of the SPS 
program. Both SPS construction and maintenance crews and materials going to ana 

from the CEO base are transferred through the LEO base. Figure 11 shows tnat L 

to 5 vehicles are handed eacn day. Figure 12 shows a cargo pallet being offloacied 

from a HLLV. Some of these pallets are emptied a t  the LEO base. Qtners are 

transferred to  EOTV's, which are station keeping about 2 kilometers away from tile 

base, using cargo tugs. The GEO crews are taken to a personnel orbital transfer 

vehicle (POTV). Crew supplies modules are attached to  the POTV's for aelivery to 

tne CEO Base. A crew of 84 people are required for trlese depot operations. 

In addition, ongoing operations are needed for habitation operations (housekeeping, 

food service, e tc ) ,  base subsystem operations (electrical power, flight control, 

computers, etc.), base maintenance operations, crew training operations, 2nd 

healthJsafety operations. .'i crew of 102 people are required for these functions. 

Figure 1 1 - LEO Base Space Vehicle Traffic Schedule 
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Figure ?2 - Cargo Pallet Beir~g Offloatled frort, an NL L V af rhe LEO Basc 
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7.0 SATELLITE MAENTEN;&CE OPERATIONS 

The satellite maintenance operations include two primary sub-operations: 11 The 

mainten. ,ce tha t  is performed at t h e  sateilites, and 2) The refurbisk~rnent of 

defective satellite components at a maintenance depot on the CEO Base. Figure 

16 illustrates t h e  integrated maintenance operations and Figure 17 shows t h e  

associated timeline. 

A crew of 83 mobile maintenance workers, see Figure 18, a r e  delivered t o  the 

CEO Base twice a year. These crewmembers board a mobile crew habitat and a r e  

then delivered t o  an operational satel l i te along with some maintenance equipment 

and some replacement parts. Tne satell i te is shut down prior t o  the  crew's arrival. 

The mobile habitat, mainterlance equipment, and pallets of components, dock t o  

t h e  satellites antenna. The crew is  distributed t o  some built-in maintenance 

cherrypickers along with replacement parts. Over s 3 112 day period, defective 

components a r e  removed and replaced with new ones. The defective components 

a r e  returned t o  the  CEO Base. The crew, mobile maintenance equipment, and 

replacement parts  move on t o  t h e  next satellite. They repeat these maintenance 

operations as they visit 20 satellites over a 90 day period. The crew and equipment 

a re  returned t o  t h e  CEO Base at t h e  end of their tour and t h e  crew is returned t o  

Earth. 

At the  CEO Base, the defective components a re  delivered to maintenance modules. 

These parts a re  individually tested t o  diagnose their fault conditions and then they 

are sent through a production line where they are torn down t o  the extent required 

t o  replace t h e  defective components. The components a r e  then reassembled and 

tested. They a r e  then returned to storage for eventual delivery t o  the satellites 

for reuse. 

A crew of about 300 people a re  required for these refurbushment operations when 

20 satellites a r e  operational. This quantity will vary with the  number of satellites 

t o  be serviced. 
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Figure 18 - Mobile Maintenance Clew O ~ i z a t i c u ,  and Crew Sire 

For purposes of illustration only, it is assumed that each SPS/ground receiving 

station pair wi l l  be operated by a uti l i ty power pool such as the Northwest Power 

Pool. As part of a utility system, the SPS elements become an integral part of that 

system and are affected by conditions on the system and the constraints imposed 

t y  the system. 

Conventional generating plants in a utility network are operated under the 
i 
f direction of a company dispatcher who, in most instances, i s  provided direction 

from a power pool operating control center, as shown in Figure 19. However, as 

the SPS ground receiving stations will represent a significant block of generation in 

any power pool, each of them will be controlled by its own Rectenna Co?trol 

Center. Tie Recterlna Control Center wil l  be capable of cocltrolling the SPS 

power output from 50 to 100% of maximum power and will also have emerltencv 

satellite power shutdown control. These cantrol centers w i l l  receive direction 

from the power pool operating control center. 
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Figure 19 - SPS/Ractenna/UtiIity Grid Control Structure 

Tekrnetering of power levels and voltages will provide the p o d  operators a current 

picture of conditions on t h e  network. As loads and power flows change, 

coriventional generation units will be brought on line or dropped off line to 

maintain system frequency. The SPS unit will be used to  maintain the  base load. 

Each ground receiving station will employ about 225 maintenance workers and 

about 110 operations personnel. For 20 ground receiving stations, a total  of 7700 

people will be required. 

The iateliite will receive most of i t s  control from a central SPS Control Center 

that  will operate all of the  satellites. This control centers capabilities will include 

satellite systems control and s ta tus  monitoring, station keeptng control, and fault 

detectio;l/isoiatic.n. The SPS Control Center will be responsible for creatiag the 



satellite-specif ic maintenance p h n s  and coordiaating t h e  planned satellite main- 

tenance shutdown with rectenna control centers. Both satell i te and rectenna 

phnned maintenance will be performed simultaneously during t h e  biannual 3 112 

day shutdowns. The SPS Control Center will require 240 people t o  control 20 

satellites. 

Each of t h e  Rectenna Control Centers a r e  also tied back t o  a Rectenri.i/Grid 

Operations Control group. This grot9  is responsible for managing the  rectcnna 
' construction operations, providing rectenna svstems technical consultants, and 

coordinating all of t h e  rectenna operations. There a r e  95 people required for this 

function. 

9.0 O P E R A m S  CONTROL 

In t h e  preceding sections, w e  have briefly described the  operations that  a r e  being 

conducted throughout t h e  SPS project. A group of people, facilities, and equipment 

will be required t o  coordinate and integrate these diverse operations t o  assure that  

all program elements a r e  meeting the  system requirements in a timely manner. 

This coordinating function is assumed t o  be located in an Operations Ccntrol 

Center where there a r e  located 12 groups of pecple and their equipment, see 

Figure 20. These groups either 1) directly control system operations (e-g., the  

communicati;n systems operations, SPS operations, and space traffic control 

operations), 2 )  act as consultants for various system operations t~ at a r e  directly 

controlled locally (e.g., space construction, LEO Base, and CEO Base operations), 

or 3) assure that  t h e  various SPS activities a r e  suitably integrated (The Integrated 

Operations group). 
5 
3 

The lntegrated Operations group is composed of representatives for each of the 12 

operations control and consultant groups. This group would prepare master plans 

and schedules, al locate tasks/responsibilities to  local operations, monitor program 

performance, and direct corrective actions a t  the  system -wide level whe? 

appropriate. 





There are operations control people and equipment also located at the launch site, 

the rcctennas, and at both the LEO Base and the GEG Base which locally manage 

the base operations, construction operations, and space vehicle operations. 

The total number of centralized operations control personnel is estimated t o  2996 

peopk (estimate based on 20 satellites in orbit). 

When taken as a wble, the SPS program and i k  operations appear t o  be 

overwhtlming. Table I ummarizes  the estimates of the number of people who will 

be icvdved. Without a dwbt, SPS will be t k  mast ambitious industrial endeavor 

ever rarderrafcen by mankid  However, as we focus over attention t o  discrete 

e ments arld qi i diialfi) t k y  do not Seem to be so formidable. 

While t he  Wh-based industrial complex will be extensive, i t  will not be as 

extensive as the automobile industry infrastructure. W h i l e  there will be a 
requirement f a  tk equivalent of 30,000 freight cars per month t o  support the  

industrial operations, this requirement is only 1 112% of the total freight car 

movements today. 

The construction of the ground receiving stations that cover several square 

ki1on;eters will be a sizable undertaking. However, the field assembly of 

preformed elements i s  certainly within today's state-of-the-art. 

At the launch and recovery site, about 8 launches per week will be required. 

However, by the time SPS comes on line, the Space Shuttle operations will have 

experience at launching reusable vehicles at the rate  of several vehicles every 

month. 

The in-space transportation, construction, and maintenance operations will undoub 

tedly be the most ambitions advancement in the state-of-the-art. However, we 

will not try to  attain full-scale capabilities at once. The SPS program will proceed 

in an orderly development cycle. We will start  with very small scale demonstra- 

tions of the various operations and will proceed in bite-site steps to  larger-scale 

demonstration projects. 
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TABLE 1 

SPS PROGRAM MANPOWER ESTIMATE 

Number of People 
Req'd During 12th 
Year of Commercial 

Operations 
(20 SPSL in operation) 

Industrial Complex/Swface 
Transportation Opera-ions 

Rectenna Construction Operations 

Launch and Recovery Site Operations 

LEO Base Operations 

o Space Crews 
o Ground Support Crews 

G EO Base Operations 

o Spacecrews 
o Ground Support Crews 

SPS Maintenance Operations 

o GEO Basecrews 
o Mobile Crew 
o Ground Support Crews 

SPS/Rectenna/Utility Grid Operations 

Operations Control 

Total 542,000 
(approx.) 

In conclusion, we can state that all of thi? various SPS program operations have 

been examined in enough detail to convince us that there are no operational 

show-stoppers. Given this chance, it can be done. 
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3.0 THE INDUSTRIAL IMPACT OF THE SPS 

3.1 Estimation of Industrial Requirements 

If the Solar Power Satellite were implemented on a scale sufficient to make a significant 
contribution to world energy supply, the dollar s*olume of electric power sales from these systems 
auld grow to rival the sales volume of the largest present industries. Moreover, during the build- 
u p  phase, the production and deployment of SPS's (with an annual increase in installed capacity 
of 10 G\ir or more) would constitute a major new industry; for comparison. during 1966-67, s 
boom year for the nuclear power industry, 51 power reactors were placed on order by the U.S. 
electric utility industry, with a combined capacity of about 40 GW. 

There have been several studies to date1.'.'+' of the material and resource requirements for 
supporting SPS build-up scenarios. The purpose of the present study was a preliminary eval- 
uation of the industrial infrastructure required to fabricate SPS components, assuming that the 
raw materials are available. SpecificaHy, the objective was to determine whether production 
bottlenecks or other diffic~ilties are probable in the fabrication of the follo~ving SPS sub-systems. 

Photovoltaic cells and blankets. 
Electric ion thrusters. 
Dipole rectifiers. 
DC to microwave power conversion dcvices. 
Graphite compmite rsw materials. 

There are three primary difficulties impding a realistic anelgsis of this type a t  the present 
time. In the first piace, in order to define the industrial cornp!ex required for fabrication 01 a 
particular sub-system, it is, of course, necessary to assume a particular design for the SPS. The 
NASADOE Baseline Reference System (BRS) provides an examp!e of a design which has been 
studied in sufficient detail to allow calculation of quentiries needed of each sub-system. but there 
are definite limitations to using a point design such as the BRS a; a model for industrial studies. 
in particular, conclusions drawn from the BRS are of little value if they fail to take account of 
technical advances which could substantially change sub-system requirements. 

Even if the BRS is accepted as the basis for this analysis, a second difficulty is that very 
little attention has been given as yet to detailed production engineering for most suh-systems. Far 
example, while there is general agreement that the treditional Czochralski method for producing 

Q silicon photovoltaic ceils from boules of purified Giicon is not the technique of choice for the SPS 
  large!^ because of inherent energy costs and silicon losses due to boille cutting and wafer 
sawing), there is a wide and increrising variety of alternative techniques; Sut most of these have 
been demonstrated, if at all, only at laboratory scale. Production plant requirements for most o!' 
these processes are difficult to specify at  present, but it is clear that they depend stro~gly on the 
technique used. 

Finally, the industrial requirements for SP8 febrication cleerly depend on the scerlario 
which is assumed for development nnd deployment of the system. In the steady state, the plant 
capacity needed is, of course, propc;rtional tc the rate of build-up of installed SPS output 
capacity, but, as discussed below, there may a!so he a significant ciiflerence in the requirement3 
for fabricating a pilot plant and those in the operational phase. 
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Given these uncertainties, the approach chosen here was to compare the manufacturing 
requirements for the SPS with the present and projected capabilities of U.S. industry in related 
areas. For some sub-systems (e.g., ion engines), there is as yet little or no experience with mess 
production, but general conciusions may nevertheless be drawn by comparison with analogous 
manufacturing operations. This procedure allows identification of those sub-systems for which 
the industrial requirements are modest; for such systems, more detailed investigation appears to 
be unwarranted pending further development of the SPS concept. More careful consideration is 
needed in those areas in which the SPS can be shown to entail a significant industrial impact, 
starting with a preliminary study of production engineering. 

3.2 Plant Optimization 

In considering production plant capacity requirements for supporting the SPS and the 
timing of capital investment, it is important to distinguish between two separate cases. If it is 
required that a given production capacity be available at  a time t, in the future (for example, to 
serve a given steady-state rate of build-up in SPS capacity), then it is clearly desirable to 
postpone investment as long as possible, in order to minimize the cost of capital and to maximize 
opportunities for incorporating technical advances. The situation is more complicated if the 
requirement is instead that, a t  time t,, a given quantity of the plant product should be available 
in inventory, RS would be the case if the objective were to support deployment'of a pilot plant for 
the SPS. The latter case might also be relevant if the objective were, not to support an unlimited 
build-up of SPS capacity, but to provide a fixed total capacity within some specified planning 
horizon. 

The problem of plant optimization to provide a quantity y, of product by time t, is 
considered here in general terms. It ia necessary to strike a balance between the need to postpone 
investment and that of minimizing the capital cost of the plant required to produce the needed 
inventory on time. Specifically, the analysis in Appendix 3.A develops the variation in the Net 
Present Value (KPV) of the total cost with the start-up date of the production plant (expressed as 
years before t,). The calculaticn is carried out in constant dollars (i.e., the effects of differential 
inflation are ignored), but the influence of learning in reducing production cost is taken into 
account. It is assumed that the cost of raw materials is included in the manufacturing cost. 

An important parameter in this calculation is the assumed discount rate. It has been 
argued5 that the present high discount rates (e.g., the commercial prime lending rate) include 
forecasts of inflation, so that, in a constant-dollar analysis, the actual rate should be taken as 
considerably lower. In other words, it is acceptable to borrow money ~t a high interest rate if one 
is confident chat general inflation will significantly reduce the value of the dollars used for 
repayment. One measure of the real cost of capital to the U.S. Government is the interest rate Qn 
treasury bonds, corrected for inflation. which has averaged iess than 2% over the last decade. 
Since Government borrowing (or taxation I reduces the capital available to the private sector, it 
may be that commercial interest rates (or rates of return on equity) give n more renlistic measure 
of the opportunity cost of capital to society as a whole, but even these, when corrected for 
inflation, have rarely been above 5 to 6%. 

The accounting procedures used in asessing the cost of capital are of considerable signifi- 
cance to the SPS, because a low discount rate tends t3  favor capitat-intensive systcn~ssuch as t!~c 
SPS over alternative energy technologies which exhibit higher operational costs. However, the 



abow economy-wide raten a n  appropriate to relatively low-risk investments: if they are to be 
UbCd in connection with the SPS, it is necessary to make an explicit and separate accounting of 
the risk8 associated with this system. 

Increasing the amumed discount rate provides a rough but useful means for taking account 
of tbs uncertainties about the SPS industrial infrastructure which were discussed in the previous 
Section. In particular, the dbcount rate can be adjusted 80 as to incorporate judgments about the 
d e h b i l i t y  of patponing investment in production plants pending clarification of the technology 
to be employed. 

For these reasons, a discount rate of 10% is used here, when numerical values are needed. 
This is the discount rate presently recommended by the Office of Management and Budget 
(OMB) for assessment of Government-funded projects. 

The conclusion reached in Appendix 3.A is that, as a rule of thumb, a plant required to 
provide a given inventory by a time t, should have a start-up date which is about five years 
earlier, dthough the optimum is quite broad. 

3.3 Spec'rlc SPS Sub-systems 

3.3.1 Photovoltaic Cells and Blankets 

An earlier report by Arthur D. Little, Inc.,' provided an assessment of both the resource 
require~nents and potential manuiacturing processes for silicon (Si) or gallium arsenide (CaAs) 
photovoltaic arrays for the SPS. In that study, it was assumed that one of several production 
procesm for Si cells would be used which are based on growing from a melt a ribbon of 
semiconductor grade (SeG) silicon. 

A recent article in Electronics' provides an excellent overview of developments in photovol- 
taics, at least for terrestrial applications. There is a sidebar on the SPS, but unfortunately it 
reiterates common fallacies about the system; by quoting out of context, it implies that the 
RDT&E cost for the SPS may be S5M) billion, it raises questions about the environmental effects 
of "concentrated microwaves," and displays an ignorance of orbital mechanics by suggesting 
that, like Skylab, a power satellite might fall to Earth. The rest of the article, however, is 
probably the best available reference on the state of the photovoltaic art. 

Given these references, manufacturing processes for photovoltaic arrays will not be dis- 
cussed again here. 

A continuing problem is the relatively low priority given solar cells for space applications 
(especially the SPS) in the Xational Photovoltaic Program. Without close coordination of devei- 
opment, it is not at all clear that cells developed for terrestrial applications will prove suitable ror 
the SPS; and the need for low specific mess and high efficiency in SYS photovoltaic arrays may 
lead to cells w!lich are too costly and/or too fragile for terrestrial uses. Nevertheless, the magni- 
tude of the projected market for terrestrial solar cells provides a useful standard of comparison in 
estimating the industrial impact of the SPS. 



3.3.1.1 Photovoltaic Cells for the Operational SPS 

Figure 3.1, adapted from the referenced report', shows projections of the terrestrial market 
for single-crystal Si ceils and G a h  cells with concentration. The growth curve for Si cells is 
exponential, with a projected time constant of only about one year. hiaive extrapolation of this 
curve would lead to the conclusion that the terrestrial market might be much larger than that for 
the SPS by the time that system was operational, but this is clearly unrealistic. If this growth 
were to continue until the end of the century, it would give a total installed terrestrial photovol- 
taic capacity whose average output (allowing for outages due.to night, weather, etc.) would be an 
order of m~gnitude lairger than the projected U.S. demand for electric energy at that time. 

The market for terrestrial solar cells a t  the end of the century remains quite uncertain. 
Several studies carried out under the auspices of the National Photovoltaic Program7 have led to 
widely differing estimates, ranging from negligible impact up to the displacement of as much as 7 
quads of primary energy (1 quad = 10'' BTU = 33.4 GN'-years). The most recent such study. 
undertaken in connection with the Domestic Policy Review of Solar Energy, gave a range of 
values from about 0.1 quad to more than I quad. With an average conversion efficiency in 
conventi~nal power plants of 3SCi, displacing 1 quad of primary energy would yield 11.7 GW-years 
of electricity. In the United States, the ratioof peak to mean power cutput from a photovoltaic 
cell', averaged across the nation, is about 5, so this would require a total installed photovoltaic 
capacity of about 58.5 GWp. 

Even if there were general agreement about the impact of terrestrial solar cells on U.S. 
energy supply in the year 2 0 ,  the solar cell productio~i capacity which would be needed to 
achieve this energy output depends strongly on the shape of the growth curve. For one example. 
assume a smooth expmential growth in production of solar cells, so that the production rote after 
a time t is: 

where Po 1 MWp is the production in the base year 1980. If essentially all the cells remain in 
service, the installed capacity at time t is given by integration as: 

For a given displacement of primary energy, this equation can be solved for the time 
constant L*, giving the results shown in Figure 3.2. These ~ a l u e s  can then be used in 13.11 to give 
the needed production rate in the year 2 W ,  as shown in Figure 3.3 (Curve A). 

As inother example, it might be assumed that production would increase with the time 
constant illustrated in Figure 3.1 until a time to,  and then level off. In this case, the installed 
capacity at time t is readily found to be: 



1. Source: Reference 5 
2. Source: Arthur 0. Little, lnc., estimates 

FIGURE 3.1 SOLAR CELL TERRESTRIAL MARKET GROWTH SCENARIOS 
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FIGURE 3.2 TIME CONSTANT FOR EXPONENTIAL GROWTH IN PHOTOVOLTAIC 
PRODUCTION VS. INSTALLED CAPACITY IN THE YEAR 2000 
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FIGURE 3.3 GROWTH SCENARIOS FOR PHOTO'JOLTAIC PRODUCTION 



Given the time wnstant t* = year from F i  3.1, this equation can be s o l d  for to. After 
this time (which \-aim from 6 to 10.5 yeam as the displaced primary energy increases from 0.1 :o i 
quads), the production rete would have the canstant value: 

which is also shown as a function af the displaced primary energy in Figure 3.3 (Curve B). 

FEgurz 3.4 shows these two growth c\tnen, scaled so as to allow the displacement of 1 quad of 
primary energy in 2000. 

The second groanh mode is clearly much more efticient, in terms of the plant required for 
producing solar cells, but it involves carnmitment to a particular type of solar cell and production 
process a t  a fairly early date to, and depends on s sustained very high gnm-th rate in the market 
until that time. For a given displacement of primary energy, the actual production capacity m the 
yenr#KK)will probably lie between these curves. Unless the most optimistic market penetration 
forecasts pnwe realistic, it seems probable that the terntrial  photo\-dtaic production capacity in 
tbe United States will be, a t  most, comparable to that needed to s u p p a  a build-up of SPS 
capacity at a rate d 10 GI\' per year. 

The prirtcipa! conclusion to be drawn from this analysis is that the pduct ion of photovol- 
taic a t r a p  for the S E  is one of those areas where quite significant industrial impact must be 
expected. Manufacture of soiar cells icr terrestriel opplicat ions s\-i!l, however, face a quite similar 
problem if that technology achieves substantial market penetration. 

The throughput of materials. the energy budget, and some preliminary work on potential 
fabrication p~ocesses were discussed in the earlier :epori2. Since r,nly rhc single-crystal Si cell, 
fabricated with relatively conventional technology, is suificientiy well understood to allow mom 
detailed production studies, nild since some other cc!l (or at  least an advanced production 
technique) will almost certainly be used in oper~ t i~na l  SPS systems. the additional informazion 
gained from extending this anaiysis would be of little vslue. If the first p;du;tion SPS is to come 
on-line in 1995, it wili not be necessary to tngin construction of a high-capacity solar ccll plant for 
it until the late Eighties: in the interim. advanced solar e n e m  conversion technoiogy should k 
vigorously pursued. with prduction engineering studies as an integrai part of the research. 

It shauld be noted that coordination of the terrestria! and SPS photovoltaic development 
programs could alleviate problems in both sectors. If a reaoonaole degree of commondiry between 
the two cell production processes can be achieved. and if the terrestrial nlnrket exhibits the 
projected very high initial groivth, SPS production might be able to maintain orderly growth in 
the industry as the terrestrial market approaches saturation. 

3.3.1.2 Photovoltaic Cells for an SPS Pifot Plant 

A9 discussed in Volum- IV, Task 41119. it rnay be pcssible to b ~ i l d  nn SPS with n busbar 
output as low as 2.5 GIS without niajor increases in the cost per kilowbtt c+sociated with the 
photovoltnic array and the ~l:icrowave :?aver trnnsmi?sion sptem (MP'I'S). In ahbol~:c tcims, 
such a reduction in power uo~lld rcducc the capital ~nvc-tmpnt t ~ g  several hii!ion doifor,;, so t hrrt it 
is very probable that a piht plant wouid be of ;his type. Alter the trchn01np:i lras been proven, it 
might be possible to increase the size of the pilot plant to iu!l operational output. 
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Unfortunately, building a microwave SPS pilot plant a t  reduced p c n r  would not entail 
significant savings in other major cost elements. in paniculrv, it would still be necessary to 
develop launch vehicles, orbital transfer vehicles and construction facilities in orbit which would 
be errsentially the same as those required for the operational system. 

One other advantage of a low~r-power pilot plant is that it can simplify the development of 
the photovoltaic indtlstry to support the operational system. The analysis in Appendix 3.A 
mggests that pmduction of solar celk for the pilot plant should be spread over about 5 years. 
With allowance for the inefficiencies in the MFTS, this leads to an a n n d  production capacity oi 
perhaps 600 hI\Vp: Figure 3.4 shows a scenario for development of this production capacity, 
based on a rsadit~ess date for the pilot plant of 1992. I'neretlfter, the curvcshows an increase with 
a time constant of one year, leading to an additional inventory of5 GIVp in 1991 and a full-scale 
production capability in 1995, sufficient to support SPS build-up a t  10 G\V per pear. 

Tht required production rate for the pilot plant lies within possible bounds for the photo\-oI- 
taic industry, based on projections of the terrestrial market. Perhaps m m  importantly. it allow-s 
Qevelopment of operational experience with an SPS photovo1:aic production facility, over a 
period of live years. a t  a m l e  which is more than an order of magnitude below that needed to 
s u p p r t  the operational system. 

3.3.1.3 Scaling the Photovoltaic Production Plant 

-4s discussed above, insuflicie~lt informntion is as yet available to &UG\V a realistic 
assessment of the production requirements for manufnrturing photo~-ol?;ic ceils which might 
actually be used in the SPS. However, a useful upper b u n d  on the required plant may be 
obtained by considering what would be involved in fabricating single-cn.zta; silicon cells by the 
presently-used Czocttralski prccess, on a scale sufficient to support build-up of SPS capacity at 10 
CW per year. 

Figure 3.5 illustrates the production steps in this manufacturing processs. The steps shown 
differ from those now in use only in that, after 100-micror. w a f ~ s  are saw71 fmm the Cmchra1.-ki- 
grown ingot, etching with hot XaOHS is used to reduce cell thickness to X micmns. Table 3.1 was 
obtained by starting with the mass of silicon in the finished cells for a 10 G\V SPS (14.0f.M metric 
tons) and using the typical yield in each step to obtain the required s i l im input. The* figures 
were then used to estimate the energy input (using the data in Ref. 81, tht capital cost of the 
production equipment (using estimates by Boeing and .JDL, Inc.) and thr: flcor area needed in the 
plant. 

The total energy input to this process was calculated as 6.7 x 10'OkwE(e). A single 10 CW 
SPS can provide this energy in a period of about nine months. The capitk cost of the plant was 
estimated as $2.7 billion, and the floor area as 258.000 rnZ (which is complrable to the area of the 
Boeing 7.17 nircralt p:ant). 

I: must be emphesized that. while there is considerable uncertain:\- in these Epures, they 
are almost certainly !arge compared to what would be reqaired in practice. In the calcularion. no 
allowence was made for recovery and recycling of energy or materials 1e.p.. silicon lost as kerf 
during sawing or etched away while reducing the thickness oi  the cells,. )!(;reover. the in- 
efficiencies in the process shown provide one of the rensuris for tile prescni high cost of solar cells: 
there is very little doubt that improved processes for single-crystal silicm ceils (and/or cheaper 
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types of cell) can and will be developed. It is in fact remarkable that the figures obtained in this 
calculation are so modest - for example, if the cnpittll cost is amortized at  10% per annum. the 
resulting charge against the SPS would amount to only S27 per kilowatt of power delivered. 

The figures given here are for production of the operational SPS. The requirements for pro- 
ducing cells for a 2.5 GlV SP8 pilot plant, as discussed in the previous section, would be lower hv 
more than order of magnitude. However, the earlier commitment to photovoltaic cell product ion 
in the pilot plant scenario could mean that the cells used in the pilot plant are of a different type 
to those for the operational system, so that capital costs for the pilot plant solar cell fillxication 
could not be amortized over the operational systems. The assumptions in the previous sect i~n 
(solar cell production for the pilot plant at the rate of 600 MWpiyear) lead to a capital cost for this 
cell production plant of about $170 million: if this is to be amortized over a single pilot plant, the 
burden would amount to a b u t  W / k w .  

3.3.2 Ion Engines 

An analysis was undertaken of several design studies for the SPS, in order to determine the 
total number of ion engines required each year during the build-up phase. The rrsuits are shown 
in Figure 3.6. The requirements range from about 43Wyear for the SASAhaseline (July 1976) to 
about 45,00O/ycar for the Boeing design. It is noteworthy that the revisions to the SASA baseline 
to give the NASADOE baseline of October, 1978, resulted in almost an order of magnitude 
increase in thruster requirements. 

Most of the thruster requirements arise from replac~ment or refi~rbishment rather :han from 
fabrication of original equipment. 'I'he relatively rapid increase of the number requireti with time 
in the Rockwell design is due to extensive use of ion engines in the attitude control system (-4CS) 
of the SPS: in the steady state, for a fixed thruster lifetime. the annual production increases 
linearly w i ~ h  the number of satellites in operation. For all the designs. it is clear that the mean 
time between failures (XITBF) of the ion engines is a dominsnt fnctor in determining production 
requirements. The assutncc! hllTl3F's are roughly comparable in all the designs. but there is as yet 
insuffkient experience with Argon (Ar) thrusters in the 100-120 cm diameter range to allow 
confidence in the operational lifetime. 

While the characteristics of individual thrusters (thrust, Isp, power level. etc.) clearly affect 
the number required, the differences are determined much more strongly by system design. 

It is generally assumed that Ar thrusten will be used for the SP3 application, prinlarily 
because of tne ready availability of this propellant. However, the environmental impact of the 
large-scale release of energetic Ar ions into the ionosphere/plnsrnaspi~ere system of the Earth 
needs careful study. One preliminary study suggests that the  number of ions released in ihe 
deployment of each SPS will he comparable to the natural population within the magnetosphere. 
while the energy released tviil exceed that of the natural ions. The  eifec.ts oi this in the upper 
reaches of the plasmasphere are debatable (it could, fcr exar:lpie. lead to increasing eiiccts 
associated with spacecraft charging), bu: a more immediate problem is a significant increase in 
the precipitation of energetic ions (typicoily in the 5 kc\' ranger in the ionnsphere. The et'tects of 
this could he quite similnr to  tirose of n sdar flare \incll~ai:i:: impairrncni i!r di5:ilption of 
terrestrial radio communications), ~ J U L  on an rssent~uily continuous basis during the buiid-up ut' 

the SPS. If these effects prove tc be significant, they cun perhaps be alleviated by nwciitying the 
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thruster design (at constant thrust, increased Isp reduces the rate of ion release but increases the 
energy), by designing the SPS system to minimize thrus~er utilization, and by choice or̂  pro- 
pellant. While there ace cunctptually feasible orbit-raising techniques which do not involve ion 
engines (e.~.. the solar sail"), this technology is so important to  any large-scale u s e  of space that 
an extensive theontical and experimental investigation of the possible environmental effects is 
urgently needed. 

Note that the bolo satellite system discussed in Volume IV, Task 41119 does not eliminate 
thew problems, because ion engines are needed for orbit and spin maintenance of the bolos. 

The present situation is thus that there is considerable uncertainty about both the ni~mbers 
of ion engines which will be required to support the SPS build-up and about the types of en,' ~ l n e  or 
design features that are needed to minimize adverse environmental impacts. hloreover. there is 
little operatioilal experience to date with types of ion engines other than relatively small-scale Hg 
units (which are certainly not appropriate to  the SPS) and virtually no attention has yet been 
paid to designing ion thrusters for mass production. 

The characteristics of the production plant depend critically on the design lifetime of the 
thrusters, and on decisions about whether they are to be replaced or reiurbished (presumably in 
orbit) when they are worn out. Ua low-lifetime expendable unit is required, it might be 
acceptable t o  mass produce them from readily available materials, with a rninimum of qualitv 
control. pre-use testing. burn-in, etc.; this would lead to the desipn of a pial~t quite different to 
that required to fabricate extremely reliable. high-performance thrustcrs mnde to close tolerances 
by skilled labor from exotic mctcrinls. As discussed bclow, prescnt ion engI3c.s require eecsjtsula- 
tion in vacusm or an inert ctmosphcre to prevent contamination or oxida!ion after manufhcture: 
if there is to be a refurbishment facility in LEO, it may be desirable to carry out tinal assembly of 
original units there also, so that only sensitive components need be protected from the 
atmosphere before and during launch. 

Given these uncertainties, it would be quite premature to attempt a detaiied definition of a 
production process for SPS ion engines, in terms d materials emploved, fabrication cguipmcnt 
requirements, ~vmplexity of assembly, or amount and type of required tcsting. To scope the 
problem, however, it may be useful to consider, in general terms. the materials and stej)s involved 
in building the present type9 of ion engine. >lost of the data given here are derived f~om 
experience with 30-cm Hg thrr:sters,"-" with some extrapolation. 

3.3.2.1 Fabrication of Ion Engine Components: 

i) Optics. The ion optics of present thrusters ore typicnlly formed from low-carbon molyb- 
denum sheet. Blanks are imprinted on both sides vith photoresist and then f.-rmed to the 
required shapes in a heated hydrostatic press. After chcn~icai etching; to produce apertures and 
mounting holes, the components are stress-relieved at c. 1000'K, in vacuum ior thrcc hours. 

ii) Support Ring$. It is criticaliy importarit to lone-term ~tuhility end high lifctime that the 
support rings provide a flat, struclurally sound (anc! ! i~h t  wci~ht )  hnse on which to mount grids 
(the flatness tolerance for the gridr may he 2 0.0% cm). The rings nmv 'De tnocie from comxer- 
cialiy-pure titanium plate and tube stock. After rough rnuchining. t h e  rinys are strcss-relieved by 
heating them between heavy flat-ground plates to about 1300°;i, ar~d then mnclrined i o  final 

tolerances. 
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iii) Insulators. These are made of high-purity alumina, with the ends metallized and 
endcaps brazed with pure copper in a reducing atmosphere (hydrogen). After grinding for 
flatness, the assemblies are ultrasonically cleaned and grit-blasted with high-purity alumina 
prior to final installation. 

iv) Hollow Cathodes. It is particularly important that cathodea be kept clean, without 
contamination or oxidation. A spray coating of aluminum oxide (A1,O.) is applied over tungsten, 
with electron beam welding of supporting straps. RF brazing in vacuum is used to attach flanges. 
A final coating of alumina is applied to the complete assembly. 

V) Discharge Chamber. These are made from thin-wall titanium, stainless steel, or some- 
times aluminum alloy (6061), strengthened by ribs and support struts. A dry argon welding 
facility is required. 

vi) Anodes. Titanium is the usual material of choice, because of its nonmagnetic character, 
high sputtering resistance and high temperature capability. 

vii) Magnets. Electromagnets are relatively conventional copper-coil assemblies. Alnico V 
may be used for permanent magnets. 

viii) Neutralizer. Construction techniques are generally similar to those for cathodes, with 
the additional rcquirenlent of high eleciron emissivity. Materials involved may include tantalum, 
thoriated tungsten, barium and strontium carbonates, and aluminum oxide. 

ix) Body and Shell, Brackets, and Supports. These may be made from titanium, stainless 
steel or aluminum alloy, using conventional welding, forming and drilling techniques. 

X) Testing. A burn-in test in vacuum is required to purge contaminants (H,O, CO, ~ n d  
hydrocarbons) and confirm performance. Units must be stored in a sealed tank (vacuum or inert 
atmosphere) to prevent recontaminatio~. 

Ion engines are not in themselves very complex assemblies. However, close tolerances must 
be maintaiqed in iabrication and assembly, some fairly exotic materials are employed, and 
special handling and fabrication processes are needed. Production requirements may be divided 
into the following general categories: 

Metal forming and fabrication (including titanium, molybdenum, tungsten, etc.). 
Chemical treatment and processing. 
Special handling procedures (dependent on mate ria!^ used). 
Clean-room assembly techniques. 
Testing. 
Packaging and shipping, handling and launch preparation. 

During refurbishment, the parts to be replaced most frequently are those which are elcc- 
trically active (cathodes, anodes, neutralizer and grids). It is noteworthy that these are also the 
components which require most careful procedures in manufacture and handling. It mag be 
possible tu build ion engines, less these components, in a relatively conventional factory envircln- 



ment, with a special facility for manufacture of these sensitive parts. If final assembly is carried 
out in orbit, the natural vacuum environment would aimplify assembly and storage procedures. 

In any case, there do not appear to be any production processes for ion engines which are 
radically different to those now in use in the aerospace and electronics industries. With simplified 
design and attention to production engineering, insuperable production problems ere unliirely to 
be encountered. hloreover, even the higher estimates of the number of units required (c. 45,000 
per year) lead to a minor industrial impact. The production rate is minuscule compared, for 
example, to that in a modest color television picture tube plant, which uses a number of 
andogous manufacturing techniques. 

While production engineering should clearly be given strong emphasis in the design and 
development of ion engines for the SPS, the general conclusion is that the industrial in- 
frastructure needed for this sub-assembly will not pose significant problems. 

3.3.3 Dipole Rectifiers 

For a given total power output, there are basically three SPS system parameters which 
determine the area of the rectenna: (i) The wa\~elcngth of the radintion ir. the pwcr  beam: 
because of spectrum availability and atmospheric transmittance effects, this is likely to remain at 
S-band, close to the present nominal value of 12.2 cm. (ii) The flux density taper across the 
rectenna, which is determined hy the power and phase taper across the transmitting an:enna 
(spacetenna): minor changes are possible due to improved c s t  optimization. (iii) 'The peak tlux 
density a t  the rectenna, which is presently limited to 23 m\V/cm2, in order to avoid ionclspheric 
instabilities: experiments at Arecibo suggest that this can be raised,Ie but major increases mas be 
precluded because of microwave effects on airborne biota passing through the beam (birds and 
people in !ight aircraft and perhaps balloona). 

The total land area for the rcctenna, of course, also depends on the latitude of the site and 
the necessary exclusion area to avoid public exposure to low-level microwaves around the 
periphery, but these factors do not sifect the required area of rectcnna elements, if they are 
mounted on billboards, perpendicular to the beam. 

It is, therefore, probable that the area of rectenna elements for a 5 CW rectenna which is 
assumed in the BRS (78.5 kml) is accurate within a factor of at most two. The density of elements 
depends on the particular rectenna design, of which R wide variety have been proposed; in 
particular, the density depends on the antenna gain of the individual elements. 

For illustrative purposes, the most element~ry type of rectenna is considered here, in which 
the individual elements are simple half-wave dipoles, formed from alumincm strip, with a half- 
wave rectifier (a Schottky barrier diode) for each element. This design, which leads to a require- 
ment for approximately 10'O dipole rectifiers per rectenna, is altnost certainly not the cost- 
optimum configuration, but it leads to a useful upper bound on the production requirements. 

The onlv significant manufacturing problem is the sheer number of dipole rect ifien which 
must be produced. To support build-up of SPS cnpacity at the rate of 10 GW per yeor, a 
continuous production process capa!Ae oideliverir\g comp!eted clcmr-nts at the rate of 6'25 per 
second is needed. Fortunately, o high degiee of aotomrrt.io~l is cicariy ~easible: a machine can 



readily be envisaged which takes as input aluminum strip or wire, diodes, and supporting 
structural elements, iorms the i~~dividual elements and assembles them into billboard arrays. For 
full-scale production, several Ii! t:,dred such machines may be needed, working in parallel. 

A typical dipole rectifier :* iketched in Figure 3.7. The dipole itself is formed from 
aluminum strip, 1 cm wide anti (i.02 cm thick,'' for a tptal mass of about 2.1 gm/dipole. Since 
each dipole contains about 36 cm of strip, producing 2 x 10'O dipoles per year (i.e., for 10 GW) 
would require a total throughput of strip a t  the rate of 225 mlsec. A roughly similar throughput of 
busbar for connecting the rectifiers together in billboards would also be required. Divided 
betwcen several hundred machines, these rates do not seem excessive. In terms of mass, the plant 
would consume some 42,000 metric tolls of aluminum per year (for dipoles only), or about 1.3 
kg/sec. 

The production rate for Schottky diodes for the dipole rectifiers, under the above 
assumptions. is 2 x 10" per year, an impressive figure. However, these components can also be 
produced in a highly automated facility, although i t  would undoubtedly be a major plant by 
current standards in the electronic components industry. The materiai throughput for the diodes 
is relatively modest ie.g., 14 tons/year of GaAs), so that it is not expected that a dedicated diode 
facility would be of sufficient magnitude to stress industrial capabilities. 

There is a great deal of mom for improving the cost and decreusing manufacturing comp!ex- 
ity for the rectenna, through dc-sign changes. For a sinlple eranlple, a single diode may be fed in- 
phase by two dipoles, halving the number of diodes required and slightly improving the effi- 
ciency. More radical changes could lead to an integrated production facility for billboard arrays, 
including rli&e manufacture to avoid hnndling very large numbers of discrete components. 

As in the case of photovoltaic cells, a preliminary commitment to a 2.5 GW SI'S pilot piant 
would simplify build-up of the industrial capacity for dipole rectifiers, allowing operational 
experience to be gained a t  1,roduction levels an order of magnitude below those needed when fu!l- 
scale deployment of the SPS is under way. As discussed in Volulne IV, 'Task 41119, Appendix 1.B 
at 2.5 GW the optimal rectpnna area mcy be slightly larger than that obta~ned if the ionospheric 
flux density limit is maintained (i.e., the area, and hence the required nun;ber of dipole rectifiers, 
may not be strictly proportional to the power output), but the difference is minor. 

3.3.4 DC to Microulave Power Conversion Devices 

The options for generating microwave power at  thr spacetenna plane include high-power 
klystrons, crossed-field devices such as amplitrons or magnetrons, and solid-state devices. l'he 
NASA baseline SPd requires 101.532 kiystrons, each rated at  6 7 3  k\V output, to provide a tr)tal 
radiated power of 6.85 GW, lending to 5 GW at  the rectennaiutility interface. Build-up of 10 C\V 
of SPS capacity each year thus requires protiuction of about 200,000 such tubes annually. 

The U.S. productiorl of klystrons in  1977 was 77,000 tubes,ls but only about 7000of these 
were rated as high-pobver devices. By SPS standards, the prcsel~t capacity for producing klystrons 
must be regarded as negligible. 

It is instructive, however, to con*rder, not just klystrons, bbt the microwave industry as a 
whole. More than 9O!t of the new microv;avc: power generation capability each year in thc United 
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States now comes from msgnetrons, most of which are used in microwave ovens. It is not yet ciear 
whether these tubes are suitable devices for use in the SI'S, although recent work by B r o ~ n ' ~  has 
given encouraging results regarding phase control in and the noise characteristics of the common 
oven magnetrori. In any case, the remarkable growth ii: production of microwave ovens gives an 
indication of the capabilities of the industry, in response to market demand. 

Figure 3.8 shows the history of microwave oven sales in the United States, in terms of power 
generation capability. Most of the individual tubes are rated at 600 to 750 t~dt t s .  Present sales are 
close to 2 CW per year, and nearly 5 G\Y of capacity has been introduced sicce 1972. Linear 
extrapdation of this curve to 1995 leads to sales in that year in excess of 6 GW, j u t  it is highly 
probable that market saturation will h a x  set in before that time, since otherwise nearly 100 
million ovens would have been sold. 

It  is important to note that, as in other segments of the consumer electronics industr) much 
of the production is imported. Domestic production of oven magnetrons in 1978 amounted to not 
much over 100 MW; most cct!le imported ovens and/or magnetrons came from Jqpan. Receatly, 
however, there has been a noticeable reversal of the t r c d  towards foreign production of electronic 
goods, as the disparity between U.S. and foreign labor costs is reduced because of significantly 
higher eco~lomic growth rates elsewhere. For example, several major Jnpanese television produc- 
ers have built plants in the United States during the last two years; these decisions are. of course, 
influenced in pcrrt by govern~nental policy aimed at mitigating the trade imbalance with Japan. 

Whether or not mictowave devices for the SPS are produced in the United States does not 
seem a critical question. Indeed, as in the case of Schottky diodes for the rectenna, microwave 
power conversion equipment may be a useful area for ofTset proriuction arrangements, to improve 
the attractivmess of the SPS as an energy source in foreign countries. 

This is, of c--$urse, anc?!her area in which detailed production engineering studies are riccded 
before final design decisions arc taken regarding which type of' device to use in the SPS. However, 
the statistics givcn here sugge~t that thz nlicroweve industry is entirely capsble of meeting the 
challenge of the SPS: it is likely to be seen, not as a problem, but as a great opportunity. 

Based on the azalysis in \Jolume IV, Task 41119, the annual production requirements for 
building a 2.5 GW SYS demonstraticn plant would amount to about 600 hlW per year. This is 
well within current production capabilities, if the tube used is basically similar to the oven 
magnetron. 

3.3.5 Carbon Fibers for Conlposite Structures 

An analysis of the BRS sugpests that 3 to 4 thousand metric tons cf carbon coniposite 
structures may be required for each 5 GN' SPS. Assuming that the carbon fiber (CF) content of 
these structures is compnrable to that in present aircraft ~pplications (c. 60'; by inass), the 
annual CF production needed to support the Slr'S build-up may amount to 3500 to 5000 metric 
tons (there does not appear to be any significazt problem in proriucing the epoxy matrix in 
adequate quantities). 

Carbon fiber composites are manufactured from t; precursor ma!erial which is subjected !o 
stress and b.eat treatment, cuusing a chnnge in the physical properties of the fiber. The t'ibers are 
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then bound in a matrix of epoxy material, according to the design specifications. The individual 
fibers are of the order of 8 microns in diameter. 

T&ere are basically three types of CF on the market today. The differences arise from the 
precursor materials, which are rayon, pitch and polyacrylonitrile (PAN). CF was initially pro- 
duced from rayon (which has the advantage that it is a forest product, and hence a renewable 
~CMHUC~), but the newer precursors yield a cheaper product, are easier to process, and give a 
higher carbon yield. The best fibers, in terms of elastic modulus, tensile strength. and reproduc- 
ibility are currently produced from PAS, but it is expected that pitch will eventually be more 
attractive as 6 precursor because of its inherently lower cost, because it be produced imm 
cod, and because of its higher carbon yield. 

There are presently 15 firms producing ZF, the largest k i n g  Toray of Japan. The U.S. 
market is serviced by 7 f m s ,  a.nongst which Union Carbide, supplied by Tort+-, has the largest 
&are. 'rhe total U.S. market at  present is estimated to be about 1% metric tons per year, but h a  
been growing a t  an annual rate of 45s since 1974. The biggest market sector is spcriing goods 
(where CF is used in shafts f ~ r  golf clubs, ski poies, skis. fishing poles and te:*nis racquets), 
consuming about 41% of production. Aerospace applications, mostly military, use about 3%. 
Industrial uses, in textile and other machinery parts, x-ray equipinent, sound system compc- 
nents, and automobiles comprise 10% of the market, and miscellaneous cntegories (mostly RLDi 
consume the remaining 16%. 

Arthur D. Little. Inc.. has recently carried out a CF market forecast through 1953,= with the 
results sfioun in Figure 3.9. Considerable changes are expected in the different market sectors. 
The sporting goods sector is projected tc, deciine in its growth rate to about 20q p.a. during the 
next five years. and then settle down to about a 5% growth rate. The military sector of the 
aerospace market is expected to gmw at  a b u t  25% pa .  in the near term and 157; in the long term. 
but civil atrcraft applications should increase rapidly (about 2ilO!i p.a. in the near term and 40% 
p.a. in the long term), considerably outpacing the military market by 1993. Assuming the 
automotive market does not mushroom (see below), the industrial sector should continue a t  
about its present rate of growth. 

The total U.S. market in 1993 is projected as 5800 tons. The SPS requirements \vou!d 
increase the demand significantly, but there does not seem to be any major problem in expanding 
production to meet it. 

Two major caveats should be noted with respect to these forecasts. The first is the possi- 
bility of greatly expanded usage in automobiles. The Ford &,lotor Company is in the process of 
designing a car which makes liberal use of carbon composites. as part of their light-weight vehicle 
program. The total =as3 of compo:.ite employed in the vehicle is just over 23 kg, rewltine in a 
weight saving, compared to conventional materials. of 31 kg. The CF content in compsltes for 
automobiles is generally much lower than in aerospace applications. typically in the 20'i range. 
so that the CF actually used in t!~ls advanced vehicle only amounrs to about 5 kg. However, 
automobilr prduc:ion in the early 1990's is expected to be of the order of 15 million cars per ye2r. 
It is at least possiF1e that 10 milli~n veh~cles will be produced each Fear with CF content like that 
of the Ford dezizn, leading to a CF market aroun+ 50,W metric tons per year, dwarfing the SPS 
requiremen:. 
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The Ocher caveat is that thtn is a c01)ceivabk environmental hazard associated with 
extensive use &carbon cornpasite. The epoxy matrix is ~iammable: if r composite structure is 
invdved in a fm, it may be possible far the matrix to bum away and release the fibers into the 
atmaspkme. The fibtrs nre so fine that they can remain airborne for an extended period and drift 
r bug distance downwind. If they happen to settle on electrical ar electronic equiyme~t, they can 
cause damage by mistin loading, short circuits, or arcing, and there is a small possibility that 
tlwy caw create shock haax& to usvs of such equipment (including domestic appliances). 

The referenced Arthur D. Little study" included a risk analysis of the use cf CF in 
commercial aired which might become involved in accidents with fire at major airports. The 
conclusion was that the statistical expectation of the economic lass h m  a single such event is 
otdcn of magnitude lower than that a s x k t e d  with the risks from hurricanes. mining disasters or 
even nuclear pow-r plant accidents. 

If c n r h  composites A to be uud extensively in the SPS. a study is needed of hazards due 
to fire in tlre production of the fibers and on the launch pad or during boast. An additional 
question concerns Lhesurvivability of fibers during an aborted launch with bum-up of the 
jmykmd on re-entry. If released in the stratosphere, either duriig boost or re-entry, the fibers 
could remain suspended for a verv long time, probably k i n g  dispersed world-wide eventually. 
Wirh wide dispersal, the risks to electrical equipment w Len iinaiiy they settled back to Earth 
would be very slight; but. while there was a relativeiy concentrated cloud cf CF in the strato- 
sphere, they could enter the cabin air intakes of aircraft. creating n hazard to avionic equipment. 
While the fibers may be tou fine to be efficient scatterers of electromagnetic radiaiim of 
wavelength appropriate to their length, the possibility should also be examined that a strato- 
spheric cloud of fibs could act as chaff, interfering with radar or communications. 

Even if these hazards m the use of CF for the SPS prove negligible, it is possible that 
environmental concern about other applications will lead to restrictions in the growth rate of the 
termtrial market, reducing the industrid capability to meet the SPS demand. 

The situation with respect to CF is thus that nominal projections for the terrestrial market 
lead to the conclusion that the SPS wouid lead to a significant but not ooerwhetmillg increase in 
demand, If CF is used extensively in automobiles, the SP8 market may be compnratibely quite 
small; but there is a possibility that environmental concerns will limit the terrestrial market and 
perhaps even preclude extensive use of CF in the SPS. 

1 3.4 ~on'clusions and Summary 

This prelimin~ry analysis indicates that, as one would expect, the production of photovol- 
taic cells and blankets is the most significant. in terms of industrial impact. of the SPS sub- 
systems studied. The other subsystems will undoubtedly require the development of significant 
new industrial enterprises, but in the cases of micro\vave power conversion devices arid carbon 
cornpasite materials. the SPS demand seems reasonably comparable with projected capacity to 
meet other markets; for ion engincs and dipole rectifiers, the platits rcquired may be essentialiy 
different to those in existing industries, but the scale involved i~ such that the capitol investment 
in new plants u?ould be relatively modest, in each case compar~hlc to that required for a single 
major factory in i~idustrieo such as con5unler electrrmics, automobiles, or aerospace. 



Because duncertainties regarding the final design of the SPS, production engineering of 
novel components, find the scenario for SPS development md deployment, it is considered 
premature to carry out much more detailed industrial studies at this time. Instead, it is strongly 
recommended that production engineering studies be carried w t  as part of the assessmtnt of each 
design alternative and used as contributom to the criteria for choice between them. 

Finally, further work is needed concerning the environmental impact of the release or argon 
at other ions into the plasmasphere and ionosphere from ion engines, and of the accidental reiesse 
d carbon fibers i n t ~  the atmosphere, before commitment to these systems. 
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APPENDIX 3.A 
OPTIMIZATION OF A PLANT TO PROVIDE A GIVEN 

INVENTORY AT A GIVEN TIME 

Tbe total cost of producing an inventory y of product by a time t, is made up of three 
Eepante co6ts, ss fa-: 

i) &duction Cost. 

Tht discounted present cost [(i.e., the Net Present Value (NPV)] of producing an increment 
dy d product a t  time t is giwn by: 

w h  y, is the quantity which has been produced (for experimental or other purposes) a t  the time 
t, of plant start-up. a is the slope of the learning curve, in logari~iunic units (e.g., a = 0.2 for WJ'; 
learning) and 13 is the discount rate. 

The rate of production in the dedicated plant is: 

so that, for a fixed plant production capacity. the total which has been produced to time t is: 

and the required production capacity of the plant is 

where 7 = t, - t,. 

Substituting for t from (3.A.3). the discounted production cost is 

where 3 = y,/y, and 



ii) Capital Cost. 

The production plant must be available at time t, so the discounted capital cost is: 

where d is the time between commitment of capital to build the plant and its readiness date. In 
view of uncertainties in the cost y, of building a plant capable of unit prcduction rate, 
d may be neglected in this analysis. 

iii) Inventory Cost. 

The d i i t e d  cost of maintaining an inventory y of product fcr time d t  at t is taken t be 

Assuming that only new production must be kept in inventory, the total discounted 
inventory cost to t, is t k n  

Collectirg terms and substituting for q and t,, the total cost is then 

where T, = ydy, is the time required for the plant to p d u c e  an output equal in its nominal cost 
to the capital cost and T, = -rJy, is the time span over which the cost of maintaining 
unit output in inventory is equal to the unit production cost. 

The factor outs;dc tne brackets in (3.A.10) is'the discounted cost of producing t he required 
inventory, at initial L.ses, if production could be delayed until near t,. This is a convenient 
normalizing factor for the total cost, allowing the results to be expressed in a form independent of 
t. 

The value of T which minimizes the total discounted cost is plotted in Figure 3.A.1 as a 
function of T,, for y = lo-', 10.' an-' leS. In constructing these curves, it was assumed that a = 0.2, 
@ = 0.1 and T, = 10 years. 



FIGURE 3.A.1 OPTIMUM START-UP DATE VS. NORMALIZED PL.-\NT CAPITAL COST 



Both the production and inventory costs C, and C, are monotonic increasing functions of r, 
while the capital cost Ci has a rninimurn when r = l/d. As one would expect. if the plant is cheap 
compared to fabrication costs (i.e., Tz is small). plant start-up should be delayed. As Tz increases. 
the optimcm start-up time becomes earlier, asymptotically approaching l/O years before ti. It is 
noteworthy that the optimum start-up time does not depend strongly on Ji (i.e.. on the ratio of the 
total required inventory to the a m m t  which has been produced prior to commitment to 
product ion). 

The slope of these curves is relatively low for T, > 2 years: the optimum start-up date 
increases from about 4.5 years to 7 years before t, as TI increases from 2 to 7 years. 

F i  3.A.2 gives some examples (for T, = 2 years) of the dependence of the normalized 
total cost on the initial production date. The minima rre quite broad. Increasing T, or decreasing 
the discount rate moves the optimum to an earlier date, but the minima become even broader. It 
is thus a reasonable rule of thumb that the stan-up date for a plant to produce a given inventory 
should be approximately five yearn before the readiness date. However, there is considerable 
freedom to delay the start-up date (for exampie, to await development of promising technologies) 
or to begin sooner (for example, to reduce the impact on the production capability in a given 
industry). without serious increases in cost. 
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7: Initial Production Date (Years Before Inventory Required) 

FIGURE 3.A.2 TOTAL COST VS. START-UP DATE 
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4.0 TERRESTRIAL TRANSPORTATION ISSUES 

4.1 Introduction 

The scale and characteristics of the Solar Power Satellite require that much more attention 
be wid to problems of logistics than in previous space projects. The choices made in connection 
with fabrication of the components of the SPS (and of the leunch vehicles, fuel, etc.). warehous- 
ing, inspection and transportation :o the launch site may have a significant effect. r.;t only on the 
cost of the system, but on decisions which are fundamental to the SPS systems design (for 
example. the choice between LEO and GEO assembly). As the cost of launch to orbit is reduced, 
the costs of terrestrial transportation become relatively more important; as the cost of space 
hardware is reduced, means for reducing handling and inspection costs must be found. On the 
other hand, the total required investment and the necessary lead time before the SPS can be 
operational are such that it may be cost-effective to construct new factories, lallnch facilities, 
etc., optimized for the SPS, rather than relying on existing institutions. 

4.2 Domostic Transportation 
Table 4.1 gives a breakdawn of the matsrials which must be transported to the launch site to 

eupport an  SPS buiid-up rate of 10 G\V per year. which implieg 417 launches of the Heavy-Lift 
Launch Vehicle (HLLV) each year. There are, of course, a wide variety of additional materials 
(e.g., components for refurbishment of the HLLV to ello:v 300 fli:hts/vehicle) which must be 
shipped to the launch site, but their mass is expected to be very small compared to those shown in 
the tctble. 

TABLE 4.1 

TRANSPORTATION TO LAUNCH SITE 

Launch Vehicle 
Payload 
Booster Fuel ( LCHH) 
Booster Oxidizer (LOz) * *  
Orbiter Fuel (LH2) 
Orbiter Oxidizer (LOz)" 

I 

Unit Mass Number/Year 

'300 Flightslvehicle 
*'Assumed made at launch site 

To provide a preliminary estimate of the terrestrial transportation requirements and costs, 
it is assumed here that  the freight Inode is by rail. It should be no:ed that. t!nless the HI.LV is 
assembled at the launct, site, some other mode !e.g., barpc) must be used t o  bring it to the site, 
because of its large size; bur the costs incurred are unlikely to he hizher than those in rail freight. 
For the launch vehicle, payload and LH,, it is assumed that a freight car can carry 25 metric 
tons,* but tank cars for LCH, are assumed to carry 100 tons. 'i!iis leads to a totp.1 of ibi65 &eight 
cars per year, or about 34 per day. 

- 

'These figures were oblalned by querying rail freight forwarders 
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The transportation requirements ar. ,hue equivalr-nt to one freight train every one to two 
days. It is clear that this does not constitute a serious increase in the utilization of the national 
rail freight system. 

The cost of rail freight, of course, depends on the distance from the point of origin to the 
launch site. For 11 reasonable upper bound, it may be assumed that the average distance is of the 
order of 3500 km. The cost of rail titight over this distance depends somewhat on the type of car 
used and on sny special handling requirements (e.g., for LH, and for fragile components such as 
the photovoltaic arrays), but averages about $2000 per car (1979 dollars). The estimated cost of 
transportation to the launch site is thus $59.3 million per year (or $6/kw of installed capacity). 

This rough estimate is sufficient t.o show that transportation costs to the launch site, while 
not entirely negligible, are likely to be a minor component of overall costs. A more dttailed 
analysis, taking into account economies of scale and optimizing the freight mode for each 
material carried, would almost certainly lead to lower costs. Moreover, the costs may be reduced 
by locating some production facilities (especially that for producing booster fuel) closer to the 
lounc h site. 

'The ccst of transportation of materials to rectenna sites may be e more significant factor 
than that to the launch site. Ench 5 GW rectenna may require delivery of about 4 million tons of 
m-~terials, most of which will be concrete. At 150 tons per freight car, this requires 27000 carloads 
a', each of the two rectbnna sites required to support the assumed build-up, or 73!day. On average, 
SL. ' m e  freight train must arrive at  the site each day. Since rectennas may be located anywhe~e 
in t h ~  .tion, it is cot possible to ininimize freight costs by locating the pla~li for production of 
specializ,d rectenna components near the site; but the concrete -*hich makes up most of the mass 
requirements can probably be obtained from suppliers within a reasonable distance (e.g., 1OOO 
km). It is therefore estimated that the freight cozts for rectennas may be of the order oIS1500 per 
car, leading to a total freight cost (for two rectennas) of about 530 million. 

At an average speed of 70 km/hr, with allowance for loading and unloading, the round-trip 
time for each car transporting freight to the launch site may be about 6 days, and about 3 days for 
freight to the rectenna sites. This leads to a total number of 769 cars needed to support the 
terrestrial transportation for both launch and rectenna construction, again showing that the 
impact on the rail transportation system will bt modest. 

4.3 Overseas Transportation 

The abcve analysis was predicated on the assumption that the launch site and the SPS 
prlduction facilities are within the continental United States (COXUS). However, it isquite 
prcbable that some SPS components will be manufactured elsewhere Ie.g., Japan or Europe). 
Moreover, the scale of the SPS project is quite sufficient to justify construction of n new, 
dedicated launch site and associated facilities; and it may be desirable to locate such a facility at 
low latitude, for the reasons discussed in 4.3.2, below. 

In order to scope the overseas transportatic.~ problem, a preliminary analysis was under- 
taken of the costs of transportation to potential lauilch sites at Iuw latitudes. 'The primary 
objective was to determine whether the benefits to be obtained Lrom !~w-latitude launch would be 
sufficient to offset the additional costs and difficulties whlch would be incurred in launch from a 



clite remote from the areas where most SPS components would most probably be manufactured. 
This analysis is restricted to transportation to the launch site, because it is assumed that 
rectennas will generally be manufactured from local materials. 

There have been several studies to date of possible low-latitude launch sites.'.' Launch 
facilities exist a t  the Kouru range in French Guiana, the San Marco platform (Italian) off the 
coast of Kenya, the Thumba sounding rocket site in India, and the range in Zaire* belonging to 
the West German compnny OTRAG. Sone of these facilities are in any way sufficient to support a 
program of the magnitude of the SPS. 

The search for potential low-latitude sit,s may be greatly simplified by imposing the 
following simple conditions: (i; The site should be as close to the equator as possible, certainly 
within 10" latitude (the penalty in launch vehicle performance due to latitllde is discussed 
below). (ii) There should be an extensive region to the east which is essentinl!~ uninhabited, 
where the sonic footprint of the booster and perhaps sper,t stages niay fd l .  (iiii The site should be 
on or near R seacoast wirh good harbor facilities. As shswn by :he map (Figure 4.1), there are 
basically six areas meeting these requirements: 

1. East Coast. South America: Venezuela, Guyana, Surinam, French Guiana or Brazil. 

2. West Africa: A vehicle launched due east from Cape Pnlmas, Liberia, would he over 
water for about 1800 kln before renchicg the Canleroon coast; and Cape Three 
Points in Ghana affords a h u t  750 km over water to the Nigerian coast. All other 
sites in \I'cst Africa require overland launches. 

3. East Africa: Somsli Republic, Kenya or Tanzania. 

4. India, on the coast south of Madras, or on the eastern coast of Sri 1,anka. 

5. Far East: hlalaysia, Indonesia, Philippi~~es (hlindanao), Papua Kew Guinea. or 
perhaps Australia (Cape York). 

6. West Coast. South America: Colombia, Ecuador or Peru. All sites in this area 
require launch ever the Andes and the Amazon basin, which is very sparsely 
inhabited. 

In addition to these sites, there are a number of oceanic islands which might be considered: 

7. Indian Ocean: Seychelles, Chagos Archipelago (Diego Garcia), and the Maldives. 

8. Pacific Ocean: Bismark Archipelago (Sew Ireland), Solomons, Cnrolines, >far- 
shalls, Gilberts, Nauru, Christmas Island, Galapagos Isiands, and many others, 
mostly small. 

There are no suitable islands in the Atlantic Ocean. 

Finally, a fl0stir.g launch faciiity could be built and located wherever is convenient, in 
international waters. 

Although most equatorial nations may be clahwd 8.s Ic43 de\eloped or ernergirlg cotlntries, 
there are uf course substnntinl differences between t hcrn, in thc  politicul c!imate, industrinl base, 

Thls range may b e  abandoned. 





grom~ational product, population, level of education, culture, etc.. ail of which should be taken 
into account in choosing a potential launch =ire. In :he present study. however. the fwus of 
inter& was launch site logistics (in particular, terrestrial transportation costs). the objecti8:e n 
not to recommend an equatorial lautch site, but to find out whettor the pmbable costs incurred 
by operations at  such sites exceed the benefits. For these purposes, it is sufficient to chrose. more 
or less arbitrarily, a particular nation in each of the restricted geographical areas listed ahve .  To 
make the comparison definite, the following nations were therefore considered: 

1. French Guiana, because of the existing French renge. 

2. Liberia, which has a ionqer ovencater range than Chene, ard  which has e~pres-ed 
interests in setting aside an area as a possible spaceport. 

3 Kenya, because of the existing Snn Marco faciiity. 

4. Sri Lanka, which has a l a t i t~de  advantage over hldia. 

5. Indonesia, which has been investigating the fensibility of a launch site on Sulnwesi 
(Celebes) .' 

6. Ecuador. 

4.3.1 Sea Route Distances and Transportaticn Costs 
In order to compare trsnsportation costs, sea mute distances ?o major ports in the above 

nations were calculated from Sew York City. Los Angelrs, London and Tokyo. These ports were 
taken as representative transshipment points for SI'S components from factories in the eastern 
and western United Stntes, Europe and Japan. respecti*:ely. The Suez and Panaina Canals were 
used to minimize distances, wherever appropriate. 

The rest~lts ar- ci~own in Figure 4.2. From the present point of i-iew, the South American 
sites appear to be prt-crable if the SPS factories cre in the Unitcd States or \I-estern Europe. tvittl 

Ec-uadcr providing the best compromise if a substar~tiui fraction of the freight to t'ie iaunch she 
comes from Japan. 

It is not easy to obiain a reliable estimate of shipping costs over these distances withcut a 
detailed breakdmtn af the cargo. Freight costs depend on the mass end volume of the cargo. 
special handling procedures which may be needed, the value of and prcbabi!i:y of damage to the 
items shipped, and several other factors. Even :!~ouph. for the SPS, J dedicat~d transp3rt 11eet 
may be assumed, the cost will not be accurately proportions: tc, the d!+:anze. in part because ot 
fixed turnaround costs. Fo: preliminary comparisons, iiuwever, the fellowing siznple cost model 
was used: 

where C is the cost of shipping fcr a single 5 (.'f' SI'S, k: is the direct cc:sthrn. v is the fiverage 
speed ( '-1 i.in/h) nf the trtinsport, k, is t t ! ~  r?vtt:. e \vhich ~vouid be ol)~alnc.d rrom one hour of 
operation of the SPS, and x is t t ?  shipi~~r;g di?;:cnce in iilc.meters. 'I'h seco~d tern1 in this  
equntion represents revences 1o.t becnu5e ths time $;)en; in tran. i t  tiom tiie !actor? to ? k c  !tiunc.h 
site de!ays illitin1 nr~eration 01 the SP5 - in other tv i i rc i~ .  i t  ossrlrncs that t c . i ~ t b - t r i : t r  ; r,!n-po-ta- 
tion lies on the criticul psi11 i r ~  t!;c PEIiT chart ccvcr.;i:1;. ia.i:~rh al;ti a+..e;ni~iy I ,; 1 * t i  .y3tts~n.  

This assu~~pt ion will probably be true for an eliicien~ ol;eration. wi:h minimum mo\enirnr?: i r i  

and out of warehouses. 
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Some of the materials required for the SPS (especially propel!ants) may be obtained from 
sources close to the launch site. It is therefore assumed that 50,030 tons must be shipped for each 
5 CW SPS. 

Estimates d the cmts of shipment by sea and by air are given in Table 4.2 and the cost as a 
functi01: of distance is shown in Figure 4.3. It is interesting to note that, for shipment t y  sea, lost 
revenues due to the time in transit are the dominant cost, and that it may be cheaper to ship by 
air to closer sites than by sea to distant ones. 

TABLE 4.2 

SHIPPING COSTS 

S u  Air 

Mas to be shipped 50,000 metric tons 50,000 metric tons 
Average density of cargo 0.3 gtn/cm3 N/A 
Shipping cost $0.01 6/m3/km' S.27/ton/km" 
Average speed 28 km/hr 830 kmhr 
SPS revenues 
(5 x lo6 k w h h  @ 3//kwh) $1 ! i O . ~ ! h r  $1 50.0001hr 

k~ S2670ikm S13.5001irm 
kl/v S5360km S181/km 
(kl + k2/~)  S8030km 51 3.700krn - 

fh is  Ticre is an average of quotcs frcm shippers for Icoq-haul sea freight of machinery in qtizntity. tf 
the Cargo has a denscty much less than that of water. the cod typically depends on the volume rather 
than the mast. 

"This tqure was obtatned from quo!?d prices for bulk air freigf~t from her  Lork Ctty to Rlo de Janeiro. 

The shipping costs obtained from this simple model are only of order SlO/kw. a sma!l 
component of the overall SPS cost. A more accurate model would thus be ot'douh!f~il utility at 
the present stagc of d~velopment of the system. The absolute costs for shipment of each SPS tit a 
low-altitude site are however of order 3100 million, so that optimization of shipping may be 
worthwhile, in absolute terms, even if it is relatively unimportant to the fins1 cost of energy 
delivered by the system. 

It is possible that the total cost of shi?ment might be nrinimized by using a freight mode 
which is faster than rr ship but slower than an aircraft. If it were decided to use a low-latitude 
launch site for the SPS, the possibilities of enp!oying hovercraft, hydrofoils or dirigibles for 
shipment should be investigated. 

4.3.2 Advantages of Low-Latitude Sites 
Even if the SPS is assembled in geosynchronotls orbit IGEO). there will bz a requirement for 

a manned .cility in low orbit fI,EO), providing warehou?;ing c.~d trensshinne~t  to the e l ~ ~ t r i r  
orbital transfer vehicie (EOTY) of cargo from Earth, refurI!ing of the E O D  azd other 0 T Y . s .  
etc. It is highly desirob!e that  tnis f&~cility be in equatcrir~i orbit, in order to avoid the riidietion 
shielding required if  the orbit pcne!ratcs the South .Arl.:;l;lc Anomziy. ?.lorcr$;.er. from n pl\.m 
launch site the launch window t o  an inciiried L130 opcns twice per day, at m?) j t .  J.,aunch to 
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equatorial LEO from a site a t  latitude L requires a plane change through an angle L at the 
equator, and generally a phasing maneuver as well for rendez-roue with the SPS facility (so as to 
avoid launch window reetrictions). 

Tk AV required for the plane change is easily seen to be 

where L is in radians. The approximation given is accurate within about one percect for L <XO 
The expression is valid for orbits a t  any altitude with circular velocity v,. 

If the plane change is required, the upper stage of the iaunch vehicle must carry additional 
propellants. Fa a given booster, the burnout mass is reduced by the plane-change mass ratio 

wbere c is the exhaust velocity. 

Assuming the upper stage uses LO2ChH, (with a vacuum specific impulse I,,% 420 sec- 
onds), the expression 14.31 is plotted in Figure 4.4.8s a function of the launch site latitude. The 
orbit altitude is taken to be 500 kin, so that v, = 7.62 Edsec. The mass ratio penalty for launch to 
equatorial LEO can be quite substantial, amounting to ti factor of 2.5 a t  L = B.GO (KSC). 

The effect on launch costs per unit mass will actually be larger than is shown in the figure. 
because of the cost of additional propeliants and, more importantly because part of the bilrnout 
mass must be used for additional structure, especially tankage. Furthermore. if the upper stage is 
reusable, it must deorbit to m equatorial recovery area, or eise hare the capability of changing 
planes again when ernptv, so as to pass over the launch site. In practice, it may be necessary to 
use a separate kick stage for the plane change maneuvers, further increasing costs acd complicat- 
ing reusability. 

It is interesting to compare the .1V for LEO plane change, Eq. [ 4.21, with that for ascent to 
CEO. If the vehicle is initially in a circular orbit of radius r, and inclination L, the velocity 
increment required to inject to a transfer ellipse with apogee at geosynchronous radius r,, without 
plane change. is given by the vis viva integral4 as 

The velocity at apogee is then 

- 2 ) I12  
"a - "lr1 (F+Z s l s  

and the velocity increment from the "kick in the apogee" to change plane and circularize in 
equatorial CEO is given by 

where v, = ~ , ( r , l r , ) ' ~ ~  is the CEO circular velocity. 
4-9 
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The total velocity increment (AV, +AV,) for this maneuver is plotted in Figure 4.5. aIong 
with the L E 3  plane-change A\', assuming that the altitude of the initial orbit is 500 km. The 
surprising fact is that, if L >32", it is cheaper to make a direct ascent toequatorial CEO than it is 
to stay in LEO and merely change the orbital plane to equatorial- 

The conclusion to  be drawn from this analysis is that launch from KSC to  a staging base in 
equatorial LEO, with subsequent low-thrust transfer to GEO, is not a practical approach t a  
construction o i  the SPS. Direct ascent from KSC to CEO, with no facilities in LEO. provides 
performance advantages, but a thirr! chemical stage for the HLLV would be needed in either case. 
If launch must be from KSC (or other high-latitude site), the best approach is probably to use a 
staging base in LEO a t  an inclination equal to the latitude, accepting the radiation sh' .:ding 
penatties and launch window restrictions which this implies. The benetits of equatoriat LEQ sre 
obtainable only with a low-latitude launch site. 

One other possible advantage of a staging base in equatoria! LEO is that the LV require- 
ments idefined as the time integ~ai of the acceleratio~l due to thrust) for low-thrust transfer to 
CEO nre somewhat reduced, because no p i a ~ ~ e  change is involved. Calculation of the vari~tio11 of 
this parameter wiiil titL ;.;;iixti-n nf the initial orbit requires specification of the thrust vector 

t-L- a:",.-,, program, but the curve will be similar to that shown fcr ascent to t i ~ u  In Fi;;urc: r.; ,-... ..,-. , 
refers to impulsive transfer, and the low-thrust values will be somewhat higher). For an ion encine 
of given I.,, rediiction in 11' can !ead to a reduced transfer time or reduced power levels as well as 
reduced propellant requircincnrs. 

For a solar EOTV, however, trajectory studies hove shown' that inci .ased occultation of the 
sun by the Earth zn equatorial low-thrust transier may offset the LV reductions by reducing the 
average available power. The total nightside time in a spiral low-thrust orbit clearly depends on 
the orientation of the orbital plane to the ecliptic, not theegzator: it is possible that, near the 
northern summer solstice, a vehic!e !fiunched from KSC would experience more sharlowing than 
one in a similar but equatorial orbit. 

4.3.3 Ranking of Potential Low-Latitude Launch Sites 
The six potential launch sites iisted at  the end of Section 4.2 have been compared so far only 

on the basis of the sea route distances and shipping costs to them from the Cnited States. Eumpe 
and Japan. Althotigh these characteristics are of pr imar  concern in the present study. it \vould 
not be appropriate to form opinions obotit the relat i~e nerits oi these areas on the basis of these 
data alone. This Section theretore presents severai other types of dntu about each site. In the 

i following paragraphs, the nu~nber in parenthfbes ioliowing each site is a tentative ranking ( t i  the 
site in comparison to the others, with respect to the characteristic under discussion, bvirh the 
lowest ranking assigned to th? best rhe. Where thcre are little grounds for choosiv- ,. t z : s \ ~ e ~ ~  sites. 
they are given the same ranking. 

J. Existing Launch Facilities 

1. French Guiana (1): The Kouru range is the best developed equatc;ibl launch 
faci1it.y. 

2. Liberia (3): No existing ~ H U I I C ~  facilities. 

3. Kenya (2): The Snn hlarco platform. 
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4. Sri Lanka (3): No existing facilitieu. 

5. Indonesia (3): No existing facilities. 

6. Ekuador (3): No existing facilities. 

11. Over Water Range, East 

1. F'rench Guiana (1): 7000 km. 

2. Liberia (2): 1.f330 km. 

3. Kenya (1): 6700 km. 

4. Sri Lanka (2): 1500 km. 

5. Indonesia (1): 17,800 km (some islands). 

5. Ecrador (3): None (Andes and Amazon basin). 

III. Available Launch Azimuths 

I. Lnr~ii Guiana t i ) :  U' to 135'. 

2. Liberia (1): 90" to >180°. 

3. Kenya (1): 45" to 180". 

4. Sri Lanka (2). 0" to 180°, but limited ovenvater range to northeast. 

5. Indonesia (2): 0' to 180°, but range limited by islands in some directions, and by 
Australia (but sparsely inhabited areas) to southeast. 

6. Ecuador (3): Easterly azinluths probably limited to ilarrow corridor. Polar orbits 
(south) also possible. 

This characteristic is not of great significance directly to the SPS, but it may affect the 
utility of the site for other missions and hence iimit cost-sharing possibilities. 

IV. Access to Oil and Gas Fields and Refinery Facilitics. Assuming that petro- 
leum-based hydrocarbons (kerosene, LSG, etc.), are used as fuel in the first stage 
of thf! HLLV, the equivalent of several million barrels of oil will be required 
snnually to support the SPS build-up scenario. If a deepwater port is available, 
this fuel could be imported by tanker at  acceptatle cost. However, if LH, is used 
as fuel in the upper stage of the HLLV, several tens of thousands of tons of 
hydrogen will be required ~nnuallv. Liquid hydrogen has a very low density (0.07 
gm/cm') and requires specially designed equipment to handle it in quantity. It 
would be ?ossible to manufacture it on'site by electrolysis of water, but a pipeline 
toa  nearby oil and pas field, where it can be obtained cheaply, would be highly 
desirable. 

1. French Cuiana (5): Venezuela (c.2000 km) is the closest major source. 

2. Liberia (4): Nigeria (c.130C km) is the c!osest source. 

3. Kenya (3): Indigenous refinery facilities, limited surplus. 

4. Sri Lnnka (6): Import probably required. 

5. Indonesia (2): Indigenous (Borneo, across Makassnr Straits from Sulaw~si).  

6. Ecuador (1): Indigenous, ample reserves. 



For French Guiana and Liberia, pipelines from oil fields acroaa intervening nations may 
cause problems. 

V. Availability of Downrange Tracking Sites (Boost Phase) 

1. h n c h  Cuiana (4): Poor; ship probably requr:ed. 

2. Liberia (1): Excellent. 

3. Kenya (3): Fair; ship or Amirante Islands. 

4. Sri Lanka (5): Poor; ship required. 

5. Indonsia (1): Excellent. 

6. Ecuador (2): Good, aithough mountain and jungle terrain map cause 
difficulties. 

VI. National Statistics: Wealth and Education. Tahic 4.3 d; r~ some 'tatistics 
which are intended tc 5: ;c-prsentative of the industrial base and availability of 
skilled hbor in the six equatorial areas. For comparison, figures for France and 
the United States are included. Although the discrepancy between the advanced 
end emerging nations is of course very pronounced, care is needed in interpreting 
the average values given. For example, the e&erging nations generally have 
much higher F r t  hrates than the ~dvanced countries, which means that a higher 
percentage o. >ir populations are of school age; if adjusted f3r this effect, the 
difference betwetn the education levels would be even more pronounced. On the 
other hand, especiaily in larger nations, R low value oft he GKP per capita does 
not preclude the existence of a substantial class of educated and relatively 
affluent people who could provide skilled workers at  a launchsite. The rankings 
given to the various sites thus invdve a considerable amount of judgment. 

VII. Climate: Availdoility of i .i::h Monntoins. Climate can have a strong effect 
on the de5irability of a Ikunch site, affecting operations thereand influencing 
personnel changeovers. hlountains in the areR modify the climate and provide 
attractive areas for -.acations etc. In addition, there is a possibility that high 
mountains may eventually prove of significatlce to launch twb~ology; in par- 
ticular, a launch site for baosters employing lase1 propulsion8must be above the 
freezing level (at least, if CO, lasers are used). 

1. Ecuador (1): Rainfall 40-60 in./yr, depending on t!evatioa,Cool summers, 
mild winters. Mountain elev~tions to 6000 meters. 

2. French Guiana (4): Rainfall 120 in./yr, hot and rainy all gar, near sea level. 

3. Liberia (4): Rainfall 100 in&, mostly hot and rainy, nearwa level. 

4. Kenya (2): Rainfall 50 in./yr, hot all year but short rainy .-son. Mt. Kcnya 
(5200 mf and Mt. Ki1imar.jaro (5900 rn) nearby. 

5. Sri Lanka (3): Rainf~ll 40 in./yr, hot al: year but fairly sha t  rainy season. 
Maximum elevatior. 2600 m. 

6. I n d o ~ e s i ~  (4):  Hainfail 1 9  in  !yr. n~o.itly hot and rniny, near sea level. 
Nearest mountains on Hornen. to 4000 m, and in \Yest Irian, to 5000 m. 



TABLE 4.3 

SELECTED NATIONAL STATISTICS 

GNP GNP 
Notion Ranking Papulrtion W.S.' Par Capita ~duation' 

fmilionr) (billions) SU.S. 

Brazil' 
Liberia 
Kenya 
Sri Lanka 
lndonesid 
Ewalor 
France 
U.S. 

1. Converted from local currency at free exchange rate (1976 data). 
2 This is  the percentage of the population which is  enrolled in secondary and tertiary 

education. 
3. French Guiana is  an overseas ddpartement of Fiance, with a population of only 

55,000. Brazil is a more likely source of personnel. 
4. Although Indonesia's per capita GNP is low, the country is large enough to have 

significant industrial resmrcer Singapore and perhaps Australia are sources of skilled 
workers. 

The rankings obtained with respect to these various characteristics are tabulated in Table 
4.4, along with a ranking on sea route distance, from Figure 4.2. These data of course do not 
provide an unequivocal basis for choosing the "best" equatorial site, which clearly depends on the 
weight given to the different characteristics. Moreover, the analysis here can be regarded only as a 
preliminary cut at the site-selection problem, and many important factors (e.g., the political 
climate) have been ignored entirely. Nevertheless, it does appear that the South American sites 
are generally preferable, with the West Coast sites (Ecuador, Colombia, or Peru) preferred if it 
proves acceptable to launch over the Andes and the Amazon basin. 

TABLE 4.4 

TENTATIVE LAUNCH SITE RANKINGS 

Existing launch facilities 
Overwater range, east 
Available launch azimuths 
Access to oiltgas fields 
Downran* tracking sites 
National statistics 
Climate; high mouritains 
Sea route distance 

French 
Guiana Liberia Kenya Sri Lanka Indonesia Ecuador 

Brazil 



4.3.4 Conclusions 
The analysis presented in this section leads to the following concluuions: 

1. Equatorial orbit provides significant advanta~es for a LEO staging bast ftjr the 
SPS, but this orbit is not practically accessible except from a low-latit11 . Launch 
site. 

2. Ifa low-latitude site is desired, attention should be given first to potential locations 
in South America. The West Coast may be preferable if it is possitle to launch over 
(largely uninhabitedj land. 

3. Transportation costs to these sites are modest but not negligible. 

4. Loss of revenues due to time in transit may be cost driver for sea freight. 

6. Freight modes faster than sea but cheaper than air freight (hovercraft, hydrofoils, 
dirigibles, etc.) should be investigated to minimize overall costs. 

6. Further work is needed to determine whether possible cost savings in space oper- 
ations due to equatorial launch offset terrestrial transportation costs and other 
costs arising from launch operations at a remote site. 
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SECTION 5 
CARGO PACKAGING 

1.0 CARCO HANDLING OPERATIONS 
The integrated cargo handling operational flow cycle is illustrat-: . Figure 5-1 

The components a r e  initially loaded into cwnponent magazines and racks a t  t h e  

various factories. These magazines and racks a r e  transported ro the Launch a?d 

Recovery Site where they a r e  temporarily stored. A shippirg manifest i s  prepared 

and the various component magazines and racks a r e  then taken f:om storage. The 

components a re  integrated into cargo pallets. The cargo pallets a r e  then loaded 

into an HLLV orbiter. 

At the LEO Base, the  cargo pallet is rernoved from the HLLV, see Figure 5-2, and 

are  transported t o  a cargo handling and storage area. The EOTV corr~ponents 

destined for use at the LEO Base a r e  rernoved from the  pallets. The SPS pallets a r e  

transported to  the  EOTV using cargo tugs. Ten t o  twenty of t h e  pallets a r e  

attached t o  the EOTV cargo platform. 

At the GEO, the cargo pallets a r e  flown ; j  cargo tugs from the EOTV t o  tile GLO 

Ease. These pallets a re  then transported to  a cargo handling and storage area  

where the ?d ie t s  a r e  offloade,. The cornponents a re  distributed t o  the  suhassein- 

bly factories, the  construction equipn~ent, the  maintenawe modules, or t o  the  

mobile SPS maintenance equipment. 

Some of the empty racks and magazines a r e  repacked into the 1 .?$.-empty cargo 

pallets. The pallets are  recycled back t o  Earth and the  empty racks and magazines 

a re  recycled back t o  the factories. 

Figure 5-3 gives the  constraint; on the  packaging systems that  are  imposed by the  

cargo transportation systems. Figure 5-4 shows some of the  cargo pallet 

component racktmagazine requirements. 
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A large sampling of SPS and EOTV construction components were examined in 

detail in or& to establish representative packaging concepts. Table 5-1 lists 

about 60 different components. This data is based upon the baseline operational 

scenario where it is required to construct one 5 G W SPS within 180 days, construct 

a f leet  of EOTV8s at the  r a t e  of one per 23 days, and to  supply the  propellants 

required by the  EOTV1s and POTV's during t h e  180 day period. 

The configmation of e ~ c h  of the  components or the material from which ttle 

components would be fabricate0 were derived from t h e  descriptions given t h e  

Preferred Concept Description book (0180-25037-3). In most cases, the shipping 

cnit  (i-e., the number of components parkaged together in a single package) was 

established either by 1) the  total daily consumption of the compment,  or 2) by the 

magazine size that would be compatible with the  construction equips lent, 

NOTE: There is - no claim made that the  packaging concepts shown in Table 1 a r e  

optintized. As will be discussed below, there  will be a need for 2 very meticulous 

packaging optimization analvsis at sorrre future time. 

Ttie data presented in Table 1 covers dl of t h e  "primary" cornpments. These 

priniary components a r e  those tha t  are either the most numerous, t k  most 

massive, anci/or the  largest. A careful look a t  the  data shows tha t  some cf  ti^ 

most numerous components, e.g., Datten end caps, do not require rnuch payload 

voIume and so they a r e  classed as "secondary" components. Other secondary 

corfiponents are those that  are small andlor few in number. 















Now that the component shipping Ltnits have been identified, it is necessary to 
integrate these shipping units into payload sets. There are several payload 

combination strategies, M y  three strategies will be described below: 1) Payload 

sets based on component consumption schedules, 2) Payload sets based on achieving 

HLLV payload mass limit, and 3) Payloads based on a smaller HLLV, 

3.1 PAYUIAD SETS BASU) 01Y CCMPONENT COfWJWTiON SCHEDULES 

The "primary" shipping units and their consumption scbdules  were sorted from 

Tab12 1 and the results are shown in Figure 5-5. As a first step in creating an 

integration of tnese components into payload sets, the  shipping schedule shown in 

Table 5-2 was created. 

The rrtost significant implications of this packaging strategy are the following: 

o For a 7-day per week launch schedule, an average of 1.6 HLLV launches 

per day would be required. When this is adjusted to  a 5-day per week, 2 

shifts per oay launch site scheciule, over a 6 rnonth delivery period it 

will be recessing to launch an average of 1.8 HLLV's per day (not 

including secondary payloaas). 

o The average payload m a s  per flight is only 270 NT (not including 

secondary payloads). 

3.2 PAYLOAD SETS BASED ON ACHIEVING HLl \r PAYLOAD MASS UMIT 
The theoretical mass-limit payload delivery pararr : t en  are shown in Figure 5-6. A 

totai of 74319 MT are to be delivered to  LEO within a 6 month time period. This 

will require 186 mass-limit flights. The launch rate  would be 1.45 flight/&y. 

The packaging objectbe is t o  combine components into integr~red payloads that 

come as close as possible to achieving 400 MT per pallet. i t  is  unlikely that this 

objective will be achievable, as will be shown be!w. 
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Figure 5-5. Primary Shipping Units 





TOTAL MASS TO 3 E  DELIVERED DURING A 6 MONTH PERIOD: 

Qu - ITEM 
1 5 GW SPS CONSTRUCTION COMPONENTS 

MASS 
48473 MT 

7.8 'b E O N  CONSTRUCTION COMF'ONENTS AND PROPELLANT 12456 MT 

13.84 OPERATIONAL EOTV PROPELLANT 7833 MT 

0 TOTAL NUMBER OF MASS-LIMITED HLLV FLIGHTS: 

186 FLTS 

a AVERAGE NUMBER OF H L i V  FLIGHTS PER DAY b 1.45 FLTSDAY 

a AVERAGE PAYLOAD PACKAGING DENSITY 

180 DAYS+ 23 DAYS TO CONSTRUCT At4 EOTV = 7.8 EOTVS CONSTRUCTED IN 6 MONTHS 
180 DAYS + 13 DAYS BETWEEN EOTV LAUtJCHES TO GEO = 13.84 EOTV LAUNCHES TO GEO 
IN 6 MONTHS 
(180 DAVS+ 7 DAYSMIEEK) (5 DAYSAVEEK AVAILABLE FOR LAUNCHES) = 128.6 LAUNCH 
DAYS AVAILABLE IN 6 MONTHS 

Fiwre 56. Theoretkal Mass- Limited Payload Paramem 



When attempting t o  configure integrated mass-limit payloads, the ground rules 

given in Table 5-3 apply. 

Figure 5-7 shows a representative set of SPS payload set$ that  meet the  ground 

rules. Table 5-4 shows inventory of primary components tha t  remain t o  be 

delivered af ter  each type of pallet has been flown its maximum number of times. 

CABLE 5-3 PAYLOAD INTEGRATION GROUND RULES 

o Do not mix SPS and EOTV cmpanents .  

o Cannot e-:ceed 1 7 x 1 7 ~ 2 3  in. pallet envelope. 

o Cannot exceed 400 MT/pallet payload. 

o During a 6 month period, do not deiiver more than 5% excess inventory of 

components. 

o Configure payload mix in eacn pallet so that  primary payloads use up at least 

250 &IT. Remaining payload mass t o  be made up of miscellaneous secondary 

payloads. 

o Try to get  the  total number of HLLV flights within 10% of the  theoretical 

minimum oi 186 flights. 

mam A!--- -- Q(EXI\VIICKER C+# , , - - - .4 1 W I T  
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Figure 5-7, SPS Payload Pallet Sets 
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HEMA!YINC INVENTORY 

SPS 

COMPONENT 

Structure 
Solar Array 
Subarr ays 
Sec. Struct. 
13C)TV Prop. 
Power Bus 

r 
.I. 

Ch 
Cherr ypicker 
Carriages 

Total 
No. of Units Pallet A 

Per 6 mo. 21 Flts 
Pallet I3 

26 Flts 
Pallet C 
21 Flts 

Pallet D 
12 Flts 

TABLE 5-4. SPS COMPONENT DELIVERY 

These 24 units could be delivered as fractional units in other pallets. 

Pallet E 
24 Flts 

Pallet F r rvtai 
55 Fltr 159 Flts 



There are a minimum of 159 flights required to deliver ail of the primary SPS 

conrparcntt within 6 m t h s  given t)n carrfiguLatim of the c~nponcnts identified 
in Tabk 5-1. 

Figure 5-8 shows a represcntativc set of EOTV payload sets that m e t  the gfowd 

ruks. T a b  5-5 shows the inventory of primary corn-ts that remain to bt 

delivered after each type of pallet has been flown its maximum number of time. 

There are a minimum of 19 flights required to deliver all of the ECTV component5 

within 6 months given the configuration of the components identified in Table 5-1. 

This nonoptimizcd set of SPS and EOTV payload configuations requires at least 

178 HLLV flmts dwing a 6 month period of time. To this number we have to add 

2 flights for delivering the crew bus and SPS rotary joint and 7 more EOTV 

propellant delivery flights. This totals up to 187 flights, oc 10% more flights %ban 

would be theoretically optimum. 

45Yt 
PALLET A 

n . 5 M l  

Figure 58. €0 N P a y l d  PaJIet Sets 





T '  5-6 identifies sever& things that should be considered in future studies tht 

wouM hdp ndua ttw number of HLLV fliihts that would be requited I t  is 

recommended that the carriages k canstructed on orbit nth than being 

delivered preasstmbled. (We can subtract 11 EOTV c o m p m t  delivery fiights 
from tht 187 identified H U V  flights.) On-orbit assem~ly of the subarrays and 
antenna secondary structure should be expIOrcd again. 

3.3 PAYLCMDSETSMSEDONASYAUERHLLV 

In a study of Technology Requirements for Future -to-Geosynamwnu Orbit 
Transpu-tation Systems (Cattract NASI-15301) atrrently being conducted by 

being for NASA-Langley Research Center, a smaller HLLV has been proposed. 

This vehicle W have a 500,000-lb payload mass and an 11 x 11 x 18 in. payload 
envdope, The impact on the SPS payload packaging and orwrbit assembly was 

preliminarily assesd and the results are given in Table 5-7. 

I t  is concluded that a detailed wade study will be required to assess the relative 

cost of the additional m u b i t  assembly, launch site facilities, etc,, before the SPS 

program commits to a smaller HLLV. 



TABLE 5-6 

TACTICS FOR INCREASING PACKAGING DENSITIES 

o Assemble carriages on-orbit - This would eliminate a large volume/low density primary payload 

from both t h e  SPS and EOTV payload sets (see Pallet D in Figure 7 and Pallet  B in Figure 8). 
This should be done for sure. I t  is estimated tha t  at least 11 flights could k eliminated 

(eliminates EOTV Pallet 8). 

c Assemble subarrays on-orbit - This would have the  most profound e f fec t  on achieving higher 

packaging density. However, this  was explored in an  earlier study and i t  was found t h a t  th is  

would be a high risk option. 

o Assemble antenna secondary structures on-orbit - The baseline articulated, self-deployipg area 

structure package is  a very largelvery lightweight item. Constructing these  structurtk from 

roll-stock material, such as is done for all of the  primary structure,  would have substantial 

e f fec t  on reducing t h e  number of HLLV flights. This was explored in an earl ier  study and it was 

found to be feasible but it required complicated construction equipment and more elaborate 
facilitization. 









4.0 SUMMARY 
The cargo packaging analysis is smmarized in Table 5-8. 

The recommendatiorrs that have resulted from this analysis ate given in Table 5-9. 



TABLE 5-8 

TASK 45305 CARGO PACKAGING ANALYSIS 

SUMMARY 

o The integrated cargo handling operational flow cycle has been described frozl  the t ime  components 

a r e  packaged at t h e  factories to t h e  t ime  t h a t  components a r e  utilized by construction equipment. 

o Cargo pallet functional requirements identified. 

o Component rack functional requirements identified, 

o SPS and EOTV component comsumption rate,  packaging, and shipping schedule data has been 

created for over 60 components (includes propellants). 

o Integrated packaging concepts analyzed. 

o Payload sets based on component consumption schedule requires 
o 232 flights @ average of 270+hIT/FLT. 

o Payloads sets based on mass-limited launches requires 

o 176 flights (_d average of 345+b\T/FLT. 

o Theoretically optiniized mass-limited launches requires 

o 170 flights @ average of 400 ILlT/FLT. 



TABLE 5-9 

TASK 45305 CARGO PACKAGING ANALYSIS 
RECOMMENDATIONS 

o Configure the  HLLV to accept  a 17.5~17.5~21 m, 400 MT payload pallet. 

o Ship some components in units (racks) tha t  can be utilized as dispensing magazines on construction 

equipment. 

o Combine components into payload sets tha t  can come close t o  achieving a 400 MT mass-limit. 

o Configure the  pallets to be easily re-configured t o  accept  multiple corrrbinations of primary 

and secondary payloads. 

o Assemble carriages on-orbit rather than delivering them preassembled. 

o Reassess on-orbit assembly of subarrays and antenna secondary structure. 

o Use 400 HLLV flights per year as the  maxiniurn flight schedule to size the  HLLV f leet  

size and launch/recovery site. 

o Crea te  a cargo packaging analysis computer model. 



SECTION 6 

LAUNCH AND RECOVERY SITE 
FACILITIES AND OPERATIONS 

1.0 Descriptions of Launch and Recovery Site Facilities and Operations 

WBS 1.3.7 
WBS 1.3.7.1 

WBS 1.3.7.1.1 
WBS 1.3.7.1.2 

WBS 1.3.7.2 
WBS 1.3.7.2.1 
WBS 1.3.7.2.2 
WBS 1.3.7.2.3 
WBS 1.3.7.2.4 
WBS 1.3.7.2.5 
WBS 1.3.7.2.6 
WBS 1.3.7.2.7 
WBS 1.3.7.2.8 
WBS 1.3.7.2.9 
WBS 1.3.7.2.10 

WBS 1.3.7.3 
WBS 1.3.7.4 
WBS 1.3.7.5 

Ground Support Facilities 
Launch Facilities 
HLLV Launch Facilities 
FLV Launch Facilities 
Recovery Facilities 
Landing Site 
HLLV Booster Processif?g Facility 
HLLV Booster Processing Facility 
Engine Maintenance Facility 
Hypergolic Maintenance Facility 
Passenger Offloading Facility 
PLV Booster Processing Facility 
PLV Orbiter Processing Facility 
Vertical Assembly Building 
Mobile Launcher Platform 
Fuel Facilities 
Logistic Support 
Operations 
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1.0 OeXRlPTKXUS OF THE LAUNCH AND RECOVERY SHE FACILITIES 
AND O P ~ T I O N S  

This section contains detailed descriptions of the various SPS launch and recovery 

facilities and the operations conducted at these facilities. Kennedy Space Center 

is the reference location for these facilities. The descriptions would be applicable 

t o  any other Land-based site. There would be some differences if a sea-based s i te  

were selected. 

These descriptions a re  presented by W BS number sequence. 

WBS 1.3.7 Groud Srppart Facilities 

This element includes all land, buildings, roads, shops, etc. required to  support the 

cargo handling, launching, recovering, refurbishment and operations of the space 

transportation system. 

Element Lkscription 

Figure 6-1 shows the various ground support facilities that  have been identified 

and their functional interfaces. Each of these elements a r e  described in following 

subsections. 

The reference launch and recovery site is the Kennedy Space Center. Maps of the 

SPS space transportation ground support facilities a t  this location a re  shown in 

Figures 6-2, -3, and -4. 

The landing site (WBS 1.3.7.2.1) is common to both the HLLV and PLV ground 

support operations. 

The HLLV facilities will be new. 

The PLV facilities will be shared with the Space Transportation System (STS) 

Shuttle-Growth vehicle ground facilities. 



Figure 6-2. Overlay of HL L V Pads on KSC Ma? 
RmRoou~mlLm , ., 1s OF ~0'3-3 

6 2  oRIC;mAL PAt7" ' 





Table 6-1 shows the estimated total annual man hows requkd at K X  to operate 

the SPS g r o d  s w  facilities. 

This element includes the design and construction of the actual launch facility and 

its assodated equipnent and the launch operations. 

This element includes both the HLLV and the PLV launch facilities, systems, and 

operations. Each of these are discussed in following sections. 

VBS 1.3.7.1. t HLLV Lanch F d t i c s  and Opaatims 

This element includes the HLLV Iwncher/erection, its associated subsystems and 

operations. 

The reference HLLV launcher/erector concept is illustrated in Figure 6-5. Three 

HLLV launch facilities are required. The operational timeline for the launch pad 

operations is shown in Figure 6-6. The booster is backed onto the launcher/ 

erector first. The orbiter is then backed onto the Iauncher/erector and the two 

stages are united. The vehicle then goes through the necessary prelaunch checks 

after which it is rotated to  the vertical. Further prelaunch checks are conducted 

and then the vehicle is fueled. If the orbiter contains an E O N  or P O N  

propellant pallet, the LO2, iHZ, and/or argon are pumped into the pallet tanlcr at 

this time. The vehicle is then launched. 

Figure 6-7 illustrates the integrated operational timelines for the 3 HLLV launch 

pads. This timeline is based on launching 400 HLLV's per year. A 7 day/week, 2 



TABLE 6-1 
SPS GROUND SUPPORT FACILITIES TOTAL ANNUAL MAN-HOURS 

1.3.4 Ground Support 
Facilities 

1.3.7.1 Launch Facilities 

1.3.7.1. 1 HLLV Launch 
Facilities Boxter  and Orbiter 

Installation on Launcher/ 
Erector 

Integration Testing with 

Access Equipment Handling 

Launch Site installation 
and Checkout 

o Make Up Interfaces Prep. 
for Launch, Support 
Testing 

o Pre. for Fueling and 
Countdown 

o Launch Area Maintenance 

o Turn Around Processing 



TABLE 6-1 (Con%) 

1.3.7.1.2 PLV Launch 
Facilities 

o LRU Maintenance, 
Umbilical Plates 
Removal/Replace, 
Holdown Arms/Supports 
and Propellant, Pneu- 
Matic, and Electrical 
Interfaces 

o Semi Annual (6 Mos.) 
Periodic 
Structural Inspection 
and Maintenance 
o Inspections 
o Maintenance Repairs 

Booster and Orbiter 
Installation on MLP 

Integration Testing with 

Access Equipment Handling 

Launch Site Installation 
and Checkout 

o Make Up Interfaces 
Prepare for Launch, 
Support Testing 

o Prepare for Fueling 

o Launch Area Maint. 



TABLE 6-1 (Con%) 

MLP 

1.3.7.2 Recovery Facilities 

o Turnaround Processing 56 20 2 17,920 

o LRU Maintenance, 56 
Umbilical Flates 
Removal/R eplace, 
Holdown Arm s/Supports 
and Propellants, 
Pneumatic, and 
Electrical lnterf aces 

o Semi-Annual Periodic 
Structural lnsptction 
and Maintenance 
o inspections 
o Maint Repairs 

1.3.7.2.1 Landing Site (145,920) 
HLLV Booster Landing OPS 400 20 I 64,000 

HLLV Orbiter Landing OPS 400 20 I 64,000 

PLV Booster Landing OPS 36 20 1 8,900 

PLV Orbiter Landing OPS 56 20 1 8,960 

Maintenance and Sustaining 9 17 
of Facilities/Equiprnent 
(1.5 to 1) 

30 1 2 18,880 
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TABLE 6-1 (Con*) 

1.3.7.2.3 HL LV Booster (492,800 
Processing 
Facility Periodic Inspections 

"A1* Check (Ea. Cycle) 320 20 2 102,400 
"Bt* Check (Every 5th 80 40 2 5 1,200 
Cycle) 

I1C** Check (Once in 50 8 50 13 41,600 
Launches) 

Inspection Pickups & 
Maintenance Actions 
f tom Inspections 
nAw Check (Factor 1.5 
to 1.0) 
I*Bw Check (Factor 2.0 
to 1.0) 

"C*' Check (Factor 1.0 
to  1.0) 

Maintenance and 
Sustaining of 
Facilities and 
Equipment (1.5 to 1) 

3 7 2 . 4  Engine Maintenance (Tasks and Manning 
Accounted for in the 
**B1* and "C*I Check 
Maintenance Actions 
in WBS 1.3.7.2.2 and 
1.3.7.2.3) 



(
Y

N
 
2
 



TABLE 6-1 

1.3.7.2.8 PLV Orbiter 
Processing 
Facility 

Inspection Pickups and 
Maintenance Actions From 
Inspections 
@@AH Check (Factor 1.5 45 30 2 21600 
to  1.0) 
"8" Check (Factor 2.0 11 80 2 14080 
to 1.0) 

"CVt Check (Factor 1.0 1 50 13 5200 
to  1.0) 

Maintenance and Sustain- 
ing of Facilities and 
Equipment (1.5 to 1) 

(756%) 
PLV Orbiter 
Periodic Inspect ions 
@@Am Check (Ea. Cycle) 45 20 2 14400 
ltBl1 Check (Every 5th 11 40 2 7040 
Cycle) 

"CU Check (Once in 50 1 50 13 5200 
Launches) 

Inspection Pickups and 
Maintenance Actions 
from Inspections 
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TABLE 6-1 (Con*) 

1.3.7.2.9 Vertical Assembly Maintenance Support 260 8 2 33,280 '; 
(Conlt) Building 

Test Station Support 56 8 2 7,168 

PLV Booster C/O Consoles 56 6 2 5,376 

PLV Orbiter C/O Consoles 56 6 2 5,376 

Maintenance Planning 56 

P 1.3.7.2.10 Mobile Launcher 
L 

(See 1.3.7.1.2) 
w Platform 

G 
1.3.7.3 Fuel Facilities Operational Support 727,080 823,440 

LO2 (3 Units) 365 18 3 157,680 
LO (3 Units) 365 27 3 236,520 
L C A ~  (3 units) 365 9 3 78,840 

Maintenance Support 
to  System 

365 
365 
365 

Gas Storage & Distribution 365 9 3 78,840 9 3 78,840 
(GN2, GOZ, GH,) 

Fueling Area 
Stage Fueling Operations 365 20 3 175,200 
Fueling Area Maintenance 365 3 30 3 26,280 
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TABLE 6-1 (cony) 

1.3.7.5 Ouerations Launch Site "Cn Consoles 365 10 2 58,400 
(Con?) 

Console Equipment Maint. 365 

LPS System Support 
Including Data Reduction 365 20' 2 116,800 

LPS Maintenance & 
Sustaining 365 

Pros llant CdtC Group 365 10 3 87,600 

Space Crew Support I 

ChC Group 56 16 1 4,dO 

Facility Services CjcC 
Group 365 10 3 87,600 

Page I 1  of I I 



Figure 6-6. Integrated VehtkJe Operations fillhelines 



shifts/&y sdreduk is the preferred schedule. Other schedules, such as 5 

dayslweek - 2 shifts and 5 dayslweek -- 3 shifts, were also contidered. fhe 

selecteci schedule provides for the most e f f iaent  use of the lam& pads (minimal 

slack time) while allowing sufficient t ime available (the 8 b w / d a y  shutdown) to 

make up lost t'me. This available time could also be utilized t o  support a higher 

launch rate  o. to keep the space anutructiarr on schedule if .me of the three 

l a d  pads become inoperathe (for exaP 21% because of a vehicle explosion on 

the  pad). 

rsS 1.3.7.1.2PLV Landr F d t b  and *ti- 

! This element includes the PLV launch pad, its associated subsystems, and 

operations. The Mobile Launcher Platform is not included. 

The reference PLV launching pads are considered to be those that would be built 

for a Shuttle-growth vehicle. The KSC pads 39A and 398 a re  the candidate 

locations for these facilities. The Shuttle-growth launch pad configuration has 

not been defined. 



The major PLV-spcdfic provisian that will haw to be included at  tkse laam& 

paclr will be a means for boarding the 75 pasxngen into the Pa#mgr Module 

that will be located within the Shuttk cargo bay. 

. - 
This elernart includes the &sign and constructiar of the recovery facilities and 

their associated operations. 

There are eleven stb-elements that have beem identified: 

WBS 1.3.72.1 

WBS 1.3.7.22 

WBS 1.3.7.2.3 

WBS 1.3 2.2.4 

WBS 1.3.7.2.5 

WBS 1.3.7.2.6 

WBS 1.3.7.2.7 

B'BS 1.3.72.8 

WGS 1.3.7.2 -9 

WBS 1.3.72.10 

WBS 1.3.72.1 1 

Landing Site 

HLLV Orbiter and Payload Processing Facility 

HLLV Booster Processing Facility 

Engh Maintenance Facility 

Hypergoiic Maintenance Facility 

Passenger Offloading Facility 

PLV booster Processing Facility 

PLV Orbiter Pracessing Facility 

External Tank Processing Facility 

Vertical Assembly Building 

Mobiie Launcher Platform 

This eiement includes the design and construction of the landing strip, t k  contra1 

tower and other landing site facilities, and the operations associated with these. 



The lading strip proviW far the SK will have to be widEned from 300 feet  to 

600 f n t  to adapt to thr HLLV booster and orbiter bnding and taxi tequinments. 

Tht mtoi tower, ~v iga t imal  aides, fire/n#are facilities, and grouKi qpxt 
cqrripncM requid for the STS wilt be trsed for the HLLV vehicle landing support 

opuaticns. 

This dement inclwks the design and oonrtructiar of the H U V  orbiter and 

payload pmnssing facilities and its equipment and operation. 

The H U V  Mter and Payload fhcessing Facility (HOPPF) is shown in 

Figure 6-8. 

The HLLV Orbiter is backed into a vacant bay by the towing vehide. The vehicie 

will k parked in a precise location and it will be levekd by leveling jacks as 

required. T k  vehicle will be transferred to facility power and services by 

comectiq one or more umbilicals. Service platforms will be moved into position 

aroud the vehicle and tk cargo bay doors are opened. 

Ryload Systems ond Qera-hu - The 500MT crane will be equipped 

with a pallet handling fixtune. This fixture interfaces with handling points on the 

pallets, The pallet is removed from the cargo bay and transferred to one of two 

pallet processing stands located a f t  of the vehicle maintenance shop area. 

Once the pallet is installed on the pallet stand, the overhead crane moves away t o  

attend to other tasks. A pallet refurbishment crew descends upon the pallet. 



Fajlure 6-& HL L V Orbiter and Payload l kmss i~~~ fdity 

Using hand tools and cherrypicker cranes, this crew will reconfigure the cargo 

pallet to adapt it to its next payload, There will be several internal component 

rack tie-down mechanisms t o  be repositioned. 

Once the pallet is reconfigured, i t  is ready to be loaded with the collection of 

components called for by the payload manifest. 

Cargo is delivered to this facility via rail car  and trucks. The cargo is distributed 

to the storage areas in the bays based on the  payload manifests for the pallets. 

An overhead crane that can traverse orthogarally to  the bays is  d to  move very 

large items. 

Most of the components will be moved by fork lift trucks or by the 250MT cranes 

located in each bay. 

After the pallet is loaded, it is picked up by the 5OOM tone crane and moved to  

the orbiter, The pallet is installed in the orbiter cargo bay and then the cargo bav 

doors a re  closed. 

6-20 



HUV Or- YIjnBerrvloc Systems rd Operatias - Fiiure 6-9 shows a vehicle 
maintenance operational flow diagram. These operations would be typical of 
those required for the HLLV Orbiter, HLLV Boester, and the PLV vchide stags. 

hbegrBcd Opemths - Figure 6- 10 shows the processing operations timeline for a 
single HLLV Orbiter. Figure 6-1 1 shows the integrated processing operation for 7 

HUV Orbiters. 

I t  was fad that a 7 daylweek, 3 shifts/day schedule was the most efficient 
rdKdule as well as Ieadbg to a requirement for fewer Orbiters than w w M  be 

reguirtd by other schedules. The selected schedule was based on 400 launches per 

year. As this timelim shows, only 4 of the I bays would be oaapied at any time. 
The additional bay would be useci to perform major overhwls that would require 

the vehicle to be removed from the operational cycle. 

F@m 6-9. S@ase V d r a  M.rirmime Functional Flow 



Figure 6- la HL L V Onbit# Roasing Tirnelim 
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Figure 6- 1 1. HL L V Orbiter Pmeesing Operations 



This dement includes the design Md cumtruction of the H U V  Baoster Processing 

Facility and its equipment and op~ations. 

The HLLV Booster Processing Facility (HBPF) is shown in Figure 6-12. 

The HLLV b o a t e r  is backed into a vacant bay by the towing vehicle. The vehicle 

will be parked in a precise loeation and it will  be leveled by leveling jack as 

tequired. The vehicle will be transferred to facility power and .services by 

connecting one ar more umbilicals. Service platfarms will then be moved into 

position around t he  vehicle. 

The general maintenance cycle was shown in Figure 6-9. 

The processing operations timeline fo r  a single HLLV booster is shown in 

Figure 6-13. integrated timeline for 6 boosters is shown in Figure 6-14. A 7 

day per week, 3 shifts per day schedule is selected. 

Figure S 12. HL L V Bowter P-ng Facility 
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Figure 6- 14. H L 1 V Booster Processing Operations 



This dement includes the design and construction of the engine maintenance 
facility, its equipment and operations. 

The HLLV booster and orbiter main engines will be overhauled in this facility. 

There will be separate work areas for each engine type. 

This element includes the design and construction of the facilities used to 

maintain the hypergolic propulsion system and the equipment and operations 
associated with this facility. 

Element Desaiptian 

This facility has not been configured. 

VB!S 1.3.721 Pascnger Off ld irg  Facility 

This element includes the design and construction of the PLV Passenger Offload- 

ing Facility, its equipment and operations. 



A facility, such as shown in Figure 6-15, will be required adjacent to t h e  landing 

field. This facility is used to offload the 75 passengers carried within t h e  

passenger module in the PLV Orbiter cargo bay. 

MI 

Fipre 6- 15. Pamngw Offloading Facility 

. 
WBS 1.3.72.7 PLV Booster ProceJsing Facility and Operatias 

This element includes the  design and construction of the  PLV Booster Processing 

Facility and its e q u i p e n t  and operations. 

Element Description 

I t  is assumed tha t  the  PLV will be the  Shuttle-Growth vehicle. Therefore, the 

PLV Booster Processing Facility will be t h e  Shuttle-Growth Booster Processing 

Facility. 

The Shuttle-Growth Booster Processing Facility will be sized t o  accommodate 1) 2 

vehicles dedicated t o  t h e  PLV mission, 2) N vehicles dedicated t o  other missions, 

and 3) at least 1 vehicle undergoing major overhaul. It will be assumed tha t  this 

processing facility will contain 5 bays and will be 340m long, lOOm wide, and 5011-1 

high. This facility will be equipped with 5 20m ton cranes. 



The PLV Booster processing operations will be similar t o  those described for the 

HLLV Booster (WBS 1.3.7.2.3). It has been assumed that the total turnaround time 

for the  PLV is 10 days. A large percentage of this time will be devoted to  the 

Booster processing operations. A detailed timelint has not been developed. 

VBS 1.3.7.2.8 PLV Mter Rcmdqg Facility and Operaths 

This element includes the design and construction of the space Shuttle Orbiter 

Processing Facility (OPF) and its equipment and operations that a re  dedicated to 

the PLV mission. 

It is assumed that the PLV orbiter will be a Shuttle Orbiter. Therefore, the PLV 

Orbiter Processing Facility will be the  Shuttle Orbiter Processing Facility (OPF). 

The OPF will have to be enlarged to accommodate 2 Orbiters dedicated to the 

PLV mission in addition to those required for other missions. 

The Orbiter precessing operations are detailed in several Space Shuttle program 

documents. 

VBS 1.3.7.2-9 Vertical AsunWy W d i n g  

This element includes the design and construction of the Vertical Assembly 

Building (VAB) and its equipment and operations dedicated to the PLV mission. 

Element Desaiptim 

The PLV will be assembled in the VAB on the Mobile Launcher Platform (WBS 

1.3.7.2.10). The Shuttle-growth booster will be towed from its processing facility 



to t h e  VAB where it will be hoisted to its tail-down orientation and then attached 

to t h e  MLP. The Orbiter will be towed to t h e  VAB from t h e  OPF and it will be 

hoisted to its mating position on t o p  of t h e  Booster, 

No PLV dedicated modifications to t h e  VAB have been identified. 

This element includes the design and construction of the Mobile Launcher 

Platform (MLP) and i ts  equipment and operations dedicated t o  t h e  PLV mission. 

I t  is assumed tha t  the MLP will be modified t o  accommodate the  Shuttle-growth 

vehicle. No PLV-dedicated changes have been identifizd. 

WBS 1-3-73 Fuel Facilities 

WBS Dictionary 

This element includes fuel production, facilities, storage and handling facilities, 

transportation, delivery and safety facilities for both t h e  fuel and the  oxidizer. 

Also included are  the facilities for fuels used in the  various orbital transfer 

facilities. 

Element Desaiptim 

The fuel facilities, storage, handling, transportation, etc. has not been examined 

in detail. The general concept is identified in the  following paragraphs. 

Fuel Production Facilities - No on-site fuel production facilities are  planned. 



Fuel Storage and Handling Facilities - Tank farms and reliquification plants for 

LOZ, LHT and Liquid Argon will be required. A tank farm for LCH,, will atso te  
rquired, 

Fuel Transportation Systems -- The fuel and oxidizers will be delivered to KSC via 

ship, barge, tank cars, and pipelines. 

Fuel Delivery Systems - The various propellants will be delivered to the launch 

pads via pipelines from the various tank farms. The propellants (Liquid Argon, 

LO2, LHZ) to be loaded into the POTV and EOTV Propellant Pallets will be 

delivered to the HLLV launch pads via pipeline. The propellants will be pumped 

into the pallets via umbilical fluid lines from the launch servicing tower. 
: ' *  ,, ,..,.?. 8 b ' - - - " - . 4 - ,  

W 8 S  13,7A Logistic Support 

This element includes the land, buildings and handling equipment for the receiv- 

ing, inspection, storage and packaging of all payloads to be launched except for 

fuels and oxidizers. 

Element Description 

The SPS and EOTV construction components will be delivered to KSC via truck, 

rail, and sea. The truck and rail deliveries go directly to the HLLV Orbiter and 

Payload Processing Facility (WSS 1.3.7.2.2). At this time, no intermediate 

storage or processing facilities have been identified. Payloads too large for truck 

or rail delivery (e.g., slipring assembly, antenna subarrays, etc.) will be delivered 

to I<'*: via ships or barges. These vessels will be docked at a ship and barge basin 

to be constructed near the launch pad areas (see Figure 6-3). Some storage 

facilities may be located adjacent to the basin, The cargo wauld be delivered 

ftom the ship basin to the HLLV Orbiter and Payload Processing Facility via the 

railroad system or via surface roads using large wheeled or crawler-type vehicles. 



This element includcr all Land, huiidings and equipment required to s q p x t  tfe 

vatiws crews. It also indudcs the required amtrol centers and administrative 
f acilitia. 

A Launch and Recovery Site Operatians Facility (LRSOF) will be rtguired. This 

facility wil l  house the equipment and penonnel required to manage all of the SPS 

operati- at the base. 

Table 6-2 lists the launch and recovery site command and control tasks. 

Figure 6-16 shows a tentative command and control functional organization, 

Each of the sub-fmctional groups are described below. 

Launch and Recovery Site Command Center - This is t he  top-level C&C 

organizatim. It will be composed of the SPS Base Director and his staff. This 

organization is responsible for coordinating and integrating the activities of t he  

second-level C&C grolps. 

Landi~g Site C&C Croup - This group is responsible for conducting ail of the SPS 

vehicle landing site operations. Figure 6-17 shows the C K  interfaces required 
m 

by this p u p .  

Payload Processing C K  Gmq - This group is responsible for all operations 

associated with rec~ivinz, storing, distributing, and packaging the cargo destined 

for the orbital bases. Figure 6-18 shows the C&C interfaces required by this 

group- 

HLLV Processing C&C Croup - lhis group is respwrsibie for all operations 

associated with maintaining the HLLV Orbiters and HLLV Boosters. Figure 

6-19 shows the CdtC interfaces required by 5 s  group. 



TABLE 6-2 

COMMAND AND CONTROL TASKS 

FUNCTIONITASKS COMMAND AND CONTROL 
---- -- -1- -_ ---.- ----- TASKS 

I--. 

o Provide coordination and planning o Receive status reports from 
of SPS ground support operations sub-functional C & C groups 

o Provide Landing Site C & C 

o Receive SPS program con- 
straints and master schedule 
f tom top-level C & C group 

o C o o r d i ~ t e  sub-function(r1 
C & C group activities 

o Coordinate SPS ground support 
opcrstions with nonSPS launch 
and recovery site operations 

o Coordinate SPS ground support 
operations with external SPS 
C & C opcrations 

o Provide SPS ground support 
operations status reports 
to  top level C dr C group 

o Receive vehicle flight schedules * 
o Receive vehicle status reports 4 t  

o Coordinate SPS vehicle landing 
opcrations with launch and 
recovery site landing site 
C & C group, 





TABLE 6-2 ( a t . )  

FUNCTION/TASK!5 COJUMAND AND 00NTROL PNTERPA- 
- ---- ---------- TASKS NAL E- 

o Mmitor/contt~ol cargo pallet ref urbbhm~/reconfLguration 
operations 

o Provide HLLV ProceuingC & C 

o Monitory/control cargo pallet lording opdrtlons 
o Monitor/control cargo storage & crrgo M l i n g  equipmmt 

o rvailability 
o schedulein~dfrprtching 
o crew 

o Monitor/control cargo handling personnel * 
o assignments 
o scheduling 
o training 

o Provide cargo hundling frcllities, equpment, and permnsl s h t u  
reports to uppar lavd C & C group 

o Receive HLLV master schedule * 
o Receive HLLV maintenance plans I) 
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TABLE 6-2 (Cant*) 

FUNCTlON/TASKS COMMAND AND CONTROL 
TASKS --_ . - - -  

------I- - u - -  

o Provide PLV Processing C & C 

o Provide HLLV status reports 
to upper level C & C group 

o Coordinate intra-base HLLV 
stages transportation 
requirements 

o Monitorlcontrol HLLV Booster * 
Processing Facility, HLLV 
orbiter Processing Facility, 
En ine Maintenance Faclllty, 
an d Hyprgolic Maintenance 
Facility 

o Facility utilitieS 
o status 
o requirements 

o Facility equipment 
o status 
o availnbility 
o maintenance 
o consumable 
o scheduling 

o Facility personnel 
o scheduling 
o training 
o assigntnents 

o Facility operations 

o Receive PLV master schedule 

o Receive PLV maintenance 
plans 
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TABLE 6-2 (Cart.) 

FUNCTION/TASKS COMMAND AND CONTROL INTERFACE 
---- - TASKS 

---I----_- - 
o Provide WLLV launch C & C * 

o Inteeration 
o Site support sources 
(ECS, IWS, Primary Power) 

o Provide Propellant Handling 
Systems C & C 

o Range safety 
o Site mechanical 

(Saving arm, TSM, hydraulics, 
etc.) 

o Cyrogenlcs 
o Non-cyrogenics 
o Instrumentation, communi- 

cations, tracking 
o GNdtC, Power 
o Payloads 
o LPS Master 

o Receive, propellant requirements, 
receiving, and delivery schedule 

o Provide propellant handling 
systems status reports to upper 
level C & C group 

o Monitor propellant incoming 
delivery statw 

o Monitor/Control propellant 
receiving storage, and 
reliquification facilities, 
and propellant delivery systems 

o availability 
o maintenance 
o inventory 
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FUNC~NITASKS COMMAND AND CONTROL - ----- TASKS 

o Provide Space Crews Servlcos C & C o Receive master schedule 
o Report space crew atatus to 

upperlevel C dt C group 
o Monitor/control 

o Temporary housing 
o Medical services 
o Crew transportation 
o Crew safety 
o crew supplies 
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Figure 6- 18. Payload Pmxssing C o m d  d Control 
Grwp Inmfmes 

Figure 6- 19. HL L V Processing Command and Control 
Group lnterfkces 



PLV Processing CdcC Group -- This group is responsible for coordinating t h e  PLV 

turnaround operations. This will require an interface with the STS groups 

responsible for  maintaining and assembling t h e  Shuttle-Growth vehicle. 

Figure 6-20 shows t h e  command and control interfaces required by this group. 

Launch CdtC Group - This group is responsible for di of t h e  HLLV launch 

operations and for coordinating the PLV launch operations with the  STS launch 

center. Figure 6-21 shows the  command and control interfaces required by this 

group. Figure 6-22 shows a conceptual layout of the HLLV Launch Control Room. 

Propellant Systems C&C Group - This group is responsible for  all of t h e  

propellant receiving, storage, cc~dit ioning,  and delivery owrat ions  associated 

with t h e  HLLV operations. This includes t h e  propellants required by t h e  POTV, 

EOTV, and Cargo Tugs that  will be delivered by the  HLLV. The group will have an 

interface with t h e  STS propellant systems group to coordinate PLV propellant 

requirements. The command and control interfaces required by this group a r e  

shown in Figure 6-23. 

Space Crew Services C&C Group -- This group is responsible for managing all of 

t h e  space crew service operations at t h e  base. This includes coordination of crew 

schedules, PLV schedules, pre-flight and post-flight medical services, ~ r e w  safety 

operations, etc. The command and control interfaces for this group a re  shown in 

Figure 6-24. 

Facility Services CkC Group - This group is responsible for coordinating and 

implementing SPS facilities services within t h e  framework of the  KSC facilities 

services. Typical operations include surface transportation and building main- 

tenance. 
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IC[M R I I I M T A R H X H I M R  
HVDRAULICS) 

5. C f l Y O G E N I C S . ~ l -  
t CRVOGEWCS. L+ 
7. inmft. COMM, TRACKING 

Fijpm 6-22. HL L V Laundr Canttd Center 



Fiwrg 6-24. Slioar;e Crewrv- Commdnd and Control 
Group lntwfaces 



1.0 lntroduc tion 

2.0 Requirements 

2.1 Personnel Transportation Requirements 

2.2 Supply Trainsportation Requirements 

3,O Perronnel Transportation System Elements 
3 1 Personnel Launch Vehicle (PLV; 

3.2 P e r m 1  Orbital Transfer Vehicle (POT V) 

3.3 Crew fhnses 

4.0 Personnel Transportation SIpport Systems and Operations 

4.1 Launch and Recovery Site System and Operations 

4.2 Orbital - Systems and Operations 

4.3 Command and Control Systems and Operations 



fhitsectimwiil~tkpasandtramportatiatsystemandapuatiorrs. The 

pcroand and crew lRpplics tmnqmrmtim r e q ~ t t  are identified first. The 

Vaqa'tatim dtidcs irc then d e s c r i i  This b fdiowed with a discusion of 
tk pcnand md crew q p l h  hading operations commencing with tht ground 

operati- T k  arbital operatMIS and tk cKwMnand and controi operations arc 

then disamsd 

Wing the 12th year of commercial operations, there will be approximately 1600 

crewmembers in spax. This total crew size is changed out f a r  times each year- 

The hgulrv LEO Bart crew size is 200 with 35 additional people required during 

EOTV construction opaatias. (Refer to Section 9.0 for derivation of the LEO 

Biut crew size.) fht GEO Base crew size remains constant at 444 after the 2 

satellites per year catstruction rate is achieved early in the program. (Refer to 

Section 120 f a  derivation d CEO 8ase crew size). The maintenance crew is 

composed of w x i m a t e l y  385 peopk. (Refer to St ion  13.0 for definition of 

arw size reqrircmcnts.) 

For bookkeeping pupaas, tht crew-related supplies were placed into two 

catcgaies 1) food and personal effects, and 2) everything else-ECLS gases, 

water, ECLS and other subsystem spares, clothing, and all other non-perishable 

crew supply items. This split was created as the food will be transported to CEO 

by the most expeditious transpadation vehicle while the non-perishable items can 

be transported in bulk by the slower, more eccmomica cargo vehicles. 



The food and per- effects mass per man year was computed to be 1.7 MTfyear 

per inan. (See Section 12 of this 4ook for the analysis kadiig to this number.) 

The LEO Batt crew facilities and work facilities supplies requirements is 400 

MTIyr (see W B S  1.3). The CEO Bast crew facilities, work facilities, and wpplits 
requirement is  I251 MTfyear. (See WBS 1.3) 

The crew and work facilities syrplies required for the SPS maintenance operations 

is 206 MT/year (see WBS 1.3) when 20 satellites are operational. 

X i  PERSONNEL LAUNCH VEHICLE (RV) (WES i.3.3) 

The PLV, shown in Figure 7- 1, u d to transport personnel between the Earth ad 

the LEG Rase. This vehicle is derived from the current space shuttle system. The 

orbiter carries a 75-man passenger module. The modified external tank is an 

expendaoie element. Both the booster and the orbiter are flyback vehicles 

I 17JSr-CUIm 
YQ*HU)ET F L W -  

Figure 7- 1. Shuttle Derived PL V 

7-2 



The FDTV, shown in Figwe 7-2 is used to transfer pcnonml and crew supplies 

be- the LEO and CEO bases. This vehicle is compsed of an OTV booster 
(see VBS 1-3-41, a 75-man pa- module (see Figure 7-31, and a crew supply 

moduk, (see Fig- 7-4- This vehicle is refueled at both bases - i-e., it  rnakef a 
one-way trip bet- re fd ings  

Figurn 7-3. Orbital ?kmmnel Module 



IWTfRFAcE TO n u v  
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mlfE: END DOME WIAIRLOCK NOT SHOrm 

33 CREW BUSSES 

The crewmembers at the LEO and CEO Bases and at the satellites are transported 

on rail-mounted crew busses. Two sizes of crew busses have been defined-a 24- 

rnan bus and a 10-man bus Figure 7-5 illustrates a crew bus concept. This bus is 

equipped with a transfer capsule t P  -t  is used to transfer crewmen beaween the bus 

2nd guipv~~mt  control cabins that cannot interface directly with the crcw bus wain 

Jccess air lock. 



F W  7-S WBS 1.2 1.1.3.7 Crew Bus 

4.0 PERSL)(JNEl TRANSeORTAllON SUPPORT SYSTEMS AND OPERAlTOF 

4.1 LAUNCH AND RECOVERY SlTE SY!jl'EMS AND OP&RA'C#)NS 

Every orbital crewmember wi l l  be assigned a specific PLV flight. The 75 people 

designated for a specific flight would be marshalled at the launch site at least a 

day in advance for processing. On the day of their launch, the crewmembers would 

report to a Crew Transportation Center where they would be loaded onto busses for 

the tr ip to  the P L V  launch pad. At the pad, see Figure 7-6, they disembark the 

busses and take an elevator to the paw enger loading level of the service gantry. 

The crewmembers move to  their designated seat in the passenger Module located 

within the payload bay of a s t -~t t le  orbiter. 

The PLV then goes through the remainder of i ts prelaunch countdown operations. 

The vehicle is launched, the booster separates and flies back to the recovery site, 

and the Shuttle/External Tank continues onward. Prior to reaching orbit, the 

external tank is jettisoned. The orbiter continues on to the LEO Base. 



On the return trip, 75 passengers are brought back to Earth. After the flyback 

ianding of the Shuttle the passengers are disembarked from the Passenger Module 

at a dedicated facility, see Figure 7-7. The crewmembers are returned by bus to 

the Crew Transportation Center where they are processed for their release for a 90 

day R&R and retraining period 

The supply modules are loaded with food and priority cargo (see Figure 7-8) at the 

HLLV Orbiter and Payload Processing Facility (WBS 1.3.7.2.2). These modules are 

then integrated into rlLLV cargo pallets for delivery to the LEO Base. 

4.2 ORBITAL BASE SYSTEMS AND 0PERATK)NS 

There are four major personnel transportation support sytems at the LEO Base: 1) 

the PLV docking system, 2) the POTV docking and launching system, 3) the crew 

busses, and 4) the transient crew quarters, 



INSTALL SUPPLY MOWLE 
IN HLLV CARGO PALLET 

Figure 7-8. Supply Module Loading at Launch Site 

The PLV docking system (WBS 1.2.2.1.6) is shown in Figure 7-9. The system is 

composed of a framework on which is  at tached a primary docking boom, two 

secondary docking booms, and a crew transfer tunnel. The figure describes the  

operational sequence that  is used t o  achieve docking of the  PLV. 

The PLV passengers a r e  transferred to a crew bus via the  crew transfer tunnel 

system shown in Figure 7-10. The crew busses transport the  passengers to LEO 

Base crew habitats (if they a r e  LEO Base crewmembers) or t o  a transient crew 

quarters module (if they a r e  CEO Base crewmembers). 



Figure 7-9. PL V Docking Systems and Operations 
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Figure 7- 10. PL V Crew Transfer Tunnel System 



The CEO Base crewmembers arc: jelivered t o  a POTV at t h e  OTV operations area. 

Figure 7-1 1 shows t h e  POTV being loaded with supply modules and passengers. The 

supply modules were removed from HLLV cargo pallets and delivered to t h e  POTV 

location. Two supply modules and 75 passengers a r e  loaded onto each POTV. 

Figure 7-12 illustrates how supply modules a r e  delivered to t h e  crew habitats. 

These modules a r e  offloaded by hand. Empty supply modules a r e  reloaded with 

compacted waste for return t o  Earth. 

After the passengers and supply modules a r e  loaded, t h e  POTV is launched and flies 

t o  t h e  GEO Base. This t r ip  takes a few hours. There is an onboard flight crew tha t  

controls the flight. 

When t h e  POTV arrives at t h e  CEO Base and has docked, the  passengers a r e  

disembarked and t h e  supply modules a r e  offloaded as was described for the  LEO 

Base. The POTV is refueled and supply modules (loaded with waste products) a r e  

t t a c h e d  After a 1-day turnaround time, the  down-trip passengers a r e  boarded 

a ! the  vehicle returns t o  t h e  LEO Base. 

Figure 7- 1 1. POTV Docking and Servicing Systems and Equipment 



TRANSFER FOOD SUPPLIES 
TO FOOD STORAGE LOCKERS 

Figure 7- 12. Supply Modules are Docked to Crew Habitats for Offloading of Contents 

The maintenance sor t ie  c r ew boards a mobile c rew habitat. This habitat  becomes 

their living quar ters  as well as transportation vehicle during their  90-day tour of 20 

satellites. Supply modules a r e  a t t ached  t o  t h e  mobile habitat  at t h e  GEO Base 

prior t o  departure. At  t h e  satellites, t h e  crewmen a r e  t ransported about  t h e  base 

via c rew busses. 

4.3 COMMAND AND CONTROL SYSTEMS AND OPERATIONS 

The command and control tasks required for  the  personnel transportation opera- 

tions a r e  identified in Table 7-1. The integrated command and control system 

elements  used to  support the  personnel transportation operations a r e  shown in 

Figure 7- 13. 



TABLE 7- 1. COMMAND AND CONTROL TASKS 

LOCATK)N/OPERATION: Pasomel Transportation Operations 

o Ground-based Personnel 
Transportation Cdt C 

COMMAND & CONTROL TASKS 

Receive SPS program constraints and master 
schedules 

Create personnel transportation schedules 

Transmit personnel transportation schedules 
to PLV and POTV groups 

Coordinate personnel transportation schedu be 
with Space Traffic Control 

Receive PLV s ta tus  from Launch and Recovery 
Site and from LEO Base 

Receive POTV sta tus  from LEO and CEO Bases 

Coordinate PLV and POTV maintenance plans with 
vehicle maintenance groups 

Coordinate crew suplies transportation require- 
ments with PLV and HLLV grorlps 

Plan personnel transportation vehicles and support 
systems requirements 

Receive orbital bases crew buses J transfer 
systems, and transient crew qua -s 5 1 ,  , 

Coordinate POTV propellant deliv, ernen:s 

INTERFACE 
INTERNAL EXTERNAL 

o Provide PLV and POTV mid-course f t :g~~ t  control 



TABLE 7-1. COMMANn AND CONTROL TASKS (Continued) 

LOCATlON/OPER ATION: Personnel Transportation Operations 

FUNCTlONfTASKS COMMAND & CONTROL TASKS 

o Launch and Recovery Site 
PLV Operations 
(See this section under the Launch 
and Recovery Site C&C Ops) 

o LEO Base Personnel Trans- 
portation Operations 

o Receive personnel transportation schedule 

o Monitor/cot~trol PLV docking systems and 
personnel transfer systems 
o availaoility 
o maintenance 
o consummables 
o crew 

o Monitor/con?l~l POTV docking/refueling and 
personnel transfer systems 

o Coordinate PLV and POTV flight schedule with 
LEO Base Traffic Control 

o Monitor crew buses status 
o availability 
o maintenance 
o consummables 
o crew 

o Monitor transient crew quarters status 
o availabilty 
o occupancy 
o maintenance 
o consummables 

INTERFACE 
INTERNAL EXTERNAL 



TABLE 7-1. COMMAND AND CONTROL TASKS (Continued) 

FUNC'r tON/TAS;YS COMMAND & CONTROL TASKS 

o LEO Base Personnel Transpor- o Transient status of PLV, POTV, docking systems 
tation Operations (Continued) crew buses transient crew quarters to Earth 

o Coordinate passenger list for each PLV 

o CEO Base Personnel Transpor- o Receive personnel transportation schedule 
tation Operations 

o Monitor/control POTV dicking systenls and 
personnel transfer ssytems 
o availability 
o maintenance 
o consummables 
o crew 

.o Monitor/control mobile maintenance crew habitat 
docking systems and personnel transfer system 
o availability 
o maintenance 
o consummablev 
o crew 

o Coordinate POTV and Mobile Crew Habitat flight 
schedule wi th  CEO Base Traffic Controller 

o Maintain crew buses status 
o availability 
o maintenance 
o consummahles 
o crew 

INTERFACE 
INTERNAL EXTERNAL 



TABLE 7-1. COMMAND AND CONTROL TASKS (Continued) 

LOCATION/OPERATION: Plwsonnel Tranmtat ion Operations 

FUNCTION/TASKS COMMAND & CONTROL TASKS 

o CEO Base Personnel Transpor- o Monitor transient crew quarters status 
tation Operations o availability 

. o maintenance 
o occupancy 
o consummabies 

o Coordinate passentcr list for each POTV 

o Transmit status of POTV, Mobile Crew Habitat, 
transient crew quarters, docking system to Earth 

INTERFACE 
INTERNAL EXTERNAL 



The P-1 Ttarrspartation Command and Control group is a subfunctional group 

withh the Transport Vehick Command and Control Center, This group is 

responsible for integrating the crew transportation operations into the total 

program operations. This will involve abreast of the personnel vehicles 

status, scheduling tk vehicle flights and vehicle maintenance, coordinating launch 

window assignmarts with #e Space Traffic Control CUcC (the personnel flights 

have to be integrated with cargo vehicle flights, orbital base maneuvers, etc) and 

soon. 

The i eh ide  preparation, passenser oprations, and vehicle approach/departure 

*rations are mar- by command and control eiements located at the 

Launch/Recovery Site and at the abitaJ  bases. 

All of the personnel transportation vehicles have onboard flight crews. Preparation 

for launch will require a coordinated effort between the local transportation 

vehicle mmmand and control center and the vehicle flight crew. ~ f t e r  departure, 

the flight crew would perform a large share of the vehicle CdtC. 
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EARTH-TO-LEO CARGO TL1ANSPORTAm OPERA- ANAL- 

1.0 - 
This nport &scribes the LEO Base systems and operati- that are required to 

in- vith the Earth-to-LEO cargo -tiat system (the heavy lift 

lam& vehicle, HUV).  The La- and R t c w t r y  Site interface vith the HLLIPs 
is dc#xibed in Section 6.0. 

2.0 EARTH-T0-m CARGO VEHICLE 

The reference SPS carp vehide is the two-stage, fully reusable heavy lift launch 

vehide (HLLV) shown in Figure 8-1. Refer to WBS 1.3.1 for a detailed description 

of the HLLV. T k  net delivered payload b 424,000 kg. A return payload of 15% 

(63,500 kg) of the delivered payload was assumed. 

F*e &I. T d t a p  W i n p d  SPS Launch Vehicle (Fully R d k  GWO Cwrier) 

a1 



99PPORT S Y S I W  AND m a T i O N S  

3.1 LEO BASE EAR7H-TO-LEO CARGO TRANSPORTATION 

SWKlRT SYSTEM AND OPERATIONS 

Them ate two HLLV suppurt systems at the LEO Base. I) A set of HLLV Docking 

Systems, and 2) Cargo Pallet Handling Machines. 

Xl.1 HLLV Dockirrg System (WBS 12-2-1.6.1) 

The cargo pckaging analysis (Section 5)  defined the requirement for an average 

of 3 HLLV flights per ~ e e k .  The Launch and Recovery Site operations analysis 

shows a launch schedule of 2/1/2/1/2 iiLtV launches per day each week. It is, 

therefore, necessary to provide docking facilities for 2 HLiY's a t  the LEO Base at 

one time. An additional docking facility is required as a spare bringing the tor& 
t o  3 HLLV docking facilities. 

Figure 8-2 illustrates the HLLV Docking Facility concept. This facility is 

composed of a "window framew structure on which is aztached a primary docking 

boom and 2 secondary docking booms. Figure 8-3 illustrates how these docking 

booms a re  employed t o  attach to the HLLV orbiter and to  pull the vehicle into a 

docked position. These docking booms are operated from a control cab located a t  

the lower cmtw of each of the docking facilities. 

It will be assumed that  i t  wil l  take i hour to perform the HLLV docking operations 

depicted in Figure 8-3. 

3-12 Cargo Pallet Hading Madrine (WBS 1.2.2.1.3.1) 

A cargo pallet handing machine, such as shown in Figure 8-4, will be I ,,stud at 

each of the 2 HLLV docking facilities. This machine reaches into tho t i~1 .V  cargo 

bay and extracts the cargo pallet. Figure 8-5 shows a cargo pallet . e.rbt, removed 

from the HLLV. The machine backs up, a cargo transporter is d r i t ~ c  into a 

loading position, and the machine lowers the pallet onto the trmsporter. The 

transporter is driven to a cargo handling and storage area &here the cargo will be 

processed. The processing of the cargo will be detailed in Sections 9 and 10. 



Figvre 8-2. HL L V Docking Facility (WBS 1.2.2.1.6.1) 



Figvre 8-3. HL L V Dacking Systems on the LEO Base 

F i m  84. Cwgo Pallet Handling Pifachine (WBS 1.2.2.1.3.1) OF T& 
B m R ~ ~ ~ c ~ ' ' ~ w I S  PWB 0PIG4 Ac  PA^'' 
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3 3  EARTH-TO-LEO CARGO TRANSPORTATION 

COMMAND AND CONTROL OPERATIONS 

The command and control tasks associated with t h e  Earth-to-LEO cargo  

transportation system are listed in Table 8-2. 



TABLE 8-1 LEO BASE HLLV SUPPORT SYSTEMS AND CREW SIZE SUMMARY 

HLLV Support Systems 

o HLLV Docking Facilities (WBS 1.2.2.1.6.1 

o Frame 

o Primary Docking Boom 

o Secondary Docking Booms (2 reqtd) 

o Control Cab  (1 man) 

o Cargo Pallet  Handling Machine (WBS 1.2.2.1.3.1) 

o Cargo Transporters (WBS 1.2.2.1.3.2) 

o Crew Transfer Tunnel System 

Crew Size -- 
o HLLV Docking Facility Operator 

(2 facilities) X (1 per shift) X (2 shifts) = 

o Cargo Pallet  Machine Operator 

(2  machines) X (1 per shift) X (2 shifts) = 

o HLLV t-acility Supervisor 

(1 per shift) X (2 shifts) = 

TOTAL 

b Does not include command and control personnel 

G, 

4 operators 

4 operators 

2 supervisors - 
10 People 

Includes 1 spare 



TABLE 8-2 

COMMAND AND CONTROL TASKS 

LOCATION/OPERATION: EARTH-TO-LEO CP .<GO TRANSPORTATION 

O Launch Site Cargo Transp. Ops 
(Refer t o  Launch artd Recovery 
Si te  C&C Ops - Task 4.3) 

0 LEO Base HLLV Operators 

Command and Control 
Tasks 

0 Coordinate HLLV approach and departure 
schedule with Base Traffic Control 

0 Monitor HLLV s ta tus  while at LEO Base 

0 Transmit HLLV s ta tus  t o  Earth 

0 Coordinate unscheduled HLLV maintenance 
plans 

0 Receive launch window assignments 

Interface 
Internal External 

a Monitor HLLV docking and cargo handling * 
and cargo handling systems and equipment 
s ta tus  

O availability 
O mainrenance 
0 crew 
O consurnmables 

0 Monitor/control HLLV docking system 
operations 



TABLE 8-2 (cont.) 

COMMAND AND CONTROL TASKS 

Command and Control 
Tasks 

Interface 
Internal External 

0 Monitor/control HLLV cargo loading/ * 
off loading operations 

0 Coordinate intra-base transportation 
requirements 

0 gonduc' HLLV crew ops 
assign) , en ts 

O schedule. 
O o training 

crew rotation 

O Monitor HLLV flight crew 
O transportation 
O schedules 
0 temporary housing 



LEO aAX OPERARONS 

1 .O Integrated LEO Base Operations Descr i~ t ion  

2.0 LOTV Construc:ion Operations 

2.1 Construc?ionApproach 

2.2 Block I. I - Assemble Bay No, I 

(Typical of all bays) 

B l ~ c k  1.1.1 - Fabricate and Assemble Structure 

Equipment Utilization 

Block 1.1.2 - Deploy Solar Array 

Block 1.1.3 - Ins tdl  Power Dis t r ih t ion Svster,~ 

Block 1.1.4 - !nstall Attitude Control System 

Block 1.l.f - Lnsta?l Other Subsysterns 

B1.-a-k 1.1.6 - Assemble and Install Annealing Machine 

2.3 Block 1.5 - Assemble Cargo Platfoii-m 

3-0 ~c)gist ics O p r a t  I O ~ S  

3.1 Spac: Vehicle Support Operations 

3.1. I Vehicle D<;cking Cperations 

3 . 1  Space Vehicle In-Spxe Maintenance 

3.1.3 Vehicle R e i ~ e l i n g  Operations 

3 . 1 .  Vehicle Launching Operations 

3.2 Cargo Han<;~ng/Distri'>ution 3perations 

3.3 Crevi/Crew Suppl~es Intra-b3se Transportation Operations 

?.3.1 Intra -base Crew Transportation 

3.3.2 PLV Crew Transfer Operations 

3 . 3 3  P3TV Crew Trarlsfer 0 p e r a t i . i ~ ~  

3.3.4 Crew Supply hlodule I'ransfer Opera'ions 

3.4 Crew Kequiiemen ,= 



LEO BASE OPERATIONS (continued) 

4.0 Base Operations 

4.1 Habitation Operations 

4.2 Electrical Power Supply System Operations 

4.3 Base Attitcu'e Control/Stationkeeping System Operations 

4.4 Base M:i. r tenance Operhtions 

4.5 Crew Training Operations 

4.6 Crew Health and Safety Operations 

4.7 Communication Systems Operations 

4.8 Data Management Systern Operat~ons 

4.9 Crew Requirements 

4.10 C~mmand and Control Tasks 

- . SPS EOIST. OPS - . SPS REFUR9 W S  
-. . - SPS M I S T  <7Kll'i 

M t O T  OPC 
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The LEO Base, shown in Figure 9- 1, has two  major operational functions: 1) I t  is 

d to constrcct the electric wbital transfer  vehicles (EOTV's), and 2) i t  i s  used 

as a staging base for cargo and personnel going between the Ear th  and the CEO 

Base. In order to implement these t w o  operational functions, i t  i s  necessary to 

conrruct what  will be called Operations." These are tile cperat ions 

associated with the base a t t i t ude  control,  power supply system control,  c r e w  

habitat ,  housekeeping, etc 

CARGO SG.STfNG AVO \ STORAGE FACILITIES \ OX LOWER LEVEL 

Figvre 9 1. L €0 Base 

The EOTV construction operations are conducted intermit tent ly during the  SPS 

construction program. Figure 9-2 shows how an  initial fleet of 23 ECiTV1s is 

constrgcted during years  1 through 4. The EOTV conbtruction operetions a r e  ther: 

:el cnindied until year  10 when a r e p l a c e i ~ ~ e n t  EOTV f lee t  will be constructed a t  

the  r a t e  of 8 units per year. A constructior. c r ew of 35 people is required. 



Figure 92 SPS honstratrbn and Commercializatim S;chedule 

The staging depot operations are conducted r3or IIIUOUSI~ throughout the  life of 

the  SPS program. Both SPS construction a d  r -  ..tonance crews and materials 

a r e  transhipped through t h e  LEO Base. The SPS construction cargo tha t  is 

delivered to LEO by the heavy l ife launch vehicles (HLLV's) is transferred to the  

EOTV's which stationkeep with t h e  LEO Base duriqg t h e  transfer operations. 

Cargo tugs a r c  used t o  rnove the  cargo pdlets.  The CEO Base crews arrive at the 

LEO Base on the personnei launch vehicles (PLV's) and a r e  moved by crew busses 

t o  transient crew quarters. When their personnel orbital transfer vehicie (POTV) 

is ready, rhe crews a r e  taken t o  t h e  POTV's passenger rnodule. Crew supplies 

:nodules a re  at tached t o  the  POTV. Empty cargo pallets and crews returning from 

CEO are aiso transhipped through the  LE3 Base. A crew of 84 people is reqaired 

for these logistics operations. 

The so-called "base operations" include habitation operations (housekeepicg, food 

service, etc.), base subsystem operations (electricai power, flight control, corn- 

puters, e t ~ . ) ,  base inaintenance operations, crew training operations, and 

heai?h/safety operations. Most of these require 24-hour-per-day, 

7-day-per-week operations. A crew of 102 people is required for t h s e  iunctions. 

Figure 9-3 shows the  top-level crew organizhtion for 'he total LEO Base crew7 

size of 230 people. 
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2 0  E O N  CONSTRUCIION OPERA-S 

The EOTV construction system is designed to  COnSti*Kt EOTV's at the  ra te  of I 

EOTV every 45 days (8 EOTV's per year). Figure 9-4 shows t h e  construciion 

funcrional flow. Figure 9-5 illustrat- , the  construction sequence. Figure 9-6 

shows t h e  corresponding timcline. 

The EOTV's are constructed on a bay-by-bay build-up basis wherein each of the 4 

EOTV bays are assembled in 10 days each. Figure 9-7 shows the  functional f ! ~  

chart  and Figure 9-8 shows the timeline for the  assembly operatons. 

While the  solar array and structure a r e  being assembied, the  cargo platform is 

assembled on the  construction gantry. Figure 9-9 shows the functional flow 

diagram. The cargo platform is installed a f t e r  Bay 3 is completed. 



Figure 9 4  EOTV Constnrction Operations 
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Figure 9-5. EOTV Construction Sequence 



Figure 96. E O N  Comtmtion Timeline 

Figure 9-7. Functional Flow Diagrm for Construction of Each EOTV Bay 



Fipure 98. Typical Construction Timeline for Each EOTV Bay 
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Figure 9-9. Cargo Platform Assembly Operations 



The subassembiy operations proceed in parallel with the assembly of Bays 1, 2, 

and 3. (WBS 1.2.2.1.4 describes the subassemblies). Figure 9-10 shows the 
subassembly operations functional flow. 

Figure 9- 1 1 shows the final test/checkout/activation functional flow chart. 

The EOTV construction crew size and organization are shown in Figure 9-12, 

figure 9 70. Subassembly Factory Operations 

Figure 9 1 I .  Final Checkout and Activation Operations 
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Figure 9 12. EOTV Construction Crew 

2.2 Blodc 1.1 Assemble Bay No- 1 (typical of all bays) 

The EOTV has 4 power collection bays. Figure 9-13 s b w s  t h e  configuration of 

Ray No. I ,  which is typical of t h e  o ther  3 bays except  where noted. 

The assembly of each  of these  bays is acccrnpllshed in 10 days as was shown in t h e  

t imeline in Figure 9-8. (The timelines for  assemblir , Says  2, 3, and 4 a r e  

assumed to b e  essentially t h e  same  even though the. havz fewer  beams t o  

fabr ica te  and install. As t he  non-structural assembly operations dominate t h e  5 

day tirneline, i t  was deemed reasonable to ignore t h e  slight differences due  t o  t h e  

varying numbers of beams t o  b e  fabricatsd.) The a s s a ~ ~ b l y  operational sequence 

is shown in Figure 9-?. The assembly operations will require t h e  co:lection of 

construction equipment shown in Figure 9-!4. 

C m m o  h e r +  ,.At - 1 1  ..C +Lr. ,r-r*... - * : - -  
.,VIOL, UUC l l V L  .,A .I,< L V L I J C I  < I L L I ~ t a  i i jjci( i i i~11~ S~IOWI I  in Figure 9-8 will be  

cietdiled in the following subsections. 
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Block 1.1.1 Fabricate and Assemble Structure 

The functional flow sequence for  t h e  s tructural  assembly operat ion is  shown in 

Figure 9-15. This operation requires  2 beam machines (WBS 1.2.2.1.8.1) (BMI 

ope ra t e s  from t h e  main deck and BM2 opera tes  f rom t h e  construction gantry) and 

4 of t h e  50m cherrypickers  (WBS 1.2.2.1.2.2) (CPI  and  CP2  ope ra t e  f rom t h e  main 

deck a ~ ~ d  C P 3  and CP4 ope ra t e  f rom t h e  construct ion gantry). 

Equipment Utilization 

The timeline shown in Figure 9-16 shows t h e  equipment duty cycles  for t he  

s t ruc tura l  assembly equipment. This t imeline points ou t  several  important  

factors: 

I. Bearn Machine No. 1 - This beam machine is  t h e  pacing equipment item. It  

will be  necessary t o  have a spare beam machine standing by t o  t ake  over if 

8M 1 has a failure. 

2. 3earr1 Riachine No. 2 - This beam ri-:achine will be finished about  213 of the  

w a v  through day 1. The c rew can  then be  liberated to work elsewhere. 

3. (-:herr);pickers - Eue to  t he  very low duty t ime  on the s tructural  assenibly 

operations, i t  will Se feasible t o  send these cherrypickers t o  o ther  locations 

to  part icipate  in o ther  construction tasks, e.g., subassenibly, cnnealing 

machine assembly, etc. 

4. Start-up of Other  Construciion Operations - In t he  assumptions on machine 

and operator  productivity, a 75% eff iciency fac tor  was allocated. Applying 

this  fac tor  to  the  t ime  prior t o  construction gantry indexing (16.48 hours) 

results in a "ready-to-ind~x-t ime" of 21.9 hours. I t  could be reasonably 

assurrred tha t  t he  s t ruc tura l  assembly second shif t  cou!d work over t ime in 

order  to  have the  s t ruc ture  completed i o  t h e  point where tne construction 

gantry could be indexed between shifts. Therefore, t he  other  construction 

operat ions (solar a r ray  deployment, bus installation, etc.) could begin a t  t he  

s t a r t  of first shift  on day 2. The remainder of s t ructure f ~ b r i c a t i o n  ?rid 

asserrlbly would be completed during first shift  on day 2. 



Figure 9 15. Block I. I. I- Fabricate and Assemble Structure-4th Level Functional Flow 
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Figui e 9- 15. Bi.. 1.1. I- Fabricate and Assemble Structure-4th Level Functirlnal Flow 
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Block 1.13 Deploy Sdar Array 

The functional flow sequmce for the  solar array deplcyment operation is  shown in 

Figure 9-17. This operation requires the  set of solar array deplcyment equipment 

described in WBS 1.2.2.1.2.5. The set is composed of I) a solar array deployer 

gantry with some attached machines, and 2) a distal end i n s t a ~ l r  machine. These 

equipment items are shown in Figure 9-18 and 9-19. The two sets of deployment 

equipment move into their respective starling positions immediately af ter  the  

construction gantry has been indexed off to the  side (Block 1.1.1.39). It will take 

4 days to &ploy 54 solar array blankets in each bay. 

Block 1.1 -3 Install Pawet Distrikrtion System 

The power distribution system installation operations being on day 4 of t h e  10-day 

construction t ime per bay (see Figure 3-7). Figure 9-20 shows the lunctional 

sequence f ~ r  these operations. 

."! pair of 5Om cherrypickers is employed to install the  power bus support bracket 

suhssemMies (WBS 1.3.2.2) and the  switch gear subassemb'ies (WBS 1.3.2.2). 

These subassemblies are delivered to the installation areas from the subassembly 

factory (K05 1.2.2.1.4) via cclrgo transporcers (KBS 1.2.2.1.3.2). 

After these subasse~nblies are installed, the  power bus deployer machine (WBS 

1.2.2.1.2.3) is used to deploy the  sheet  metal  busses. 

The power bus system installation operations take a total of 4 days and require 2 

crewmembers each shift. 

Block 1.1 .B Install Attitude Control System 

The installation of the  at t i tude control system (ACS) begins during day 2 of the  10 

day construction t ime fur each baj (see Figure 9-7). Figure 9-21 shows the 

functional sequence for these operations. 
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Figure 9- 17. Block 1.1.2 Deploy Solar Array-4th Level Functional Flow 
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Figure 9 19 Distal End installer 

Figure 9-20. Block 1.1.3 - Install Power Distribution System 14th Level Fnncthnal Flow Chart) 
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Fwre  9-21. Block 1.1.4-ACS Installation Operations 

A pair of 50m cherrypickers is employed to  install the electric thrusterlyoke 

subassembly ( W 3 S  1.3.2.3), t h e  PPU/docking platform subassembly (WBS 1.3.2.21, 

and the radiator subassembly (WES 1.3.2.3). These subassemblies a re  delivered to 

the installation ares. from the subassembly factory (WBS 1.2.2.1.4) via cargo 

transporters (W9S 1.2.2.1.3.2). 

The installation of the  a t t i tude control system takes 1 day and requires 2 

crewmembers each shift. 

Block 1.1 .5 Install Other Subsystems 

The "other" subsystems include the propellant delivery lines (cargo platform- 

to-ACS), avionics (computers, sensors, controls, etc.), corjtrol circuitry, etc. 

These items are installed over a 2-day period starting on day 6. These installation 

operations will require the  >Om cherrypicker on the construction gantry, the 250m 

cherrypicker, and the 50m cherrypickers on Level A. These operations will 

require 2-4 crewmembers per shift. 

Block 1.1.6 Assemble and Wall Amealing Machines 

The assembly and installation of the  annealing machine s tar ts  during day 3 (see 

Figure 9-7). Figure 9-22 shows t h e  functional flow. 

The Level A beam machine fabricates the  gantry beam (Block 1.1.6.2). A pair of 

cherrypickers assemble and install the various components. Subassemblies a r e  

delivered to the  work si te a s  required. 
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!=igure 9-22. Block 1.1.6 - Assembly and Instal/ation of the Annealing Machine 

The annealing machine assembly requires 3-112 days and will require at least  2 

crewmembers per shift .  

' 

2.3 Block 1.5 Assemble Cargo Platform 

1.1.6.S 

INSTALL 
MISC. 
SUBSYSTEMS - 

The cargo platform is assembled over a 10-day period concurrently with the  

assembly of Bay 3 (see Figure 9-6). The operational functional flow is shown in 

Figure 9-23. 

The cargo  platforrn is assembled under t h e  overhead of t h e  construction gantry. 

The platform s t ruz ture  will probably b e  a deployable a rea  structure. This 

s t ruc ture  is a t tached t o  t h e  4 assembly/installation f ixtures affixed t o  t h e  

construction gantry. After all  of t h e  subsystems a r e  a t tached t o  t h e  s tructure,  

t h e  asseriibly is lowered onto the  EOTV f r a m e  by t h e  telescoping assembly/instal- 

lation fixtures. 

The cargo pallet assembly will require at least  2 of the  20m cherrypickers ar.d 2 

crewmembers each shift. 
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Figure 923. Catyo Platform Assembly Functional Flow 

3.0 LOGISTICS OPERATIONS 

The t h ree  major logistics operations categorized a r e  shown in Figure 9-24. These 

operations and their subelement operations a r e  described below. 

3.1 SPACE VEHICLE SUPPORT OPERATIONS 

The four major suboperational categories  a r c  shown in Figure 9-25. 

3.1.1 Vehicle Dodting Operations-(Refer to Sections 7, 8, and 10 of this  docu- 

ment  for  additional details.) 

4 The space  vehicle t ra f f ic  schedule is shown in Figure 9-26. 
SE. 
.e 

The HLLV and PLV docking operations a r e  depicted in Figure 9-27. The docking 

systems (U'BS 1.2.2.1.6.1.1) a r e  operated from a control s tat ion at each  docking 

area. There will b e  I o r  2 t1LLV's arriving each  day of t he  week (8 per *.\leek). 

Ti?ere will be  I PLV arr ivals  per week. The rendezvous t ra f f ic  control is provided 

by an  operator a t  t h e  LEO Base operations center.  
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Figure 9-26. LEO Base Space Vehicle Traffic Schedule 
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Figure 9-27. HL L V and PL V Docking Operations 

T h e r e  will b e  1 POTV f l ight  p e r  week. T h e  POTV f l i e s  i n t o  a nose-f i rs t  docking. 

F igure  9-25 shows t h e  POTV docked t o  t h e  base. The on-board POT\' f l ight  c r e w  

con t ro l s  t h e  docking m a n e w e r s .  

T h e  c a r g o  tug  a l so  is flown in to  a nose-f i rs t  docking., see Figure  9-29, under 

con t ro l  of t h e  on-board pilot. 

T h e  EOTY does  no t  dock to t h e  LEO Base. I t  i s  p laced i n t o  a s ta t ionkeep ing  

a t t i t u d e  ! o r  2 k m  a w a y  f r o m  t h e  base. T h e  EOTV sta t ionkeeping is  remote ly  

control led f r o m  t h e  LEO Base  opera t ions  cen te r .  

3.1.2 Space Vehicle In-Space Maintenance-(Refer t o  Sect ion 1 I of t h i s  document  

f o r  addi t ional  details.) 

T h e  t ranspor ta t ion  vehicles  t h a t  will b e  main ta ined  in space  include t h e  EOTV, 

I'OTV, c a r g o  tug,  a n d  SPS main tenance  support  vehicles  ( s e e  Figure  9-30). T h e  

f l e e t  s i z e s  the base(s> where  the var ious  vehicles  a r e  to b e  rnaintai r~ed,  anc; the i r  



WIN 

MODULE 
TRANSWRT ER TRACKS 

Figure 9-28. POTV Docking and Servicing Provisions 

WERATIONAL 
BE FOLDED 00YIYllyC-+ 

WARE 

) AND FILL LINE -/ RELlOUlfACTlON 
IlNlT 

Figure 9-29. Cargo Tug Docking and Propellant Loading Provisions 



l AT LEO W E  EVERY TRIP l AFTER EVERV 
AT OEO DME EVERY TRIP I ROUNOTklP I l rnm luo nn I l : ~ ~ o ~ ~ ~  I 

I I I 1 

W E  HLLV AND K V  ORBITERDARE JAINTAINEOON EARTHbO INSTACE MAINTENANCE IS PLANNFU 

. 
m MAINT m R T  
VEMtCL€s 

r 6 1 4 + 1 O I ~ ~ E )  

r OEO W E  

Figure 930. @ace Vehicles and In-Space Maintenance Locations 

CMOonm 

*ZATLEOBAsE 
2 A T O E O a L d i  

l LEO W E  
l OEO BASE 

maintenance frequencies are shown in the figure. Note that the HLLV and PLV 

orbiters are not to be maintained in space except for bnplanned emergency 

repairs. 

I 

-m 

wnut 

NO. OF 

In general, the vehicles wil l be subject to "on-condition" or "condition monitoredt1 

maintenance. On-condition maintenance relies on the determination of ,he 

condition of a compc .ent or subsystem at  specified intervals via measurement or 

test without removal or disassembly. Conaition monitoreo maintenance relies on 

the maintenance requirements being determined by the mo~i tor ing of operational 

flight instrumentation, analysis of in-flight data for trends, and the detection of 

statistically s~gnificant recurring problems on a fleet-wide basis. These two 

concepts are oriented towards detecting existing or incipient failures using the 

least arnount of test and checkout. Actual operational experl=nce would be used 

to provide the functional check or measurement of performance. This mainten- 

ance approach is contingent on the existence of necessary instrumentati~i for 

obtaining maintenance significant data. 

tow 

h 
VEHICLES 
I FLEET 

WHERE 
~ N W D  

0 2 3  

l SOUR ARRAY ANNEALL3 
AT OEO W E  
EVERYrnlYO E L #  
MAINTAINED AT LEO BASE 

r Z I l + l P A R E I  

l LEO BASE 



Figure 9-31 shows the general maintenance functional flow. After t h e  specified 

number of flights, the vehicles receive a visual inspection and f:~.!lt isohtion 

checkout. The preprocessed flight data is telemetered back to Earth and 

analyzed Frotn tkse inputs, it will be possiblt to determine whether or not tfe 

vehicle can be immediately returned to service. If there is some maintenance 

required, a detailed maintenance plan is p r e p a r d  by the Transport Vehicle 

Maint-mame G r w p  in the Transportaticn V&.icle Command and Control Center 

cn Earth and this plan is then t ransn.~t ted t o  the c:bital base. 

Vehicle maintenance crews stationed at each of t h e  bases will perform the  

necessary maintenance. If the required maintenance jobs require more manpower, 

maintenance technicians and mechanics can be borrowed from other maintenznce 

crews at the base (eg., from the  base systems maintenance crew). If the p oblem 

is  very cornpiex, specialists will be sent t o  the  base from Earth. With the  

exception of t h e  EOTV, the vehicle stages could be slipped back to Earth for 

major refurbishment if i t  becomes unfeasible to repair i t  in space. 

The vehicle nlaintenance support equipment has Seen identified in U'BS 

1.2.2.1.6.4. This set of equipment would be required at each base. In addition t:, 

this equip~l?ent, at the  LEO Base two flying cherrypickers and four thruster 

refurbishwent machines are required. 

With the exception of the  EOTV, maintenance will be performed on the  venicles 

a t  their launch and docking pads so no dedicated working area  is required. 

Adequate working area  must be provieed on the  launching and docking a rea  for 

the  maintenance operations. Components that  can be removed for refurbishment 

will be taken t o  t h e  Maintenance Module located a t  ekch base. 

3.1.3 Vehicle Refueling Operations 

The vehicles t o  be refueled at the  LEO Base a r e  the  cargo tug, EOTV's and 

POT Vts. 

The EOTV must be resupplied with propellant while a t  the LEO Base. A total  of 

469 M T  of argon, 39.4 MT of LOi, and 6.6 &IT of LH2 must be resupplied. It was 

ground ruled that  each of the propellants be packaged in two tanks to  provide 





redundancy. The concept calls for placing the three loaded propellant tanks into a 

pallet that would be carried within the HLLV cargo pallet. At the LEO Base, the 

propellant pallet would be extracted from the cargo pallet and placed onro a 

cargo transporter. Figure 9-32 illustrates how this pallet is picked up by the 

cargo tug an3 flown to the EOTV. Note that an empty propellant pallet is 

returned from the EOTV first. Figure 9-33 illustrates how the propellant pallet is 

installed on the EOTV cargo platform. I t  takes two roundtrips to  changeout the 

propellant pallets. 

Figure 932 EON PropIIant Pallet Handing Opwatims a? the LEO Bare 

R a  - EOTV moPELLIWT?ALLEl 

@ WCKING 

Figure 9-33. EO TV Propellant Pallet Docking Operations at the EO ZV 



The cargo 'rugs and POTVs arc refueled from a zontral propellant storage and 

delivery system. The propellants are delive:ed to the base by HLLV tankers. The 

propellants are pumped f ram t h e  tankers in% storage tanks. The propeUants are 

then conditioned and transmitted ta the -50 ?q and POT'/ docking systems for 

delivery to the  vehicles. 

The HLLV aad PLV are launch. away f r m  t h e  LEO Base using a reverse oi the 

docking operations shown in Figure 9-27. 

The P0TV and cargo tug back away from t h e  docking fixture using on-board 

retro-thrusters a n d o r  by a "push-away" by tt-e dockirg f iitwe. 

. . 
ihe functional flow of t h e  cargo handling/distribution operations at the LEO Base 

a r e  shown in Figure 9- 34. 

The HLLY is offloaded/reioaded by the pallet handling m a c h i ~ ~ e  (described in KBS 

1.2.2.1.3.1) a d  loaded onto  cErgo transporters (U:b5 1.2.2.1.3.2). If the c a r t o  

within the  pallet is t o  be used at t h e  LEO Baze, i t  is transported to thz cargo 

sortinglstorage a rea  for precessing (see WBS 1.2.2.1.3.3 and -4). The components 

a r e  thec delivered to constructim equipment, subassembly factories, the R3TV's, 

or t o  t h e  crew modules. 

If the  pallets a r e  destined for CEO, the cargc handling opera i i~s  are a s  described 

below. 

Figure 9-36 iliustrater the  overall EOTV cargo tramsportation systems aad 

operations. 
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Figure 9-36. L €0-to-GEO Cargo Transportation Systems and Operations 



At the  LEO Base, an EOTV tha t  has just returned from GEO is placed into a 

stationkeeping position approximately 1 km away from the  base. A cargo tug flies 

over to  the  EOTV and picks up an empty cargo pallet and reterns it to the  LEO 

Base. (These empty pallets will eventually be  returned to Earth on an HLLV.) A 

loaded cargo pallet is picked up at the  base and transported to the EOTV by the  

cargo tug. This shuttling back and forth with empty and loaded cargo pallets 

continues until 10-20 cargo pallets a r e  loaded onto the  EOTV. 

After the  cargo pallets a r e  loaded, the cargo tug picks up ernpty EOTV propellant 

pallets and returns them t o  the  base. Two loaded propellant pallets will have been 

delivered t o  the  LEO Rase within HLLV cargo pallets. These two loaded 

propellant pallets a re  installed on t h e  EOTV. 

Figure 9-37 snows the  timeline for t h e  EOTV operations conducted a t  the  LEO 

Base. 
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Figure 937. E O N  Operations at LEO 

A total of 33 EOTV flights a r e  required during a one year period in order t o  

deliver the  satellite components necessary t o  construct two 5 gw satellites per 

year. This requires that  an EOTV be launched t o  GEO every 11 days. 4 total of 

22 vehicles dre required to ~r,aintain the required deliveries ?er year %hen taking 

i n k  account EcJTV perfor rt~snce due t o  solar array degradation. One addit ion21 

vellicle is added to the flcet as a spare g ~ v i n g  a total of 23 veh~cles. 



Additional cargo handling operations details are found in Sections 5, 8, and 10 of 

this document. 

3 3  CREVfCREV SUPPLIES INTRMASE 1RANSPORTATK)N OPERATIONS 

The subfunctions of this operational category are shown in Figure 9.38. (Addi- 

tional details are found in Section 7 of this document. 

CREW TRANS. PI 
- R V  CREW 

TRINSF ER 

aNoucTCllLIl 
pCERATIONf 

a 0  CREW 
~ l m ~  - 
MsElnNm. 

C O I l W C T m  
CRSW TRANSFER 
OCEnATmM 

b 

CREW SU??l.Y w 
Fiwre 9-38. Crew and Crew Supplies IntrabaEe Transportation Operations 

3.3.1 lntrabase G e w  Transportation 

The crews travel between habitable facilities/equipment/vehicles via either 

10-man o r  24-man crew busses (WBS 1.2.2.1.2.6.2). These vehicles are driven by 

a n  on-board driver. They a r e  equipped with a hatch on one end that  interfaces 

directly with a crew habitat airlock port. The other end of the  crew bus is 

equipped with a manipulatorltransfer capsule. This is used t o  transfer one or  two 

crew members t o  construction equipment control cabs that  cannot interface wi th  

the  main crew bus access hatch. 

3.3.2 PLV Crew Transfer Operations 

The PLI' passengers a re  transferred to  the crew busses via a crew transfer tunnel 

systerr~ (U'RS 1.2.2.1.2.6.1) located a t  each PLV docking system. 
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3.3.3 POW Crew Transfer Operations 

Figure 9-28 shows how the  POTV passengers a re  transferred between the  POTV 

and crew bus via a crew transfer tunnel attached to t h e  crew bus. 

3.3.4 Crew Supply Module Transfer Operations 

The crew supply modules a r e  transported t o  the LEO Base 2 s  an element within a 

cargo pallet. The crew supply module is processed as described in a previous 

section. When i t  is delivered t o  t h e  POTV, i t  is removed from the  transporter and 

moved t o  i t s  at tachment fixture on t h e  POTV via a cherrypicker, see Figure 9-28. 

3.4 CREW REQUIREMENTS 

The logistics operations crew and crew organization a r c  shown in Figure 9-39. A 

total of 84 people are required for these operatiom. 
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Figure 9-39. Logistics Operations Crew 
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4.0 BASE OPERATKM 

4.1 HABITATION (1PERATK)NS 

The habitation operations include operation of the environmental controlllife 

support and food service systems and conduction of the housekeeping and 

recreation provisions. These operations are conducted 24 hrlday, 7 dayslweek. 

At each crew habitat, including transient crew quarters when occupied. 

4.2 ELECTRICAL POWER SUPPLY SYSTEM OPERATWNS 

The base electrical power supply system (WBS 1.2.2.1.8.1) is controlled/monitored 

24 hrlday, 7 days/week. 

4.3 BASE ATlTlUDE CONlFtOL/STATIOM(EEPINC SYSTEM WERAmNS 

The LEO Base flight control system (NIB5 1.2.2.1.8.2) is controlled/monitored 

24 hrlday, 7 days/week. 

4.4 BASE MAINTENANCE OPERATIONS 

The maintenance operations include maintenance of everythins at the LEO Base 

except for space vehicles (maintenance for these were included in  UtBS 1.2.2.3.2). 

Most elements are maintained in place. Components that can be refurbished will 

be taken to the maintenance module for processing, maintenance will be sched- 

uled during equipment idle times. Major maintenance requiring extended down- 

time will require spare equipment or redundant systems to be brought on-line. 

4.5 CREW TRAINING OPERATIONS 

The LEO Base will be used extensively as a ze ro4  training base for all of the 

CEO Base as well as LEO Base crewmerlbers. This training will include training 

for construction tasks, habitation tasks, operations tasks, and maintenance tasks. 

The training operations have not been defined in any detail. 



4.6 CREW HEALTH AND SAFETY OPERATIONS 

These operations will include t h e  operation of t h e  following: clinics, surgical 

facilities, X-ray equipment, dental  facilities, medical laboratory, pharmacy, 

paramedic equipment, health monitoring systems, environmental safe ty  hazard 

monitoring equipment, etc. 

4.7 COMMUNICATiON SYSTEMS OPERATIONS 

The voice, video, and d a t a  communica t~on  systems will be operated 24 hours per 

day, 7 days pe r  week. 

4.8 DATA MANAGEMENT SYSTEM OPERATIONS 

The LEO fhse camputer  system wit1 be  operated 24 hours per  day, 7 days per  

week so  t h a t  base flight control  and cri t ical  subsystems can  b e  continuously 

~noni tored  and controlled. Other  d a t a  management system users will impose 

intermit tent ,  scheduled demands. 

4.9 CREW REQUIREMENTS 

The crew s i ze  and organization required t o  perform t h e  base operations a r e  shown 

in Figure 9-rO integrated with al l  of t h e  o ther  crew identified in previous 

sections. A t o t a l  of 229 peocle a r e  required. 

4.10 COMMAND AND CONTROL TASKS 

The command and control tasks t h a t  have been identified for t h e  LEO Base 

operations a r e  listed in Table 9- 1. 



TABLE 9-1. 

COMMAND AND CONTROL TASKS 

LOCATI ON/OPERAT ION : Base Operati Ons 

1 FUNCTION/TASKS ( COMMRND & CONTROL TASKS 

I EOTV CONSTRUCTION OPS . Receive EOTV construct ion management 
d i r e c t i v e s  (schedule changes, 
p r i o r i t i e s ,  work-around s t ra teg ies ,  
etc.)  from ground-based EOTV con- 
s t r u c t i o n  C&C group. 

. Manage day- to-day EOTV construct ion 
a c t i v i t i e s  (s ta tus  monitor ing 
schedule adjustment, work-arounds , 
equipment a1 locat ions,  personnel 
ass1 gnments , etc .  ) 

. Provide EOTV construct ion status 
reports .  

. Coordinate EOTV construct ion opera- 
t i ons  w i t h  other  LEO base Ops. 
(EOTV indexing maneuvers, gantry 
indexing maneuvers, veh ic le  docking, 
cargo del ivery,  etc. ) 

. Moni to r / con t ro l  construct ion equip- 
ment maintenance operations. 

. Coordinate EOTV a c t i v a t i o n  w i t h  
t ranspor ta t ion  C&C 

INTERFACE 
IN T ~ T  A RNAL 



TABLE 9-1. 

COMMANU AND CONTROL TASKS 

LOCA-1. ION/OPERAT ION : LEO Base Operations Page 2 o f  7 
, 

FUNCTION/TASKS 

SPACE VEHICLE SUPPORT OPS - 
. HLLV Ops. 

(See Earth-to-LEO Cargo 
Transportat ion System Ops data) 

. PLV Ops. 
(See Personnel Transportat ion 
System Ops Data) 

. POTV Ops 
(See Personnel Transporta ti on 
System Ops data) 

. EOTV OPS 
(See LEO-to-GEO Cargo Transportat ion 
Ops data) 

. Cargo Tug Ops 
(See LEO-to-GEO Cargo Transportat ion 
Ops data) 

. Prope l lan t  Storage & D i s t r i b u t i o n  
Ops (See Ops data referenced f o r  
each veh ic le  type). 

. Vehicle Maintenance Ops 
(See Space Vehi c l e  In-Space 
Maintenance Ops data). 

COMMAND & CONTROL TASKS I 1  
INTERFACE 
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, 
I 
I 

! 
t I 
I 

I 
I 
i 
1 
I 

I 
I 

I 



W
 

- 
-- 

-
 

a
 

W
 

C
 

C
1
 V
) 

--- 

* c, 
E 

-z 
aJ 

3
-

L
 

C
,

U
3

 
V
)
 

V
)
 

L
 

.
r
 

W
 

C
, 

3
 

Q
L

 
L
 

C
, 

Q
 

4
 

0
 

4
 

Q
)

C
P

 
P

 
C

, 
Y

 
U
 

.r
 

Q
) 

aJ 
V
)
 

V
) 

\
 

0
 

L
 

<
 

F
U

\
 

r
 

I- 
(0

 
>

Z
U

 
I
 

.
r

'
C

C
[

)
 

2
 

e 
-
I 

c
,
 
0
 

0
 

L
 

Q
 

Q
 

E
 

a
 

L. 
L. 

e
m

 
w

 
I- 

a
 

c
,
 

v, 
Q 

Z
 

n
 

0
 

0
, 

W
 

4
c

d
U

 
U

 
r
 

F
 

U
 

U
 

,
E

Z
C

 
o
l
)
 

.r
 

r
 0

 
-
r
 

'C
 

t
 

S
W

 U
U

 
4
 

n
 

Q
)

'
 

W
V

)
 
.r 

L
 

>
V
)
 

>
a

 r
m
 % 

*
 

f 
Q

, 
m

 
W

v
 
L
 

>
.
r
 

>
3
 0

0
 

L
 

%
' 

0
, 
v, 

5
 

-
r
a

 
C

um
 
-
2
 

c
,
U

 
Q

)
O

 
1
-
 

.r
 
Z
f
 

U
 

>
 0

 
U

S
 
t
 

m
u

 
8 

O
P
 

2
,"

 4% 
'o

g
 

2
 

B
e

 

r
 

I
 

0
 

m
 

V
)
 

L
 

c
,
 

P
 

c
,
 

L
 

0
 

w
 

E
 

0
 

r
 

E
 

0
 

V
) 

0
 

U
 

a
 

0
 

0
 

I
 

U
 

Z
 

*
r
 

2
 

V
)
 

cc 
n
 

Q
- 

P
 

m
0

 
V
)
 

E
 -
r
 

t 
V
)
 

V
) 

C
 

.
r
 
C
)
 

P
 

P
4

 
u
 
4
 

0
 
h
 

O
L

 
Q

 Q
 

0
 
Q

 
m

m
r

 
m

 
0

 
L
 

C
L

I
U

 
E

O
 

c
 n

 
I- 

-
0

 

0
 

Q
 

L
 

5 
+

 
I- 

Q
C

 
0
 

W
 

.+ 
O

, 
r
 

V
 

"
'

n
u

 
c-r 

* 
3
 

.r
 

Q
 

*
 

V
)

G
 

\
 

Q
) 

2
 

u
>

 
\
 

Z
 

z 
5
 

2
 

rn 
H

e
r

 
a
 

=
 

-
>

a
 

z
 

I
 

c, 
~

W
X

 
o
 

a
 

C
L
 

3
 

.
r
a

m
 

a
r
m

 
=> 

V
) 

u
u
 

u
 
L
 

\
 
C

 
Q

 
V
)
 

4
4

 
m

 m
 

O
O

P
 

0
0

 
E

 L
 

r
W

0
 
c

 
5
 I-; 

C
 A

 
E

O
 

x
 
I
 
C

 
=

3
w

-
 

4
l-.I-' 

\
O

O
 

\
a
m
 

0
Q

:
m

 
m

+
J

9
r
 

~
I

C
,

 
A
S
0
 

E
l

*
 

C
O

Q
 

.
~

r
 

E
 

.
r
M
U
 

O
O

V
)

 
m

c
n

n
 

n
r2

 
0

4
0

 
m

u
=

 
a

@
 

A
,
d

u
.
 

V
)
 
A
,
1
0
 

(
4

C
L

s
 

>
a

r
c

 
>

 
>
a
t
'
 

-1arrr 
I-a

ro
 

A
m
 L
 

~
v

,
.
r

 E
jZ F, 

x
w

i-
 

W
U

*
 

L
w

*
 





b
 

* 

* 

U
 

L
L
-
 

__ _ -
 -
 --- 

- 
a
 

W
 

z
d
 

w
e

 

Y
 

C
I
 

In
 

Y
 

V
)
 

<
 

b
 

0
 
a
 

&- L
 

0
 

oll 

0
 

I 6
 
o
 

Y In
 

3
 

Z
 

0
 

M
 

+
 

U
 

L
 

I> 
L
L
 

- 
---.- 

b L 
V

) 
8 

V
) 

C
 

C
) 

C
) 

0
 

C
 

al 
C
 

V
) 

V
) 

3
 

0
 

C
 

a
 

cr 
al 

3 
k 

.c
 

rg 
C
 

C
, 

?
 

n
 

E
 

0
 

ET 
V

) 
b

 
C

) 
al 

- 
al 

n
 

L
 

P
 

al 
E

 
0
 

E
 

E
 

L
 

.r
 

0
 

-
a
 

4
0

 
L
 

!E C
 

I 
0
 

0
 

tc
6

 f 
-
3
 

c
 

C
, 

3
 

2
 

S 
O
E
 
a
 

.r
 

C
C
 

al 
C

 
I
r
L
 

C
) 

u
 

0
 

v
- 

0
 

9
)
 

E
u

l
 

>
 
O
 

2
3

 
g
 

a
m
 = 

0
 

a
0
 

Q
) 

E
- 

a
 

-
a

 
2
 

= 
- 

>
- 

-In
 

V
) 

P
Q
)
 
Q

) 
V

a
l

 
.r
 

C
I 

L
a
 

n
L
 

L
U
)
 
F
a
#
 

L
 

-
c

)
 

C
) 

C
, 

-
O

 
0
0
 
P
 

S
E

i 
-
3
 

Q
)
E

 
0
 

V? 
3
C
 

C
 

7
.

 c
C
 

W
L
 

0
 

V
)
O
 
u
 

P
 

'D
 

a3.r 
m

 
.
r
s
 

0
-
0

 
0

)
 

1
 

n
V
)
 
L
 

c
-
 

C
 

a
l
v
 

0
0
 
S
O
 
0
 

L
S
 k 

c
n
a
 

u
l
m
 
o
 

a
B
u
 
c
 

a
 
3
-
 

5
 

P.f 
* 

V
) 
L
 

O
C
 

b
 

Q
) 

Q
) 

s
E

 
a
3
 
L
 

c
n
a
l
 
3
 

-
E
 

o
a

J
 

3
 

al 
P
3
 
0
9
,
 
O
W
 

a
-
 

cr 
a
 

u
 

P
a
 

al 
G
O
 
O
C
 

E
 

9
D
 ss - 

g
e

 
.5 

o
i
l
 
a
 

a
-
 

V
) 

(
o

r
 

G
a
l
 

V
)c

O
 
t
 

O
W
 
.r
 

(0
 

>
u
 

W
u

l
 
-
F
E
 
O
O
 

>
 

m
 

a
l
u
l
 
O
-
 

C
I 

-
P

C
 

-
a
#
 

L
O
 

al- 
al 

l
C
 

.-F
 

2
%

 
C

 
0

-
 

0
 

V
)O

 
5
0
 
0
1
 

.c
 

a
B
3
 

Q
)

=
 
7
5
 
O
C
 

u
o
 
u
u
 

0
3

 
n
~
 

a
J
9
)
 
E
 

W
-
P

 
3
C
 
O
m
 
a
 

U
 

m
C

)
 

SC.r 
0
1
 

Q
)
L
 

a
l
u
l
 
o
w
 

C
L
c
n
 
a
L
 
"a, 

. 
. 

V
) 

21 
W

 
m

 
n

 
0
 

t
 

0
 

.c
 
O
 
3
 

= m
 

L
 

j r LL1 
.r
 

H
 

O
 

cn 
L
 

LL1 

C
, 

W
 

V
) 
e
 

m
 







LMTTO-GEO CARGO TRANSPORTATlON 

SYSTEM OPERATIONS 

Page 

1.0 Integrated LEO-to-GEO Cargo Transportation System Operations. 10- 1 

2.0 LEa-to-G Ei3 Cargo Transportation Vehicles. 10-6 

3.0 L EO-to-(? EO Cat-go Transpcx tation Support System and Operations. 13-1 1 

3. L L EO Base LE9-to-GEO Cargo Transportation Support Systems and 

Operations. 13-1 l 

3.2 GEO Base LEO-to-CEO Cargo Transportation Support Systems and 

Operations 1G-18 

3.3 LEO-to-CEO Cargo 'Transportation Command and Control Systems 

and Operations. IQ-26 

. $ 6  CWSl. OPS 

. SPS REFUPE WS 

. SDS M I N T .  5Tffi:XG 
XPrJT WS 

. InWsTQIAL 
C W L E X  OPS 

. * i ;TcNNA . SURFACE 7R4nSP OPS 
cixsruut:;;tr ws 



LECbto-GEO Cargo Tranrpatatim 

System Operations 

1.0 INTEGRATED LEO-TO-CEO CARGO 

TRANSPORTATK)IY S Y M  OPERATIONS 

Figwe 10-1 illustrates the overall LEO-to-CEO cargo transportation systems and 

i opera ticns, 

At  t h e  LEO k, an  Electric Orbital Transfer Vehicle (EOTV) that  has just 

returned from GEO is placed into a stat ion keeping position approximately 1 km 

away from t h e  base. A cargo tug flies over to the  EOTV and picks up an empty 

cargo pallet and returns i t  to t h e  LEO Base. (These empty pallets will eventually 

be returned to Earth on an HLLV). A loaded cargo pallet is picked up at a t h e  base 

and transported to t h e  EOTV by the  cargo tug. This shuttling back and forth with 

empty and loaded cargo pallets continues until 10-20 cargo pallets a r e  loaded onto 

t h e  EOTV. 

. E O N  R E l W m ! L w  

EON . E O N  T-Em 
TOCMI*SE 

CAnRVIIO LOADED E O N  STATIO(4.XEEfS 
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tN4DAYS R .?TURN 
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\ 

Figure 10 1. L EO-to-GEO Cargo Transportation Systems and 9perations 



After the  cargo pallets a r e  loaded, t h e  cargo tug picks up empty EOTV propellant 

pallets and returns them t o  t h e  base. Two loaded propellant pallets will have been 

delivered t o  the  LEO Base within HLLV cargo pallets. These 2 loaded propellant 

pallets a r e  installed on t h e  EOTV. 

While the  carga and propellant resupply operations a r e  underway, a Flying 

Cherrypicker transports 4 thrlmter refurbishment machines to t h e  EOTV. These 

machines a r e  installed onto t h e  EOTV at t i tude control system electric thruster 

yokes. The machines a r e  used t o  changeout the  thruster accellerator grids. The 

flying cherrypicker is also used t o  a t tend to miscellaneous maintenance tasks while 

the  thruster refurb machines automatically perform their operations. After 4 days, 

the  thruster refurb machines a r e  retrieved and returned t o  t h e  LEO Base. The 

defective components a r e  processed at t h e  Maintenance Module t o  recondition 

them for reuse. Table 10-1 summarizes the  EOTV maintenance support systems at 

t h e  LEO Base. 

TABLE 10-1- 

EOTV MAINTENANCE SUPPORT SYSTEM AND CREW SIZE AT THE LEO B A S  

o COMPONENTS TO BE REFURBISHED 

o ION THRUSTER ACCELERATOR GRIDS 

o 1036 PER EOTV (259 Per Thruster Ass'y) 

o APPROX. 80 URlTS PER DAY TO BE REFURBED 

o MISC. EOTV COMPONENTS 

o PPU1s, PUMPS, SWITCH GEAR, ETC. 

o VERY FEW O F  THESE 

o LlSE LEO BASE MAINTENANCE MODULE 

o EOTV MAINTENANCE SUPPORT EQUIPMENT 

o 2 FLYING CHERRYPICKERS (1 Operational & 1 spare) 

o 4 THRUSTER REFURB MIZCHINES 

o EOTV MAINTENANCE CREW 

o FLYING C!iZRRY PICKER OPERATOli 2 per shift = 4 
o THRUSTER REFURB MACHINE OPERATOR I per shift = 2 
o COMPONENT REFURB 4 per shift = 8 
o EOTV MAINT. SUPV. I per shift = - 2 

16 Total 
102 



Figure 10-2 shows the timeline for the EOTV operations conducted at t h e  LEO 

Base. Table 10-2 summarizes the  support systems and crew. 

At  the CEO Base, an EOTV that  has just arrived from LEO is placed into a station 

keeping position approximately I km from the  base. A cargo tug transfers the  

loaded cargo pallets to t h e  base and empty cargo pailets to the EOTV in the  same 

fashion as was done at t h e  LEO Base. 

While the  cargo pallet transfer operations a r e  conducted, t h e  annealing machines 

(that a re  permanently installed on the EOTV) a r e  remotely activated. Over a four 

day period, the EOTV solar array is annealed. 

Figure 10-2. EOTV Operations of LEO 

Figure 10-3 shows the timeline for t h e  EOT'J operations conducted at the  GEO 

Base. Table 10-3 summarizes the  support systems and crew. 

Figure 10-4 shows the  integrated EOTV flight schedule. A total  of 33 EOTV flights 

a r e  required during a one year period in order to  deliver the  satellite components, 

maintenance components, propellants, and non-perishable crew supplies. This 

requires that  an EOTV be  launched to  GEO every 11 days. A total of 22 vehicles 

a re  required t o  maintain a n  average of 33 deliveries per year when taking into 

account EOTV performance due t o  solar array degredation. One additional vehicle 

is added to the  fleet  as a spare giving 3 total of 23 vehicles. 



TABLE 10-2. LEO BASE EOTV OPERATIONS SUPPORT SYSTEMS AND CREW SEE 

VEHICLES (excludes maintenance vehicles - see Table I )  

2 Cargo Tugs (1 operational dc 1 spare) 

20 Cargo Pallet Transporters 

3 Propellant Pallet Transporters 

VEHICLE DOCKING PROVISIONS 

2 Cargo Tug Docking Ports With Propellant Transfer System 

2 Flying Cherrypicker Docking Ports 

SUPPORT EQUIPMENT 

o 2 Cargo Pallet Handling Fixtures 

LEO-to-CEO CARGO TRANSPORTATION SUPPORT CREW AT THE LEO BASE 

o Cargo Tug Operator 2 per shift = 4 

o EOTV Controller 1 per shift = 2 

o Traffic Controller I per shift = 2 (shared with t h e  HLLV, PLV, 

and POTV functions) 

0 1 2 3 .  

CONMTKm 

LOAD 1020 EMPTY CARGO PALL€= 

BAY 1 I m Y  3 
I 

B A V m Y 4  , I 
I ANNEAL SOLAR ARRAY ' 1  

Figure 103. EOTV Operaiions at G €0 
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TABLE 10-3. CEO BASE EOTV OPERATIONS SUPPORT SYSTEMS AND CREW SIZE 

VEHICLES 

o 2 Cargo Tugs (1 operational & I spare) 

o 20 Cargo Pallet Transporters 

VEHICLE DOCKING PR0VISK)NS 

o 2 Cargo Tug Docking Ports With Propellant Transfer System 

SUPPORT EQUIPMENT 

o 2 Cargo Pallet Handling Fixtures 

LEO-to-CEO CARGO TRANSPORTATION SUPPORT CREW AT THE CEO BASE 

o C'argo Tug Operator 2 per shift = 4 

o Anrsaling Machice Operator 1 per shift = 2 

o EOTV Controller 1 per shift = 2 

E O N  1 

E O N  2 

6 0 N  3 

EOTV 4 

EOTV 5 

E O N  6 

E O N  7 
E O N  8 

EOTV 9 

E O N  10 

E O N  11 

11 OAVS BETWEEN 11 DAVS BETWEEN 
ARRIVALS qEPARTURES 

"FIRST ;91P" P E R F O A I ~ A U E  
CHARACTERISTICS. 
SU~SEOUENT FLIGHTS HILL 
TAKE LOPJGER. DUE 10 SOLAR 
ASRAV DECRAOATION 

Figure 104 .  EOTV Flight Schedule 



2.0 LEO-TO-CEO CARGO TRANSPORTATION VEHICLES 

2.1 EOTV-The reference EOTV is shown in Figures 10-5 and 10-6. Refer t o  

WBS 1.3.2 for a detailed description of this vehicle. 

The cargo platform that is located on t h e  top of t h e  EOTV is shown in Figure 10-7. 

This platform has holdown provisions for up t o  20 cargo pallets and 2 propellant 

pallets. Each pallet holdown fixture has a corner reflector adjacent t o  it. These 

reflectors a r e  used to reflect  laser beams that  a r e  used t o  provide guidance 

information during t h e  docking of the  cargo tug and i t s  at tached payload (see sec. 

2.2). 

Twenty-three EOTVts a r e  required (22 operational vehicles plus 1 spare). 

Figure 705. EO T V Configuration Concept 



e t U l T l A L m E R -  I#Mw 

A R M V  AREA - 13 h2 

ELEC TMRUST 3% N 

EWP~MAS~ - 1 4 6 2 ~ ~  

An-- 4mMT 

LOt/LM2 -46 MT 

T R W  TIME: 
W - 110 DAYS 
DOWN - 40 OAVS 

\SOLAR ARRAY 

Figure 106. Electric 0 TV Configuration 

20 CARGO PALLET 
HOLDWWN POSI I IONS 

MAX CAPACITV 
4.m.m KG 
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2.2 CARGO N G - T h e  conceptual  configuiation of t h e  cargo  tug  is shown in 

Figure 10-8. 

This vehicle i s  used t o  1) t ransport  cargo  pallets and 2) to transport  EOTV 

propellant gallets. The  functional requirements  for  this  vehicle a r e  listed in 

Table 10-4. Two cargo  tugs a r e  required at each  base (1 operational plus 1 spare). 

Figure 10-9 shuws t h e  conceptual  configuration of t h e  cargo  pallet handling 

fixture. This f ix ture  has 4 pal let  a t t achmen t  mechanisms tha t  la tch  onto  t h e  

pallets holdown fixtures ( the  s a m e  ones tha t  a r e  used to a t t a c h  t h e  pallet t o  t h e  

HLLV ca rgo  t ly). Guidance laser radars  a r e  located at each  corner  of t h e  handling 

fixture. They produce laser beams tha t  would be ref lected from corner  ref lectors  

located on t h e  EOTV cargo  platform. A microprocessor would resolve t h e  laser 

radar guidance data to produce vehicle guidance commands tha t  will allow t h e  

vehicle t o  precisely dock t h e  ca rgo  pallets into their holdown mechanisms. 

Figure 10-10 shows t h e  cargo  tug  docking and propellant loading provisions t h a t  

would be  required a: each  base. Dacking prov~sions for  2 cargo  tugs a r e  required at 

each  base. 

NOTE: 
THIS IS A PRELIMINARV 
CCtJCEPT THAT WAS NOT .. . . 
BEE!) OPTIMIZED 

1000 LB 
TnRUSt 
ENGINE 

.- 2 MAN 

REFERErdCE: BC.'IlNO AEROSPACE COMP!LNY 
O N  PROfQSAL. APRIL 1979 

Figure 108. Cargo 7ug 



TABLE 10-4. CARGO TUG FUNCTIONAL REQUIREMENTS 

Provide the following 

1. 2-man flight control cabin 

2. Docking fixture on t h e  nose of the  crew cabin 
(mates with the pallet handling fixture, t h e  
propellant pallet, and t o  a docking port at the  
bases) 

3. Electrical connector incorporated into the  docking fixture that  
provides an interface with the  crew cabin controls a r ~ d  displays 
used for these systems: 

a. Cargo pallet handling fixture girnbol 
b. Cargo oaliet handling fixture at tachment mechanisms 
c. Laser guidance system 
d. EOTV pallet holdown mechanisms 
e. Propellant tank fluid coupling mating mechanism 

4. Must be able t o  back up - TBD meters carrying a full load 

5. Vehicle sizing cri teria 

o 400,OCC) Kg payload (Max) 
o 1 km trips 
o Refuel a f t e r  12 round trips 
o Transit t ime 5 t o  30 minutes 

6 .  Refueled from a propellant transfer system colocated with the  docking port 
on the LEO and CEO bases. 

o Propelt.ints delivered on a pallet carried vithin 
a cargo pallet. 
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3.0 LBO-TO-CEO CARGO TRANSPDRTATION 
SUPPORT SYSTEM, AND 0PERATK)NS 

3.1 LEO SASE LBTO-CEO CARGO TRANSPORTATIW SUPPORT SYSTEMS 

AND OPERATIONS-There a r e  four operational functions to be accomplished a t  

the  LEO Base: 

o EOTV ApproachIDeparture and Stat ionkeeping Command and 

Control Operations 

o EOTY Cargo Pallet Handling Operations 

o EOTV Propellant Handling Operations 

o EOTV Maintenance Operations 

The command and control operations will be discussed in kc. 3.3. The other 

operatims are detailed below: 

3.1.1 EOTV Cargo Pakt  Handling Opaatims 

Figure 10-1 1 illustrates the  cargo pclllet handling operarions a t  the LEO Base. 

Ernpty cargo pallets a r e  transported from the EOTV to a cargo transporter at the 

base. The cargo tug docks the cargo pallet onto the transporter and rhen backs 

away. i t  then moves over and docks t o  a 1-3 cargo pallet which is sitting on a 

cargo ttansporter. This loadeo cargo pallet was previously transported from HLLV 

docking and cargc, handling/storage area and placed into position awaiting a cargo 

tug. The pallet is removed from the transporter and is then transported t:, the 

EOTV. 

Figure lC-:Z illubtrates how the cargo pallets a re  removed/loaded at the EOTI'. 

Tr.e transfer of empty cargo pallets and loaded cargo pallets can be acccrnplishec! 

well within the 4 days require0 t o  refurbish the EO?'V thrusters ( s e  Sec. 3.1.3). 

3- k.2 EOTY PC apellant hciling Oper~t ians  

The EOTV must be resupplied with propellant while a t  the LEO Base. .4 total of 

469 MT of agoii ,  39.4 h4T of La2 must be resupplied. I t  was ground ruled that 



Figure 1QI 1. Cargo Palkt Hadling -tiom of dk LEO Base 
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Figu,re 1 0  12. Cargo Tug Operations at the EOTV 



each of the propellants be padcaged in 2 tanks t o  provide redundancy. Given this 

constraint and the quantities of propellants t o  be delivered for each EaTV, the 

EOTV popellant pa lk t  concept shown in F i g v e  10-13 was derived 

The concept calls for placing the  3 loaded propellant tanks into 6 pallet that would 

be carried within a HLLV cargo pallet. The propellant pallet wo-#Id be extracted 

from the cargo pallet and placed onto a cargo transporter. Figure 16-14 illustrates 

how this pallet is picked up by the cargo tug and flown to the EOTV. Note that an  

empty propellmt w e t  is returned from the EOTV first. Figure 19-15 Illustrates 

how the propellant pa lk t  is instailed on the EOTV cargo platform. It takes 2 

roundtrips t o  changeout the propellant pallets. 

In the Part I study, i t  was shown that the primary EOTV maintenance problein will 

be to replace all of the ion thruster accelerator grids af ter  each roundtrip. There 

are 269 X 4 = 1036 ion thrusters per EOTV. The accelerator grids will be designed 

so that each grid can be changed out i? 10 minutes. 

i k r e  will be infrequent cathode failures that would require an entire ion thruster 

t o  be changed out. 

There wi!l be i n f r e q m t  failures of t h e  other EOTV components, such as cell string 

biocking diodes, switchgear, Dower processors, power buses, etc. 

3.1.3.2 Maintenance Access System, Vehicks, !jqpwt w t ,  and Operations 

In the SPS maintenance analysis (Task 4.2.3) a requirement for a flying zherry- 

picker was estabiished, see Figure 10-16. This vehicle concept will be applied to 

the EOTV maintenance. 

Figure 10-17 shows that a flying cherrypicker carriage will be located on each of 

the fou?' annealing machine gantries on each of the EOTV1s. The flying cherry- 

picker will a t t rch  itself to  arl appropriate carriage and the gantry will be moved to 



Fig - f /l- 13. EOT V PwIIar,,t PdIet Concept 
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Figure 1 0  1 6  E O N  Propdlant Pallet Docking Opea Opemiions at the E O N  

Figure 10  16. Flying Cherrypicker 



FWrp 1 0  17. P o w  Cdlection System Maintenance Access 

l oca t ims  where  PPU's, solar a r r ay  tensioning devices, switch gear, power buses, 

etc., c a n  be accessed for  replacementirepair.  

Figure 10-18 shows a flying cherrypicker docking platform located on e a c h  of t h e  

EOTV a t t i t u d e  control system (ACS) support arms. Figure 10-19 shows a flying 

cherrypicker docked on t h e  platform. From th is  position, i t  c an  reach  t h e  various 

e lements  of t h e  ACS. i t  i s  also in a position where it can  instaIl/retrieve f r a m e  a 

thruster  refurbishment machine. 

The thrus ter  refurbishment machine is shown in Figure 10-20. Four of these  

machines are required. This machine incorporates a magazine where replacement 

acce lera tor  grids a r e  s tored  and dispensed and where defec t ive  grids a r e  s tored  

a f t e r  removal. The magazine is loaded at the  LEO Base Maintenance Module and 

then is mounted into t h e  re furb  machine. The flying cherrypicker t ransports  t h e  

m a c h ~ n e s  over to t h e  EOTV and mounts them on to  t h e  ACS yokes. An operator  in 

t h e  LEO Base command cen te r  would then remotely ac t iva t e  t h e  machines. These 

thruster  refurbishment machines will changeout a n  acce lera tor  grid in 10 minutes. 

After  approxirnately 4 days, t h e  flying cherrypicker will re t r ieve  t h e  machines and 

return them t o  t h e  LEO Base. 

Figure 10-2 showed the  EOTV maintenance timeline. Table 10-1 summarized t h e  

maintenance support systems and crew size. 
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3.2 CEO BASE LEO-TO-GEO CARGO TRANSPORTATION 

SUPPORT SYSTEMS AND OPERATIONS-There a r e  three operational func- 

tions to be accomplished at t h e  GEO Base: 

o EOTV Approachlneparture and Stationkeeping Command and 

Control Operations 

o EOTV Cargo Pallet Handling Operations 

o EOTV Sfaintenance Operations 

The command and control operations a r e  discussed in Section 3.3. The other 

operations a r e  described below. 

3.2.3 EOTV Cargo Pallet Handling Operatitms 

The cargo pallets a r e  handled a t  the  GEO Base using the  same types of systems and 

operatiorls described for the  LEO Base in Section 3. I. I. 



3.2.2 WTV Maintenance Opcratiarr 

The only planned EOTV maintenance operations t o  be  conducted at CEO is the  

annealing of the solar arrays. 

The method of annealing the EOTV solar array is essentially t h e  same as that  

employed by t h e  operational satellite. The major operations associated with the  

EOTV annealing operations a r e  shown in Figure 10-21. In general, the  method 

consists of C02 laser systems attached t o  a gantry that  can move across each bay. 

Each gantry system anneals a 15 m strip the entire width of t h e  bay. For EOTV 

application, 2.5 hours is  required per s t r ip  with continuous power requirement of 

8.7 MW. The reference system will use four annealing gantries, thus resulting in an 

annealing t ime of approximately four days. When using four gantries, two a r e  

placed in each of two bays so tha t  power can be drawn from t h e  other two bays t o  

operate the  annealing systems. When a given bay has been completely annealed, 

t h e  gantries will move to a bay that  has not been annealed and repeat  the  annealing 

operat ion. 
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Figure 1021. EOTV Annealing Operations 



The annealing operations will be remotely controlled/monitored f rom the CEO Base 

Command and Control  Center .  Annealing can  b e  performed at e i ther  LEO or GEO, 

however, such f ac to r s  as continuous sunlight to gene ra t e  power and minimum orbi t  

keeping propellant suggests annealing at CEO will be slightly be t t e r  than if t h e  

operation was performed at LEO. 

3.3 LEO-TO-CEO-TRANSPORTATION COMMAND AND 

CONTROL SYSTEMS AND OPERATIONS 

The command and control  tasks identified for  LEO-to-CEO c a r g o  transportat ion 

operations a r e  listed in Table 10-5. 

A C&C group i s  responsible for  integrat ing t h e  cargo  transportat ion operations in to  

t h e  to t a l  program operations. This will involve keeping abreas t  of t h e  cargo  

vehicle's s tatus,  scheduling of vehicle flights and vehicle maintenance, coordinating 

launch window assignments with t h e  Space Traff ic  Control C&C, and so on. 

The Space Traff ic  Control C&C will specify EOTV launch windows and will provide 

midcourse guidance and tracking as well as vehicle s ta tus  monitoring during t h e  

transit. 

The LEO base Command Center  will have systems and personnel assigned t o  

provide t h e  following LEO-to-CEO ca rgo  transportation command and control  

functions: 

I )  Coordination of EOTV Operations with Space Traff ic  Control-As an  

incoming EOTV is nearing t h e  LEO Base, t h e  Space Traff ic  Control  Center  

(STCC) will hand-off control  of t h e  vehicle t o  an EOTV controller located 

at t h e  LEO Base. this  controller will control  t h e  final approach maneuver- 

ing and will place t h e  EOTV into a stationkeeping position approximately 1 

km away from the  base. When t h e  vehicle is ready for  launching t o  CEO, 

t h e  EOTV controller will establish contac t  with the  STCC and will receive 

a launch window assignment. As t h e  vehicle departs,  t h e  EOTV controller 

will hand off control of t h e  vehicle to t h e  STCC. 



TABLE 10-5. COMMAND AND CONTROL TASKS 

LOC A TION/OPER ATION: LEO-TO-CEO CARGO TRANSPORTATION 

INTERFACE 

FUNCTION/TASKS COMMAND AND CONTROL TASKS INTERNAL EXTERNAL 

LEO-.to-CEO Cargo Transportation . Receive SPS program constraints, 
Pianning master schedule 

LEO Base EOTV Operations 

. Receive EOTV and ca rgo  tug 
maintenance s ta tus  reports 

. Receive EOTV sta tus  reports x 

. Receive EOTV and cargo tug 
maintenance plans 

. Coordinate EOTV launch window 
assignments with Space Traffic 
Control 

. Prepare EOTV manifest 

. Coordinate EOTV propellant 
delivery requirements 

. Transmit EOTV cargo manifest 

. Receive cargo manifest 

. Monitor cargo tug s ta tus  . availability . s ta tus  . consumables . crew 

. Monitor/control EOTV 
stationkeeping operations 



TABLE 10-5. COMMAND AND CONTROL TASKS(continued) 

LOCATlON/OPER ATION: LEO-TO-GEO CARGO TRANSPORTPITION 

CEO Base EOTV Operat ions 

COhilMAND AND CONTROL TASKS 

. Monitor/control ca rgo  t u g  f l ight  
ope ra t  ions 

. Coordinate c a r g o  tug  and EOTV 
maneuvering wi th  LEO Base Traf f ic  
Cont ro l  

. Coordina te  in t rabase  c a r g o  trans-  
portat ion requi rements  

. Monitor/control EOTV refuel ing 
operat ions 

. Coordinate EOTV maintenance  
operat ions (ref. Space  Vehicle 
In-Space Maintenance Operat ions)  

. Transmit  EOTV and c a r g o  t u g  s t a t u s  
t o  ground 

. Coordinate c r e w  operat ions . t raining . requi rements  . scheduling 

(same as LEO Base EOTV Operat ians,  
excep t  de l e t e  refuel ing operations) 

INTERFACE 

INTERNAL EXTERNAL 

X 



2) EOTV Stationkeeping Control-the EOTV Controller a t  the  LEO Base will 

monitor the  s ta tus  and orbital location of t h e  EOTV. He ir responsible for 

keeping t h e  vehick in i t s  relative location during daily orbit trim mane- 

uvers tha t  the  LEO Base must perform daily. The controller alcc, maintains 

contact  witt. t h e  Cargo Transportation C&C Center advising them of t h e  

vehicle's operational status, maintenance status, etc. 

3) Local Trafic Control-A Traffic Controller located a t  the  LEO Base will be  

responsible for coordinating the  movements of the  cargo tug and flying 

cherrypicker with the  EOTV, HLLV, Fi V, and POTV traffic. 

4) EOTV Maintenance Command and Control-A thruster refurbishment 

machine controller will bz stationed in ;he LEO Base Comman Center. He 

will remotely activate and monitor the four refurb machines. 

The CEO Base Command Center will have system and personnel assigned t o  provide 

t h e  following LEO-to-GEO cargo transportation command and control functions: 

1) Coordination of EOTV Opfrations with Space Traffic Control-Same a s  

described above for the  LEO Base. 

2 EOTV Stationkeeping Control-Same as described above for the  '-EO Base. 

3) Local Traffic Control-Same a s  described above for the  LEO Base. 

4) EOTV Maintenance Control-An annealing machine controller will be 

located in the  CEO Base Command Center. He will remotely activate and 

mcnitor the  four solar arrhy annealing machines. 
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SECTlON 11 

SPACE m L E  H-SPACE MAINTENANCE 

1.0 INTROMJcTioN 

The in-space rnaintmaixe operations and systems associated with t h e  HLLV, PLV, 

kOTv, PO? Vt Cargo Tug, and the  vehicles used by t h e  traveling SPS maintenance 

crews a-e d i v . : d  in this report. The in-space maintenance plans for each of 

these vehicles is given in Section 2. These plans are then integrated into a 

composite in-space maintenance plan in Section 3. 

Before &-tailing ti= maintenance plans f o r  ihe vehicles, t h e  general maintenance 

philosophy tha t  was applied is described. 1 

MaincumciEConapts 

The three  possible maintenance concepts are: 

a. Fixed-schedule Maintenance 

This c m c e p t  utilizes set limits, in terms of hours, cyc!es, flights, calendar 

time, or other measures of elapsed time, at which a component, subsys:em, 

or whatever, is subjected to maintenance. repair, o r  replacement. The 

schedules a r e  initially established through aqalysis of development da ta  and 

reliability estimates, and are updated subsequently through operational 

experience. This approach is Sesc a i t e d  t o  systems whose failures a r e  

dominated by predictable wearout. 

. On-condit ion Maintenance 

'This concept relies on t h e  determination of the  condition cf a component, 

subsystem, or whatever, at specified ~n te rva l s  via measurement, test, or  

other means, without removal or disassembly. Remov-il or repair is initiated 

by detection of a fault or failure, or trend data  indicatir,, a significant 

degradation arid inc~pient failure. This approach is suited to  systems whose 

failures a re  non-catastrophic, and for those failure; that  ?.re difficult t o  

predict far enough in advance to employ scheduled maintenance. 

i .  I:efert:~,r-t.: 3;tscline Sfice Tug Ground Operatians: Verificatinn, Analysis, 
anc! Prc,. ..isi:i;, '.1arshall 5!ucc Flight Center, i?e~ort No. 686100V39-4, July - -- 



c. Cmdition Monitored Mhintenarbce 

hlaintenance r q u i r e m t s  under thts concept are de~errnined by the  monitor- 

ing 01 qxra t iona l  flight instrdmentation, anaiysis of in-flight data for trcrds, 

and detection of statistically significant recrqrring problems on a fleet-wide 

basis More stringent control can be established t o  temper this method by 

requiring pre-flight integrated systems testing. if the condition monitoring 

systerns a r e  adequatelv reliable predictors, this approach can be applied to 

any system. 

The last two maintenance concepts are favored for most systerns. They are, 

f o r  exampie? used by commercial airlines. Implied in these t u o  is the  

requirement tha t  condition a s s e s s m a t  provides sufficient information con- 

cerning the  vehicie's condition t o  ensure a confidence as t o  its reliability for 

the next flight. 

Airline rnaint~nance experience on compfex vehicies and aerospace reliability 

malysis programs over the  p a t  decade have established tha t  complex i tems 

exhibit rlndom failure characteristics with constant or decreasing failure 

rates, witi: respect t o  time, commenci:~g with use or overhaul. I n  co:l:rast, 

fixed-schedule maintenance assurnes an average component operational limit 

and failcre r a t e  based on a nominal reliability. The fixed-schedule mainte- 

nance concrpt is not primarily oriented t o  detecting incipietlt fail r ure or 

preventir~p failure, and can occasionally cause failure. I t  is not cost effective 

in terms of applying maintenance support t o  actual maintenance r q q i r e -  

ments, except ir: the case 01 predictable wearout modes of f a i h r e  such as 

exhibited by ion thruster accelerator grids. 

In comparison, on-condition and condition monitored maintenance concepts 

are oriented towards detecting existing or incipent failures and maintenance 

dernandiiig conditions. Fbrtherrnore, condition monitored maintenance 

assumes tne  least amount of test and checkout requirements, on the basis 

tba t  actual  operation provides the  best functional check or measurement of 

perfcrmance. This is contingent on the  existence of necessary instrumenta- 

tion or other means of obth~ning maintenance significant inforntation. 



The SPS space vehicles are similar in overall complexity to currer.t commer- 

cial airplanes. In addition, the SPS program goal is to b v e  vehicles capable 

of an extended life (50 or more missions), with refurbishment, in comparison 

to previous space flight vehicles. The vehicle monitoring and control 

instrumentation is anticipated to be sufficient t o  support effective anelysis 

of in-flight data fw m a i n t m c e  requirenr,5c\ts. Couple5 with the objective 

of rnirlininc overall m r a m  :--I, on-c~n&tior~ and a m a t i o n  moni-hred 

maintetlanot concepts become the most feasible. 

Lcvdsd  MaQlteawce 

fn con junction with the W e  rniimtenantte concepts, levels cf m a i n t m c e  actia-r 

are identified. They are: 

a. Levei 1 hlaintwance 

This covers dl maintemrlce ac tk i t ies  perfcrmed directly on installed hard- 

ware. This iqcludd on-vehicle fault detecticn, isolation, correction and 

preventioit through ~irch functions as inspection, checkout, calibration, 

adjustment, in-piace repair, removal and repl~cemenr of line replaceab!~ 

miis (LRU), servicing, e t c  

b. Level i1 Maintenance 

This involves activities performed in direct support of Level I maintenance, 

ccnsisting of repair andfor b ispos i t i~~ing  ~f hardware removed during Level I. 

In addition, further maintenance actions involving more extensive in-place 

repair or replacement, up to  the extent of complete overhaul, coula be 

performed in the maintenance support shops loca%zl at the orb:',al bases. The 

extent of maintenance capability at the orbital bases wiil be established 

based on economic tradeoffs as to  location and exteilt. 

c. Level Ill Maintenance 

This level consists of those activities which will be performed on vehicles 

that have been returned t o  Earth where the required skills, equipment, and/or 

facilities a re  availab!e. These activities, performed in support of Level i and 

I1 maintenance, a re  usually of a unique, infrequent, or complex nature, such 

a s  major over haul. 



These three  levels of maintenance cover the span of maintenance activities 

anticipated during t t - e  SPS program's operational phase. 

Types of Maintawa 

Scheduled maintenance consists of activities which a r e  performed at specific, 

periodic intervals, t h e  objective of which is to maintain or restore the vehicle to an 

acceptable level of reliability or performance for flight. These activities can take  

# the  form of inspect~on, flight da ta  analysis, chrckout, calibration, adjustment, 

servicing, in-place repair, or LRU replacement. U~scheduled maintenance is 

primarily corrective action resulting from fault de-ic~tion,  failure, or trend 

detection during condition monitoring or schedbler! maintenance tasks. I t  is 

coznprised of essentially t h e  same activities as s c M u l e d  maintenance, with t h e  

emphasis on restoring degraded equipment t o  a! accept ibie  level of reliability. 

For the  various space ve..icles, i t  is assumed that: 

a. R e  primary method of accomp1ish;ng unscheduled maintenance will be 

through replacement of faulty LR U's. 

b. Unscheduled maintenance will be performed in parallel with scheduled 

maintenance whenever practicable. 

c. Maintenance will be perform& concurrently on all systems t o  the tilaximum 

extent practicable. 

Maintenance Planning 

As a consequence of the  above maintenance concepts preferences and conditions, a 

maintenance planning activity must be established and functioning during the  

operational phase. Since each vehicle will unlikely have different maintenance 

requirements from other vehicles and, for tha t  matter, from itself for any 

particular maintenance cycle, a program of condition assessment and data  analysis 

must be conducted. Results from inspection, checkout, flight data  analysis, and 

f leet  da ta  analysis must be compared with facility, manpower, and space avail- 

ability, and vehicle mission schedules to establish optimum, cost effective main- 

zetiance schedules for each vehicle. 



2 0  SPACE VEHK=LE IN-SPACE MAINTENANCE PLANS 

2 1  (HUV)  IN-SPACE MAINTENANCE PLAN 

The reference HLLV is shown in Figure I 1-1. The HLLV Orbiter is the only portion 

of this vehicle to  be considered here. 

No in-space maintenance of the HLLV orbiter is planmd. I t  is anticipated that the 

vehicle will be designed with enough redundant systems so that i t  will be capable of 

returning safely to Earth if one or more system failures a r e  encountered during the 

boost to  the LEO Base- Therefore, no HLLV orbiter-dedicated LEO Base facilities, 

maintenance support equipment, or maintenance personnel are  required- It  is 

assumed that maintenance capabilities established at the LEO Base for other 

vehicles could be adapted to any emergency situations that might arise for the 

HLLV. 

Figure 11- 1. Heavy Lift Launch Vehicle 



22 PERSONNEL LAUNCH VEHICLE (PLV) lN-SPACE MAINTENANCE m W  
The reference PLV is shown in Figure 11-2. the  shuttle orbiter is the  only portion 

of this vehicle that  is to be considered here. 

As for t h e  HLLV orbiter, no in-space maintenance of the  PLV orbiter is planned. 

l 6 P A S E t E R  TRANSFER YOOUE 

! REOUCEOYZEEXTERNAL [ 
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i I 

nnin h nrLv 
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Figure 1 1-2. Pemnnel Launch Vehicle 

2.3 ELKTRIC ORBIT TRANSFER VEHICLE (EON) IN-SPACE MAINTENANCE PLAN 

The refere:;ce EOTV is shown in Figure 11-3. 

EOTV C o m t s  to be lUainta.ined 

In the  Phase I study, i t  was shown that  the  primary EOTV hardware replacement 

requirement will be t o  replace all of the  ion thruster accelerator grids a f t e r  each 

roundtr~p (a routine scheduled maintenance operation). The failures mode here is 

predictable wearout. Grids will have a design l ife of one tr ip plus adequate 

margins. There a r e  1036 ion thrusters per EOTV. The accelerator grids will be 

designed so that  each grid can be removed and replaced in LO minutes. 

There will be infrequent cathode fail,.es that  would require an entire )an thruster 

t o  be removed and replaced. This would be an on-condition maintenance task. 



Figure 1 1-3. E O N  Con fiwtation Concept 

Maintenance Access System, Vehicks, SIpport Equipment, and Operations 

In the  SPS maintenance analysis a r e q ~ ~ i r e m e n t  for  a flying cherry- 

picker was established. The vehicle concept Is shown in Figure 1 1-4. This vehicle 

concept will be applied to the EOY Y maintenance. 

Figure 11-5 shows that  a flying cherrypicker carriage will b e  located on each of 

the  four annealing machine gantries on each of the  EOTV's. The flying cherry- 

picker will a t t ach  itself t o  an appropriate carriage and the  gaiitry will be  moved t o  

locations where PPU's, solar array tensioning devices, switch gear, power buses, 

- etc., can  be accessed for replacement/repalr. 

Figure 11-6 shows a flying cherrypicker docking platform located on each of the  

EOTV at t i tude control system (ACS) support arms. Figure 11 -7 shows a flying 

cherrypicker docked on the  platform. From this position, it can reach the  various 

elements of the  ACS. It  is also in a position where i t  can install/retrieve a thruster 

refurbishment machine. 
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Figure 114. Flv;-g Cherrypicker 
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Fiplre 1 1-6. EOTV Attitude Control System 
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Figure 1 1-7. EO TV Attitude Control System Maintenz Ice Equipment 
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The thruster refurbishment machine is shown in Figure 11-8. Four of these 

machines a re  required. This machine incorporates a magazine where replacement 

accelerator grids are stored and dispensed and where defective grids a r e  stored 

af ter  removal. The magazine is loaded at t h e  LEO Base Maintenance Module and 

then is mounted into the  refur3 machine. The fl: in& cherrypicker transports the  

machines over to t h e  EOTV and mounts them onto the  ACS yokes. An perator in 

t h e  LEO Base command center  would then remotely activate the  machines. These 

thruster refurbishment machines will changeout an accelerator grid in 10 minutes. 
s 

All grids a re  replaced af ter  every EOTV round trip. After approximately 4 days, 

the  flying cherrypicker will retrieve the  machines and return them t o  t h e  LEO 

Base. 

Figure 11-9 shows the  EOTV maintenance timeline at the  LEO Base. Table 11-1 

summarizes t h e  maintenance support systems and crew size at the  LEO Base. 

The only planned EOTV maintenance operations to  b e  conducted at CEO is the  

annealing of the  solar arrays. This is a predictable degradation failure mode. 

Analyses indicate that  restoration a f t e r  each tr ip is the  best approach. 

I i . I PLATFORM ATTACHMENT 
FtTT11JGS . , 

NOTES 

THIS MACHINE TRANSPORTED 
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- GRlD STORAGE MAGAZINE 289 ACCELERATOR GRIDS 
THRUSTER 

' 
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Figure 1 1-8.' EO TV Electric Thruster Re furbishmenc .Machine 
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Figure 11-9. EOTV Operation at LEO 

TABLE 11-1 

EOTV MAINTENANCE SUPPORT SYSTEM AND CREW SIZE AT E IE LEO BASE 

COMPONENTS TO BE REFURBISHED 

o ION THRUSTER ACCELERATOR GRIDS 

o 1036 PER EOTV (259 P e r  Thruster ~ s s ' y )  

o APPROX. 80 UNITS PER DAY TO BE REFURBED 

o MISC. EOTV COMPONENTS 

o PPUts, PUMPS, SWITCH GEAR, ETC. 

o VERY FEW O F  THESE 

o USE LEO BASE MAINTENANCE MODULE 

o EOTV MAINTENANCE SUPPORT EQUIPMENT 

% o 2 FLYING CHERRY PICKERS (1  Operat ional  & 1 Spare) 

o 4 THRUSTER REFURB MACHINES 

o EOTV MAINTENANCE CREW 

o FLYING CHERRYPICKER OPERATOR 2 per shif t  = 4 

o THRUSTER REFURB MACHINE OPERATOR 1  per shif t  = 2 

o COMPONENT REFURB 4 per shif t  = 8 

o EOTV MAINT. SUPV. I  per  shif t  = - 2 

=16 Total  



The method of annealing the  EOTV solar array is essentially the  same as tha t  

employed by the  operational satellite. The major operations associated with the 

EOTV annealing operations a r e  shown in Figure 11-10. In general, the  method 

consists of C02 laser systems attached to  a gantry that  can move across each bay. 

Each gantry system anneals a 15 m strip the  entire width of the  bay. For EOTV 

application, 2.5 hours is required per str ip with a continuous power requirement of 

8.7 MW. This power will be drawn from EOTV bays not being annealed. The 

reference system will use four annealing gantries, thus resulting in an annealing 

t ime of approximately four days. When using four gantries, two a r e  placed Ir, each 

of two bays so that  power can be drawn f r ~ m  the  other two bays to  operate the  

anneaiing systems. When a given bay has been completely annealed, the  gantries 

will move t o  a bay that  has not been annealed and repeat the  annealing operation. 

Figure 11 -1 1 shows the  EOTV maintenance timeline at the  CEO Base. 

The annealing operations will be remotely controlledlmonitored from the  GEO Base 

Command and Control Center. Annealing can be performed at either LEO or CEO; 

however, such factors as continuous sunlight to  generate power and minimum orbit 

keeping propellant suggest annealing at CEO will be slightly bet ter  than if the  

operation was performed at LEO. 
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Figure 1 1 - 10. EOTV Annealing Operations 



Figure 1 1 - 1 1. EOTV Operations at G EO 
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2.4 PERSONNEL ORBIT TRANSFER VEHICLE (POTV) IN-SPACE MAIN' FNANCE PLAN 

The reference  POTV is shown in Figure 11-12. All modules of this  vehicle will be  

maintained at the  LEO Base. Figure 11-13 shows t h e  maintenance functional flow 

plan. 1 

L 

OPERATIONS 
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I I -  12. Personnel Orbrtal Transfer Vehicle (PO TV)  

- -- 
1. This rnaintenance functional flow and maintenance da t a  t ha t  follows was 

adapted from the  Reference ci ted in Section 1.0. 





Following each flight, the  POTV is subjected to a detailed visual inspection to 

assess the foliowing: 

a. Vehicle structure condition 

b. Verification of proper subsystem installat im 

c. Containment of fluids 

d. General condition of the vehicle 

e. General cieanliness of the vehicle 

Inspection of spaces not readily accessible, and the non-destructive evaluation of 

j structural and mechanical equipment, will be completed on a periodic basis 

depending on t h e  number of missions completed and total  flight hours. (Inspections 

will be performed throughout the  maintenance and checkout cycle on a progressive 

basis to ensure vehicle integrity.) 

Fault isolation and scheduled checkout of subsystems are con& t d  i O  determine 

subsystem functional integrity, to locate anomalies, and tc assist in the  determina- 

tion of t h e  vehicle's maintenance requirements. Durins the performance of the  

above activities, trend analysis of in-flight d a t a  is conducted t o  determine 

requirements for unscheduled maintenance plan. The plan for x h e d ~ i e d  and 

unscheduled maintenance utilizes and correlates &lzi from inspectior:, f a d t  

isolation and rcheduled checkout, and flight datz  analysis. 

If the v e h ~ c l e  receives a clean bill of health and scheduled maintenance is not 

required, it is readied for the next flight. If not, following the  preceding activities, 

scheduied and u~scheduled maintenance will be performed on t h e  required sub- 

systems as identified in the vehicie maintenance plan ir, order t o  re5tore the 

vehicle to a flight ready corrdition. If major work is required, additional 

maintenance crew will b e  borrowed from other LEO Base maintenance t a m s  

and/or crews will be sent up from Earth, depertding upon the  severity of the  

problems. Maintenance and repair actions will be initially verified 3y c o n d t c t i ~ g  a 

pst maictenance checkout of the  refilrbished subsystems. 

.9 detailed plan for each af :he maintenance functions shown in Figure 11-13 are 

given in Tables 1 I - ? through 1 1 -I 1. The s u p p r t  equ~pment  i terns ca:ied out ir. t h e  

maintenance plans a r e  described i!: Table 11-12. The ~ r a n n e l  called out one 

identified in Table 11 -13. Tbt faciiities identified a r e  called out ir. Tabie 1 1-10. 



All accessible areas of the OTV will be visually inspected in order to assess the ovcrall 

status oi the vehicle. 

FUNCTIONAL FLOW 

BLOCK NO. 1.1 

SUBACTIVITY SEQUENCE br DESCRIPTION: 
i I 

lnspect structure (3.5 :-us) 

inspect sub-system installation (3.5 hrsj 

Veriiy cle&iness and safety of propellant syste:ns (2.0 h s )  

Inspect ex:eriix of all stages and payload modules for damage (3.0 hrs) 

Inspect spacecraft adapter for damage 

GENERAL DESCRIPTION: I 

FUNCTION TITLE 

Post -Flight Visual h p e c t i o n  

Table 1 1-2. Past- Flight Visual Inspection .. 

TIME DURATION IN: 

(WKHRS) 12 I 



Systems testing will be accomplished to determine system status and provide data for 

rr.aintenance scheduling. 

FUNCTIQNAL FLOW 

BLOCK NO. 1.2 

SUBACTIVlTY SEQUENCE & DESCRIPTION: 

Apply power (0.5 hr) 

Perform electricaI/avionia syste~ns test !2.0 hrs) 

krforn:  propulsion systems test (2.C hrs) 

Review data (2.C h i s i  

Ickntify fadts (1.5 hrs) 

i 4 

C ENERAL DESCRIPTION: 

FUNCTION TITLE 

Fault Isolation and Scheduled Checkout 

I SUPPORT REQUIREMENTS: (P=Personnel, C=GSE, F=Facilities) 

TIME DURATiON IN: 

(W KH RS) 8 

I 3 F f  -L!NE ACTIVITIES & SUPPORT REQUIREMENTS: 

L 

Table 1 1-3. Fault Isolation and Scheduled Chec-&our 
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FIr3ht data obtained from the POTV by telemetry will be evaluated to determine required 

1 rnhtenance actions. 

FUNCTIONAL FLOW 

LOCK NO. 1.3 

SUBACTIVlTY SEQUENCE h DESCRIPTION: I *  1 1.3.1 Review flight crew logs i4.O h s )  

1 1.3.2 Decode andlor print flight recorder tapes and telemetry data (3.0 hrs) 1 1.3.3 Revie-a t a p  and telenetry data to determine required maintenance actions i5.O ks) 

I 

5 E K . W  DESCRIPTION: 

FUNCTION TITLE 

Flight Data Amlysis 

L -- 
F 7 

1 5'5 PPOKT REQUIREMENTS: (P=Personnel, G =GSE, F=Facilities) 1 

T 

TIME DURATION IN: 

(WKHRS) 12 

QFF-LINE ACTIVITIES & St-JPPORT KECUIREIIIENTS: 

0 :. r.c;~ires co;r,pctter oper~~tors and data analysts 

o .. L C ~  of ttris f i r ~ c t i ~ n  woula rje perfcrrned or. Earth -3t the \iission C::~r.t:o! Center 

-- - --- --- 
Tablz 1 1 4 .  Flisf,? Lbta Analysis 



DI882SUI-3 

"UNCTI@?:AL FLOW FUNCTION TITLE TIhIE DUR.AT1ON I&: 

3LOCK NO. 1.4 I Develop Maintenance Repair Schedule (WKHRS) 12 

SENERAL DESCRIPTION: 

Based on the flight data results and post-f light inspection, a rnaintenance/repair schedule 

incorporating utscheduled items will be prepared. 

Z'JBACTIVIN SEQUENCE & DESCRIPTION: 

L4.1 Compare post-flight chedcout data with prior data (4.0 hrs) 
i 
1.4.L Identify u\scheduled rnainteme action (2.0 hrs) 

1.4.3 Review  schedule^ maintenance plan (2.0 hrs) 

1.4.~ integrate scneduld a d  unscheduled maintenance act ions into final maintenance 

schedule (3.0 hrs) 

SUPPORT REQUIREMENTS: (P=Personnel, G=GSE, F=Facilities) 

OFF-LINE ACTlViTlES & SUPPORT REQUIRE\\ESTS: 

Dara qiil be evaluates by rnainzenance ?.fad logistics engineering at the Space Vehicle 

k?.Air:C.manzc Cainrnand ma Control Center on Earth 

Table 1 1-5. Develop Maintenance Repair Scheduie 



1 OFF-LINE ACTIVITIES & SUPPORT REQUIREMENTS: 

o l~2S46 l -3  

Table 1 1-6. Structures Scheduled/Un~heduled Maintenance 

FUNCTIONAL FLOW 

FLOCK NO. 1.5 
- 

J 

GEXEKAL DESCRIPTION: 

Perform scheduled and unscheduled maintenance operations on structures system. 

ii UBACTl VlTY SEQUENCE dc DESCRIPTION: 

i i.5.l Hevieu maintenance schedule (2.0 hn) 

1.5.2 Perf a m  scheduled maintenance (TBD) 

i.5.3 Perf crm unscheduled maintenance (TBD) 

Note: Scheduled and unscheduled maintenance not to exceed 22 hours. 

I 

FUNCTION TITLE 

S t r u c t u a  Scheduled/Unxheduled Maintenance 
TIIIEOURITIOI*IN;I 
(WKHRS) 24 



I GENERAL DESCRIPTION: 

D180tSJ61-3 
C 

! iri~)r:;; sc:.cduled and ur;schduled maintenan~x operations or. avionics system. 

FUNCTIONAL FLOW 

BLOCK NO. 1.6 

L - 
SLi BACTIVITY SEQUENCE dt DESCRIPTION: 

f i.t.1 Review maintenance schedule (2.0 hrs) 

f 

FUNC TION TITLE 

Avionics S c h e d ~ l e a / U ~ c h e d U e d  Maintenance 

1 
t 1.6.2 Perform scheduled maintenance (TBD) I 

TIME DURATION IN: 

(WKHRS) 48 

I 1.6.3 Perform unscheduleti maintenance (TRD) I 

Note: Schedules and unscheduled maintenance not to exceed 46 hours. 

i 
SC PPORT REQUIREMENTS: (P=Personnel, G=GSE, F=Facilities) I 

OFF-LINE ACTIVITIES & SUPPORT REQUlREAIEIUTS: I 

Table 1 1-7. Avionics Scheduied/Unu:heduled Maintenance 



I I 
4 

GENERAL DESCRIPTION: 

D1*25461-3 

Perform scheduled and unscheduled maintenance nperati-ns o n  propulsiorr system. 

FUNCTIONAL FLOW 

BLOCK NO. 1.7 

IU BACTI b ~ T Y  SEQUENCE dr DESCRIPTION: 

1.7.1 Review maintenance schedule (2.0 hrs) 

1.7.2 Perform scheduled maintenance (TBD) 

1.7.3 Ferforrn umcheduled maintenance (TBD) 

I 
Fiote: Tc.ta! of scheduled a n c  unschedulcd ir-aintenance not  to exceed 18 hours. 

FUNCTION TITLE 

Propulsion Scheduled/Unscheduled Maintenance 

. 
SUPPORT REQU1REC;ENTS: (P=Personnel,  G =GSE, F=Facilities) I 

TlhtE DURATION IN: 

(WKHRS) 40 

OFF-LINE ACTIVITIES 6r SUPPORT REQUIREMENTS: I -  
I Major overhaul would be performed on t h e  vehicle a f t e r  i t  would be returned t o  Earth. 

Table 1 1-8. Propulsion Scheduled/Unschw'uled Maintenance 

1 1-22 



I GENERAL DESCRIPTION: 

D180W61-3 

Perform scheduled and unscheduled maintenance operations on thermal system. 

FUNCTiONAL FLOW 

BLOCK NO. 1.8 

I 

SUBACTIVITY SEQUENCE Ec DESCRIPTION: r 
Review maintenance schedule (2.0 hrs) 

?erf orm scheduled maintenance (TED) 

Perlorm urscheduled maintenance (TED) 

FUNCTION TITLE 

Thermal Scheduled/Unscheduled Maintenance 

iy.ute: Total of s -dulec! and unscheduled maintenance not t o  exceed 18 hours. 

TIME DURATION IN: 

(W KHRS) 20 

SL' PPOKT REQUIREhlENTS: (P=Personnel, G =CSE, F=FaciIities) 

(OFF-LINE RCTIYITIE? d SUPPORT REQUIREAIENTS: 

Table 1 1-9. Thermal Scheduled/Unscheduled Maintenance 

1 1-23 



Perform scheduled and unscheduled maintenace  on the flight control module, passenger 

module, and crew supplies module. 

FUNCTIONAL FLOW 

BLOCK NO. 1.9 

.FJU DACTIVITY SEQUENCE & DEXRIPTION: 

Review maintenance schedule (2.0 hrs) 

Perform scheduled maintenance (TBD) 

Perform unscheduled maintenance (TBD) 

- 
I 

- 
GENERAL DESCRIPTION: I 

FUNCTION TITLE Payload Modules 

Scheduled/Unscheduled Maintenance 

Note: * i ~ t i i l  of scheduled and unscheduled maintenance not t o  exceed 14 hours. 

TilllE DURATION IN: 

(WKHRS) 16 

SLI PPORT REQUIREhlENTS: (P=Personnel, G=GSE, F=Facilities) I 

OFF-LINE ACTIVITIES & SUPPORT REQUIREMENTS: I .  

Table 1 1 - 10. Payload Modules Scheouled/Unscheduled Maintenance 

- su B- 
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t 
I 1 

GENERAL DESCRIPTION: 

D1~25161-3 

Perform sub-system testing and inspection to verify integrity of maintenance operations. 

FUNCTIONAL FLOW 

BLOCK NO. 1.10 

SUEACTlVITY SEQUENCE & DESCRIPTION: 

i 1.10.1 Apply power (1.0 hr) 

1.1C.Z Perform required electrical/avionics systems test (4.0 hrs) 

1.10.3 Perform required propulsion system tests  (4.0 hrs) 

1.10.4 Review data (2.0 hrs) 

l.10.5 Identify any addi tlonal maintenance action (1.0 hr) 

FCINCTION TITLE 

Refurbished Systems Post Maintenance c/o 

I SUPPORT REQUIREMENTS: (P=Personnel, G=GSE, F=Facilities) 

TIME DURATION IN: 

(W KHRS) 1 12 

I OFF-LINE ACTIVITIES 6r I U P W R T  REQUIREMENTS: 



TABLE 11-12 

MAINTENANCE SUPPORT EQUIPMENT 

This cherrypicker is used to s tack  t h e  various s tages and modules. I t  is 
also used in inspection and maintenance tasks. 

E-002 Electrical Power Test Set - 
The electr ical  power test set provides external  stimuli, measurement, 

and recording capabilities t o  test components  and subassemblies uf t h e  e lec t r ica l  
power system. The test set includes cur rent  switching, dummy loads, power 
source, circui t  isolation, overload protection, and t h e  capability t o  in ter face  with 
externa l  recording or monitoring equipment. 

E-003 Electrical Load Banks - 
The electr ical  load banks consist of fixed and variable resistors, and a r e  

used, in conjuncrion with t h e  e lec t r ica l  power test set, t o  s imulate electr ical  loads 
during power distribution tests. 

E-007 Communications Test & Checkout Equipment - 
The communications test and checkout  equipment verif ies  t h e  internai  

operation of t he  communications system and i t s  capability t o  receive, t ransmit ,  
and respond to external  stimuli upon command. 

E-008 Guidance & Navigation Test & Checkout Equipment 

The guidance and navigation test and checkout  equipment verifies t h e  
internal operation of the  guidance, navigation and control system and i t s  ability to 
track, rrtake course corrections, and accep t  ex terna l  stimuli upon command. 

E-009 Control and Data Acquisition Console 

This console is t o  be  used by t h e  t e s t  conductor. The displays will 
present real-time da t a  and provide for  call-back of prior results, The  controls  shall 
be able t o  ac t iva te ,  sequence, and te rminate  t h e  test ing as necessary. The control  
encompasses the  system under tes t  and is t he  origin of t h e  pre-programmed test 
sequences. The in ter face  shall be  with t h e  on-board da t a  management systems. 

The console will include a count clock system to provide count t i m e  and 
real time. Displays will include digital and video presentations. Switching and 
other  hand controls shall provide convenient, accu ra t e  activation, sequencing, and 
termination of t he  test operation. 

E-010 EM1 Test Equip~r~at - 
This EM1 t e s t  equipment will be  used t o  verify tha t  no radiated energy 

from t he  vehicle components is present t ha t  could cause  a n  undesirable response 



TABLE 1 1 - 12 (con?) 

f rom t h e  vehicle systems; t ha t  t he  vehicle is not suscepti' -. to m r m a l  RF power 
density expected;  t ha t  no conducted type interference is present  t h a t  would cause  
a n  undesirable response from vehicle systems during EM1 testing; and tha t  a safe ty  
margin exists  on cr i t ica l  circuits. 

The Ehll test equipment will ccnsist of t h ree  systems - a ~ .  Automatic 
Receiving and Measurement System (ARMS), a n  Automatic  Transient Detect ion 
System (ATDS), and a Radiated Simulation System (RSS). 

The ARMS would be  used during electromagnetic  compatibility check- 
o u t  to d e t e c t  radio frequency energy. 

The  ATDS would be used to verify vehicle systems and circui t  integrity 
during EMI, electrical,  and integrated systems testing. The capability for  high 
speed recording of al l  power bus cur rents  shall be included. 

The  RSS would be  used t o  simulate t h e  t ransmi t te rs  in performing R.F 
power density measurement tests. 

5011  Memory Load h Verify Unit  

This unit will b e  used t o  load and verify t h e  Flight Prc. ram. I t  will also 
be  used during initial memory loads. I t  sho19!d have t h e  capab Ity t o  load and 
verify the  memory from mass storage. fi. buffering unit should be included to 
provide the  necessary isolation and buffering for in ter face  compatibility. 

E-0 1 2 Electronic- Calibration Equipment 

The electronics calibration equipment is used t o  ca l ibra te  t he  communi- 
cat ions and guidance and navigation electronics f o l l o w i ~ ~  rnaintenancc: and refur- 
bishment ana during checkccrt. 

H -00 1 Engine Handlin-t 

The engine handling k i t  consists  of a stat ionary engit:: mounting f ixture 
equipped with lifting lugs, a protect ive cover for  t h e  engine, and a wire rope 
assembly with spreader bars. 

H-002 Engine Alignment Fixture 

The engine alignment fixture, which i s  used t o  determine t h e  axis of t h e  
engir.e and align i t  with t h e  s tage,  consists of dial indicators and mounting 
hardware, a nozzle exi t  plane spider device, and a throa t  centering device. 

H-003 Engine Actuator  Support Fixture 

The engine ac tua tor  adjustment  ki t  includes a gauging tool, adapters ,  
torque wrenches, and a set of wrenches. These tools a r e  used to  install, adjust, and 
re:rlove t he  engine actuators. 



TABLE 11-12 (can't) 

The insulation handling kit  will r,e used to t r m p o r t  and assist in the  
instiillation and removal of the  insulation. 

The APS pressure mstruinentation kit  consists of two suitcases con- 
taining contro! valve+ gauges, and hose assemblies. One suitcase is  for f t e i  and 
ihe other is for oxidizer. The kit is used to  control and monitor the  dif:erential 
pressure across the  prepellant tank bladder during checkout and purging operations. 
The two units supplied ate: 

5 - W 6 4 l  4PS Ftie! Unl? 
5-306-02 APS Oxidizer Unit 

SO07 - Main Ropum System Checkout Accessories Kit 

The main pro~ulsion system checkout accessories kit is used t o  provide 
regulatioil, ieadcdts, ccrntrols, hoses and adapters required for test and checkout. 
l'he kt: includes regulater-gauge assemblies with integral corttro! valves, cslibra- 
tiw, vilves, filters, hoses, a c ' a ~ i x b ,  quick disconnect fittings, check valves and a 
s:-i tczse housing. 

S-OC8 APS Chadcaut Accesories  Kit - 
The APS ctleck>ut accessories kit is used to functionally and leak check 

the APS. It cu'lsists of reg-ilarol-s, gauges, hose assemblies, nozzle closures, fitting 
adapters, quick disconnects, and sui tcases  Two units will be st~pplied as  tdllows: 

5-008-01 Fuel Unit 
-303-92 Oxidizer Unit 

X-001 Irrspectiun Equipmat Ki t  

The inspection equipment kit  is used to  perforrrt special types of tests 
which a r e  required for the vehicle. These items will be packaged ir suitcases and 
icentif ied as  follows: 

X-00 1-01 Ultrasonic Scan Unit 
?(-go 1-02 Radiograihy Unit 
X-00 1-93 &lass Spectrometer Leak Drtzestion Urxit 
X-90 1-04 Acoust~c Leak Detection Unit 
X-00 1-05 Borescope and Fibre Optics 
X-00 1-06 Theodolite 

X-006 Servicing Umbilical Set 

The servicing ~~mbillc.=l s .t includes a carrier fcr aligrt-nent and support 
oi cables, connectors, hoses ard quick disccnnects t o  r - o ~ i d e  essential functions 
f c r  the vet~icle. It is used to ?:wide electrical and : lu~d functions to  the  vehicie 
'cr :ert and checkout. 



TABLE 11-13 

WTENANCE &TSONNEL 

JOB TITLE 

Vehicle Maintenance Engineer 

Technici~n.  8khic le  Maintenance 

RLDL; ,ion and Cryogenics 

Uectr icalf Electronic Systtms 

Mec!xinical/Structural Systems 

Mechanic 

EIec tr ical 

hlechanica! IStructura: 

Vacuum/Cas/Fluid/Cryogenic System 

Inspec tor 

Safety 

Quality Control 

Cherrypicker Operator 

Other 

1. Additional personnel would be bor .-wed from other maintenance staffs at the 
base or they would i;e delivered t o  LEO upon demand when POTV is renaoved 
from service for major work. 



TABLE 1 1-14 

MAINTENANCE FAClLmES 

The POTV service area will be located at the POTV launchingfdocking 
facilities. F!ow space and support for performing maintenance assembly, repair, 
and testing on a POTV flight article, with direct access to support areas  will be 
provided. Consideration must be given to the POTV's size and mass in providing 

5 adequate \;wk space, lighting, maneuvering, and physical support. Facility power, 
fluids, and gases will be provided. A floor space of TBD square feet  is required. 

F-001-04 -ems SLppat Shops 

In support of the  POTV subsystems, specialty areas a r e  needed f o r  the 
fulfuwing: 

o Hydraulics and pneumatics 
o Fuel cell/battery maintenance 
o ElectricaI/electronics 
o Metal ~ x k i n g i w e l d i n g  

These specialty areas assist with work which canrlot be  accomplished directly on 
;he vehicle and provide speciali=?s for on-vehicle tasks requiring special tools and 
knowledge. Etandard facility utilities will be  provided. These areas will be located 
N-i thin the  V a l n t e n a n c ~  dodule. 

The follo~ving general support services provide assistance as required: 
0 Clean~ng  room 
o Piastics and MLI area 
o Vehicle maintenance support equipment 

Standard facility utilities will be provided. These a reas  will be located within the  
Majntenance Module. 

F-002-02 C o m e r  and Data Rocessirig Room 

? T t ~ e  corpputer a ~ d  data processing r m m  n-ovides storage and computa- 
tional capability for mission support and test  and checkout sipport. The computer 
ntay be prograrrtmed for closed loop c ~nrns r~d  and control. This facility will he 
located in the  Command Operations Module. 

F-02-04 Omrations Analvsis Area 

The operations analysis area  serves as a working area for systems 
spet-ialists for resolution of operational problems and for fault analysis. This 
facili:~ >-?a will be located in the Maintenance hiodule. 



The reference cargo tug is shown in F i  11-14. Ta.o of thtse vehicles 

are located at each of the orbital bases. This vehicle will be maintzined at each 

of the bases. 

T k  cargo tug is very similar to the POTV. Therefort, the maintenance functional 

fiow and &tailed maintenance function plans &scribed in Section 2.4 are appli- 

cable. 

f 

At the LkO Base, the maintenance suppa-t equipment, pemmnel, and facilities 

wed to maintain the POTB will also be 4 to mainrain tk cargo tug. 

At GEO, t h e  will be a set of mainteam-,L support equipment, personnel, and 

facilities that will be used to maintain the -63 tugs and the vehicles used by the 

traveling SPS maintenance crews. The mintenance functiorral flow, support 

equipment, personnel, and facilities identified in Section 2.4 will also be used. 

REFERE~XE: ~ I N G  AEROSPACE corwrmr 
OTV PROPOSAL. U R l L  1979 

Figure 7 7- 14. Cargo Tug 

11-31 



2A SPS SJ-T TWF-TATION VEHCLES I)J.-S1'ME 

The vehicles assodated with the caveling SPS main+,-tee crew ar+ shorn in 

Figure 11 - 15. 

These vehicles will be maintained at thc GEO Base. The maintenawe functional 

flow, dttaiied rna~ntemce plans, support equipment, persord,  and facilities 

identified in Section 2.4 will atso be applied k e .  This collection is also usea to 
maintain the 2 cargo tugs stationed 3t rhe CEO b. 

OTV . ST&GE 1 

Fi~vre 1 1- 15. SPS Maintenance Support Trac-rtation Velride 

2 7  SPACE VEHICLE IN-SPACE MAINTENANCE CWMAND AND CCNTROL 

The command and control tasks tha t  have been identified for ttie vehicie 

maintenance operations a r e  Listed in Table 1 1 - 15. 

Recorded f1igk.t data from every vehicle is preprcces.;ed and telemetered back tr. 

Earth. This da ta  is accessed by the  maintenance group who will then process t h e  

data. They will be looking for fault annunciations and performance data. The 

la t ter  is examined to de tec t  uerformarlce degradation trends. 

Periodically, each vehicle is taken off-line acd subjected t o  a visual inspection and 

d fault isolation oeckout..  The results of these inspections a r e  relayed back to the 

vehicie maintenance group on Earth. This group correlates the  inspection data and 

flight data and makes the judgment as  to  whether or no: scheduled or unscheduled 

~ n a i n t e ~ a n c e  is required. 



I,.+rl TABLE 11-15 

COMiLlAND AND CONTHCI. TASKS 

LOCATlOt~/OPERATION: Space Vehicle In-Space Maintenance 

o Space 'Jehicle 11)-Space 
Il'laintenance Planning 

COMk!ANiJ Jc COt4TKOL TASKS 

o Recciv? SPS prograrn cons trait^ s, master 
schedule 

o Receive space vchiclo perforivlance data 

o Receive space vehicle fault annunr'ia.tion reports 

o Receive vehicle inspection, fault isolatiotl 
test data 

o Receive vehicle maintenance sratus reports 

o Diagnose iault conditions 

c Create vehicle nlainter~ance plans 
o define list of replaccrncnt parts required 
o prepare detdiled titne-line nlaintcrlance schedule 

o Transinit vehicle mainterlance plans to orbital bases 

c, Order replacement parts 

o C00rditld te component transporta tior) requirerner~ts 

o Coordinate vehicle maintenance schedules with 
user p,roups 

INTERFACE 
INTERNAL EXTERNAL 
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. P.F*.,,&-~W- -...is TABLE 11-15 -.--YIIu". 

COMMAND AND CONTROL TASKS (cont.) 

LOCATION/OPLlATK)N: Space Vehicle In-Space Maintenance 

FL.'&C:TIL)N/TAS~~S COMMAND & CONTROL TASKS 

o LEO Base Vehicle Maintenance o Control  c r ew operat ions 
Opera t ioas  (Continued) o assignments 

o t raining 
o scheduling 
o c rew ro ta t ion  

o Coordina te  vehicle main tenance  plan and s t a t u s  
with ground-based support group 

o Monitor and cont ro l  vehicle main tenance  operat ions 

o Remote ly  control/rnonitor t h e  EOTV Thruster  
Refurbishment Machines 

o Coordinate maintenance vehicle (flying cherrypicker)  
maneuverin8 be tween LEO Base and t h e  EOTV 

o Control /monitor  flying cherrypicker  

o GEO B, Vehicle Maintenance o (Same i t ems  as LEO Base excep t  de l e t e  Item A) 
Operat ions 

r, Remote ly  control /monitor  EOTV solar a r r ay  annealing 
machines 

INTZRFACE 
INTERNAL EXTERNAL 



If t h e  vehicle requires maintenance, t h e  vehicle command and control centers  are 

advised and a maintenance schedule is coordinated. 'I h e  maintenance group will be 

responsible for creating a detailed maintenance plan. This plan is transmitted t o  a 

maintenance engineer at the base who will then implement t h e  plan. 

For particularly difficult maintenance jobs, it may be necessary to borrow 

maintenance people from t h e  other maintenance crews located at t h e  base. If so, 

i the request for support is coordinated with the  LEO or CEO Base C&C groups. 

If it is necessary to ship replacement parts t o  LEO or  CEO, t h e  maintenance group 

coordinates their shipping needs with a cargo transportation C&C group. 

If it is necessary to deliver maintenance specialists from Earth to a base, t h e  

maintenance group will coordinate their  needs with a personnel transportation C&C 

gro" P 

If i t  is necessary to ship a vehicle s t age  back to Earth for major overhaul, the  

tracsportation needs a r e  coordinated with t he  cargo transportation CdcC group  

3.0 INTEGRATED SPACE VEHICLE IN-SPACE MAINTENANCE PLAN 

The transportation vehicles tha t  will be maintained in space indude the  EOTV, 

POTV, Cargo Tug, and SPS Malnrenance Support Vehicles (see Figure 11-16). The 

f l ee t  sizes the base(s1 where the  various vetucles a r e  to be maintained, and their 

mairtenance frequencies a r e  shown in t h e  figure. Note tha t  t h e  HLLY and PLV 

I 
orbiters a re  nat t o  be maintained in-space. 

Vehicle 'naintenance crews stationed at each of the bases, see T ~ b l e  11-16, will 

perform the necessary mainienance. If .he . q u i r e d  maintenance jobs require more 

manpower, maintenance technicians and mechanics can be borrowed ?on, ,ther 

maintenance crews at th- base (e.g., from t t , ~  base systerns maintenarce crew). If 

the prcblem is very complex, specialists will bd sent t o  the base from Earth. Wis;. 

t h e  exception of t h  ECP" t h e  vel..cle stages col~ld  be shipped back t o  Earth for 

major refurbishment if it becomes inf e-sible to rep' :r i t  in-space. 
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T f n  ELLV AM0 W V  ORITERS ARE M T A I E D  OW EARTH-llO IIYSACE N&MEIYANQ IS PLANNED 

Fi~ure 1 1- 16. Vehicles and In-* Maintenance Locations 



TABLE 11-16 

SPACE VEHICLE IN-SPACE MAINTENANCE CREW 

JOB TITLE 
NUMBER REQ' 

LEO BASE 
P 

CEO BASE 

Vehicle Maintenance Supervisor 1 1 

Vehicle Maintenance Engineer - 1 1 

Vehicle Maintenance Technicians 
o Propulsion and Cryogenics 
o Electrical/Electron;c Systems 
o Mechanical/Structural Systems 
o Environmental Control Life Support Systems 

L 
M Vel~icle %laintenanre Mechanics 
C 
00 

o Electrical Systems 
o Mechanical/Structural Systems 
o Vacuum/Gas/Fluid/Cryo System 

Inspectors 
o Safety 
o Quality Control 

Cherrypicker Operator 4- 5b 
Thruster Refurbishment Machine Operator 2 - 
Component Refurbishrnent Mechanics and Technicians w P 
Annesling Machine C'tperatur - 2 

TOTAL 22 19 

Number listed is the  number of people required t o  staff  t h e  position over 2 shifts 
Includes flying cherrypicker operators 
Technicians and mechanics perform the  refurbishment tasks between the  t imes when they work at t h e  vehicles 
Tlrese crew members will be EVA qualified. 

c'- -- 
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Sectiori 12 

GEO BASE OPERATIONS 

1 - INTRODUCTION 

Construction of the 5000 MW reference satellite takes place in GEO. Consequently, 

the personnel needed to activate the 4 Pav End Bullder Construction Base must travel 

first by means of the Shuttle to  LEO and finally by means of an orbital transfer vehicle 

(OTV) which operates from the LEO base. 

The 4 bay end builder assembles the SPS satellite in two successive passes as 

shown by the construction sequence illustrated in Figure 12-1. During the first pass,  

the GEO construction base builds a 4 bay wide strip by 16 bays long, Construction 

of t'le satellite antenna is  performed in  parallel. When one-hslf of the satellite energy 

conversion system has been assembled, the base is  indexed to  the side and then back 

along the edge of the satellite. The base i s  realigned with the end frame of the satel- 

ute to start  the second constrcction pass. The remaining 4 bay wide strip i s  attached 

direcay to the assembled satellite systerris as the base moves toward the o th t r  end. 

Large electric orbital transfer vehicles (EOTV) will deliver SPS materials and compo- 

nents thro~lghout the assembly process. GEO base crews will also be rotated as needed. 

The satellite anrznna i s  completed in parallel with the construction of the 8 x 15 bay 

energy conversion system. At the end of the semnd pass,  the base is indexed side- 

ward to mate the antenna with the centerline of the energy conversion system Fol- 

lowing the satellite final test and checkout, the base will be separated from satel- 

lite and transferred to the next SPS GEO construction location. 

Requirements for GEO base oper~t ions  , satellite construction operations, satellite 

maintenance operations support EOTV maintenance support and intrabave logistics 

are discussed subsequently. This section includes Grl~r~~man's work on SPS construc- 

tion base operations and Boeings work related to antenna r.ssernbly and EOTVISPS 

maintenance support operations. 





2 - CEO BASE OPERATIONS REQUIREMENTS 

The SPS GEO construction base is used to build and cmmission two 5 GW refer- 

ence satellites per year for 30 years. The GEO base is also required to support the 

maintenance activities on operational Solar Power Satellites and to service supporting 

elements of the SPS space transportation system (i. e. , OTVs and EOTVs) . The crew 

jobs and organizations for constructing and maintaining the SPS in GEO are defined in 

the Phase I Final Report Reference System Description (Volume 111, Dl80-25037-3) and 

the Phase I1 Second Monthly Report (April 1979), respectively. The CEO construction 

facility includes many functions related to the operation of construction eqripment , 

operation of base systems, and the support of crew operations. A s  the SPS reference 

system matures, a l l  aspects of CEO base operations must be examined to verify system 

feasibility and identify areas needing further development. Several technology issues 

related to CEO base operations are listed in Figure 12-2. While most of these issues 

are beyond the scope of this study, they include further analysis of required base 

functions, degree of automation, related crew functions and type of organization 

needed. Control of the diverse base functions is addressed belovl but it requires fur- 

ther study to size and cost preliminary command and control systems. Other areas 

which require further study include: the impact of frquent crew rotation and related 

training requirements to maintain high productivity; crew habitability requirements 

for zero gravity versus artificial gravity plus lslaterl health, safety and rescue opera- 

tional requirements for SPS construction; and operational limitations for IVA and EVA 

with required protectior~ from ionizing radiation and other GEO environmental effects. 

In addition, base attitude cantrol and required operational interfaces need further 

study. 

The following paragraphs describe the major aspects of base operations, inter- 

faces and control, crew operations , radiation protection and satellite construction 

attitude. 

2 ~ 1  RASE OPERATIONS a CONTROL 

The GEO Base performs three main functions: 

Construct solar power satellites (SPS) 

Service and maintain operational SPS 

Service flight logistic vehicles. 
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In order to accomplish these functions a number of others are imposed, as de- 

fined in Figure 12-3. The base must be capable of docking transportation vehicles, 

unloading them and then transporting supplies and personnel via a railroad system 

to work =eas. Space workers require habitats that function 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 construc- 

tion will continue for many years. requirements exist for a continuing supply of new 

space workers. Therefore, training facilities must be provided. All of these func- 

tions are to be illregrated into the GEO base Command and Control Organization. The 

operation5 interfaces and control requirements of the GEO base are discussed subse- 

2.1.1 SPS CEO Base Operational Interfaces 

The major operational interfaces of the GEO Base are shown in Figure 12-4. 

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 Vehi- 

cles (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 i s  coordinated by the GEO base. Cargo Tugs require docking stations, 

cargo handling equipment and distributionlwarehouses. Service & maintenance crews q; 

transfer to the EOTV to pertorm solar array annealing operations. 
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Personnel and life suppo~t  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 PUTV is serviced for return to 

LEO Base. 

The GEO Base also prepares Orbit '~ransfer  Vehicles (OTV) for the trip to ser- 

vice operational SPS. The CEO aase control center directs OTV departures and when 

1 the OTV1s return, terminal control & docking are also mordinated by the CEO base. 

Base loading and unloading equipment, plus the necessary transportation/warehousing 

facilities, are required. 

2.1.2 GEO Base Operations Control 

The daily command and control of the base is implemented by a number of control 

centers, as shown in Figure 12-5. 

The Base Central Control is where the Base Director, Construction Manager, Base 

Operation Manager and Base Support Manager are located. They direct and control 

all related CEO base operations and are supported by staff personnel who assist in 

planning, scheduling ard monitoring base functions. Certnin 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 opera- 

tional functions receive dixctions from the Central Control Center, but the interface 

for these functions (mnstruction, 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 shcwn reporting directly to the Base Central Con- 

trol and illustrated in broken lined as it is not primary for daily operations. 

Training functions arc also not required for day-to-day operations but are neces- 

sary for the base long term continuous operation. 

Requirements for GEO base internal and external command and control responsi- 

bilities are defiy~ed and included in Table 12-1. 

2.2 CREW OPERATlONS 

The SPS Program fosters a new vocation, that of space worker, which will be open 

to men a!~d women of the U .S., and to a lesser extent, other nationalities in the near 

future. In some respects it will be similar to the life of a snilor, travelling for ap- 



proximately three (3) months then home for about the 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 Powel Y atellite (SPS ) . This imposes the requirement, as 

shown in Figure 12-6, for a comprehensive training program that includes a spectrum 

of oonstruction and support activities. Training faciiities 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 dis- 

tance for instructors and supporting personnel. A cbse-in facility makes sense if 

students were to be exposed to the space environment prior to completion of training. 

GEO base staffing requirements and crew radiation protection requirements are 

discussed in Subsections 2.2.1 and 2.2.2. 

BASECENTRALCONTROL 

DIRECT, CONTROL & MONITOR OPERATIONS 
FLIGHT TRANSPORTATION W E  MANEUVERS BASE TRANSPORTATION 

& WAREHOUSING BASE SUBSYSTEMS COMMUNICATIONS & DATA 
QUALITY CONTROL PERSONNEL HEALTH & SAFETY 

ENERGY CONVERSION 8 CENTERS CONSTRUCTION EWlPT  
MICROWAVE POWER 

SPS MAINTENANCE c\ 
[ MOBILE SYSTEM DEPOT 1 

REFURBISH FACILITY 

FLT TRANSPORTATION 
MAINTENANCE 

EOTV POTV OTV 

TOTAL PERSONNELISHIFT = 59 
Figure 12-5 GEO Base Operations Control 



W (PCRllIa(Z F W I I M ( S  

o CONSTRICT a m  POIER SATELLITES 

o SUPPORT OPERATIONU SPS MINTtHAnCE 

o SERVICE FLICHT TRAHSPORTATIOH 
VfNICLES 

1775-06lW 

1 

. - - 

CWIUID i CONTI*** TASKS 

o M N A a  SAIELLITt C W I M T I O H  f ACILI I ICS 

- S o i a r  C o l l e c t o r  Assc&ly r ~ l l l t ~  - b t e r u u  A s r a b l y  F a c l l l t y  
- Ro ta ry  b l n t l V o k c  Assembly f a c l l i t y  
- s u h r s w r b ~ y  r=i l i ty - R m t e  brk S t a t i o n s  
- Construction f q u i p e n t  4 Personnel  

0 PROVIE CDHSTRUC~ION 5 1 ~ 1 ~ 5  REWRTS 

o M I N T A I N  CONSTRtCTIOW I W I E R I M  
INKNTORV m T R a  

0 CODlWINAlC 036TRUCl lOn M T E R I M  
ND W P R V  RLWIREI€NIS 

o COOROIH4Tf CONSTRkCIIOn 
PERSWWL R~WIRFISNIS 

o MONITORICONIROL 1 s t  4 Znd PASS 
ENRCV COHMWSlOH SVSlEM ASSEIBCV 

0 WITIYtICONTRO. POIER TRANSMISSION 
SVSTEU hSSE)(BLV 

o W~TWICWTROL INIERTA~ SVSTE~ ASSSWKV 

o ~ I T I Y ~ I C ~ ~ W  SATELLIIC svs~fn MIIS. 
F I W  TEST L O(CCKOU1 

o ~ l n A 1 E  W - MTELL I IE  SEPARATION SCHEOUE 

o L ~ I N 4 1 C / l l O N 1 T I Y t  INITIAL SATELLITE-(;ROVO 
POlER BUILD-UP 

o W C E  SATfLLIlE MINTENUUE DEPOT 

- Colponent r e f u r b i s l w c n t  f a c i l i t i e s  
- h l b s t r o n  l u b e  r t f u r b i s h c n t  f a c i l l t y  
- Recond i t l on rd  C o l p o n n t  s to rage  
- Defective C o p o n n t  s to rage  - * i n t e n a w e  w l l c t  l oad inq lun load lnq  
- E q u i p r n t  a n d  c r e w  a t  CEO b a x  
- b b b i l e  u i n t e ~ n c e  crews equipment 

4 vehicle f l e e t  

o PRO\IM SATELLITE M4INIENWCT UPPORT STATUS 
RfPOATS 

o WAINIAIN HAINltN4NCE H4TERIAL IHMNTC43V 
CONTROL 

o COOROINATL W S  HIlINTElUHCt HATERIAL i 
W P R V  REWIIENNTS 

o COOADiNATL SPS M4iNTfIWICf PERSOWEL 
m w l m r E t u s  

o CMWIDIMTF/Ha(ITOR RCNOTC 54TtLLITC 
MINTENNXZ 

o nOwIIOR/CONTROC CaPOHNT REPAIR OPfRATIONS 

o PROkIff FLIGHT iEHICL1 STATUS RLWAlS 

- rOTI  4nn ra l i ng  
- CCO based OT\ 
- Carqo Tugs 

o CrK1Rl~IllAlt I D l \  4tPU ALItY. >CtI( DIR I 

o HO(iITORICOllTH0L t OT\ W1& UINC 

c ~ n t t n 1 1 ~ 4 ~ r  o r \  WID C~RCII TIK, IW~WLLYIT 
4 m  SIIPPLI~~ ~ ~ L I ~ I R V  ~ ~ t u t ~ r n t ~ * ~ r r s  

I) IW~~~~I~IH/CIWIIROL ($0 11451 11 I L 1CHT L I  HICLI 
f l H  I IIY. 

,, ~IIWII~OH/CO~ITHOC C F ~  I I ~ I I  +I IIHT L r t i l r l  t 
~ I A I  t ~ r r  ~IAIKI 

IN IL IUU l  

k 

X 

t 

1. 

k 

X 

x 

k 

k 

1 

I 

\ 

\ 

INlCIfTACI 
I& ILWl&  ' 

K 

X 

X 

1 

I 

X 

1 

r. 

X 

\ 

t 

N 

I 

! 



B A S  O P C R A l I W  IU(T1IOHS 

D rOnIRCll CITEWUL L O C I S l I C  VEHICLES 

o OIR~CT BASC TRAHSWRTATIOW 

mUAN) L C U l T R R  T M S  

o COQROLNAIC COT\ L I U - U O  M H I Y A L I I N P N I I W  
X H l a X E S  8 CARCU L l C T l H C  

o MONITOR f 0 T L  RIICYIVOUSIM-OARIT 
WUCWZRS 

0 MllNITORICONTROL EOtV STATION-KCCPINt 
AT f f o  BAY 

o COORDINATE PERYWLL OIV LEO-IXO 
ARRlYALlOtPARlUlL S M W I E S  L PASYHCCP 
LISTINGS 

o CMW)INAlE SAlELLITE I M I N T E W K E  CARU) O l k  
CEO-QO ARRIVMIDEPNlTUg SC)(EDUES 

o rOOROIWATE MINTENANCE PfRSOHCL OTV C E O - a  
ARAIVALIMPARTUlL SEHEWLES 

o MONITOR OTY REIUEIVOUSIOF-ORBIT H U T W f R S  

o I S M  OTk WO( IHCI f fPARr I3 lC  IMTRUCTIONS 

o ~ITORIMITROL OTV DOCKI c AH) U(DOCI(INC 
OeCMI iOWS 

o )(X(II(YIICOHIROC OTb i 0 N ) I N C  AN) UCOADINC 
WER*TIOI(S 

o )*HITOR/TOHTR€U. CNICO TVC PAYCOW PALLET 
R C W U I D E L I M R Y  AT EOTL 

o Ml lN ITM/MITROL CNIU) TUC W U Y i R S  E f T l f L N  
EOTY L BASC 

o Ha(ITOR/COHTROC C M U )  TUC PAYLIMO PALLfT 
DELIMRY/RE)*\'K 47  BAS 

I o (O(I IOR INTRA-BAY LOCISTIC \ZHIC lC S T h l a  

I t I I L R t H L  

5 

4 

1( 

a 

X 

1 

X 

X 

5 

o K~EUVER CEO BASE 

o CONTROL RASf WBSVSTEEIS 

I ~ A X  
I\iCRIUL 

1 

X 

a 

I 

a 

X 

1. 

a 

x 

a 

X 

1 

X 

X 

1. 

o COORDINATE 8 A S  LOCISTIC VEHICLC SU'PLV 
AE@JIREbENTS 

o IIOI(ITOR1CONTROL R A I L t O  C R E W  TRANSWRI 

o W I N T h l N  C l R ( a  WMHOVSINC L OISTRIBUIION 
CONTtNn 

o WONITORICOH~ROL RAILED CMCO TRANSPORT 

o t t o ~ ~ r m ~ c m ~ ~ a  BAY FREE FLVERS 
wlws, E Y A I W ,  ETC.) 

o MAINTAIN B A ~  ATTITUOL CONTROL 

o MAINTAIt l  B A Y  EPHENRIS 

o COHTROL BASC CONSTRUCTIml I H X k I N C  

o CM)RDINATE M5C CONSTRUCTION INIEXINC 
O P E R A T I M  Y X D l l l E  

o C3NTROl BASt SATFI L I T E  YPARATIrWI 

o COORDINATE BhSt CEO-CEO NAHUtER X H M E  

o COHTROL BME CFO-CEO TRANSFER HANUkER 

o W O V l M  R A Y  SLWSVSIEH SfhTUS 

- E l e c t r i c a l  Power 
- A t t i t t j d r  
- Propulsion 
- C ~ l d d n c e  N d v i g a t i o n  4 C o n t r o l  

X 

k 

& 

I 

X o C(WRDII4411 RASC SUISISTCH CO11SUFINKl 
4lJJ W P P 1 Y  RtWIRFr(Et4IS 

o )!ON1 IOR/CWfR(K fl4Y SUIISbSfFIl$ 1 1775-061W 
12/41 --- - - - - - - - - - - - . - 



LUY OPCRATlarS F W I l W  

0 A S W E  CWSTRUCTION MI I W I N T E W  
PUTlIIV 

o WERATE IWIIATS 

o ASSUIC CREW MMTH MI SAFETY 

o MINrAl t i  MSf E W I f f f U l  

177SQ61W 

(3/4) 

COIO(UO k CONTROL I A Y S  

0 PROVIE CWTRUCllUl @JMlTv 
CWTROC STATUS 

o PROVlff SAKLLITC )(AINTE)(AWTC QWlTV 
rOlTROC STATUS 

o CWTROL SATELLITE COWSIRUCTIOH I)(SPECTION 
Am TEST 

- Subassably operations 
- Ewrgy conversion asseably ops 
- P a n r  T tan r i s s l on  assy ops - Rotary j o i n t  k yoke assy ops - Systca r t l n g  operations 
- F lna l  test  a d  checkout 

o CUORDINATE ~ T R U C T I O N  ARTICLE IMPCCTION 
ANl TEST SMWLES 

o COORDIMTElna(I1OR REWTE SATELLITE 
WINKHWCE INWEC7IO(( 

o I*WITORICOHTROC RECOHDITiWD COWWNNT 
INSPECTION k TEST 

o n m r r o ~  t r x x l l ~  suisvsr~n srrrus 

- Enviromental  Cont ro l lL i fe  %@por t  
- food stordge k prcpdratlon 
- Dining areas 
- C m  m r t e r s  
- C rm prov is*ons lpur  
- Housekeeping e q u i p c n t l a ~ p p l i e s  - Housrkeepirq waste - Furr,irhings 
- Of: DutytPn Duty f a c l l l t i e s  - Pass.aqem;ys k t b b l l i t y  alds - Lightinf, k intercans 
- Emcrr)ewy P o c r  
- Flare rarn lng  system - Storm shelter 

o M A W X  CONSTRUCTION UO SATELLITE MAIN- 
TENAm CREW CENTERS 

COORDINA~E )O (X ICE  CONW~UBCE AND WPPLV 
REQUILlENTS 

C O ~ ~ I N A T E  PERSOPCL ROTATION SCHEMES 

o l44tWX TRMIENT CREW QUARTERS 

o WITOR PERSCUWL NMTN STATUS 

o MNACX BASE tEDICM ACTIVITIES 

o COOADINATE lEDICAL U P R V  REQUIRElENTS 

o COOADINATE C R E W  lEDICM TRA)(SFERIROTATIOH 
SCHEOUES 

o I*))(ITORICONTRM BASE OPERATIONS WETV 

- Construction personoel I equipment - Ndintenance personnel k rqulpnrnt - F l i gh t  personnel and equiplent 
- EVA personnel and epvipment 

o PROVIDL BASE SAFCTV STATUS 

o COORDINATE BAY SAFETY RLQUIRFHCNTS 

o PROVlDC ft4X SUBSYSTLH AND f@JIP(TNT 
MAINTLIIANCE STATUS 

- E l r c t r l r a l  Pnwrr 
- 4 t t l tude Cnntrnl 
- Prnrn~lslon 
- CNlC 
- LctmnlDd~,~  
- fCL5 
- Othrr rrr,dulr subs)strms 
- Orsm Ihl l r f r rs  

------ 

X 

X 

a 

X 

X 

X 

x 

X 

X 

I 

X 

X 

x 

X 

X 

I 



- --- 

IlASL tlPtRAllUNS IUtCllOM 

o PROVIM CWW4ICAlIW i MlA 

o TRAIN CREW 

1775-061W 

.'4'4) -- - -- - --- 

- Uus drployrrs 
- Cherr) Pickers 
- Other con~tructIu:8 r g u l p n t  
- thse logistic equlpwnt 

I o NAINIAIN RASC NAINTENANCt SPWS 
INYENTORY CMIIROL 

o COORDIHATt HAS N A I N I E ~  SPARES 1 RfQUIRlCNTS 

I o CUWACL INTRA-MY CU+IUIIICAIIOHS 

- Cre. habitats - &sc contrul Crntrr - Ildintendnce Center 
- Medical Center 
- Construction Centers 
- Mainter~ance Centers 
- Training Center - Remote Work Stations - &w Logistlc Vehiclrs - Free Flyers 

o PWOVIDC EXRRPUU MSE COn(lNICAT1ONS 
STATUS 

- Volce links 
- Teleutry  links 
- Vldco (color) Ilnks 
- Trxkinq beacons 

o MUWX EITERNH CWWNICATIW 
AH) OAT4 

- Externdl logistic vehicle operations 
- LC9 base cmrdindtion 
- Earth based mission control 

I o HANMT Q O  CREW TRAINItC OPERATIONS 

- Cor.structi,m tasks 
- Habitation tasks 
- Operations task3 
- Ebintewnce tasks 

I o PROVIDE CREI TRAINING SlATUS 





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. When 20 to 60 satellites 

are being maintained, the total personnel complement varies from 827 to 1593 people. 

A s  shown in Figure 12-7, 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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CREW SUPPORT 4OTJ120 1 1 5 T 0 1 5  

SUBTOTAL 1 444 

TOTALS 827 TO 1593 
L77547 .w - --- - I--_ / 358 TO 648 

Figure 12-7 Number of Base Personnel 

2.2.2 Radiation Exposure & Protection 

Figure 12-9 shows the earth magnetosphere and the radiation sources to which 

SPS systems and the GEO assembly and maintenance crew will be subjected. The major 

sources of radiation at GEO are the geomagnetically trapped electrons and protons, 

galactic cosmic rays and solar flare event particles. At  geostationary orbital altitudes 

the trapped radiation particles undergo large temporal flactuations (diurnal and du?- 

ing magnetic storm activity). The types of ionizing radiation important to SPS opera- 

tions include : 

213 

Electrons and secondary radiation: bremsstrahlung (with variation of factor 

of two due to parking longitude location) 

I I 

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

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



Other sources of i n d u e d  radiation environment should also be considered. For ex- 

ample, ionizing radiation due to onboard nuclear powered payloads and equipment, 

X-Ray equipment, and possible nuclear weapon detonations. 

Allowable crew radiation exposuree critoria and radiation protections techniques 

for the GEO base are discussed below. 

2.2.2.1 Radiation Exposure Limits - Figure 12-10 lists the cvrrent astronaut radiation 

exposure limits as defined by the National Academy of Science/Radiobiological Advisory 

Panellcommittee on Space Medicine in 1970. These astronaut radiation exposure limits 

are based upon a 5-year career a l ~ d  are presently included in the STS Payload Safety 

Guidelines Handbook. These limits are,  of coarse, 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 regu- 

lations. The low OSHA limits are also contrasted with the maximum radiation limit 

allowed for each Apollo mission. 

It i s  interesting to note that the average skin dose experienced by the Apollo 

astronauts was very low (about 1  rem) , since no solar event occurred. Nevertheless 

the maximum limit for Apollo was established for a program of national importance that 

included less than one hundred volunteer astronauts. The OSHA standards, of course, 

apply to millions of industrial workers. The SPS construction base i s  presently 

estimated to have approximately 800 workers on board, 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 s~c ie ta l  considerations. 

2 . 2 . 2 . 2  Shielding for GEO Trapped Electrons - The average REMs that a crew member - 
will experience each day in geocvnchronoua orbit is plotted as a function of equivalent 

aluminum cabin wall thickness, as shown in Figure 12-11. In order to reduce the skin 

dose to 1.11 REMs per day for the maximum quarterly exposure limit (i.e. , 105 REMs 

less 5 REIlls for OTV LEOIGEO transit) at least 10 mm of aluminum should be provided. 

Aluminum is not a very effective shield for this level of radiation due to Brernsstrahlung 

(secondary radiation) effects. However, by adding a thin inner layer of tantalum, the 

cabin radiation level can be lowered to provide a margin for other unscheduled radia- 

tion conditions (e.  g. , x-ray inspection, etc. 1. The use of compound wall design 

techniques is an effective way of coping with Bremsstrahlung which provides increased 

radiation protection for uninirnum shield thickness :ind weight. Practical shielding de- '* 
signs that can reduce the daily dose rate to OSHA levels require further study anfi 

remain tis a technology issue. 



1 d 

i SIdF6 

L- 

~ L N T  r 
.LY M l E C I O M  

In 

I p----c-- 
t 

--A-- 

mi&-m 

1 
1 or l 1 y u w m  I -TO* 

Ytll 

L------J . 111 

STASF 
F U U R W  

0 L'YGUTUS 
e m n o w  

-- -- 
.??-? I l l  

r 
4STT 

YEMICLE wrrmr coa 
FLT OATA COOIO U) 

I 
I I 1 

1-1- 
1- TOTAL 42 

-* TOTAL =.l 
uO 

I11 

aNTEIBU 
CO*ST 
win 

111 

TOTAL - U 

I I Q  

P 

STAFF 

1101 1 CIW 

1 
STAFF 

14) - 

1 

I 

n 

:7!1 

UI.5vs 
W T I  i 

wsna  - 4 1  ..I.> - I 4.1.1 : - Y Q L E  m c Y I  MACU 
11101 

S u I A R I a v  - W L R ' r  C(CaEl? OCI SUPV 
13.1.2 O 

TEST 1.1 - 4 
OF l r I .7  

REWOfIK Y P  - 4 CnERRVPICKCR C-E(IRVCICKER OY 
OPERATORS *M4Y CON1 1.1.1 .I 
4rl. l :  l P W R M S i  1.1.7 - 7 

closi 
LOAOER 

ELECTlCWlC 

A h T  w 

'371 
7 

IM i l l 0 1  

1.1 - 1  STRUCTURES m 
01s T TMRUSTER 

SUIAVIY SUIISS'V SUIASSY UICv 

SUrCORT 181 MhNlP 0.2.7 - 4 
ST A55 Y 

1 x 3  - 1 

2 



I 
W * T  

Men 
TOTAL - 40 TOTAL 47 

W 
Ill 

I 
1104 r i a 1  

T 

STAFF *OOULE A N T S N U  
TEST OC 

14 swv 
121 

112d 1711 S T R U C T ~ E S  141 SUARRAV 1.1 S T ~ V E T W ~ L S  +.I 
ELECTRONIC 

S O L M  A I R A V  141 STRUCT 1.1 
YECMANICIL 

ELECTRICAL 141 
UJf 

ASSEWLIES Ass€ULIES 
.Iltl ms1 I.' 

E U J I M N T  
VAIN1  WAIN1 - 
SUFv 121. -2 

MAIMT TECH IiQ) -L YAINT IU 

D 

RECEIVMC 

CARGO M U T E R  
1.2 - 1  
If, L V  oJMLOAOIffi 
IP=1 
GANTRY OP 
2.1 : 4 
SORTER o? 
4.2 i n  
IWV CON1 
2.2 - 4 

t ::?: OP 
UACWI*C 
LOADER 
10.1 10 

F i r e  128 GEO Bara Orgmiution and Ctm k. 

12- 15 





1 1 1 I 1 J *  2 
0 1 2 2.6 3 4 

1775-065W 
THICKNESS OF ALUMINUM @ 

1m- 

loo 

10 REMiOAY 

Figure 12-1 1 Shielding Thick- for GEO Tnppcd Electrons Plus Bremrstrrhlung 
(270" East LongiNdr) 

- 

- 
- 

- 
- 

90 DAY-100 REM SKIN DOSE 
(SANS MARGIN) 

1.11 REM/DAY ---- 

3 . 2 . 2 . 3  Solar Flare Radiation Protection - The CEO base solar flare radiation protec- 

tior' system must be able to provide timely wlrning of a high energy solar event, so 

\ 
\ 
\ 

14.7pri - 17m DIA - 
DESIGN REOMT - 

I 
' 8mm AL + 0.5mm TA 

0.1 
4 8 12 16 mm 

that the crew can safely reach a radiation shelter to ride out the storm. The charac- 

teristics of a typical solar event are shown in Figure 12-12, together with related data 

on tfie severity and duration of prior solar events. Minimum aluminum shielding 

thickness requirements are provided. 

Once a solar flare is observed, n 20 to 30 minute delay occurs in particle propaga- 

' tic.1 before an increase in the background energy level is detected. From the onset of 

increased radiation, the maximum flux level may be attained witKn 15 minutes to a few 

hours according to J ,  Wilson et a1 (NASA TND 8290, 1976). However, recent communi- 

cation with G. Heckman at the Boulder NOAA, Space Environment Laboratory indicates 

that maximum flux rise time occurs less rapidly, tram 2 to 100 hours. The correspond- 

ing time delay for the first particle to arrive is about 113 to 112 of the time to reach 

peak intensity. The peak intensit-J , in turn, may last only intermittently or for a few 
'a 

hours and the subsequent decay period may be over in b matter of hours or days. Data 
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from the 20th solar cycle shows that the highest energy event recorded lasted for five 

days and that a few lower energy events lasted 10 days. Hence, the radiation storm 

shelter must be able to support the crew life support functions for several days. 

In the upper right part of Figure 12-12, the frequency of solar events is plotted 
2 as a function of the severity of the event (protons/cm ). Smoothed historical data are 

shown for the two most recent solar cycles. Cycle 21 is now underway and resembles 

cycle 19 rather than cycle 20. The lower right-hand part of the figure shows the 

cabin wall thickness necessary to protect against this range of event sizes. A typical 

cabin wall thickness needed for shielding trapped electrons in GEO is also shown at 
2 2 2.6 to 4 grn /cm (i.e. 1.0 to 1.5 cm of aluminum). A 4 hrn /cm shield gives protection 

9 2 for any event up to 1 x 10 p/cm flux, however, a minimum thickness of 10 gm/cm 2 

is needed for a major solar ;vent (Aug 1972) pxvvided the crew is also equipped with 

personal shielding for the eyes ,nd testes during peak exposure. Development of n 

red time solar flare alert system with flux forecast is needed. If the alert system can 

be triggered at predetermined energy levels below the nominal wall radiation protection 

level, then a built-in margin for error in forecasting accuracy could be achieved. 



2.2.2.4 SPF CEO Base Radiation Design Considerations - The allowable crew dose for - 
the SPS CFC construction base remains to be established. Total accumulated dose 

limits are required for the entire mission profile . that is ,  time in LEO, LEO /CEO 

transit and the CEO base. How much margin shculd be provided for unscheduled ex- 

posure ?.nd whether the astronaut allowed radiation levels are applicable to SPS are 

areas :or further study, as indicated in Figure 12-13. 

Froiection against trapped electron flux in geosynchronous orbit must be factored 

in all aspects of CEO base operations and design, which inciude IVA assignments in 

remote work s t  ations , free fliers, crew buses and crew habitation modules. A multi- 

layered cabin wall of 2.6 gm/cm2 aluminum equivalent is recommended for the crew 

module as shown in the figure. The other IVA crew stations could be designed 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, EVA should be avoided during large scale 

fluctuations due to geomagnetic disturbances. The present SPS suit must be upgraded 

to provide added protection for CEO EVA (i.e. . between 1.5 and 4 mm equivalent 

aluminum. 1 

Protection against solar flares requires an adequate fiare alert warning system 

that will allow all CEO base workcrs on remote IVA or EVA assignments to retreat to 

the nearest storm shelter. Means for protecting stranded workers at these remote 

locations need to be considered together with the systenls required to implement their 
2 rescue. The storm shelter is provided with 20 gmlcm of multilayered aluminum 

equivalent ihickness. Additional s:lielcii~~g benefits can be attained by placing internal 

equipment arrangements against the outer wall. 

Protection against high energy heavy ions (HZE)  requires further study Al- 

though the dose from these HZE particles is small it is important because of possible 

bi~logical effects. 

2.3 BASEISATELLITE CONSTRUCTION ATTITUDE 

During the 6 month construction cycle, the GEO base will ulrderg0 a significant 

increase in mass andlor a significant shift in center of pressure and center oi gravity, 

as shown in Figure 12-14. Hence, the flight attitude selected for the GEO base is im- 

pacted by SPS construction requirements and the orbital mechanics environment. 

Figure 12-15 lists the major requirements that must be considered when selecting '' 

t h e  GEO base/satellite constructiori attitude. Only two of the nine requirements listed 
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appear to be significant when selecting the most desirable orbital attitude for the CEO 

Base. These are sun angle and EOTV unioading Iceation, which are  discussed further 

below. 

Previouse SPS studies by Grumman for ECON have shown that the  propulsion sys- 

tem penalty for attitude control i n  CEO is small. The structural loading due to mass 

offset during construction appears lorver than baseline design limits. Since maneuver 

capability is required for the base, SPS operational attitude 2nd orbitkeeping do not 

affect construction attitude. Base stability for docking presents no problem since the 

CEO orbital rate is low. Location of communication antexias does not constrain atti- 

tude,  as  they can easily be located on the base open structure once other attitude re- 

q~irernents are imposed. 

2 . 3 . 1  Candidate GEO Construction Attitudes 

If the SPS solar arrays are deployed in sunlight, high voltage i s  generated as the 

solar arrays are exposed to sunlight. Shorting cables could be used to terminate the 

solar array output, however, the method of handling these and the safety issues in- 

volved require study. Another approach to solving the problem is to  orient the active 

side of the solar array away from the sun. This issue also affects maintenance on an 

operational SPS . 
Two GEO base construction attitudes, shown in Figure 12-16, can provide the 

off-sun attitude during construction and then revert to on-sun attitude for final check- 

out and separation. The SPS solar arrays can be positioned with i ts  longitudinal axis 

perpendicular to the orbit plane (POP) ,  a s  the operational SPS, or be positioned in an 
I 



SPS ARRAYS - LONG. AXIS POP SPS ARRAYS - IN ORBIT PLANE 
lSPS OPS. REF) (EARTH ORIENT.) 

24 HR ORBIT 
CONSTANT ILLUMINATION & HEATING VARYING ILLUMINATION & HEATING 
VARYING GRAVITY GRADIENT LOADS CONSTANT GRAVITY GRADIENT LOADS 

1 7 7 5 4 7 5 ~  

F*& 12-16 C a d i d m  GEO BmefSeS -on AtMudar 

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. 

2.3.2 Sun Illumination on Base ISPS 

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 best. Construction operations require at least 2 MIY 

of electrical power. Fixed solar arrays are less complicated than gimbal type. 

The left-hand illustration in Figure 12-17 shows the BaseISPS inertial reference 

to sun, simplifying the selected location of fixed solar arrays, docking approach and 

construction illumination constraints. The right-hand illustration shows a more com- 
plex illumination situation as the sunlight direction varies on the gravity-reference 

Base /SPS. These factors are pertinent to the selection of the CEO Base construction 

attitude. 



2 . 3 . 3  EOTV Cargo Unloading Considerations - 
EOTV cargo unloading and transfer to the GEO base occurs while the 1.5 Km X 1 Km 

inertially oriented EOTV station keeps 1 Km away. 

The EOTV location as  it stationkeeps with the Base affects the f i gh t  path of 

Cargo Tugs (CT) as they unload the EOTV, the distance the CTs must travel to 

decking ports,  and CCTV station~eepi:lp; propulsion requirements. If the EOTV is 

not in the same orbital path as the GEO base then propulsion requirements are in- 

creased. Idezlly, the EOTV should be bcated alongside of the dock ports at minimum 

distance consistent wit h safety requirements. Attitude requirements of the Base and 

EOTV and orbital mechanics may dictate a changing relationship between these two ve- 

hicles in GEO orbit and separation distances greater than 1 k m .  

The baseline operational attitude for tht SPS is a candidate for ccmstruction op- 

erations. The illustration in Figure 12-18 shows this attitude with the EOTV station- 

keeping during a 24 hour period. Both spacecraft are i7 the same orbital path with 

their solar arrays perpendicular 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 separated by ap- 

proximately 4 km at times and the CT flight paths are continually changing - an ob- 

vious impact on CT propulsion and control requirements. One solution is  to maneuver 

between the two vehicles only when they are in the most favorable geometric location. 

If the Base is earth gravity stabilized as shown, then the relative location of the 

Base and the EOTV remains fixed. The EOTV, however, rotates 360° every 24 hours 

with respect to the Base. Hence, CT flight paths will also be constrained to the most 

favorable geometric arrangement. 

2 .3 .4  GEO Base Flight Control Requirements 

Figure 12-19 lists the basic requirements for the GEO base flight control system. 

The POP mode was emphasized f3r the SPS off-sun solar array construction require- 

ments during the Phase 2 effort , since previous SPS feasibility studies show low pro- 

pellant requirements for all GEO flight attitudes. The POP attitude permits base solar 

arrays to be fixed on the structure and also allows construction operations to be con- 

ducted under constant lighting and solar heating conditions. Further study i s  recom- 

mended on other flight attitudes, including the iinpact on base logistic operations, 

satellite construction constraints and base power design penalties. 
'a 

The  ninjor environ~nentnl d i s tu~~ba~ lces  to be considered for attitude control and 

stiltion kecl)ing f'unctions are also listed in Figure 12-19. 
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SATELLITE CONSTR1lCTION OPERATIONS 

The 5000 MW reference solar power satellite is to be constructrd entirely in GEO 

and is  to be fully assembled in 6 months. The reference satellite has a single antenna 

located at one end of a.large photovoltaic energy conversion system as  showr, in Fig- 

f ure 11-20. The 8 x 16 bay energy conversion system features a hexahedral braced 

structure, longitudinal solar array blanket installation and multiple power buses. The 

satellite construction approach includes the 2 pass longitudinal buildup of the cnergy 

conversion system as depicted in Figure 12-21 and the 16 row lateral buildup of the 

power transmission antenna as defined in Boeingls Phase I final report (Volume 111, 

D 180-25037- 3). 'I he GEO construction operation is  to rely upon normal IVA 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. 

A s  the reference system matures, the satellite construction approach must be reexam- 

ined for the energy conversion, power transmission and interface systems. In addi- 

tion the structural assembly methods should be well understood to the level of beam 

fabrization , 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 equipments need further refinement. In addition, the structural dy- 

namic, thermodynamic and control interactions between the base and the satellite should 

be investigated and defined. Other areas to be examined include methods for berthing 

or mating of large system elements, techniques for in-process inspection and repair, 

and concepts for implementing satellite final test and checkout. 

The following subsections define general construction approach and the methods 

used to assemble, mate and checkout the satellite energy conversion system, power 

transmission system and interface system elements. 

3.1 GENERAL CONSTRUCTION APPROACH 

The GEO base structure supports the emerging satellite during all phases of con- 

s~ruetion. The SPS energy conversion system is  assembled during two successive paw- 

es by  the L-shaped framework shown in Figure 12-22. The width of this framework 

( 3 . 4 4  km) encompasses a 5-bay segment of the energy conversion structure to provide 

a one bay overlap for lateral and longitudinal indexing operations. The 700 m high 
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open truss structure houses beam fabrication stations, solar blanket installation 

equipment, bus installation mechanisms, crew facilities, docking, storage. intra-base 

transport, etc. The other leg of the facility (913 N long) guides and supports the 

satellite until all systems are mated and checked out. The antenna assembly platform, 

which is located at the rear of the base, is arranged to facilitate the construction and 

attachment of the antenna and rotary joint interface. This open truss platbrm (2.74 

km x 1.65 km) also supports the antennalyoke assembly during the final lateral index 

and mating operations with the assembled 8 x 16 bay energy conversion system. The 

frsmework provided for the rotary joint /yoke assembly facility and antenna assembly 

facility is sufficient to house the required construction equipment as shown in Figure 

12-23. 

3.1.1 Construction Analysis Emphasis 

Once the CEO base is built and operating in orbit, the construction of Solar Power 

Satellites will become its primary mission function. Each satellite is constructed and 

placed in the required orbital location by the CEO base. Hence, after each construc- 

tion cycle the base transfers to another orbital site where it builds iho next SFS. The 

base will  also support operational satellite maintenance, wheil m d e d .  

During Phase 2. SPS construction operations were andyzed from the top down, 

oy defining the rcquiL-ed steps at each level of the construction sequence, Figure 12- 

24 shows the top level operations of the GEO base and a first level breakdawn of the 

construction operations flow. Construction of tlre reference satellite sysiem includes 

parallel assembly of energy conversion, power transmission and ~ n t e r f a n  elements. 

When these system elements are fully assembled, they are mated and integrated to form 

the complete solkr power satellite. The constructiolr ,ycle ends with final test and 

check out of SPS systems. 

Similar construction techniques a m  used to assemble ?he three major SPS elements. 

Thus, during Phasz 2 the energy conversion system has been analyzed to a greater 

5 depth to ensure that key technology issues are identified. 

3.1.2 4 Bay End Builder Timeline 

SPS assembly operations commence with the construction of the energy conversion 

system, as shown in Figure 12-25. Assembly of the energy conversion system is timed 

for simultaneous completion and mating with the interfxe system and power transmis- 

sion system. The 5G\V monolithic sateliite is constructed and checked out in CEO in 

six months. 
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The 4 bay end builder uses two passes to mnstruct the 8 x 16 bay energy con- 

version system; each pass pmvides a 4 x 16 bay module which contains the appmpri- 

ate subsystems (i-e, , structure, solar blanket; power distribution and control, atti- 

tude control, etc. ) . The main power bus is installed during the first pass in parallel 

with the fabrication of continuous bngitudinal beams. The e m n d  oonstmction pass 

is somewhat shorter since one side of the structure is already built, and therefore 

less vertical and diagonal support beams are required. The energy conversion assem- 

bly pmcess can be accelerated, if necessary, by increasing the rate of continuous 

longitudinal beam fabrication. 

The interface system is constructed separately and then joined to the power trans- 

mission system. The satellite is fully assembled, when these systems are mated with 

the energy amversion system. 

The overall construction sequence is illustrated in Figure 12-26. 



3.1.3 Ground Rules & Assumptions 

The Phase 2 SPS construction analysis i s  keyed to the 5 G W  reference satellite 

concept (i.e. silicon solar cells and a concentration ratio of 1.0) a s  defined by Boeing's 

Phase 1 SPS Reference System Description Document (D180-25037-3). The following 

list of ground rules and assumptions was developed during Phase 1 and expanded 

during the Phase 2 analysis of energy conversion system assembly operations: 

a Construction of the Solar Power Satellite is to be accomplished at GEO 

a Assemble one 5GW satellite in 180 days 2 5% 

a Free-flying assembly or construction equipment is to be avoided 

a EVA construction tasks should not be required, except for infrequent main- 

tenance and inspection tasks 

a The energy conversion system structure is to be composed of a repeating hexa- 

hedral truss arra:~gement 8 bays wide and 16 bays long. These bays are 

667.5 m wide and 672.7 m long, giving a 5.4 km x 10.8 km structure, when 

completed. 

a A 4-bay end builder construction facility i s  to be used to construct the energy 

conversion system structure in two passes. Each pass through the end build- 

e r  produces a 4 x 16 bay structural module. 

The er.d builder construction base concept relys upon semi-stationary bear? 

machines in synchronous operation to produce continuous longitudinal members 

(10,776 m) for the energy conversioi~ system 

a Mobile beam builders operating autonomously are to be used to produce the 

various lateral, vertical and diagonal beams as  needed to complete the struc- 

ture in each bay 

Struc:ural beam segments are to be transported and installed by two cherry 

pickers, one at each end. These cherry pickers are : 

- controlled by one operator in the MRWS 

- self propelled by onboard power supply 

- Operated f r o m  a rail track system on the energy conversion system con- 

struction faciiity . 
a Construction operations will be performed during 2 ten hour shifts per day ,a 

and at 75% efficiency 



Concurrent with the construction of the energy conversion system structure, 

other non-structural elements of the energy conversion system are to be as- 

sembled and installed as follows: 

- Solar Array 

- Power Distribution 

- Attitude Control 

- Other Subsystems. 

The solar array blankets will be attached to 12.7 m upper lateral beams and will 

be deployed longitudinally concurrent with the fabrication of the longitudinal 

beams 

The CEO construction base interfaces with the energy mnversion system 

structure via indexing /support machines that pro-vide the capability to index 

in lateral and longitudinal directions. Those indexers are : 

- Mobile towers with mechanisms for attachment to hard points on the energy 

conversion system structure. 

- Self powered with onboard power supply 

- Remotely controlled/monitored from base command a control center and can 

be slaved 

- Operated from a rail track system on the el?ergy conversion system construc- 

tion facility. 

Construction equipment rates ranging from 0.5 to 20 mpm , shown in Table 12-2, 

are assumed to be reasonable. Low equipment utilization should be avoided. 

All construction equipment is modularized for ease of maintenance 

Forty-four solar array blankets, 14.9 m wide and 660 m long, will be installed 

in each structural bay. 

The blankets will be deployed longitudinally between the 12.7111 lateral beams and 

electrically connected to interbay jumpers, jumper buses and acquisition buses, 

as required to, assemble 8 blanket strings. 

The interbay jumpers, jumper buses and acquisition buses are automatically 

mounted on the  12.7 m upper lateral beans as  an integral   art of the beam fab- 

rication process. 



TABLE 12-2 EQUlPMENT OPERATING TIMES 8 RATES 

BEAM BUILDER SUBSTATIONS 

AIM BEAM MACHINE 
- ROTATE I N  YAW 90' 
- ELEVATE 45' OR 90. 

AVERAGE BEAM FABRICATION RATE 
- LONGITUDINAL BEAMS 
- LATERAL VERTICAL. OR DIAGONAL 

BEAMS 

INSTALL END FITTINGS 

HANDOFF 

TRAVEL 

CHERRY PICKERS 

INSTALL BEAM 

TRAVEL 

INDEXERlSUPPORT 

ATTACH 

5 min 

0.5 mlmin 
5 mlmin 

10 min 

5 min 

20 mlmin 

10 min 

!XJ mlmin 

10 m!min 
INDEXlTRAVEL 

SUPPORTITRAVEL 

BUS DISPENSING STATION 

TRAVEL 

BUS DISPENSING RATE 

1775-122W 

AS REQUIRED 

AS REQUIRED 

@ LEAST 5 mlmin 



Prior to installation operations, solar array blankets will be inspected and 

checked out at storage locations. 

A unmanned transporter will be used to deliver the blanket containers to the 

appropriate installation locations. 

A pair of cherry pickers, performing coordinated activities, is required for 

the installation of a solar array blanket. 

A total of 4 cherry pickers is allocated for installing the blankets and assem- 

bling the blanket strings. 

A breaking capability must be provided, which win allow the simultaneous 

longitudinal beam fabricationlsolar array deployment to stop when required, 

without detrimental effects on the solar array blankets. 

The satellite structure is to be divorced from the cumulative affect of the 

thermal variations of the power distribution buses. 

The natural frequency of the power distribution buses is to be greater than 

that of the satellite. 

Major satellite elements. are to be supported by the base during all phases of 

construction 

The indexers should be located as far from each other as possible, to enhance 

stability. 

Indexer supports are to be attached to the satellite structure at nodal points 

(e.g., space frames on the continuous longitudinal beams at the bottom of the 

energy conversion system structure). 

The indexers can be independently operated, while traveling about the GEO 

construction base, but during indexing operations they will be operated under 

synchronized control. 

SPS quality assurance activities are to be performed concurrent with SPS con- 

struction operations 

Automated construction operations are to be continuously monitored and inspect- 

ed. For example, mechanicd attachments will be inspected for structural 

integrity and electrical cortnections will be subjected to continuity tests 

before acceptance 



a Satellite inspection will be performed at each level of system build up to assure 

integrity of construction. 

3.1.4 Construction Equipment 

Figure 12-27 illustrates typical construction equipment used by the major con- 

struction facilities of the GEO base. SPS construction equipment includes automatic 

rrachinery for fabricating large structural beams in space. These beam machines build 

three sided open truss beams from tightly rolled strips of composite material to avoid 

the higher costs incurred in transporting low density structures to GEO. General 

purpose manned cherry pickers, provided with dextrous manipulators, are used to 

assemble these light weight beams and install the required subsystem components in 

the energy conversion and power transmission systems. During construction, the 

major elements of the satellite are supported by indexers which can be moved across 

the base as  needed. Addi?ional equipment is also provided to facilitate the deployment 

of large sheet metal p o ~ c : ~  buses, anchoring solar array blanket containers, and install- 

ing antenna systems. 

Table 12-3 provides a summary listing of the major equipment types and where 

they are used on the base. 

The solar collector beam builder substations and power bus dispenser station are 

discussed further below. 

3.1.4.1 Energy Conversion Beam Builder Requirements - Four different types of beam 

builders are required to construct the energy conversion system as shown in Table 12- 

4. Two types of beam builders are synchronized for continuous longitudinal beam 

fabrication, while the remaining two beam builders are employed to fabricate lateral, 

vertical, and diagonal bracing members. The 7.5 m synchronized and 12.7 m autonomous 

beam builders, which operste at the solar array level, are required to install solar 

array maintenance track during beam fabrication. The longitudinal beam builders must 

also be able to install attachment frames for joining other beams. All segmented beams, 

in turn,  must be fabricated with suitable end attachments: 

7.5 m Beam Builder Substations - The 7.5 m synchronized substation illustrated in Fig- 

ure 12-28, includes a beam machine equipped with frame-making features. Frame seg- 

ment supply canisters are mounted at each beam face at cross member attaching stations. 

Since current maintenance track concepts call for supports at each cross member, track 



TABLE 12-3 CONSTRUCTION EQUlWENT SUMMARY 

ITEM 

w8S 1.2.1.1.2.1 
BEAM MACHINES 

7.5 m SYNCH TRAVEL 
7.5 m GIM. MOBILE. 
MANNED 
12.7 m GIM. MOBILE, 
MANNED 

WBS 1.2.1.1.2.2 
CHERRY PICKERS 

30m 
* 9 0 m  

1207. 
250 m 

WBS 1.21.1.2.3 
INDEXERS 

1545m 
130m 
230 m 

WBS 1.2.1.1.2.4 
BUS DEPLOYER 

90 m (ALSO 80 ml 

WBS 1.2.1.1.2.5 
SOLAR ARRAY 
DEPLOYMENT EQUIPMENT 

PROXIMAL ANCHORS 

WBS 1.2.1.1.2.6 
ANTENNA DEPLOYMENT 
PLAT'F3nM 

r\DD 10% ALi.3WANCE 
FOR UNDEFINED 
EQUIPMENT 

*USED ON 
M-SOLAR ARRAY SYSTEM 
A-ANTENNA 
Y-YOKE 81 ROTARY JOINT 
T-TOTAL 

1775-121W 

U 

10 

1 
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TABLE 12-4 ENERGY CONVERSION BEAM BUILDER SUBSTATION REQUIREMENTS 
I---- 1---- 1 ----l 

TYPE 7.5 m SYNCHRONIZED 12.7 rn AUTONOMOUS 7.5 m AUTONOMOUS 
MACHINE W TRACK WIOTRACK 1 WTRACK 1 WIOTRACK -- - - - - 

USE 

FUNCTIONS 

UPPER (SOLAR ARRAY) 
LONGITUDINALS 
FAB 7.5 m 
CON1 INUOUS BEAM 
W FRAMES& TRK 
NOMINAL FIXED 
REMOTE CTL 

MACHINES 

ON BD OPER 

LOWER LONG BEAMS 

FAB 7.5 rn 
CONTINUOUS BEAM 
WlFRAMES 

5 

ALL OTHER BEAMS UPPER (SOLAR ARRAY) 
LATERALS 

FAB 12.7 rn BEAM 
WEND FITTINGS 
& TRACKS 

FAB RATE , 3.5mlm1n 

FAB 7.5 n i  BEAM 
(VARIOUS LkNGTHSI 
WIEND FITTINGS 
MOBILE & GIMBALED 
ON BD OVER 

NOMINCL FIXED ATTACH ACQ BUS 

REMOTE CTL I & JUMPFRS 
MOBILE & GIMBALED 

1 10.8Wm i I,, 1 10.200 rn I 
CAPACITY 1 1 
GIMBAL I 
CAPACITY / TBD I YAW ? 90" 

;? TRACK FORMING \ , /MODULE 

TRAVEL 3 5 rn/m~n 

APPROX 

3 5 ni,nitn 20 n~ mln / 20 m~nwn 1 

. . 
- 37.6 rn 

APPROX SYNCHRONIZED SUBSTATION (WITRACK) 

i775-123W 

7.5 m MOBILE SUBSTATiUN 

Figure 12-28 7.5 m Beam Builder Substations 

FRAME SEGMENT 
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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 illustrated in the lower part of the figure, uses a 

bean) machine provided with end fitting attachment features. A column mounted end 

fitting support fixture with movable gripping fingers can rotate to place fittings 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. The grip is  capable of exlecd- 

ing to secure and withdraw a fitting from the supply canister. An automatic arm at- 

taches the end fittings to the beam on either end as required. An accessory platform 

i s  equpped with holding devices which index the completed beam and position i t  for 

installation of the end fitting after it has emerzed from the beam machine. The entire 

platform with beam machine and accessories is capable of 360' swiveling and can be 

rotated perpendicular to the qarriage to provide any required orientation. 

12 .7  m Beam BuilderlAcquisition Bus Substation - The 12 .7  rn beam builder concept 

shown in Figdie 12-29 has multiple functions in addition to the basic beam fabrication: 

- The entire sub-station platform can be oriented to direct the fabricated beam 

as  required. 

- Maintenance tracks are instaIIed on the top and side of the beam during fab- 

rication. 

- An end fitting fixture can take pre-fabbed end fittings frwn a supply canister 

and install them on either end of the beam with the aid of the end fitting in-  

staller. 

- Acquisition and jumper buses are installed during beam fabrication as needed. 

- Catenary attach fittings and SIA interbay jumpers are installed during beam 

fabrication. 

- A support platform equipped with indexers holds the beam to maintain align- 

rnent during fabrication and end fitting installation and aids in positioning 

the completed beam. 

3 . 1 . 4 . 2  Mobile Pr.wer Bus Dispensing Station - The power bc;s dispensing station, -- . - 
shown in Figure 12-30, dispenses both main and feederr buses and installs the bus 

support cables. Individual bus strips are supplied by s~ec i f ic  supply canisters 

mounted at the back of the dispensing unit. The support cables are supplied by 
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drums mounted on the top ami bottom of the dispensing unit. The entire dispensing 

module pivots to dispense either feeder o r  main bus as required. The dispensing 

unit is supported on a base which travels on the main carriage. The main carriage 

moves the entire assembly from one end of the construction base to the other during 

feeder bus dispensing. 

Aided by a dedicated, mobile cherry picker, the bus dispensing station lnstalls 

and p r e b d s  the support cablao on the array as part of the dispensing operation, 

The support strongbacks and intermediate sbffeners are installed while the bus array 

is still secured by the dispenser. The dispensing station provides the correct mix of 

bus array elements to meet main and feeder bus requirements ir. the correct sequence 

in the construction pnnsess. The dispensing station can cut and splice bus material 

as req-lired. 

During main bus dis-ing operations, the dispensing station is pzitioned at 

one end of the construction base. 

3-2 ENERGY CONVERSION SYSTEM ASSEMELY 

A breakdown oi the assembly operations for the energy conversion system is 

shown by the abbrevia:ed flow shoiin in Figure 12-31. This assembly activity in- 

cludes the fabricrttiot: and ;rssembly of the structure for the first construction pass 

( 3.1.1) and the parallel installation and inspection cf required s*15systems (e. g. solar 

array blankets, power distribution, etc. ) When the first half of :hn satellite energy 

conversion system has been construc:cd, the base will be indexed back along ihe side 

of tne satellite structure to a position adjzcent to the Tist frame (3.1 - 7). The second 

construction pass kg ins  f- that paint and includes the Zaorization and assembly of 

the remaining structure together with the parallel installation cf other subsystems. 

End Builder Assembly Sequence - The end builder co~rstruction system is 

tailored to the structural cross section of the satellite and uses ten (10) dedi- 

cated semi-fixed beam machines to automatially fabricate continuous kngi- 

tudinal membzrs. Lateral and diagonal members of the structural assembly 

are fabricated by three (3) mobile beam machines. The assembly sequence 

as illustrated in Figure 12-32, begins with Step 1, the assembly of :he first 

frame and its zitachmerrt to the loilgitudinal members. The strurt~lra! mer.1- 

bers of the frame are fabricated by three mobile beam machines that travel 

from one position to the next. The upper lateral team is filbrjcated and then 

positioned for assembly. A s  this meaber is being joined, the mobiie beam 
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machines fabricate the other members of tile frame needed to complete the 

assembly. Step 2 indexes the frame for one bay length by fabricating the 

continuous longitudinal beams from the dedicated beam machines. In Step 3 , 

the next frame is built as  in Step 1. During these three steps,  power busses 

and solar array blankets a re  installed in parallel. The solar array blankets 

are deployed in the direction of build, a re  attached to the upper lateral beams 

and a re  fed out of can:~isters a s  the structure indexes. Longitudinal busses 

a re  installed "on the fly" PS the structure i s  indexed; lateral busses are  in- 

stalled before a bay i s  indexed. In Step 4 the bay structure diagonal beams 

are  fabricated and assembled to complete ?he bay. This bay is then indexed. 

as in Step 2, and tbu entire sequence repeated until the energy conversion 

structure i s  built. 

The end builder concept couples similar functior~s for installing each sabsystern 

to related operations for assembling the energy conversion s t r u c t ~ r c .  A s  shown in 



Figure 12- 33 this provides two avenues for attaining increased produrnion performance 

. . . . . . .operate automated construction equipmznt faster o r  add equipment. 

a SPS Assembly Operations - The rendering in Figure 12-34 depicts the construc- 

tion ac;ivities at levels F, G and H of the energy conversion construction 

facility. These levels are utilized in the canstruction 01 the uppar surface of 

the energy conversion module. Shown nestled in the facility structure is the 

7.5 m longitudinal beam macnine (semi-fixed), and operating from a horizon- 

tally mounted track system are two mobile beam machines. One beam machine 

is shown fabt-icating the 7.5 m bracing beam and the other. a 12.7 m lateral 

(solar array support) beam. 'Located overhead on the facility overhang and 

operating from a track system, cherrypickers are used to maneuver and attach 

the completed beams. The complex operstions of these two cherrypickers in 

the maneuvering, handing-off and installation of beam lengths of approximately 

6C0 to 1000 meters requires further study. 

Solar array blanket deployment and installation is coupled with the end build- 

e r  structural assembly sequence. Shown are the blanket installers operating 

from a track system mounted on the facility overhang. The solar array blan- 

kets are depzoyed from canisters mounted on the overhang. Replacement can- 

isters an, shown bzing moved into place and installed at their deployment 

station by a mobile flatbed cherrypicker. 

The arrangement of major constr3ction equipment at levels F ,  CJ , and H is also 

shown in Figure 12- 35. The level G 7.5 m longitudinal beam builder substation is p.m- 

vided with 60 m travel distance to permit on-line maintenance and repair for continuity 

of construction operations. This provides about 1 hour for the repair and replacement 

of beam bv~ilder components whi!e the shutdown beam builder tracks along at the same 

rate a s  the indexing structure. The figure also shows the bus dispensing station in 

relation to the other beam builders and the solar array anchor at level H.  

The timeline for assembling the first two rows of the energy conversion system is 

shown in Figure 12-36. 
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Figure 1236 Energy Conversion System Assembly Timeline-Update 



3.2.1 Fabricate and Assemble Structure 

Figure 12-37 iilustrates the generic sequence used for the fabrication and assem- 

bly of the Energy Conversion System Structure, which provides support for the Solar 

Array Blankets, Power Distribution System, Attitude Control System, and other sub- 

systems that are all part of the Energy Conversion System. It also interfaces with 

the antenna yoke. 

3.2.1.1 Installation Requirements - A s  shown in Figure 12-38 the Energy Conversion 

System Structure is designed with a hexahedral (box) truss arrangement 8 bays wide 

and 16 bays long, which includes two sizes of graphite composite tribeams. The heav- 

ier 12.7m beams are used at all other locations. In addition, 7.5m beams are used for 

structural support of the attitude control thrusters at each corner of the structure. 

Figure 12-39 shows the two types of beams. Type A beams are fabricated by a 12.7111 

mobile beam machine and are used only on the upper level of the structure to support 

the solar arrays. Type B. beams are used for the rest of the structure. Ten Type B 

beams (without end fittings, but with the space frames shown in Figure 12-45) are fab- 

ricated by semi-stationary beam machines to provide the 16-bay long continuous longi- 

tudinal beams. Type B beams with end fittings are fabricated for all other structural 

members by two 7.5m mobile beam machines. 

In addition to the structural configuration previously described, the top surface 

of the energy conversion system structural framework includes a maintenance track 

to accommodate solar array annealing operations. This track imposes additional re- 

quirements on the energy conversion system structural arrangement and on the beam 

machines. The upper surface continuous longitudinal beams are required to be orient- 

ed with a flat side up, as shown in Figure 12-40, to provide for the mounting of the 

track system. The tracks are supported by the beam with fittings attached at each 

beam batten. 

3.2.1.2 Energy Conversion System Structure Construction Approach - The construc- 
Y 
tion approach for the fabrication and assembly of the structure for the energy conver- 

sion system is described in detail in the End Builder Assembly Sequence in Subsection 
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3.2.1.3 Structural Fabrication & Assembly Operations (Bays 1 to 4) - In Figure 

12-37, the fabrication and assembly flow for the energy conversion system structure 

includes the preparation of the required constr~~ct ion equipment (Elock 3.1.1.11, the 

fabrication and assembly of the end frame (Blocks >. 1.1.2 to 3.1.1.4) and successive 

fabrication and assembly of 16 r o w s  of the structure (Blocks 3.1.1.5 to 3.1.1.7). 

Block 3.1.1.8 describes the operations performed to secure for the indexing operation, 

which brings the construction base to i ts  starting positicn for second pass construc- 

tion operations. These functional blocks are further broken down into operational 

sequences, shown in Tables 12-5 through 12- 12. 

- Prepare Constr~ction Equipment ( 3.1.1.1) - The sequence of preconstruction 

functions performed in prepar~tio.1 for building the structure of the energy 

conversion system 1s depict td in Figure :3-41 and a detailed breakdown i s  

given in Table 12-5. Preconstruction operations begin with the verification 

of the availability of the required number of the necessary types of equipment 

in operating condition. Then it is  necessary to verify the availability of an 

adequate supply of rwnstruction.materia1. The material must be loaded on the 

applicable equipment or stored in facilities near the installation locations. 

These verification functians can be performed significantly prior to cornmecce- 

ment of construction, if desirable. Shortly before operations begin, the 

equipments will be manned and inoved to the proper operating stations, if they 

are not already there. 

Each ccnstruction facility or local construction area supporting the assembly 

of the energy con:lersion system must operate on a tightly controlled logistics 

plan to avoid interruptions of the coordinated construction schedule. For 

example, at least 55 m of structural material must be delivered to and in- 

stalled on each 7.5 In ?lobile .3eam machine every 4 days. 

Initiate Longitudinal Beam Fabrication ( 3.1.1.2) - A s  shown in Figure 12- 4'7, 

the normal operating location of ;he longitudinal beam machines is  set back 

from the position where the e ~ d  frame is assembled. That provides an cppor- 

tunity to initiate the operation of the bean, machines indepet~dently and to 

monitor the operations of each machine to verify its proper functioning before 

tieing it into the lonritildin:al h ~ a m  mnr*hine ~ * l n ~ h m n ; , r . - + : - -  .....-- ,..,, .,.".. ---,-*-- ... , L'..-.,,. 

The initiation of the longitudinal bean1 machine operations begins, ;IS s h o h n  

in Figure 12-43 and Table 12-6, with the sequential activation of' :)I1 10 beam 

rnachir: .. The five upper beams wiil be made with track for soiar arr;iy 



TABLE 12-5 PC)EPARE COlWSTRUCTHm EQUlPUElYT (3.1.1.1) 

VERIFY EOUlPItENT AVA~~ARILI ' I  V 

1 12.7 M WB!LE t c.. UI MACH-NE 
5 7.5 M LONG. %SAM MACPI 'rES (UPPER) 
5 7 5 M LONG. BEAM VCIH ikES t LCWERI 
2 7 5 M MOBILE BCAM MAChiINES 
3 30 M CHERRY PICKERS 

VERIFY EQUIPMENT REAOIWESS 

PRE-OPERATION M A l N f  ENANCE 
CHECK POWEP 
C. 0. LIFE SUPFORT SYSTEM 
C. 0. EQUIP. SUBSYSTEMS 

( VERIFY CONST. UATERiAL AVA l lPd lL tTY  

BEAM FABRICATION 
CAPS 
BkTTENS 
Y A C E  FRAMES 
TRACKS 
TRACK ATT. 5RACKETS 
CABLEREELS 
END FITTING ASSYS. 

TBD 

TBD 

/. LOAD EQUIPMENT 

I I MAIN EQUIPMENT 

DOCK 
CHECK PRESSUSE SEALS 
OPEN HATCHES 
TRANSFER 
CLOSE HATCHES 
CHECK PRESSURE SEALS 
GEPART 
ACTIVATE 8 C. G. COMM. SYS. 
ACTtVATE 8 C. 0.0 :HER SUBSYS. 

I 
POSITION EQUtPMENT 

5 7.5 M BEAM MACHINES 
5 7.5 M BEAM MACHINES 
1 7.5 M BEAM MACHINE 
1 7.5 M BEAM MACHINE 
1 12.7 M BEAM MACHINE 

WITH TRACK FAB. CAPAalLITY 
WITH TRACK FAB. UPABIL ITY  I 

AS ABOVE 

CREW TRANSFER OPERATION 

G LEVEL SETBACK STATION 
D LEVEL SETBACK STATION 
G LEVEL TRACK 
D LEVEL TRAP Y 
F LEVEL TRACK 



r ACTIVATE LONG. BEAM YACHIWIES I I 

TABLE 124 IlYmATE LOWUIUD(IYAL I#AY FABRlCAm al.1.2) 

FAB. SHOilT LENGTH WITH FRAWE 
START CAP. MTTEN 6 ma FAB 
ATlACH CABLES 
ATTACH BATTENS 
ATTACH TRACUS 
FAB. TO YlDPOlNT 
TENSION & ATTACH CABLES 
AlTACH SPACE FRAME 
F4B TO EN0 
TElYSlOlV 6 ATTACH CABLES 
ATTACH BATTENS 
ATT4Cil TRACKS 

O ( E R A m  

INOEPENOENT OPERATIONS I 

1 ON UPPER BEAMS ONLY 

INSPECT 

- 
REmARKS OST 

Y 

SYhC 6 F I B  INITIAL BEAU LENGTH 
TRA-FER TO SYNC. OONTROL 
F AB WTER BATTEN SPACllYG 
TENSION & ATTACH CABLES 
ATTACH BATTENS 
ATTACH TRACKS 

TIL 
e 5 1 1  

REJECT 6 REPEAT IF 
NECESSIUY 

SYNCHROWZED OPERATIONS i 
ONE BY-ONE 
cwnrum ~AONI~ORING I 

I 

ON UPPER BEAMS ONLY 

TOTAL 

1775-107W 

164.9 329.8 



1775-1- CO?YTINUOUS LONGITUDINAL BEAM LENGTH = 672.7 W A Y  x 16 BAYS + 7.5 M = 10.7753 M 

- 
O E M  .L*y a E m  TOTAL WYLU*I(WE 
SUE LEIYGTH PER SS LEmGll4 TWE 

1 - B03YDIAGO)YAL ' 2 - CROSS-BAV DIAGONAL 

! LATERAL 

4 - LOWER LATERAL 

1 5 - L4TERAL DIAGONAL 

6 - CORNER POST 

7 - UWE. LOUGITUDINAL 

8 - LOmR L(MICIPS0INAL 

9 - LOlVGlTUDlNAL D!AGONAL 

7.5 # 

7.5 M 

12.7 M 

7.5 M 

7.5 M 

7.5 M 

7.5 M 

7.5 M 

7.5 M 

1057.8 M 

417.7 M 

667.5 M 

667.5 M 

816.4 M 

470 M 

10.775.9 M' 

10.775.9 1' 

810.6 M 

118 

1 28 

136 

136 

136 

153 

9 

9 

144 

135.- M . 
121.300 M 

W.780 M 

90.780 M 

LPQER MOBILE 

LOWER YOBILE 

DEDICATED 
YOBILE 

LOIIER YOBILE 

111.00OM 1 LOWEEMOBILE 

7 1 m  M 

SSmM 
l l 8 p O U  

UPPER YOBILE 

1 IOFIKED 
I 
WtC? "d88LE 

i 



AIM 6EAMYACWINE 
ACTIVATE DYhAL (YECHAMISM 
GIMBAL I N  YAW 
CHECK AIMING 
-JUST I N  YAW PITCH 
MACl lVATE GIYBAL M€- 

r ATTACH IST END Fl lT lNG 
ACilVATE EN0 F l m f f i  F IXVlJRE 
'T TlOk END f ITTING 

SrVlVEL FIXTURE 
P(CK UP F I m w G  
ELEVATE FIXTURE 
ALIGN FITTING WICAlrS 

ATTACH FITTING TO CAPS 
IWSERT LEGS I N  CAPS 
INSERT PINS THROUGH CIVS 
INSERT CLIPS 

IWSPECT 
LOYVER FIXTURE a wrcrlvam 

5 1 BASE LINE ClYE I 
9d CAPABILITY REQUIRED 
WITHIN TBD TOLERANCES? 
MINOR ADJUSTMENT 

FIXTURE IS ON BEAM MACHINE 

END FITTING FIXTURE OPERATIONS 

STRUCTURAL INTEGRITV 

L 

I 
, 

r FABRICATE BEAM SEGMENT I As NO 1 
ACTIVATE BE- CABRICAT~ s m  3 667.6 1% \ 
FABRICATE BEAM LENGTH 
MONITOR CONTINUOUSLY 

DIRECTION 
LENGTH Of CAPS 
INTEGRITY OF BEAMS 

M A C 1  IVATE FABRICATOR 

4 667.5 134 Q S M M I N  
S 816.4 164 
6 470 94 i 

iNCttlDED IN BEAM FAB TIME 
HOLDER PART OF BEAM MACHINE z 

CUTTER PART OF BEAM MACHINE 

BEAM STRAIGHTNESS 

SAME AS 1ST FITTING 

BASELINE ?#ME 

IF APPLXABLE 

r INDEX BEAM IN HOLDER 
ACTIVATE HOU>ER CONTROLS 
CLAMP BEAM & CHECK GRIP 
SEVER BEAM 
INDEX BEAM 
DEACTIVATE 'YDEXER COWTROLS 
I-CT 

ATTACH 2ND EN0 FITTING 

HANOOFF BEAM 
SIGNAL READINESS TO W s  
CP's GRASP BEAM 
SIGNAL READINESS TO ABId 
OPEN HOLDER 
SIGNAL FIXTGRE OPEN 
REMOVE BEAM FROM HOLGER 
SIGNPL BEAM CLE4R OF HOLDER 
DEACTI JATE HOLOEF) CONTROL 

- 

10 

5 



TABLE 12-9 S A M  INSTALLATION 

CPERAl'IOlYb TWE 
tUIN) 

No. 1 
0 

h A N m - F  

TRANSPORT BEAM 
SIGNAL READINESS 
SLAVE NO 2 CP 
X P m T  1 END TO APPROX LOC 
SIGNAL ARRIVAL 
SWING 2ND END TO APPROX LOC 
SIGNAL ARRIVAL 

ROLL BEAM (IF NECESSARY) 
SIGNAL INTENT 
ROLL BEAM 
SIGNAL COM*LETlOIv 

CONNECT IST EN0 
ALIGN BEAM 
UNLATCH ATTACH FITTING 
INSERT BEAM END 
LATCH & LOCK ATTACH. F ITTlYG 
TEST CONNECTION 
RELEASE BkAM 
SIGNAL COMPLET'ON 

- 
COhNf CT 2ND END 

ALIGN BEAM 
UNLOCK ADJUSTMENT FITTING 
UNLATCH NODAL FITTING 
ALIGN BEAM 
INSERT BEAM BY ADJ FlTT LENGTH 
LATCH & LOCK hOOAL FITTING 
LOCK ADJUSTMENT FITTING 
TEST C3NNECTlON 

TOT b - 

1775-1  low 

P 

P 
P 
P 

P 
P 
P 

I P  
P 
P 
P 
P 
P 
P 

- 

1 

- 

4 

5 

10 

No. 2 
C) 

REMARUS 

P 

P 
S 
S 

P 
P 

S 

S 

P 
P 
P 
P 
P 
P 
P 
P 

SEE TABLE 5 

LESS THAN SOM 

PERFORMED DURING 
TRANSPORT 
LESS f HAN 30' 

CAN DEPART IF 
DES\RWLE 

DEPART 

P = PflIMARY OPERATION 

S = SECONDARY ROLE 



TABLE 12-10. m E  END FRAME (3.1.1.4) 
k 

I 

OPERATIOWS 

POSITION EOUIPMENT 

ASSEMBLE B A Y  1 
ATTACH BEAM 6 
ATTACH BEAM 3 
BEGIN !#A ATTACHMENT 
ATTACH BEAM 4 
ATTACH BEAM 5 
END SIA ATTACHMENT 
ATTACH BEAM 6 

REPOSITION BEAM MACHINES 
GIMBAL 17.7 M BEAM MACHINE 
RELOCATE BOTH 7.5 BEAM MACHINE 

ASSEMBLE BAY 2 
ATTACH BEAM 3 
BEGIN SIA ATTACHMENT 
ATTACH BEAM 5 
AT TACH BEAM 4 
ATTACH BEAM 6 
CND SIA ATTACHMENT 

RELOCATE BEAM MACHINES 
7.5 M BEAM MACHINE 

12.7 M BEAM MACHINE 

ASSEMBLE BAY 3 

REPOSITION BEAM MACHINES 
G1MBP.L 12.7 M BEAM MACHINES 
RELOCATE BOTH 7.5 M BEAM MACHINES 

ASSEMBLE BAY 4 

ATTACH 2 INDEXERS 
POSITION 
R 3TATE ATTACHMENT FITTING 
OPEN FITTING 
ELEVATE FITTING 
CLOSE FITTING 
TEST ATTACHMENT 
SHIFT TO FREE WHEELING 

TOTAL 

1775.111W 

TIME 
(WIN) 

- 

41 7 

(51 
1341 

REMARKS 

AS REQUIRED 

D LEVEL 7.5 M BEAM MACHINE 
12.7 M BEAM MACHINE 

D LEVEL 7.5 M BEAM MACHINE 
G LEVEL 7.5 M BEAM MACHINE 

D LEVEL 7.5 M BEAM MACHINE 

lso" IN YAW 
1 BAY 

1 

350 

134) 
(68) 

274 

360 

TBD 

1401 

12.7 M BEAM MACHINE 

I 
I 

G LEVEL BEAM MACHINE 
D LEVEL BEAM MACHINE 
D LEVEL BEAM hlACHlNE 

1 BAY 

I 
2 BAYS 

SAME AS BAY 1 

180" IN YAW 
1 BAY AT 20 MPM 

SAME AS BAY2 

DOES NOT INCLUDE INDEXER 
OPERATIONS 



TABLE 32-11. FABRICATE mTINW)US LONGfTUOlNAL BEAMS (3.1.1.5) 

t 

f 

REMARKS 

PARALLEL WITH F RAME 
ASSY. 

) FORNthROW 

OPERATION 

REACTIVATE SYNC BEAM MACHINES 

FAB LONG BEAMS 

FAB 39 - 12.7 m BAYS 

FAt) ADJUSTMENT BAY 

I FA6 SPACE f RAME BAY 

FAB ADJUSTMENT BAY 

FAB 11 - 12.7 m BAYS 

RESUME QUIESCENT MODE 

TOTAL 

1775-112W 

LENGTH 
M 

- 
- 

495.3 

12 5 

TIME 
AT 

0.5 MCU 

- 

25 

12.7 

12.5 

139.7. 

- 

672.7 

25.4 

25 FOR N + 1st ROW 

279.4 

- 

1345.4 

PLRALLEL WITH STRUCT 
ROW ASSY. 



TABLE 12-12 ASSEMBLE STRUCTURAL BAYS (3.1.1.71 
r 

OPERA~OWS 

FAB. LONG. BEAMS 

ASSE MBLE BAY 1 
ATTACH BEAM 3 
ATTACH BEAM 9 
BEGIN SfA ATTACHMENT 
ATTACH BCAM 5 
ATTACH BEAM 1 
ATTACH BEAM 1 
ATTACH BEAM 6 
ATTACH BEAM 4 
EN0  SIA ATTACHMENT 

ATTACH INDEXER 
POSITION INDEXER 
ROTATE FITTING 
OPEN FITTING 
ELEVATE FITTING 
CLOSE FITTING 
TEST ATTACHMENT 
SHIFT TO FREE WHEELING 

REPOSITION BEAMBUILDERS 
GIMBAL 12.7 M BEAM MACHINE 
RELOCATE BOTH 7.5 M BEAM MACHINE 

ASSEMBLE BAY 2 

RELOCATE ALL 3 BEAMBUILDERS 

ASSEMBLE BAY 3 

REPOSITION BEAMBUILDERS 
GIMBAL 12.7 M BEAM MACHINE 
RELOCATE BOTH 7.5 M BEAM MACHINES 

ASSEMBLE BAY 4 

ATTACH INDEXER 

DETACH 2 INDEXERS 

TOTAL 
1775-113w 

TIYE 
(M IN) 

7@ 

TBn 

607 

607 

704 

TBD 

TBD 

2626 

=7 

REMARKS 

AS BEFORE 

12.7 M 
G LEVEL 7.5 M BEAM :AACHINE 

0 LEVEL 7.5 M BEAM MACHINE 
G LEVEL 7.5 M BEAM MACHINE 
0 LEVEL 7.5 M BEAM MACHINE 
G LEVEL 7.5 M BEAM MACHINE 
0 LEVEL 7.5 M BEAM MACHINE 

I N  PARALLEL WITH BAY 2 ASSY 
UNOER CORNER POST (NO. 6 BEAM) 

I 
1 

180" I N  YAW 
1 BAY AT 20 MlMlN 

SAME AS B9Y 1 

1 BAY AT 20 MlMlN 

SAME AS BAY 1 

180" I N  YAW 
1 BAY AT X MlMlN 

LIKE BAY 1 WITH EXTRA NO. 6 
& NO. 9 9EAMS 

AS ABOVE 

FROM PREVIOUS FRAME 

DOES NOT INCLUDE II~DEXER 
OPERATIONS 
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Figure 12-43 Initiate Longitudinal Beam Fabrication (3.1.1.2) 
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maintenance. Each beam machine independently fabricates a short length of 

longitudinal beam for the installation of the space frame to which the end frame 

structure will be attached. A s  shown in Figure 12-44, the space frame is 

automatically installed by the beam machine during the fabrication of the con- 

tinuous longitudinal teams. Pickup points on the periphery of the frame 

provide easy access for the attachment of the lateral, ver'. .cal, and diagonal 

bracing beams of the end frame. These pickup points are located so that the 

end load in each attaching beam is aligned with the centroid of the continuous 

longitudinal beam, as shown in Figure 12-45. These frames are compatible with 

beam machine fabrication and could be space fabricated or ground fabricated in 

segments and space assembled. The frame segments are loaded into beam 

machine supply cannisters and the frame assembly becomes an integral oper- 

ation of the beam machine. 

After the space frame installation is completed and inspected, beam fabrica- 

tion continues and, one-by-one, control of the 10 independently operating 

longitudinal beam machines is transferred to centralized control for synchro- 

nized operation for the remainder of the beam fabrication. At the completion 

of this synchronized beam fabrication operation, the longitudinal beam ma- 

chines will not be used again for nearly two days, while the end frame is as- 

sembled. Therefore, they will be shifted to a quiescent mode. 

During the entire sequence. the fabrication operations are controlled by a 

2 man crew in a centralized control station and are monitored continuously, 

but specific inspections are indicated after completion of the first three bays. 

At any time, especially during independent operations, the beam machines can 

operate at an increased rate to allow more time for quality control, because 

they are not yet indexing a massive structure. The timeline in Figure 12-46 

shows a total of 329.8 minutes for this phase, based on a fabrication rate of 

0.5 mpm. 

a Fabricate Lateral End Ekams ( 3.1.1.3) - Each of the end frame beams (Nos. 3, 

4 ,  5 ,  and 6) defined in Table 12-7 is fabricated by the mobile beam machines 

according to the sequence of operations shown in Figures 12-47 and 12-48 and 

described in detail in T lble 12-8. 

These bean1 segments vary in length from 470 rn to 816.4  rn and in mass from 

3,355  k g  to 4,992  kg. To minimize induced shear loads during subsequent 
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beam installation operations, the initial operation in the fabrication of the tea 

is to aim the beam machines in the optimuln direction to reduce beam handling. 

Aiming the beam machines is performed by gimbaling in the yaw direction, be- 

cause the mobile beam machines are on tracks situated on the side of the con- 

struction base. A s l igl t  adjustment in pitch may also be required to  put the 

far end of the beam in a favorable location to be acquired by a cherrypicker. 

Next the end fitting iastallation fixture, iocated on the beam machine carriage, 

acquires a tripodal end fitting fmm the storage rack. positions it and installs 

it on the stubs of the beam that extend fmm the beam fabricator. After the 

fitting i s  installed, the beam fabricator is zctivateci and the proper length for 

the 3, 4 ,  5, or  6 beam is automatically fabricated, a s  an integral nnl;mkr of 

12.5 m beam bays. Assembly of each successive bay i s  accomplished in a two 

step process. The fabrication of the caps deploys and tensions the cables. 

Then the tensioned cables and the battens are attached to the caps. A s  a 

part of the automation process, when beam fabrication i s  completed, the beam 

holder clamps the beam in place, the cutter sevei-s i t ,  and the holder indexes 

i t  a proper distamce to prcvide ckarcnce for the installation of the second end 

fitting, which is  installed the same a s  the first. Then it is handed off to two 

cherrypickers and while they are instalhng i t ,  the beam machine gimbals to 

begin operations for the fabrication of the next beam. 

Aithough the beam segment has been continuovsly monitored for structural 

integrity during the ontire process, specific inspections are  indicated in Fig- 

ure 12-47 ?ad Table 12-8 for the end fitting installations and a t  the conclusion 

of indexing for beam straightlless as  a final determination for accepting or  re- 

jecting the beam. Based on the information supplied, repairs to the beam may 

be made andlor notification may be submitted to the far  end cherrmypicker to 

move to a more favorable position to acquire the beam. 

Assemble 4 Bay Wide End Frame (3.1.1.4) - The 4 bay end frame is assembled 

one bay at  a time, a s  shcrvn in Figure 12-19. The fabrication and assembly 

sequence for the first two bays is shown in Figure 12-50. This sequence in- 

cludes the locatiofi and planned use of the three mobile beam macllines, the 

direction of beam fabrication awl the positims for cherrypicker beam handling 

and assembly ope ntions (which are  noted C1, C2.  C 3 ) .  together with their 

at tendant route of travel heirveer1 positions. To incrcase equipment utilization, 

it is assumed that the chrrrypickcrs used for beam installation can travel f r o m  
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the upper to the lower operating levels. Lacking that capability, it will be 

necessary to pruvide an additional cherry picker, a s  shown in Figure 12-61, 

s i l~ce  two are required on each level for the attachment of any iaterat beam. 

- Beam Installation - During the process of t r ansp r t i ng  and installing the 

beam segments, they will be handled so as to minimize induced shear load 

and bending. Two cherrypickem, one at each end of the 400 to 800 m beam 

segments, will be used for beam installation. Therefore, it must be a co- 

ordinated operation. The sequence of coordinated activities required for 

the installation of a beam is shown in Figure 12-51 and Table 12-9- It is 

assumed that the 30. I cherrypicker will make the beam connection first 

and will be performing the primary (PI operation and that the No. 2 cherry- 

picl;er which is closest to the beam machine has a secondary ( S )  cooperative 

role to  perform. 

The cherrypickers a re  in the immeciiate vicinity of the beam installation 

location, when they acqwre thz beam. Since the cherrypicker travel rate 

is 50 mpm, cherrypickers wiil be able to transport t h d r  end of the beam the 

rrmsiniqg distance to i ts  designated i~staliation location within one minute. 

The lead cherrypicker will go there directly, while the other proceeds in the 

general directicn making whatever adjustments are necessary. When the 

lead cherrypcker has arrived. it hoids i ts  position and allows i ts  stabilizer1 

grappler to srvivel freely to accommodate the other cherrypicker. Then thz 

No. 2 cherrypicker has the primary responsibility while continuing to i ts  

destination. Since the No. 1 cherrypicker is installing its end of the be3m 

first ,  it will determine whether it is necessary to roll the beam amuil i  i t s  

lo~gitudinal axiz. and if so how much (up to 30°), to achieve a specified 

apex up o r  down position of the beam. The No. 2 cherrypicker will roll i ts  

end of :he beam, a s  instructed. This can be performed during beam trans- 

port in most instances. White connecting ?he first end of the beam, the only 

activity that affects the No. 2 cherrypicker is  the slight movement caused by 

the insertion of t h e  beam end. That can be accommodated by putting the 

boom in "-leutral." Connection of the second end is a one cherrypicker oper- 

ation performed by the No. 2 cherrypicker. No response is reeded from the 

No. 1 cherrypicker. It could actually be enroute to i ts  next operating 

location. 
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A s  indicated previously, the fabrication and assembly of the segmented 

beams and the attachment of the solar array a re  coupled operations. Within 

each of the four bays of the end frame, after the solar array sgpport beam 

is installed, the solar array blankets are  attached to it and concurretltly the 

other beam segments are being fabricated and attached to the longitudinal 

beams. The beamlsolar array attachment sequence i s  shown in Table 12- 10. 

The total time required for each bay, up to  the completion of the attachment 

of the last beam o r  solar array,  whichever takes longer, is shown for all 

four bays. The difference in the assembly times results from : 

1. The extra No. 6 beam in the first bay. 

2. The two-bay operation for the solar array support beam and the resxltant 

beam machi~e  and cherrypicker travel time. 

3. Starting fabrication of the solar array support beam, while the solar 

arrays in the previous bay are  still being attached. 

A s  also shown in Table 12- 10, after the end frame has been completely as- 

sembled, indexers are  attached to the space frames underneath the first and 

fifth cemer  post. These indexers will be used to support the energy con- 

version system during the subsequent longitvdirial beam fabrication phase. 

- - Utilization of Equipment a Crews - Tne utilization of the Seam machines and -- 

cherrypickers and the required manpower is  shown in Figure 12-52 for the 

assembly of the end frame. Manpower and dedicated cherrypickers used for 

solar array installation a re  also referenced. The fabrication of any beam 

segment and i t s  installation by the cherrypickers i s  correlated by means of 

the beam number (3, 1, 5, o r  6). A s  previoilsly stated. the installation of 

the solar arrays commences after the solar array support beam (No. 3) is  

installed. 

Note the effective utilization of the 7.5 m lower beam machine. i i  is  in 

continuous operation fabricating No. 4 o r  No. 6 beams during the entire end 

frame assembly sequence, except for the 5 mirute intervsls required for 

beam aiming and the 34 minute intervals for traveling from one operating 

position to the next. Conversely. the utilization for the beam installation 

cherrypickers is  very low, especially the No. 2 cherrypicker on the lower 

level. That cherrypicker is only ~ s e d  for 15 minutes to install each of the 





No. 4 beams, which i s  an overall utilization of less than 4% for the entire 

end frame assembly. 

If a cherrypicker capability to travel between the upper and the lower 

surfaces is provided, one of the upper cherrypickers can be used for in- 

stalling the No. 4 beam (as shown by the dotted lines) and the beam installa- 

tion cherrypicker crew can be reduced from 4 to 3. That will not affect the 

conlposite manpower utilization diagram at  the bottom of Figure 12-52. 

The first bay of the end frame i s  completed at  T = 417 minutes with the 

cherrypicker operations that attach the second vertical beam. The second 

bay is  completed at  T = 767 minutes with the attachment of the solar arrays. 

The beginning of the third frame is shown a s  dashed lines. The completion 

of the third and fourth frames are  shown only as the cherrypicker operations 

that install the fourth vertical bean] at T = 1041 minutes and end of the solar 

array installation at  T = 1401 minutes. 

8 Fabricate Continuous Longitudinal Beams (3.1.1.5) - The sequence of opera- 

tions for fabricating the continuous longitudinal beams in rows 1 through 16 

is  shown in Figure 12-53. This seqlience begins with reactivating the longi- 

tudinal beam machines for synchronized operations. When synchronized con- 

trol is  verified, the 18 beam machines will fabricate 672.7 meters of corltinuous 

longitudinal beam in unison, at  0.5 meters per minute. During the continuous 

fabrication process, space frames are automatically installed at the appropriate 

locatio~i in each beam. A s  shown in Figure 12-42, the initial longitudinal beam 

fabrication operation provides a 159 meter beam length due to the beam machine 

setback 1ocati.on. Hence the next space frame i s  installed after 513.7 meters of 

beam manufacture. Fabrication, however, continues for another 159 meters, 

which wil l  be used for the subsequent row of structure,  as  shown in Figure 

12-51 azc! Tz5!c 12 - I?. An S e f ~ ~ e ,  iiie 5 upper iongituciinai beans are also 

constructed wlth track to  support the solar array maintenance requirement. 

When a total length of 672.7 meters i s  made, the synchronized beam machines 

are returned to the quiescent mode. 

- Longitudinal Beam Fabrication Requirements - In the end-builder construc- 

tion concept, the longitudinal beam builders provide the driving force to 

index the satellite structure,  while performing their basic function of beam- 

element fabrication. This end builder characteristic leads to the necessity 

for certain requirements, shown in Figure 12-55, regarding beam builder 

performance. Those requirements identified to date are: 

12-78 
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1. Limit startup and shutdown accelerations to insure that beam builder 

subsystem machinery will safely sustain forces induced during indexing. 

Include the effect of the progressive mass increase in the energy con- 

version system structure under construction. 

2. Provide for synchronized indexing. Tolerances in the simultaneously 

operating beam builders produce variations in beam builder forces during 

indexing. These variations shall be ii~xliteci to safe levels as  determined 

by allowable forces not only on subsystem machinery but on the construc- 

tion base and energy conversion system structure as  well. 

3. Design for construction continuity in the event of a beam builder failure. 

Emphasis shall be placed on reliability of subsystem machinery including 

redundant operating modes, where possible, to avoid beam builder shut- 

down. In addition, consideration shall be given to subsystem designs 

that provirie repair 1 replacement capability within 1 hour, while the shut- 

down beam builder tracks along at the same rate as the indexing struc- 

ture. Holding fixtures to facilitate on-lineloff-line maintenance and re- 

pair shall also be considered. 

It should be noted that the above requirements for limitation of acceleratioris 

and for synchronization apply to any base assembly function where simultaneity 

of operation is critical, including the use of multi-indexers driving simulta- 

neously to propel the base during indexing operations. For all such iurctions, 

centralized control is necessary to limit locomotion forces to acceptable values. 

- Synchronized Indexing - Control tolerances in the simultaneously operating 

longitudii?al beam machines generate interface loads between the base and 

satellite as a function of the satellite's structural stiffness. If one of the 

beam machines has a slightly higher output rate than the rest ,  this rate dif- 

ference can be seen as a difference in beam length and can be treated as a 

deflection induced on the satellite structure. 

A preliminary study of beam synchronization requirements suggests that 

the control technique presently used within the beam machine itself to syn- 

chronize the 3 cap rates can also be used to control n~ultiple machines by 

increasing the number of feedback control loops to include all caps in those 

machines operating simultaneously. Assuming tolerance levels achieved to 



date in the GACIMSFC (NAS 8-32472) beam builder, estimates of beam length 

differences between machines are derived and shown in Figure 12-56. The 

induced loads shown are based on deflections imposed on an elastic structure 

idealized in the curve also included in the figure. (Beam properties used 

were E = 20,000,000 PSI and A = 3.75 in2. Preliminary load values computed 

are parametrically based on the frequency (7.5  m , 5.0 m ,  2.5 m) with which 

recalibration checks in the control system are performed. For example, a 

slotted hole spacing of 7.5 m along the caps limits the accumulaticn of error 

in the encoder device to .533 cm max. This deflection produces a maximum 

load of 2670 newtons which, for the present, is  well under the 13000 N allow- 

able. 

It should be noted that the effects of thermal gradients in the construc- 

tion base, which are a necessary consideration in this kind of analyses, have 

not been included. 

- Satellite Construction Support - Prior to longitudinal beam fabrication, two 

track mounted indexers were attached to the bottom of the energy conversion 

system structure, as shown in Step 1 of Figure 12-57. In Step 2, the fabri- 

cation cf the longitudinal beams provides the necessary forces to balance any 

induced end loads and index the partially completed structure longitudinally 

while simultaneously the track mounted indexers balance any induced shear 

loads. When longitudinal beam fabrication is completed and the structure 

comes to a stop, the indexers remain attached to react any shear loads in- 

duced during the assembly of the structural row. When the structural row 

is completed, an additional set of indexers is attached to the structure at 

the inboard position, as shcwn in Step 3 and the outboard indexers are 

detached. 

- End Builder Longitudinal Beam Production Capability - In order to satisfy 

the ground rule which limits GEO assembly of the 5GW satellite to 6 nonths, 

it was necessary to operate with skeleton crews, use minimal equipments 

and slow the operating rates of on-line beam machines. The impact on total 

satellite construction time is shown in Figure 12-58 as a function ~f longitu- 

dinal beam fakrication rate. As shown therein, a significant reduction in 

overall construction time can be realized by simply operating these on-line 

machines a little faster, such as at 3.5 meters per minute rather than the 

0.5 meters per minute as shown at 180 days. It is not efficient to operate 
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these machines at  much higher rates since other construction operations a re  

constrained by limited crews and equipments (e. g. , for solar array hook up). 

a Fabricate Segmented Beams ( 3.1.1 .6) - The fabrication of me segmented beams 

for the structural hays is pepformed according to the sequencx ?revious!y 

shown in Figure 12-47. for the end frame beams. However, the structural bays 

require beams Nos. 1, 2, and 9 that are not required for the end frame, but 

were shown in Table 12-7. Because these beams are  not in the plane of the end 

frame, the Learn machines are  required ?o gimbal up to 90" in pitch a s  well a s  

in yaw. 

Assemble Structural Rows 1 to 16 i 3.1.1.7) - A s  indicated by the dashed lines 

in Figure 12-53. before asserrably of the first 3 bay row of the energy conver- 

sion system structure,  i t  is necessary to have assembled an end frame (as  

previously described in Block 3.1.1.4) and fabricated longitudinal beams 

(as described in Block 3.1.1.5) . Then, the firs? bay can be assembled with 

the beam segments fabricated in B!ock 3.1.1.6. 

Figure 12-60 shows a portion of the energy conversion system structure. 

There are  30ti places where the lateral, vertical. and/or diagonal beam seg- 

ments are  attached to the longitddinal beams. At 105 such locations, 8 beam 

segments are attached to the lower longitudinal beams and a: 112 orher lo- 

cations 6 beam segments are  attached to the upper !ongitudinal beams. Fig- 

ares  12-61 and 12-62 show the location of ?he mobile beam machines, direction 

of fabrication of tile beaics and the paths over which tne cherry pickers travel 

to attach the beam segments for the first bay of a 4 bay structural row. In 

that bay. seven beams are  attached. 

After assembly of the first bay, the 12.7 m beam machine girnba!~ i803 and 

the 7.5 m b e a ~  machines travel one bay lrterally to attain positions fcr assem- 

bly of the second bay. The assembly sequence for bays 1 through 4 are 

giqen in Table 12-12. Note that times are included for the assembly of t t ~  

fo\w bays, but not for the repositioning c,i the beam machines. Tnar i s  due 

to the i~teract ion between the structure assembly and the solar srray attach- 

mect, i.e., the beam machines are repositxoned while the soiar arrays are still 

being attached. 

:Is each row of the ener2y conversion system is being assec~bled. the struc- 

ture i s  supported by indexers under ~t l e  1st and sth corner posts at the out- 

board frame station mstruction 0::se. .After the row is asse,abled. 2 
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additional indexers are positioned at  the  same location on the inboard frame 

stations, oriented for longitudinal travel, and attached to  the structure to 

support it during subsequent longitudinal beam fabrication. Then the 2 out- 

board indexers are detached. 

In addition to the operations for the iisserr~bly of a typical 4 bay structura; 

row, there is also the installation of the attitude control system, which occurs 

concurrent with the 1st and the 16th structural r o w s ,  and the installation of 

feeder t;uses on frames 5, 9. 13, and 17. 

- Utilization of Equipment & Crews - The timelines in Figure 12-63 depict the 

use of equipment and crews for construction of a typical 4 bay wide struc- 

tural r o w .  A s  in Figure 12-52 for the end frame, the use of soizr array 

cherry picker and related manpower i s  also included. In addition to beams 

3. 1, 5 and 6 that are  required for the er,d frame. beams I ,  2 and 9 are 

aiso required for the structural row. For the construction of the structural 

rws.  bcth 7.5 m mc' ile beam machines have a vepy high iltilization rate. 

Aside from the 5 minutes for aiming the beam machines and the 34 minures 

transfer time, the only idle tine sliuwn is the 15 minutes after transfer and 

before fabrication of the No. 9 be'tm for the second bay, by the upper 7.5 m 

beam machi.,t:. Conversely. the utilization of the beam installation cherry 

pickers i s  very low, especially the No. 2 cherry picker or1 the lower level 

(a; .,its also : we fur the assembly of the end frame in Flgure 12 -52).  The 

No. 2 che-rypicker is  or,, j used for 15 minutes to install each of the Nos. 1, 

2 and 4 beqms, or  a total of 180 minutes during the entire 2,626 minutes for 

the assembly of a structural row, which provldes a utilization rate of less 

than 8% Here again, if the upper level cherry pickers can traverse to the 

lower level, ttie No. 2 cherry picker on the hwer level can be elimiriated, 

as  w n  be seen by the dotted lines in Figare 12-63. 

The first oay 9perations begin with the fabrication ar?3 assemb!y of t.ie 

solar array lateral (beam No. 3) and end with the comyi?tion of the installa- 

tion of the solar arrays at T = v08 rnin. Although there i s  an overlapping 

of the fabrication of the so!ar array latera; beam for the second bay, begin- 

ning at T = 607, as shown by the dashed lines. the second bay would end with 

the completion of the installation of t l ~ e  solar arrays at T = 13:s miri. Like- 
*. 

wise, tne third bay would end at T = 1922 min. The i;lst~!1..;1011 of the solar 

arravs fcr t!~e fourth bay would be cornp!eted at 'r = 2529 min., but an 



i REF. SOLAR ARRAY INSTALLATION 

I 1ST BAY 

n 
7 

6 -------- --.-- 

5 
4 

n U-,J 
SIA CP's -1 

B E 4 M  MACHINE OPE RnTORS 

T 1 B A Y  TRAVEL TIME 
I D L E  TIME 

-- 

lNST 
4 T H  BAY I 

BEAM MACHINE OPERATORS 

i 

Figure 12.63 Flriwtion & &cc)cr,:Jy Tlmrlim Itn:@urd Row) 



additional No. 6 and No. 9 beam are required to complete the fourth bay, as 

shown by sotid lines at the right of the timelines. The entire four-bay r o w  

is completed at T = 2626 minutes. 

Secure for  Indexing Operations (3.1.1.8) - A f t e r  completing the first struc- 

tural assembly pass the 4 bay wide energy conversion module must be sup- 

ported for indexing and construction equipment must be removed and stowed. 

Construction base indexers are used to transfer the energy conversion module 

to its proper location for the second construction pass. In the normal sequence 

of assembly operations 2 indexers are attached to the bottom of each structural 

frame when built and the indexers attached to the preceding frame are re- 

moved. The attached indexers provide support during the longitudinal beam 

fabrication and the assembly operations for the next structural row. Figure 

12-64 shows those indexer operations for the 16th structural row and the se- 

quence of operations performed in preparation for indexing. 

A s  shown in Figure 12-65, one indexer is attached to the 17th frame, but 

contrary to the usual procedure the indexers on the preceding frame are not 

removed. When all other construction operations (sclar array and bus installa- 

tion. thruster attachment, etc .) are completed and verified for the last struc- 

tural row each longitudinal beam is severed close to the last frame, a s  illus- 

trated in Figure 12-66. Severing each beam close to the last frame instead of 

nea? the beam machine minimizes lateral index clearance requirements and re- 

duces the initial beam fabrication operation for the second pass. 

After the longitudinal beams are severed, the attached indexers are syn- 

chronized in preparation for longitudinal indexing to provide clearance between 

the ends of the severed beams. While the indexers are being synchronized, 

two outer longitudinal beam machines are rele~sed from synchronized opera- 

tions, s h ~ t  down, and stowed out of the way since they are not used during 

second pass operations. Then they are removed from their norma! operating 

locations to provide clearance for the indexing operations. After tiie indexer 

synchronization is completed, the 4 x 16 bay module is indexed longitudinally 

and other constr~ction equipment is shut down anc! removed to secure locations 

for the duration of the indexing operations. 
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3.2.2 Install Solar Array Blanket Strings 

Figure 12-67 illustrates the generic Eequence used for the assembly of the solar 

array blanket strings for the energy conversion system of the SPS and their integra- 

tion into the structural framework and the pc:ver distribution network. 

3.2.2.1 Solar Array Blanket Installation Requirements - The solar energy collectors 

for the 5 GW Solar Power Satellite are glass-encapsulated single-crystal silicon cells, 

mounted in 3 14 cell by 16 cell matrix to form the 1.059m by 1.069 m solar array panels. 

These panels are joined together to form solar array blankets, 14 panels ( 14.9111) wide 

and 611 panels (656m) long with catenary cables on each end for attachment to the 

12.7m lateral beams of the energy conversion system structure. The 611 panels of each 

of the 1 4  separate strips of the solar array blanket are electrically interconnected but 

isolated from the adjacent strip. Each end of the 14 strips is connected to a No. 12 

aluminum w i r e  and the 14  wi res  at the ends of the blanket are intertwined to form pig- 

tails for electrical interface with other blankets or with acquisition buses. 

The solar array blankets are manufactured on earth, folded like an accordion, 

packaged in blanket containers and installed ir 22-blanket container magazines for 

transportation to GEO and subsequent installation on the Solar Power Satellite. 

A s  shown in Figure 12-68, 44 blankets are installed within each bay of the energy 

conversion system and each blanket is preloaded to 61.5 N.  The blankets are connect- 

ed in series by interbay jumpers to form 4-blanket strings, mounted between the first 

and fifcii upper lateral beams of every 4 rows. Pairs of 4-blanket strings are connect- 

ed in series by jumper buses on the 1st , Sth, 9th and 1'3th frames to form &blanket 

strings, which are connected to positive and negzitive acquisition buses on the 5th, 

9th, 13th, and 17th frames. 

3.2.2.2 Solar Array , tatallation Approach - The end builder concept utilizes a two 

phase qerations approach, whick couples solar array blanket installation operations 

t 
to related op-rations for the assembly of the energy conversion system structure. A s  

shown in step 1 of Figure 12-69, while the structure is stationary and the latera! beam 

segments are being fabricated and installed, the solar array blanket containers are be- 

ing mounted on the proximal anchors and the distal catenaries of the blankets are be- 

ing attached to the N-th 12.7m upper lateral beam. In step 2 ,  while the continuous 

longitudinal beams are being fabricated and the structure is being indexed outward, 

the solar array blankets are being deployed. When the longitudinal bean1 fabrication 

stops and the structure is again stationary in step 3, the proximal catenaries of the  
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solar array blankets are removed from the anchor and attached to the N+lst lateral 

support beam. 

The operations required for mounting the blanket containers and dttaching the 

catenaries are performed by two cherry pickers. Figure 12-70 depicts the initial oper- 

ations for deploying the solar array blanket from the proximal anchor on level H of the 

construction base. Or 14.9111 wide blanket is shown deployed from level H and at- 

tached to the upper lateral beam of the sate:lite atructtlre. Two carriage mounted, 

mobile cherry pickers are also shown begirining :o deplny the next solar array blanket. 

The cherry pickers, located at each end of the blanket, have removed a blanket con- 

tainer from the supply cart and attached it to the distal anchor posts, Viorking in uni- 

son, they remove the distal end of the blanket from the blanket container, deploy the 

array down to the 12.7111 beam and attach the catenary and electrical leads. Both 

cherry ~ i c k e r s  will then move 15m laterally and repeat the operations for the next blan- 

ket. 

In the dispensor box, panel segments are held in folded pairs by thin tapes from 

end of the box to the other. The tapes, with a calibrated bree.king strength, help 

rediiec panel spillage. However. as construction proceeds, tension loads in the de- 

ployed por-:.ion of the pailel increases until the load reaches the breaking poirt of the 

tape and a folded pair fzf panel segments is released relieving the load. This repeated 

cycle causes pcriodic variations in panel tension. If p l a~ned  or emergency factors re- 

lu izc  constriiction shutdown, braking loads may be sufficient to cause spillage of the 

stowed panel even with restraining tape. Future studies should investigate alternative 

dispe~lsiilg coilceyts , for ex,sple, reei or drum mounted panels which could be con- 

trolled i~siilg established methods of braking etc. 

The present 12.7m lateral beam design was sized for an earlier solar array degloy- 

nl~ilt concept, which was not coupled to the fabrication or continuous longitudinal beams. 

Eacl. beam was allowed to rotate about its nodal end fitting to relieve solar blf.nket pre- 

load bending. 'The r o t ~ t i n g  beam concept is not compatible with the enu builder coupled 

solar arraylstructure depl3ymai1t operations, since i~ makes solar array blsnket tension- 

ing very difficult. It is also nut compatible with the installation of solar array mailiten- 

ance track, particularly with respect L O  the lateral end members and the numerous track 

cross-over connecti,,ns:. It is recommended that further study be devoted to alternate 

beam design coi,cept: with different end fixities. 



A description of the quence of operations requiEed to?: installing the solar m a y  

blankets on the energy amversion system structure ruad for assembling the blanket 

strings, which interface electrically with the power distribution system, is provided 

in Subsection 3.2.2.3. Fmm the data thereiti, the time x q W d  for installing one blan- 

ket on the end frame, frames 2 through 16 and the 17th fklrme has been calcillated, as 
shown in Table 12-13. Since 4 1  blankets are required in each structural bay and 

ther J are two solar array installation teams, each team must install 22 blankets per 

bay The time required for installing the 22 blanlrers per bay (with 1 minute travel 
tin; between blankets) is also shown in the tabk. 

& 

3.2.2 3 Solar Array Blanket String Assembly Sequence - The assembly flow in 
Figure 12-67 includes the preparation of the solar array blanket i.?staIlation equip- 

ment (Block 3-1.2-1) , the installation and deployment of Phe solar array blankets 

(Blocks 3.1.2.2 thmugh 3.1.2.5). and the connection of the solar array blanket 

strings to the acquisition bus (Block 3.1.2.6). The final operation is. to secure the 

s0ia.r array installation equipment in preparation for index operations (Block 3.1.2.7). 
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In performing the solar array blanket installation operations. 2 cherry pickers 
and an unmanned supply cart operate together as an installation team. Two installa- 
tion teams operating simultaaewsly install the 44 solar army blankets in each of the 

4 bays of any row of the energy conversion system structure. Each team instolls 22 

blankcts in its own zone of responsibility, which consists of one-half of the 6 6 b  bay 

width. 
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ATTACH DISTAL CONTAINER 

TOTAL 

FRAME 17 

ATTACH PROXIMAL CATENARY 

REMOVE BLANKET CONTAINER 

TOTAL 

22 BLANKETS + 21 MINUTES FOR TRAVEL 

1775-114W 

W E T  

4 

7 

- 
11 

9 

4 

4 

7 

24 

9 

4 

- 
13 

lmEIYH*ms) 
M Y  

- 
2S3 

549 

- 
307 



Prepare -ar Array Blanket Installation Equipment (3.1.2.1) - The p m n -  

stmction functions performed in preparation for the installatior, of the solar 

array blankets is described in deiail in Table 12-14. Preconstruction opera- 

tions begin with the verification of the adlability and readiness of the cherry 

pickers and supply carts to prrvide two installation units. Next, the cherry 

pickers are manned in accordance with standard Manned Remote Work Station 

crew transfer operations. After the supply carts have each on-loaded a 

blanket container magazine of 22 blankets, each installation unit promecis to 

its installation zone, removes the front panels from the containers and per- 

. forms a continuity check on the blankets- 

These operations are scheduled conclrrrent with the fabrication of the 12.7111 

upper lateral beam, so as to be ready for blanket installation as soon as tire 

beam is installed. 

Mount Solar Array Blanket Containers on Anchors ( 3.1.2.2) - The sequenc- 

of operations required for mounting the solar array blanket containers on the 

proximal anchors is described in Table 12-15. A s  a prerequisite to the an- 

choring of the containers, in addition to the Block 3.1.2.1 o?erations, it will 

be necessary to remove arid stow any empty blanket containers that awe on the 

anchors. 

Anchoring the containers on the base begins with one cherry picker at each 

end of the container, operating independently to remove the container fmm 

the supply cart. Then one of the cherry pickers is slaved to allow coordinated 

control of the transfer of the container to the anchor. When the container 

is properly positioned on the anchor, each of the cherry pickers indepen- 

dently secures its end of the container. 

At the beginning of the end-frame operations, the anchors will be empty. 

1 However, for frames 2 thrmgh 16 it will be necessary to remove and stow 

empty containers first. Those operations are also defined at the bottom of 

Table 12-15. 

a Attach Blanket Distal End ( 3.1.2.3) - The sequence of operations involved in -- 
the attachment of the distal end of the solar array blankets is gi*.rer. in Table 

12-16. A s  a prerequisite, in addition to the Block 3.1.2.2 operations, it is 

necessary that the 12.71~1 lateral beam be installed. The attachment operations 

begin with one cherry picker at each end of the blanket grasping the snap 



TABLE 12-14 WIEPARE S/A BLANKET INSTALLATlOlY EM)- (31.211 

OlfnAnoNs 

VERIFY EQUIPMENT AVAmlABlLlTY 

4 CHERRY PtCKERS 
2 SUPPLY CARTS 

VERIFY EQUIPMENT READINESS 

PRE-OERATION UAINTENANCE 
CHECK POWER SUPPLY 
C. 0. LIFE SUPPORT SYSTEM 
C. 0. EQUIPMENT SUBSYSTEMS 

MAN CHERRY PICKERS 

CREW TRANSFER OPERATION 
ACTIVATE & C 0. COW. SfS. 
ACTIVATE & C. 0. OTHER SU6SYS. 

- 

TIN€ 
(WWUTESJ 

TBO 

TBD 

5 
2 

10 

I 

FEIURIS 

2 INSTALLATION W I T S  

] CHERRY PICKERS ONLY 

STANOARO MRWS OPERATION 

SEE TABLE 12-5 

22 BLANKET CONTAINERS/CART 

@SOMPM 

I LaADSUPPLY CART I TBO 

TRAVEL TO LOADING AREA 
ON-LOAD BLANKET CONTAINERS 
SECURE CONTAINERS 

POSITION EQUIPMENT 

TRAVEL TO INSTALLATION ZONE 
ALIGN WITH PROXIMAL ANCHOR 

PREPARE BLANKETS FOR INSTALLATION 

REMOVE FRONT PANEL 
PERFORM CONTINUITY CHECK 

1775-1151111 

TBD 

TED 



w 

O P E R A l l M  

MEREQUtSITE OPERATIONS 

BLOQ( 3.1.2.1 OPERATIONS 
R E m V E  OLD CONTAINERS 

ACOUIRE CONTAINER 

SWING URWS TO END OF CONTAINER 
GRAS? CONTAINER 
RELEASE CONTAINER FROM CART 

TRANSFER CONTAINER TO ANCHOR 

SLAVE NO. 2 CHERRh PICKER 
SWING CONTAINER TO ANCHOR 
ALIGN CONTAINER WITH ANCHOR 

ATTACH CONTAINER TO A"CHOR 

20SITION CONTAINER ON ANCHOR 
RELEASE NO 2 CHERRY PICKER CONTROL 
SECURE CONTAINEQ ON ANCHOR 
RELEASE CONTAiNER FR9M CPS 

4 

J .' 
4 

J 
J 
v' 
d 

4 
J 
J 

\' 
c/ 

FRAMES 2-16 

LATERALLY 

LCNGITUDINALLY 

4 

1 

1 

2 

4 

TOTAL 

RFMOVi & STOW EMPTY CONTAINER 

WING MRWS TO END OF CONTAINER 
GRASP CONTAINER 
RELEASE CONTAINER FROM ANCHOR 1 
SWING CONTAINER TO CART I ALIGN CONTAINER  WIT^ TIEDOWNS 
POSITION CONTAINER WITH TIEDOWNS ( 
SECURE CONTAINER ON CART 
RELEASE CONTAINER FROM C h  ) 

DEFINED BELOW 

LATER4LLY 

LONGITUDINALLY 

NIA 

I 
1 

v' 
V~ 
d 

J 
J 

TOTAL 

1775-1 16W 

J 

4 

\/ 

1 

2 

J 

v' 

J 



TABU 12-16. ATTAMl BLAWKLT DISTAL END (31.2.3) 

WERAnOlYS 

PREREO'JISITE OPERATIONS NIA 

BLOCK 3.1 .I .2 OPS PEAFDRMED 
12.7 M LATERAL BEAM INSTALLED 

ACQUIRE DISTAL CATENARY 4 \i 2 

GRASP CATENARY SNAP RINGS 
RELEASE CATENARY FROM CONTAINER v' 4 

D TRANSPORT CATENARY TO BEAM 

SLAVE NO. 2 CHERRY PICKER 

\' 

I w 

I 
WING CATENARY TO BEAM 
RELEASE NO. 2 ChERRY PICKER CONTROL 

ATTACH CATEhARY TO BEAM 

ATTACH SNAP RING TO BEAM 
FIELEASE SNAP RING FROM MRiiS 

r ATTACH ELECTRICAL LEAD 

CONNECT PIGTAIL 
PERFORM CONTINUITY CHECK 

TOTAL 
1775-117W * 

\I 
\/ 

1 

v' 

G 

w' 

u' 

J 

J 

,,; 

4 

3 

7 

TO INTERBAY 

JUMPER OR 
AMPER BUS 

- 

1 

ZOMDOWN 



ring of the distal catenary and releasing the catenary from its tiedown on 

the blanket mntdner. Then one of the cherry pickers is slaved to allow a 

coordinated transfer of the catenary to the 12.7111 lateral beam be installed. 

The attachment operations begin with one cherry picker at each end of the 

blanket grasping the snap ring of the distal catenary and releasing the cate- 

nary f rom its tiedown on the blanket container. Then one of the cherry 

pickers is slaved to allow a coordin&~ted transfer of the catenary to the 12.7m 

lateral beam. The cherry pickers will  independently attach the snap rings to 

the beam and then one of the cherry pickers will connect the electrical pigtail 

to the interbay jumper or jumper bus, as required. 

Monitor Solar Array Deployment (3.1.2.4) - After both solar array installa- 

tion teams have attached the distal ends of 22 blankets on the 12.7m lateral 

support beams in a l l  4 bays of any structural row of the Energy Conversion 

System in Block 3.1.2.3, solar array installation operations halt while the 10 

synchronized longitudinal beam machines fabricate another 672.7m of the 

longitudinal beams , in accordance with Block 3.1.1.5 operations. During 

those fabrication operations, the longitudinal indexing of the structure 

causes the deployment of the attached solar array blankets. That blanket 

deployment must be constantly monitored to detect potentially hazardous con- 

ditions, such as excessive meandering of the blankets or excessive blanket 

tension. In the event such hazards occur, the blanket deployment rate will 

automatically be decreased, even to a complete stop if necessary, to prevent 

blanket damage, as shown in Table 12-17. 

TABLE 12-17. MONITOR WA DEPLOVMENT (3.1.241 

OPERATI- 

PREREQUISITE OPERATION 

BLANKET DISTAL ENDS ATTACHED 
SIA BLOCKETS BEING DEPLOYED 

WATCH FOR LATERAL DRIFT 

OBSERVE POINTS ON FAR LATERAL BEAM 
DETECT BLANKET MEANDERING 
DECREASE BEAM FAB RATE 
STOP FAB IF NECESSARY 

CONTROL TENSION ON BLANKETS 

MONITOR TENSION GAIJGES 
DECREASE BEAM FAB RATE 

1775 - l18W 

REMARKS 

BLOCK 3.1.2.3 
CONTROLLED BY LONG. BEAM FAB. 

AUTOMATIC CONTROL LOOP 

IF MEANDERING IS BEYOND TBD VALUE 

AUTOMATIC CONTROL LOOP 

IF TENSION IS BEYOND TBD VALUE 

-I 



Attach Blanket Proximal End (3.1.2.51 - After the solar array blankets have 

been fully deployed and the 12.7m beams for the next structural row have 

been attached, the proximal ends of the S /A blankets will be attached, as 

described in Table 12-18. Acting independently, each cherry picker grasps 

a catenary snap ring and then releases the catenary from the blanket con- 

tainer. Then one of the cherry pickers is slaved to allow coordinated control 

of the transfer of the proximal catenary to the 12.7m beam, where the snap 

rings are attached and the blanket is tensioned to the required value. Final- 

ly, one cherry picker connects the pigtail to the interbay jumper, or  acqui- 

sition bus, as required. 

Connect S /A Strings to Acquisition Bises ( 3.1.2.6) - Figure 12-68 shows the 

mechanical interface between the solar array blankets and the energy con- 

version system structure and the electrical interface with the power distribu- 

tion system. Mechanically, the installation of all solar array blankets is the 

same and 44 blankets are deployed in each structural bay. Electrically, the 

connection of the blankets varies, depending on what the pigtails connect to. 

On the end frame, the pigtails all connect to jumper buses. On frames 5, 9 

and 13, proximal catenary pigtaiIs are attached to acquisition buses and distal 

catenary pigtails are attached to jumper buses. On the 17th frame, the pig- 

tails connect to acquisition buses. For all other frames, the distal and proxi- 

mal pigtails are connected by means of interbay jumpers. These jumpers and 

buses are all installed on the 12.7m lateral beams during beam fabrication and 

are ready for pigtail connection as smn as the beams are installed. 

Using jumper buses on frames 1, 5, 9 and 13 permits 8-blanket strings to 

be connected across each 4-row section. Row 1 operations install 2 blankets 

that are connected via the jumper bus. Row 2 operations add 2 more blankets 

that are connected to the previous 2 via interbay jumpers, thus lengthening 

the string to 4 blankets. Row 3 operations are identical to Row 2 and length- 

en the string to 6 blankets. The distal pigtails of the two blankets installed 

in Row 4 operations are connected via interbay jumpers to the blanket string, 

lengthening it to eight blankets end the proximal pigtails are connected to 

the acquisition buses. (Although not essential to the solar array blanket in- 

stallation operations, the acquisition buses lead into latera! feeder buses 

which in turn lead into the main bus. ) 



180-25461-3 

TABLE lala ATTACH BlANKET PROXIMAL EN0 (3.1.26) 

OCERAliaWS REMARKS 

PREREQUISITE OPERATIONS N/A 

SIA BLANKET FULLY DEPLOYED DURING LONG BEAM FA8 
12.7 M LATERAL BEAM ATTACHED BLOCK 3.1.1.4 

ACOUIRE BLANKET 2 

SWING MRWS TO END OF ANCHOR d 
$ 4  

5 M LATERALLY 
GRASP CATENARY SNAP RlNG 
RELEASE CATENARY FROM CONTAINER J d 

TRANSPORT CATENARY TO BEAM 1 

SLAVE NO. 2 CHERRY PICKER J 4 
SWING CATENARY TO BEAM 4 4 20 m 00WN 
RELEASE NO. 2 CHERRY PICKER 4 

CONTROL 
d 

ATTACH CATENARY TO @€AM 1 

ATTACH SNAP RINGS TO BEAM 4 d 

4 
RELEASE SNAP RING FROM MAWS d d 

TENSION CATENARY d V' 2 TO TBD VALUE 

ATTACH ELECTRICAL LEAD 3 TO INT ERBAY JUMPER 

CONNECT PIGTAIL 
v/  OR ACQUISITION BUS 

PERFORM CONTINU:TY CHECK d 

TOTAL 9 

1775-119W 
L 

1 
Secure for Index Operations ( 3.1.2.7) - After  the full 4 bay wide, 16 r o w  

long, 1st pass Energy Conversion System module i s  completely assembled, tne 

construction base i s  indexed to i t s  proper location for initiating second pass 

operations. In preparation for the index operations, a l l  construction opera- 

tions stop and the construction equipment, such the  solar array cherry 

pickers and supply carts, are removed to a secure area to prevent inter-  

ference w i t h  the index operations. 



3.2,3 Install Power Distribution Network 

The generic sequence of operations for the assembly of the ensrgy conversion 

system power distribution network is shown in Figure 12-71. 

3.2.3.1 Power Oistribution Y etwork Inst allation Requirements - The power distribu- 

tion network is comprised of the main and feeder buses shown in Figure 12-72 and 

their interface with the power cmilection system together with the associated mainte- 

nance track system, shown in Figure 12-73. 

The main and feeder buses are supported next to the satellite vertical beams be- 

neath 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 of the bus array above that of the satellite. 

The acquisition and jumper buses are attached to opposite sides of the lateral 

beams just below :he cap members. The switch gear assemblies are supported on plat- 

forms attached to ?he lower cap member and braced with additional members from the 

upper cap members. Connections are made from the acquisition bus to the switch gear. 

Installation of the switch gear assemblies takes place after the beam is completed. 

The mmntenance concept shown provides a separate maintenance track beam under- 

neath thr solar arrays which parallels the main and feeder bus locations. This track 

proviCes a working base for bus maintenance equipment to travel upon. The require- 

meni for a dedicated maintenance track can be satisfied by expanding upon the up- 

d.ited beam builder substation concept which installs solar array maintenance track 

during the beam fabrication process. 

3.2.3.2 Power Distribution Network Installation Approach - Bus deployment operdions 

are coupled to related operations for the assembly of the energy conversion system 

structure. The main bus is deployed, while the continuous longitudinal beams are be- 

ing fabricated for rows 5 through 16. The feeder buses are deployed while the struc- 

ture is stationary and the lateral, vertical and diagonal beam segments are being fabri- 

cated and installed for rows 4 ,  8, 12 and 16. 

Both main and feeder power buses are supported by non-metallic cables attached 

to outrigger structure on the vertical beams, as shown in Figure 12-74. Placement of 

the cable attach points on the outriggers is planned to support the bus arrays in a 

plane parallel to the vertical beams at a point low enough to avoid interference with 

any overhead horizontal or diagonal structural members. The bus support cables are 

attached to strongbacks on the bus array, which serve to distribute the support cable 
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tension loads across the bus array so that all the component bus strips share the ten- 

sion load equally. The main and feeder buses also have stiffener members across the 

bus strips that maintain the correct bus to bus separation, but do not provide struc- 

tural support. 

The feeder bus strips are supported so that an individual strip is aligned at the 

same level as the corresponding strip in the main bus to which i t  is connected. A s  a 

'esult, the feeder bus arrays on one side of tr e main bus will have a different suppart 

pxne t ry  from that of the feeder bus array on '.he opposite side of the main bus. ,4n 

examination of feeder bus electrical reqmrements indicates ? k t  not all bus strips me 

required for the entire length of the bus array; but for structural support, each bus 

strip must be continuous from one strongback to the ilext, regardless of whether or 

not it is required for electrical purposes. It may also prove necessary to increase bus 

strip width in some ins t a~ces  to carry the applied tensioq loads between strongbacks. 

In the case of the feeder buses, where relatively few bus strips are arranged at 

widely separated intervals, bus installations are shown with strongback support limited 

to groups of bus strips rather than extending across the entire array. This approach 

simplifies strongback handling and fabricatio~l and is more structurally efficient. Addi- 

tional outrigger supports are required to support the resulting configuration. On the 

side of the vertical support beam furthest from the main bus, this poses no problem as 

access to the beam is unrestricted. However, feeder bus access to the main bus side 

of the vertical member is obstructed by the main bus. In this case, access to support 

is provided by tension links passing from the vertical member through the m ~ i n  bus ar- 

ray in the space normally provided between bus strips. If the one-half meter space 

planned prover inadequate for this requirement: a larger space can be plarined into the 

bus array as needed with negligible impact on the design. Support cables run from 

the tension link to the feeder bus strongback. 

3 . 2 . 2 . 3  Power Distribution Network Assembly Flow - A s  shown in Figure 12-71, the - 
asse - 'ily of the power distr;.bution network begins with the preparation of the instal- 

laticn equipment in Block 3.1.3. l. The two phase coupled assembly approach used 

for tne end builder concept requires that the acquisition and feeder buses and the 

switch gear be installed on the structure in Blocks 3.1 .3 .2  through 3.1 .3 .4  and be 

electricaliy connected to the solar array strings, while the lateral and diagonal struc- 

tural beam segrne:~ts 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 fabri- 

cated (Block 3 . 1 . 1 . 5 ) .  The final operaticin is to secure the bus installation equipment 

fc, the indexing o~zrat ions ir. Siock 3.1.3.6. 



Prepare Bus Installation Equipment (3.1.3.1) - The preconstruction functions 

perfornied in preparation for the insta1:ation of the power distribution network 

are described in detail in Table 12-19. This sequence of operations begins with 

the verification of the availability and readiness of the construrltion equipment 

and supplies. Then the bus dispensing station is loaded and the switch gear 

assemblies are placed on the transporter. Prior to the completion of the instal- 

lation of the first vertical bem of the 5th frame of the structure, the bus dis- 

penser and cherrypickers are manned and positioned for deploying feeder bus. 

Install Feeder Bus (3.1.3.2) - Figure 12-72 shows a typical set of 4 feeder 
f 

buses (two positive and two negative) installed on structural frames 5 .  9, 13 

or 17 to transmit electrical power from the acquisi:ion buses to the main bus. 

There is an increase in the size of the feeder ' dses at six places across each 

of the 4 bays to compensate for the electrical power increase from the 24 ac- 

quisition buses. These feeder buses are automatically deployed by the mobile 

beam dispensing station and stabilized by support cables attached to the ver- 

tical beam olltriggers, as described in Table 12-20. 

The feeder bus installation sequence begins with the bus dispensing station 

located a short distance to the side of the position at which the vertical beam 

for the centerline of the SPS structure is to be i;~stalled. While the vertical 

beam is being installed, the bus dispensing station fabricates a strongback 

and attaches it to the bas. After the vertical beam is installed, the strong- 

back is connected by cables to the vertical beam outrigger. Then the bus dis- 

pensing station proceed3 laterally away from the SPS centerline, while deploy- 

ing the cables under tension. During subsequent bus deployment, stiffeners 

are fabricated and attached to the buses as required. Upon approaching the 

vertical beam at the end of the first bay, a second strongback is fabricated 

and attached to the buses. Then support cables are attached to the ends of 

I the strongback and dispensed in parallel with the bus deployment, as the bus 

diepensing station continues i ts  lateral travel. Wk ?n the bus dispensing station 

reaches the vertical beam, the support cables are attached to the outrigger and 

tensioned, thus adjusting the tension on the buses. Cable/bus deployment con- 

tinues as before. Shortly thereafter, another strongback is fabricated and at- 

tached to the buses. Then the bus dispensing station reverses direction, thus 

causing the buses to buckle and form the feeder bus flex-loop as described in 



TABLE 12-19. PREPARE BUS DEPLOYEM (3.1.3.11 

OPERATIOS 

r VERIFY EQUIPMENT AVAILABILITY 
BUS DEPLOYER 
2 CHERRY PICKEF;S 
1 TRANSPORTER 

VERIFY EQUIPVENT READINESS 
PRE-OPERATICN kcAlNTENANCE 
CHECK POWER SUPPLY 
C. 0. LIFE SUPPORT SYSTEM 
C. 0. EQUIP. SUBSYSTEM 

r VERIFY CONST. MATERIAL AVAILABILITY 
BUS 
STANDOFFS 
STlF FENERS 
CABLE REELS 
SWITCH GEAR 
CUT OFF WITCHES 
BRACES 
INTERCONNECT CABLES 

r LOAD EQUIWENT 
BUS DISPENSING STATION 
TRANSPORTER 

r MAN CHERRY PICKERS 
CHEW TRANSFER OPERATION 
ACTIVATE 6 C. 0. COMM SYS 
ACTIVATE & C. 0. OTHER SUBSYS 

POSITION EQUIPMENT 

1775-129W 

NME 
MINUTES 

TBD 

I'BD 

TBD 

TBD 

17 
5 
2 
10 

REYARNS 

CHERRY PICKERS 

I BUS DISPENSER 

I TRANSWRTER 

AS ABOVE 

STANDARD MRWS OPERATION 
SEE TABLE 12-5 

M A R  CENTERLINE OF SPS 



TABLE 12-20. DEPLOY & lNsTALL FEED€R BUS (3.1.3.2) 

OPE RAT- 

PREREQUISITE OPERATIONS 
BLOCK 3.1.3.1 OPERATIONS 
VER rlCAL BEAM INSTALLED 

INITIATE BUS DEPLOYMENT 
FAB STRONGBACK 
ATTACH STRONGBACK TO BUSES 
ATTACH CABLES TO STRONGBACK 
ATTACH CABLES 1 O OUTRIGGER 
SEVER CABLES FROM REELS 
TENSION CABLES 

DISPENSE BUS W/SflFFENERS 
DEPLOY BUSES UNDER TENSION 
MONITOR BUS DEPLOYMENT 
FAB STlFFENEf?S 
ATTACH STIFFENERS TO BUSES 

ATTACH TO OUTRIGGER 

FA8 STRONGBACK 
AT 1 ACH STRONGBACK TO BUSES 
ATTACH CABLE TO STRONGBACK 
CONTINUE DEPLOYMENT 
ATTACH CABLES TO OUTRIGGER 
ADJUST TENSION ON CABLES 

FORM FLEX LOOP 
FAB STRONGBACK 

ATTACH STRONGBACK TO BUSES 
BACK-UP DISPENSING STATION 
FORM FLEX LOOP 
ATTACH CABLES TO STRONGBACK 
SEVER CABLES FROM REELS 
TENSION CABLES 

DISPENSE BAY 2 6 3 BUSES 
DISPENSE BUS W/STlFFENERS 
ATTACH TO OUTRIGGER 
FORM FLEX LOOP 

DISPENSE BAY 4 BUSES 
DISPERSE B1JS WISTIFFENERS 
FA0 STRONGBACK 
ATTACH CABLES TO STROKGBACK 
SEVER 9USES FROM REELS 
DEPLOY CABLES 
ATTACH CABLES TO CUTRIGGER 
TENSION CABLES 
SEVER CABLES FRCM REELS 

PREPARE FOR MAIN BUS INSTALLATION 

RENARKS 

BLOCK 3.1.1.7 OPERATION 

DURING VERTICAL BEAM 
INSTALLATION 

BY LATERAL MOVEMENT OF 
DISPENSING STATION 

AFTER NEXT VERTICAL BEAM 
INSTALLED 

END OF 1ST BAY OPERATIONS 

WHILE CONTINUING BUS 
DEPLOYMENT 

TAKE UP SLACK I N  CABLES 

I AS ABOVE 

AS ABOVE 
WHILE DEPLOYING BUS 

I 

AUTO 

J 
J 
J 

J 

J 
J 
d 
J 

J 

J 

J 

J 

d 
J 

J 
J 
J 
d 
J 

I 

C. P. 

J 

d 

J 
d 

J 

4 

3 



Figure 12-75. When the flex-loop is properly shaped, the support cables are 

attached to the strongback and tensioned to retab1 the shape of the flex-loop. 

Then the process is repeated for the other three bays of the frame, except 

that no flex-loop is required at the end of the 4th bay. 

Install Acquisition Bus (3.1.3.3) - Present indications are that the acqdsion - 
buses w~ll be automatically installed on the 12.7m lateral beams during beam 

fabrication. 

Install Switch Gear & Connect Buses (3.1.3.4) - The switchgear assembly can 

either be assembled at a remote location on the construction base or at the in- 

stallation sites. Either aption will require two cherrypickers for installating 

it. The on-site assembly sequences is defined in Table 12-21. For this se- 

quence all elements of the switchgear assembly are loaded onto a transporter 

and deliwred to the installation location. The braces come in pairs with a 

hinged joint. Each pair has an electrical interconnect csble zttached to it. 

The installation sequence begins with the cherrypickers installing the switch- 

gear and disconnect switches to a platform, while i t  is still on the cart. The 

platform is then transported to the apex of the lateral beam and held. in place 

by one cherrypicker while the other cherrypicker positions the braces for 

instal!ation. The switch gearlacquision bus i1;terconnect cable which is at- 

tached to one brace, is ther? installed. The switch gearlfeeder bus intercon- 

nect cable on one of the other braces is released from the brace and installed 

in place. Then the assembly installation is inspected. 

Install Main Bus & Connect Feeder Bus (3.1.3.5) - The main bus configuration 

is shown in Figure 12-72. It begins at the 5th structural frame and increases 

in width at each 4 row interval. Installation of the main bus occurs concurrent 

with the fabrication of the longitudinal beams during first pass construction. 

After installation of the feeder bus on the fifth structural frame, the bus 

dispensing station returns to the SPS centerline, reattaches to the faeder bus 

and deploys the main-to-feeder bus-flex loop before deploying the main bus. 

After completion of the flex-loop, the main bus will be installed for row 5 in 

accordance with the sequence of operations shown in Figure 12-75. Note that 

these operations, which are similar to the operations previously described in 

Table 12-20 for the feeder bus, are also used for the main bus except for rows 

8, 1 2 ,  fi 16. Tne inatallation of the bus for those rows is shown in Fig- .. 
ures 12-76 and 12-77. To allow for connection of the feeder bus on Frame 9, 
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13 8 17 the main bus is attached to anchors on the construction base, while the 

feeder bus is installed and then reconnected to continue main bus deployment. 

Secure for Index Operations ( 3.1.3.6) - The final power distribution network 

assembly operations for the construction of the first pass 4 bay wide, 16 bay 

long energy conversion system module are the nearly simultaneous installation 

of the switch gear for the last bay of the 17th frame and the connection of the 

feeder bus on the 17th frame to the main bus. After the final inspection of 

those connections and the checkout operations for the 1st pass energy conver- 

sion module, the bus dispensing station, switchgear transporter and cherry- 

pickers are removed to a secure location in preparation for the indexing opera- 

tions in Block 3.1.7. 

3.2.4 Install Attitude Control System 

Figure 12-78 shows the construction sequence for the SPS attitude control system 

and illustrates its interface with the fabrication and assembly sequence for the energy 

conversion system structure. It also provides a detailed assembly flow for the No. 1 

R Z S  unit, located on the first structural row. 

3.2.4.1 SPS Attitude Control Installation 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 main- 

tain proper attitude and orbit station keeping during the operational life of the satel- 

lite. A s  shown in Figure 12-79, this includes an ion thruster (with a chemical propul- 

sion backup system for control during equinoctal occultation or unexpected loss of 

electrical power) at each corner of the satellite. Each thruster is mounted on a 500m 

outrigger that is positioned as an extension of a 12.7m lateral beam of the energy con- 

version system structure. The outrigger i s  supported by a 686m short brace from the 

lower continuous longitudinal beam and an 824th long brace located in the plane of the 

upper surface of the structure. 

3.2.4.2 Attitude Control Thruster Assembly - Installation Approach - The braces, 

which support the attitude control thruster assembly, are all fabricated by the 7.5m 

gpper mobile beam machine. A s  shown in Figure 12-80, fabrication begins with the 

beam machine facing to the rear of the construction base and fabricating the 5OOm 

outrigger. Upon completion of fabrication, the outrigger is attached to the end frame 

hinge. Subsequent fabrication of 350m of the continuous longitudinal beams will cause 

the outrigger to be indexed forward the same distance. After fabrication of the 686m 
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short brace and its attachment to the end frame hinge and to the outrigger, the 

thruster assembly is installed on the rear 150m of the outrigger. After attaching 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 swlng of the out- 

rigger. The final step is to detach the long brace from the beam machine and attach 

it to the longitudinal beam. 

3.2.4.3 Typical Thruster Assembly Sequence - Figure 12-78 shows the sequence of 

operations required for the assembly of the RCS thrusters installed on the corners of 

the SPS energy conversion system. The sequence shown therein is identical for all 

four thrusters. This assembly sequence is described in detail i n  Table 12-22. The 

total assembly time shown therein is 2250 minutes (2.5 days). However, it should be 

noted that during 1345.4 minutes of that time, longitudinal beams are being fabricated 

in parallel with the RCS thruster installation operations, as shown previously in 

Figure 12-36. Thus, the impact on the energy conversion system timeline is only 

about 1 day. 

3.2.5 Other Subsystems 

The installation operations associated with the avionics, communications data pro- 

cessing, and other miscellaneous SPS energy conversion subsystems have not been 

analy zed. 

3.2.6 Inspection Operations - 
A s  previously indicated in Figure 12-31, the inspection function for the energy 

conversion system is performed concurrent with all other construction operations. In 

keeping with the overfll SPS quality assurance concept and the groundrules and as- 

sumptions specified in Subsection 3.1.3, the construction operations are inspected and 

verified when performed. Moreover, continuous operations, such as beam fabrication 

! solar array deployment and bus dispensing are performed under constant monitoring. 

This mode of operation is essential for end builder operations, since the structural 

rows are assembled on the GEO coilstruction base and then indexed beyond the con- 

struction facility, where they are no longer available for re-work operations, except 

by means of a free-flying work module. 
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3.3 POWER TRANSMISSION SYSTEM ASSEMBLY 

The SPS microwave power transmission system is constructed upon tile antenna 

construction platform shown in Figure 12-23 as a part of the construction base. The 

antenna construction approach is summarized below as defined by Boeing during the 

Phase 1 study effort (D180-25037-3). 

Figure 12-81 shows a side view looking into the antenna assembly facility. This 

picture illustrates the relative locations of the various construction equipment. Figure 

12-ti? illustrates the general construction sequence. The antenna is indexed through 

the facility one bay at a tine. When a full width of hays i s  completed, the antenna is 

indexed longitudinally out of the facility so that the next row of bays can be assembled. 

When the antenna is completed, it will be located at the proper position so that it can 

be mated to the yoke. 

The intsgrated antenna construction timeline is shown in Figure 12-83. 
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Construction of the antenna entails the following suboperations: primary frame 

assembly, power distribution system installation, phase contml system installation, 

subarray installation and f i l  test and checkout. These operations are described i r r  

the following subsections. 

3.3.1 Assembly Structure 

Figure 12-84 illustrates the configuration of the antenna primary structure. Fig- 

ure 12-85 illustrates the frame construction sequence, the beam machine and cherry- 

picker locations, and t ime  required. Figure 12-86 illustrates that both "tall" ant; 

"short" indexers are required during the frame assembly sequence. The beam elrd 

fittings and the battens are preassembled in the level K Subassembly Factory and are 

then delivered in sets or  magazines to the antenna co~struction facility. 

The antenna secondary structure is conceptually a preassembled deployable cubic 

structure . The structure is delivered as a collapsed and telescoped package. The 

construction task is to expand snd lock the structure into a 104 x 104 meter square 

platform that can then be placed upon mounting points on the antenna primary struc- 

ture. 

The collapsed secondary structure package is delivered to the antenna uepbyment 

platform shown in Figure 12-81. This platform is the most prominent assembly of 

equipment on the antenna construction facility. Many pieces of equipment operate on 

this platform as illustrated in Figure 12-87. The equipment platform is used to deploy 

the secondary structure, install phase control wiring, install power  distribution wiring, 

and to install subarrays. 

A f t e r  each secondary structure package arrives at the platform, it is then placed 

onto the secondary structure de-telesc-r machine mounted on one of the gantries. 

The phase cont 1-01 system installation cherr ypicker is employed to  anchcr one face of 

the secondary structure wtile the de-telesco,ter retracts to expand the structural 

package to i ts full 10m depth. A lanyard is then pulled which allows the secondsry 

structure to expand using spring-activated hinges on the structural struts.  When 

the secondary structure is fully expanded and self-locked into a rigid structure, the 

corners are attached to the secondary structure telescoping installation system. The 

structure is then ready to be wired. After the wiring is mmpleted and the primary 

structure correctly positioned, the secondary structure i s  raised into contact with 

the primary structure by the telescoping actuators. Cherrypickers then make t1.e 

necessary structural joints between the primary and secondary structures. 
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3.3.2 Install Power Bus 

After each bay of primary structure i s  completed, it is then time to install the 

power distribution system on the surface opposite th2 subarrays. The first step is to 

install bus support subassemblies which have been pwasserabled in the level K Sub- 

assembly Factory. A pair of 'cherrypickers are employed ( the same ones used to 

install the upper surface of the primary frame). A t  the nodal pints  of the primary 

structure, i t  is necessary to install a preassembled antenna switch gear subassembly. 

After the support structures and switchgear assemblies are installed, a bus deployment 

machine moves into place and deploys the necessary power bussing for the bay. 

It is necessary to install a power distribution wiring harness on the secondary 

stl-uctures. This harness goes onto the face of the secondary structure opposite 

where the subarrays will be installed. A gantry and cherrypicker has been incorpor- 

ated into the deployment platform for this purpose. 

After a secondary structure element h&s been installed onto the primary struc- 

ture,  it is necessary to run power cables between the antenna switch gear subassem- 

blies (on the primary structure) to the power distribution wiring harness on the sec- 

ondary structure. A 230m cherrypicker is employed for this operation. 

3.3.3 Install Phase Control 

After the secondary structure is deployed and attached to the instal!ation tele- 

=copes, it i s  necessary to install a phase control wiring harlless (perhaps a fiber optics 

harness) onto the face of the secondary structure adjacent to where the subarrays will 

be installed. A gantry and cherrypicker have been incorporated into the deployment 

platform for this purpose. 

The phase control interconnect operation between the subarrays and the harness 

installed on the secondary structure is accomplished as a part of subarray deployment. 

3.3.4 Install Subarravs 

Before subarrays are delivered to the deployment area, the pallet of subarrays 

are delivered to a subarray test area where each subarray will be tested for mechani- 

cal and electrical integrity, see Figure 12-88. The subarrays that require refurbish- 

ment would be taken to a nearby facility for repair. The tested subarrays are loaded 

onto a transporter for delivery to the deployment platform- 

Figure 12-89 shows how pallets of subarrays are transferred to and from the sub- 

array deployer using an elevator. The deployment machine traverses dong the gantry, 
' 
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stopping every 10.4 meters. The deployment machine mechanisms extract each sub- 

array panel from the pallet and raise it into position where the jackscrews can be at- 

tached to hardpoints on the secondary structure. The ~ u b a r r a y  is then leveled. The 

cherrypicker on the side of the deployer then makes the phase control and power dis- 

tribution pigtail connections to the respective harnesses previously installed onto the 

secondary structure. 

i 
3.4 SUBASSEMBLY FACTORIES 

Subassembly factories are included on GEO base levels "K" and "JW , as shown in 

Figure 12-90, in order to support the main assembly operations for the antenna and 

solar array collector, respectively. The antenna subassembly factory on level K ,  for 

example, is equipped with component storage racks, manned cherry pickers and vari- 

ous subassembly jigs. This factory preassembles beam end fittings, switch gear set ups 

and power bus support structures for the antenna and its rotary jointlyoke interface. 

The level J factory provides similar subassemblies which are tailored to be installed 

in the energy conversion system. The level J factory is also used to preassemble 

major components of the attitude control thrusters and mdjor elements of required 

satellite maintenance equipment (e . g. solar array blanket annealing gantries). 

3.5 INTERFACE ASSEMBLY & SYSTEMS MATING 

A breakdown of the assembly operations for the interface system and the mating 

operations for the assembled systems is shown in Figure 12-91. 

The assembly of the interface (Block 3.3) includes the parallel fabrication and as- 

sembly of the yoke and rotary joint in Blocks 3.3.1 and 3.3.2 and their subsequent 

integration by the Block 3.3.3 operations. The completed interface system is then 

mated to the power transmission system in Block 3.4.1 and t5 the energy conversion 

system in Blocks 3 .4 .2  through 3.4.4, which include the fabrication and assembly of 

the yoke support structure and the concurrent lateral indexing operations. 

3 . 5 . 1  Installation Requirements 

The interface system construction includes the antenra yoke, rotary joint and 

antenna support structure as shown in Figures 12-92 and 12-93. The antenna yoke and 

antenna support structure are assembled with the T.5m beams baselined for SPS pri- 

mary structure. The antenna support struts join to form a hexagonal interface that 

provide eight support points for the mechanical rotary joint circular beam. Tbe 

mechanical rotary joint is composed of two segmented circular ring beams, as shown in ; 

Figure 12-94. The circular ring beams are ass?mbled with precut 1 meter beam seg- 
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rlients. Roller ring driv3 assemblies provide the mechanical connection between each 

ring beam and a central electrical rotary joint complete the interface. 

3.5.2 Interface Assembly Approach 

The yokelrotary joint assembly facility is used to construct the satellite interface 

system and support the mating of assembled systems. The yokelrotary joint assembly 

facility is illustrated in Figure 12-95. This facility moves across the back of the solar 

collector assembly facility ; first to support parallel yoke Ianlenna %ssembly operations 

as shown in Figxres 12-96 and 12-97, and second to facilitate final systems mating as 

shown in Figure 12-98. 

Construction materials can be supplied to the yokelrotary joint assembly facility 

directly from the top of the construction base. Required materials can be moved down 

the face of the facility to the construction equipment operating on its  face. These 

operations are  described further below. 

Dedicated coastruction crews are not required for ihis facility operation since 

the interface assembly operations can be scheduled for periods when energy conversion 

and antenna assembly crews are idle. 

3.5.3 Yoke Rotary Joint Assembly -- 
The antenna support yoke assembly sequence is shown in Figures 12-99 and 12-100. 

The saw2 construction facility used for the rotary joint is used to fabricate and position 

the support yoke. The entire yoke is fabricated at the final installed level using tall 

indexers to support the completed sections during the fabrication process. The yoke 

structure is  fabricated using ?.5m beam builder sub-stations mounted on the face of 

the construction facility. The structure is composed of individual beam elements. The 

beam handling is accomplished using cherry pickers on the face of the construction 

faci!.:y and on the antenna construction levels as required. 

The first view in Figure 12-99 shows the indexer supports moving the completed 

portion of the yoke along diagonal tracks as the first diagonal leg nears completion. 

The construction facility is indexed to the left and supports the yoke end where fabrica- 

tion is in progress. 

The szcond view shows the support indexers moving laterally as the construction 

facility nioves to the right to position the completed yokc sections in their final location 

and fabrication of the main cross member proceeds. During this phase of fabrictitioil, 

the main cross member is suppoi3ted on the construction facility. 
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The final stages of yokelrotary pint construetian are shown in Figu-v 12-100. 

In the first v iew ,  the yoke is shown conrpletzd and positioned ready to receive 

the antenna. The construction facility was positioned to the left to complete fabricathn 

of the remaining yoke sections. 

In the second view the antenna and yoKe haw been mated and the yoke, supported 

entirely by the indexer supports has been separated fnmr the construction facility. The 
facility is now free to begin fabrication of the rotary joint. 

The second view in Figure 12-100 also shows the cor.;truction of the rotary joint 

to be well under way. Cherry picker crane material transporters are used to assemble 

the rotary pint as  they move along circular tracks on both sides of the cirmlar ring 

beam. Equipment working inside the ring is removed before the last ring segments 

are installed. When the mtary joint is assembled, the yokelrotary joint assembly fa- 

cility is in position to also attach the ratmy pint /yoke support struts. 

3.5.4 Final System Mating 

With the completion of both the antennalyokelmtary joint assembly and solar col- 

lector assembly the fmal 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 Figure 12- 101. Next 

the antenna assembly (antenna, yoke, rotary joint) is indexed to align with the col- 

lector, and the yoke facility is positioned. Two (2) mobile 7.5m beam builder sub- 

stations mounted on the yoke facility initiate the fabrication of the out-board support 

struts (5). These stations align the beam fabrication with the collector-pick up point 

areas where cherry pickers mounted on the collector facility wait to capture and attach 

the fabricated struts to the collector attach fittings. The yoke facility mobile cherry 

pickers perform this same operation in attaching the strut end to the rotary pint pick-up 

fitting. This procedure is repeated until all five outboard struts are installed. Next 

the base is re-indexed and the yoke facility is repositioned to fabricate and install the 

four center line struts. After the struts have been installed, the solar collector power 

buses are routed along and attached to these struts and final power bus hook-up is 

made between antenna and collector. With the power bus installation completed, the 

base and yoke facility are again relocated to align with the five (5) remaining strut 

pickups and the operations are repeated for the fabrication and installation of these 
antenna support struts. The remaining operations are those for final satellite check- 

out. 
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3.6 FINAL TEST k CHECKOUT 

Once the assembled systems are mated, the CEO Base  flight control system wili 

maneuver to expose the SPS solar arrays to full sunlight in the POP flight attitude. 

Final test and checkout will  be automatically performed on the major satellite systems 

(e. g. attitude control, dc power distribution, and RF phase control). A t  the conclu- 

sion of these tests. the base wi l l  be separated from the satellite and transferred to the 

next SPS construction site as depicted in Figure 12-102. Subsequent satellite power 

buildup operations will be eontrolled f r o m  the ground. 





4 - SATELIAITE MAINTENANCE OPERATIONS SUPPORT 

When SPS power transmission operations begin, the CEO construction base will 

also be used to  support sateUte maintenance operations, a s  previously described in 

Section 11. The GEO base serves as a repair depot for refurbishing defective SPS 

components . It also serves as a staging depot for the SPS mobile maintenance c r e w .  

Figure 12-103 shows the timeline for supporting both operations, when 20 satellites 

are  commissioned. 

Figure 12-104 illustrates the maintenance support requirements at  the CEO base 

for OTV operations, pallet loadingloff loading and storage operations, and satellite 

component refurbishment operations. Figure 12-105 shows how the OTV service and 

SPS component maintenance support functions a re  added to level J on the CEO base. 

In the OTV dockinglservice area (this is integral with the OTV operations area 

required to support the construction operations) , the POTV's are docked and the c r e w s  

transferred to their assigned habitat via a c r e w  bus. During the time between the 

maintenance visits to  the 20 SPS's, there wi l l  be four maintenance OTV's located in the 

OTV operations area. The vehicles include a crew module transporter OTV, a flying 

cherrypicker transporter OTV, and two component transporter OTV's. These vehicles 

and their payloads are  shown in Figure 12-105. Cherrypicker cranes located in the 

OTV Operations Area are used to stack payloads onto vehicles and to maintain the 

vehicles . 
In the pallet Loading /Offloading and Storage Operations Area, the replacement 

parts cargo pallets arriving from the EOTV cargo tug  handling area, the defective 

' components arriving from the OTV operations area, and the reconditioned components 

arriving from the refurbishment facilities are processed. Incoming goods are offloaded 

from pallets onto storage racks. These goods are  eventually loaded onto transporters 

to be taken to the refurbishment facilities. The reconditioned components coming back 

from the refurbishment facilities are offloaded onto storage racks. Eventually. these 

components are loaded onto cargo pallets. These pallets are delivered to the OTV 

operations area for loading onto OTV's which will deliver the goods to the satellites 

being visited by the traveling maintenance crew. 
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In the SPS maintenance support facility, the defective components are processed 

to recondition them for use. The major refurbishment operation is that associated with 

processitig 6612 klystron tube modules (KTMts) each month. The defective KTMts are 

offloaded from the cargo transporters and then each one is run through a fault isolation 

test to diagnose its problems. The KTM's pass through a refurbishment production 

line where they are torn down to the extent necessary to replace the defective compo- 

nents. After the KTM1s are repaired, each one is run through an active operational 

test to verify the fix. When they have passed inspection, the KTMVs are loaded onto a 

transporter to be returned to the storage area. Other miscellaneous components (e.g., 

switchgear, disconnect switches, power processors, etc . ) are reconditioned in a second 

module and then returned to storage. 

The number of personnel required for SPS maintenance and repair varies with the 

size of the oper3tional 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. When a 20 SPS fleet exists 83 people will be in- 

cluded in the mobile maintenance crew which operates from the GEO base. Another 300 

people are needed to perform year around supportiqg component repair operations at 

the base. For a 60 SPS fleet, this complement will grow to 249 people on mobile main- 

tenance and 900 people repairing equipment at the base. 



5 - EOTV MAINTENANCE SUPPORT 

A s  previously described in Section 10, EOTV support operation a t  the CEO base 

include conlmand t?nd control operations for : EOTV approach, station keeping, and 

departure ; EOTV cargo pallet handling and transfer ; and EOTV solar array maintenance. 

The EOTV operations time line at the CEO base is shown in Figure 12-106. The EOTV 

support systems and required support crew is defined in Figure 12-107. EOTV cargo 

pallets are handled and transferred to the CEO Base by means of a cargo tug  as pre- 

viously described for LEO base operations. The only planned EOTV maintenance 

operations to be conducted at CEO is the annealing of the solar arrays. 

The method of annealing the EOTV solar array is essentially the same as that em- 

ployed by the operational satellite. The major operations associated with the EOTV 

anneding operations are shown in Figure 12- 108. In general, the method consists of 

C02 laser systems attached to a gantry that can move across each bay. Each gantry 

system anneals a 15m strip the entire width of the bay. For EOTV application, 2.5 

hours is required per str ip with a continuous power requirement of 8.7 hlW. The ref- 

erence system will use four annealing gantries, thus resulting in an annealing time of 

approximately four days. When using four gantries, two are placed in each of two 

bays so that power can be drawn from the other two bays to Dperate the annealing 

systems. When a given bay ir -s  been campletely annealed, the gantries will move to a 

bay that has not been annealed and repeat the annealing operation. 

The annealing operations will  be remotely controlled/monitored f r o m  the GEO Base 

Command and Control Center. Annellling can be performed at either LEO or  GEO, tiow- 

ever,  such factors as  continuous sunlight to generate power and minimum orbit keeping 

propellant suggest annealing at CEO will be slightly better than if the operation was 

performed at  LEO. 
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6 - INTRA BASE LDGISTICS 

The GEO Base, in addition to building the SPS , must fulfill strenuous logistic 

support requirements as listed in Figure 12-109. 

Every thirteen days an EOTV will arrive with large Cargo Pallets. Since the EOTV 

stationkeeps at least 1 km away as shown in Figure 12-110, a dedicated area must be 

available at the GEO Base to transfer this material on board in a quick and efficient 

manner. At the same time, empty p d ~ e t s  have to be removed from the base. A s  soon 

as the Cargo Pallets are landed, they have to be moved to an unloa4inglsorting area 

and processed through the construction base. l o  accomplish this, an efficient trans- 

port system must be available. Level J , the top deck of the base, provides 6.1 Km of 

main lice track and 5.1 Km of connecting spur lines. 

The base has to rotate the 827-man crew at planned intervals. In addition all 

these people have to be housed comfortably and transportea 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 mobile service of all 

operational Solar Power Satellites. 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 SPS maintenance visit. 

EOTV CARGO DELIVERY 
- 4000 MT U P &  200 MT DOWN/FLIGHT - E V E R Y  13 DAYS 
- OPERATE & SERVICE 2 CARGO TRANSFER TUGS 
- DOCK 81 UNLOAD 10 TO 20 CARGO PALLETS 
- PROVIDE PALLET TRANSPORTERS 

POTV GEO CFiEW ROTATION 
- ROTATE UP TO 75-80 PEOPLEIFLIGHT @ 15-DAY INTERVALS 
- MAINTAIN TRANSIENT CREW QUARI ERS 
- DOCK 4 POTVs & PPOVIOE INTRA-BASE CREW BUSES 

SPS OPERATIONAL MAINTENANCE SUPPORT (PER 20 SATELLITES) 
- LOADlUNLOAU SPS COMPONENT RACKS G' 4%-DAY IN 1ERVALS 
- MAINTAIN RECONDITIONED & DEFECTIVE COMPONENT STORAGE 
- DOCK & SERVICE SPS MAlNT FLEET (4 OTVs 81 4 PAYLOADS) 
- MAINTAIN DTMICOMPONENT R E F U R B  FACILITIES 
- PROVIDE CREW HhBITATS 
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Figure 12-109 GEO Base Logistic Support Requirements 





6.1 CARGO HANDLING e DISTRIBUTION FLOW 

EOTV cargo is transferred to the CEO base by a dedicated cargo tug. A tug lifts 

a c a r 9  or KTM pallet f m .  the EOTV and fies it over to th,. base cargo docking area, 

as shown in Figure 12-111. Construction materials, base supplies, OTV supplies and 

SPS maintenance parts are unloaded onto waiting railroad flat cars adjacent to the 

ducking area. The loaded flat cars are moved onto mainline track to one of five (5) 

cargo staging areas. When required, the flat car, loaded with construction materials, 

is moved out of the staging area onto either forward or aft facing vertical elevators. 

The aft elcvator~ move down to the interface and antenna construction level, whereas i 
the forward eievatcrs move down to energy conversior, assemb!y substations. Other 

supplies would be moved directly 10 the agwopriate area on level J. 

The docked cargo pallets are moved (on its docking pad) to the unloading area 

which is capable of storing 20 pallets. Mobile 40 meter MRWS zranes are located be- 

tween each row of parked pallets; they are unloaded in the area onto the empty cargo 

pallets, and are moved back to the docking area where a tug docks to the top of the 

pallet. The tug Lifts the empty pallet off the railroad docking pad and flies it back to 

the parked EOTV. 

Figure 12- 112 identifies eleven ievels of the CEO construction base. These levels 

are identified with letters A through L and their elevations are given in meters fmn the 

factory refarence line (FRL) at level A.  

The figure also lists the totd weight of material that has to be delivered to the CEO 

Base for construction of an SPS. It can be seen that over half of the material landed on 

the base has to be delivered to Level 'H1 for use in assembling the energy conversion sys- 
tem and inatalfipg its solar blankets. Two levels were considered as docking areas for 

delivery of personnel and material. Based on this chart, i t  is apparent the logistics system 

is greatly simplified by using Level '3' for the docking area. 

16.2 LEVEL 'J' LOGISTIC OPERATIONS 
8 

The center of base activity occurs at the top deck, level 'J'. The matekal and 

personnel are brought to this level f r o m  the LEO base and the SPS service crew, with 

their materials, depart from here. In addition, numerous vetically moving transportation 

devices interface with supplies and personnel here for delivery to the lower levels. 





Level J facilities arrangement is illustrated in Figure 12-113. Starting from the 
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site. The staging area is duplicated in five locations, as noted. 

a Cargo Docking/Unloading/Sorting Center - The KTM modules and Cargo Pallets 

are landed here and unloaded onto railroad flatcars for delivery to their next 1 station 

m~ LEVEL -=-' 

a Subassembly Factory - The hardware in the Cargo Pallets is delivered to this 

area for scbassembly work prior to its movement to the lower levels for instal- 

lation 
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a Crew QuartersIOperations Center - This center includes the base habitats and 

areas for habitat growth. 
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- Satellite Service Habitat Growth Area - This area has been r~served for 

growth when 40 satellites are being serviced. This area wi l l  be identical 

in configuration as the habitat area used for servicing 20 satellites. 

- Base Construction Habitats & Satellite Service Habitats - This area contains 

two functional complexes. One area consists of four (4) habitats, one (1) 

interim habitat and one ( 1) control center. The other area contains four 

( 4) habitats and one ( 1) interim habitat. The first complex is tsed to house 

and control the base construction personnel and the other for satellite ser- 

vice personnel. 

SPS Maintenance Support Facilities - This complex includes satellite refurbis'n- 

ment factories and component storage 

- Reconditioned Component Storage - Those components which have been re- 

conditioned and repaired in the KTAY & Miscellaneous Component Refurbish- 

ment Factories are stored here until needed 

- KTM Refurbishment Factory - All defective klystrons from the outlying SPS 

stations are brought into this module for refurbishment 



- Miscellaneous Component Refurbishment Factory - This module has facilities 

within it for refurbishment of electrical, electronic and mechanical devices. 

Components are disassembled and assembled, as well as tested, in this area. 

- Defective Component Storage - Those components which have to be recon- 

ditioned and repaired are stored here. When room and scheduling permits, 

they are transported from here to the Refurbishment Factories 

a OTV IPOTV DockingIService Area - Sufficient docking pads are located here 

for the landing of POTVs and OTVs. Quantities of propellant for refueling the 

i 
OTVs are also stored here. 

6.2.1 Level J Cargo Dociring/Unloading /Sorting Center 

The cargo brought from LEO via the EOTV is delivered to the area for storage and 

processing. KTM pallets and cargo pallets are flown from the EOTV by cargo tugs. 

Special railed flatcars with docking mechanism are located in the docking center shown 

in Figure 12-114. A four-man control center (not visible on sketch) is located between 

the six docking 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 KT31 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 (1 deep) provide storage for twenty (20) cargo 

pallets. Forty (40) meter MRWS cranes located between the rows of stored cargo 

p a t s ,  as depicted in Figure 12-115, are used to unload the pallets onto waiting flat- 

cars. These flatcars are moved either to one of the five (5) staging areas or to the 

sub-assembly factory. The loaded fiatcars in the staging areas are eventually moved 

onto the vertical 'rift elevators for delivery to the lower construction levels. 

The empty cargo pallets are moved back to the docking area. An unused tug 

docks to the cargo pallet and lifts it off level .t base for return to the EOTV, station- 
f 
keeping at least 1 Km away. 

6.2.2 Cargo Staging & Distribution System 

All material delivered from LEO is delivered to the cargo docking area. From 

there it is moved in its pallet to the unloading area. Waiting MRWS cranes unload the 

cargo onto waiting flatcar transporterg. Those pieces of hardware requiring build up 
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are moved into the subassembly factory. The sorted hardware and subassembled hard- 

ware are then moved to appropriate staging areas (5). as shown in Figure 12-116, 

and stored 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 nHn. 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 "Hn tracks. The loaded flatcar can now be moved onto the properly 

f indexed tracks and proceed to designated area at this factory level. The same concept 

applies to the other lower levels of the factory. 

Tables 12-23, 12-24, and 12-25 list the GEO base material distribution breakdown 

for constructing the energy conversion system, power transmission system and inter- 

face system elements respectively. 
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'TABLE 12-23 OEO BASE CONSTRUCTION MATERIAL DISTRIBUTION REOUIREMENTS - 
ENERGY CONVERSION SYSTEM (Shert 1 of 2) 

REMARKS 

1 SETlMACHlNElPASS 
OR16ROWS 

BASE 
OPERATION 6 EaUlPllllENTS LEVEL 

- 7.5m LONGITUDINAL BEAM 
BUILDERS 

5 UPPER 

MATERIALS 

G 

5 LOWER 

- 7.5m MOBILI: BEAM BUILMRS 
1 UPPER 

1 LOWER 

- 12.7m UPPER LATEFAL BEAM 

STRUCTURAL BEAM JOINING 
- 7.5m UPPER LONGITUDINAL 

BCAM BUILDERS 
- 7 . h  LOWER LONGITUDINAL 

BEAM BUILDERS 
- 7 5 m  UPPER MOBILE BEAM 

BUILDER 
- 7.5m LOWER MOBILE BEAM 

BUILDER 
- 12.7m UPPER LATERAL BEAM 
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}MADE I N  SUBASSY 
FACTORY 

1 SETIMACHINEIPASS 

8 . 

) 32 

1 32 

2 EAISET 

3 EAlSET 

3 EAISET 

2/BEAM 

2lBEAM 

2lBEAM 

1 SETIMACHINEIROW 

1 SETIMACHINElROW 

5 

5 

424 

434 

136 

9 

9 

"' 
8'34 ' 

252 



TABLE 12-23 GEO BASE CONSTRUCTION MATERIAL DISTRIBUTION REQUIREMENTS - 
ENERGY CONVERSION SYSTEM [#wt 2 of 2) 

I-' 
h) 
I 

I-' 
Q, 
W 

REMARKS 
I 

176 BOXES PER ROW 

OPERATION & EQUIPMENTS 
I 

SOLAR BLANKET INSTALLATION 
- PROXIMAL ANCHORS 

POWER DISTRIBUTION 
INSTALLATION 

L 

BASE 
LEVEL 

H 

- BUS INSTALLER 

- 12.7m UPPER LATERAL BEAM 

- BUS INSTALLEF! CHERRY 
PICKER 

ATTITUDE CONTROL & OTHER 

I 

I 

!775*049W 

(2 /4)  

F 

F 

G 

H 

7 

1STPAt l  
SETS 

2816 

TYPE 

SOLAR ARRAY 
BLANKET CONTAINER 
(WITH CATENARY 6 
INTERBAY JUMPER) 

TOTAL 
ICI 

SETB 

6632 

UNIT 
SIZE 

LSWXM 

14.9~1.23x.33 

MATERIALS 

UNIT 
MAS8 

KO 

4878 

12 EA 

B €A 

1 2 6  
24 
8 E A  

4 

4 

2112 

72 

72 SETS 

2 

MAIN BUS A ROLLS 

MAIN BUS B ROLLS 

FEEDER BUS A ROLLS 

FEEOER BUS 6 ROOLS 

TURNAROUND JUMPER 
BUS ROLLS 

ACOUISITION JUMPER 
BUS ROLLS 

INTRA BAY JUMPERS 

SWITCH GEAR ASSY 
PALLETS 

SWITCH GEAR PALLET 
SUPPORTS 

THRUSTER YOKE ASSY 
PROPELLANT PUMBING 
RADIATOR COMPO- 
N E NTS 
PROPELLANT TANK 
PALLETS 

DATA PROC~ERS 6 
Bus COMM TENNA 
OMNl S.BAND.COMP 6 
ANTENNA 

UNITS 
PER 
BAY 

44 

l. lx2.00 
2.4x2.0 0 
2.1x2.0 D 
2.7x2.0 0 
11x19 0 
1.6x1.00 
2. l r t .9  O 

.7w1.9 0 

,415~1.9 D 

.4Sx1.9 D 

12.7m LONG 

14 m STRUT 
(4) 

77006 
18600 
16000 6 
10809 
30006 
6400 
8100& 
4000 

1300 

'300 

TBD 

N.A. 

N.A. 

N.A. 

N.A. 

N.A. 

N.A. 

6 

6 SETS 

N.A. 

12 EA ROLL PER 4 ROW STEP 

8 €A 

2 4 6  ROLL PER ROW AS 
48 
16 EA 

8 

4224 

144 

144 SETS 

4 

R EQO 

I 1 ROLL PER ROW WHERE 
REOD 

24 PALLETS PER ROW 
13 ROWS) 

PRE ASSEMBLED I N  SUB- 
ASSY FACTORY 

PRE ASSEMBLED I N  SUB- 
ASSY FACTORY 

A 



TABLE 12-24 GEO BASE CONSTRUCTION MATERIAL DISTRIBUTION REQUIREMENTS - 
POWER TRANSMISSION SYSTEM 

REMARKS 

MADE I N  SUBASSY 
FACTORY 

PREASSEMBLE0 I N  SUB- 
ASSY FACTORY 

I 

OPERATION & EQUIPMENTS 

STRUCTURAL BEAM FAB 
- 7.5 r n  MOBILE BEAM B u l l  DERS 

1 UPPER 

1 LOWER 

PRIMARY STRUCTURE BEAM 
JOINING 
- UPPER CHERRY PICKERS 
- 7.5 m UPPER MOBILE BEAM 

BUILDER 
- 7.5 rn LOWER MOBILE BEAM 

BUILDER 
- LOWER CHERRY PICKERS 

SECONDARY STRUCTURE AS- 
SEMBLY 

SECONDARY STRUCTURE 
INSTALLATION SYSTEM 

SUBARRAY PANEL DEPLOYMENT 

SUBARRAY DEPLOY ER 

PHASE CONTROL WIRING 
INSTALLER 

POWER DISTRIBUTION 
INSTALLATION 
- BUS INSTALLER 

- BUS INSTALLER CHERRY 
PICKER 

1 7  75-049W 

13/41 

b'. 

BASE 
LEVEL 

L 

K 

L 

L 

K 
K 

K 

K 

K 

L 

L 

TYPE 

TYPE B CAP REELS 
TYPE &BATTEN REELS 

I TENSION CABLE REELS 
BATTEN CAP DISPENSERS 

TYPE B REELS & 
DISPENSERS AS ABOVE 

BEAM JOINT 

BEAM END FITTINGS 

BEAM END FITTINGS 
BEAM JOINT 

TELESCOPED STRUCTURE 

SUBARRAY PANELS 

PHASE CONTROL WIRE 
REELS 

MAIN BUS ROLLS 

BUS SUPPORT STRUCTURE 
SWITCH GEAR ASSY PAL- 
LETS 
DC-DC POWER PROCESSES 

MATERIALS 

UNIT 
SIZE 

LxWxH 

.75x3.O DIA 

.75x2.4 DIA 
TBD 
TED 

AS ABOVE 

TBD 

12.7x7.5x6.5 

12.7x7.5x6.5 
TBD 

20x5.4x5.4 

10.4x10.4x.3 

TBD 

2 .75~3  DIA 

TBD 

2 x 1 ~ 1  
3 ~ 2 x 1  

UNIT 
MASS 

Kp 

8500 

TBD 5100 
TBD 

AS 
ABOVE 

- 3 

- 40 

- 40 - 3 

1828 

1300 

TBD 

29000 

TBD 

408 
100 

.- 
UNITS 
PER 

MACHINE 

] 3EAlSET 

I 3EA1sET 

N A. 

21BEAM 

2lBEAM 
N. A. 

1 

2OlRACK 

1 

N. A. 

N A. 
N. A. 

- 
TOTAL 

SPS 
SETS 

:5 SETS 

# 

I 

109 

372 

362 
98 

88 

361 
RACKS 

(4  

-109 

456 
228 



TABLE 12-25 GEO BASE CONSTRUCTlON MATERIAL DISTRIBUTION REQUIREMENTS - INTERFACE (YOKE) 

REMARKS 

2 SETS PER MACHINE 
ROT ARV JOINT SUP- 
PORT STRUTS 
ANTENNA SUPPORT 
STRUTS 8 ANTENNA 
YOKE 132030 m) 

PREASSEMBLE0 I N  SUB- 
ASSY FACTORY 

3620 m 

OPERATION & EQUIPMENTS 

STRUCTURAL BEAM FAB 
- 7.5 m MOBILE BEAM BUILDERS 

(2  MACHINES) 

STRUCTURAL BEAM JOINING 
- ROTARY JOINT FACILITY 

CHERRY PICKERS 

- 7.5 MOB1 LE BEAM BUILDERS 

ROTARY JOINT ASSEMBLY 
- CHERRY PICKERS 

POWER DISTRIBUTION 
- BUS INSTALLER 

1775-049LV 
(414) 

BASE 
.EVEL 

R l - 5  

R1-2 

R1-5 

R1-5 

R1-5 

TYPE 

TYPEBCAPREELS 
TYPE B BATTEN REELS 

TENSION CABLE REELS 
BATTEN CAP DISPENSERS 

BEAM JOINTS (YOKE) 

BEAM END FITTINGS 

CIRCULAR BEAM CHORDS 
BATTENS & DIAGONALS 

ROLLER ASSEMBLIES 
SLIP RING ASSY 

MAIN BUS ROLL 

UNIT 
SIZE 

LxWnH 

.75~3.0 DIA 

.76~2-4  01A 

TED 
TBD 

TBD 

12.7~7.5~6.5  

2 0 ~ 1 . 0  DIA 
19.4x1.0 DIA 
17.3x1.0 DIA 

.2x.2x.2 
11 .7~16  01A 

2.75~3.0 DIA 

MATERIALS 

UNIT 
MASS 

Kg 

8500 
5100 

TBD 
TBD 

- 3 

-40 

12000 

29000 

1 
UNITS 

PER 
MACHINE 

3EAISET 

N. A. 

2IBEAM 

PISET 
N. A. 

N. A. 

TOTAL 
SPP 

SETS 

4 SETS 

66 

228 

I 60 SETS 

48SETS 
1 

-20 



Table 13-26 lists the annual resupply requirements for operating the CEO base. 

6.2.3 GEO Base Personnel Distribution & Transfer 

Figure 12-117 illustrates the distribution of GEO Base personnel during a typical 

work shift. Approximately (5) people are located in cherry pickers at Level "Dlv work- 

ing on the Solar Collector. Another eleven (11) people are located in various assembly 

devices at Level "G" , working on the collector assembly and energy conversion assem- . . 
blies. 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". About five 

hundred 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 facets of the GCO Base and SPS are controlled from this area. The Re- 

furbishment Modules house one hundred forty-three ( 143) people. 

Personnel can move about the GEO Base in three different modes of transportation. 

Quick and direct movement 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 Satellib$. "he crew can work at the site while in shirt sleeve attire inside the MRWS . 
Some work tas. 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 distances 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 from the POTV to the 

Habitats while the other is sized to move a small amount to the various work stations 

each day. 

The Bus Transporters can reach the berthing ports on all modules while moving 

on spur tracks between mainline J 1  and A 2 tracks. 

6.2.4 Crew Quarters /Operations Censer 

The crew quarters and operations center shown in Figure 12-118 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 as a base operations 

control center and the other is used as an interim habitat for one hundred (100) trans- 

ients. Berthing points (30) are located on these modules for attachment of spacelak 



TABLE 12-26 GEO BASE ANNUAL RESUPPLY REQUIREMENTS 
L 

RESUPPLY ITEM 
I 

8 CREW SUPPLIES 
- FOOD 
- HOUSEKEEPING & OTHER ITEMS 

CREW MODULE SUPPLIES - ECLS 02, N 2  & H z 0  
- ECLS LIFE LIMITED PARTS 
- OTHER SUBSYS PARTS 

1 WORK MODULE SUPPLIES - OPNL CTR (02, N2 & PARTS) 
- MAlNT MOD. 
- MISC. MOO. 

WORK FACILITY SUPPLIES 
- CONSTR EQUIP PARTS 
- CARGO HOLG/DIST. PARTS 
- CREW &US 102, N2) 
- SUBASSY FACTORY, PARTS 
- REMOTE WORK STA. (02, N2 & PARTS) 
- -  BASE SUBSYS PARTS 
- BASE FLT CTL PROPELLANTS 
- BASE MAlNT & TEST PARTS 
- TRANSPORT VEH MAlNT PARTS 
- SPS MAlNT SUPT PARTS 

1775-157W TOTAL 

ANNUAL REC''PPLY 

CONSTR OPS 
444 CREW 

(418) 
313 
105 

(190) 
99 
8 0  
11 

(126) 
36 
54 
36 

(398) 
37 
32 

I 
3 

145 
75 
99 

TBO 
TBO 

----- 

1125 

RATIONALE 

DETAIL EST 
PRIOR STUDIES 

ESTIMATE 
ESTIMATE 
GUESS f2%IQTR) 

SCALED TO HABITAT 
SCALED TO HABITAT 
SCALED TO HABITAT 

GUESS (29bIQTR) 
GUESS (296IQTR) 
SHUTTLE LEAKAGE 
GUESS 12%1QTR) 
MRWS EST 
GUESS ( B I Q T R I  
ESTIMATE 

l W l W  CONT )--&IT 

!SPS MAINT OPS 
383 TO 1149 CREW 

(3611 TO 11061) 
270 809 

91 272 

(1511 TO ( 4541 
79 23 7 
64 1 93 

S 24 

1108) TO f 323) ------ ------ 
108 323 

------ ------ 

(TED) (TBO) 

------ ------ 
------ ------ 
------ ------ 
'TBD TBD 
---- -- ------ 
------ ------ 
------ ------ 
------ ------ 
TED TBD 

620 TO 2478 

REF. 
, 

P K l  l MPR NO. 6 
P K I I  MPR NO. 7 

PH-I1 MPR NO. 6 
PH-II MPR NO. 6 

P K l l  MPR NO. 7 
PH-!I MPR NO. 7 
P K l l  MPR NO. 'I 

PH-II MPR NO. 7 
PH-I I MPR NO. 7 
P K I I  MPR NO. 7 
P K l l  MPR NO. 7 
PH-It MPR NO. 7 
PH-)I MPR NO. 7 
PH-II MPR N3.7 

L 



I LEVEL 'J' ACT IVlTY 

W HABITATS & CONTROL CENTER 
W R K  AREAS 
REFURBISHMENT WOULES 

LEVEL 'K' & 'L' ACTlVlT Y I ANTENNA FACILITY 

I LEVEL 'G' ACTIVITY 
ENERGY CONVER. ASSY I I LEVEL '0' ACTIVITY I 

COLLECTOR ASSY 5 
1 TOTAL 1 8 2 7  I 

NRWNNEL 
TRANSFER 
MODES * 

FREE FLYER 

EVA 

RAILED CREW BUS 

1 7 7 b l U W  
F i ~ u n  12-117 OEO Baa hr80n-l Dinrikrtion & Tmtfrr Carcrpt, 

. -. - . - - - . 
-. . . - . . - - - - . . - . 

S>.TELLITE SERVICE 
6dOWfH 

177bl55W 
, ifi$ 

Figun 12-1 18 Craw Qurmn I Opmtion Contmr 
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modules such as airlock, resupply, waste disposal. expendables, passenger delivery, 

and vthide transfer. Since these modules are all interconnected, transfer between mod- 

ules can be accomplished in  shirt sleeve attire. This grouping is used to house the per- 

sonnel ..dt are requirsd to work and control the operations of the base ronstrxtion 

m p l e x  . 
Adjacent to this aforementioned complex, but not connected to, is another grouping 

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 cf twenty-seven (27) spacelab modules. 

An additiond 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 (40) satellites are being serviced. 

When sixty (60)  satellites are serviced the first group of habitats used for base con- 

struction can be used to house the additional personnel. There is ample room to even 

add another new complex and abandon the first p u p  of habitats, if desired. 

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 

M R I C  crane on the bus transporter. 
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Ilrwe were four main subtask to the satdlite maintenance analysis task: (1) 

dtfi~tiar of the maintenance access systems that w w i d  be used for getting 

maintenance equipment to all locations on the satellite where maintenance will k 

perfmined (see Section Zk (2) definition of thc maintenance plws for m e  

selection components (see 5ecthn 3k (3) definition of the mainte~nce support 

facilitiw, equipment, crew, urd opcraticns that would bc lorcad at the CEO base 

(see Section 4); and (4) m - t i o n  of an integrated maintenance operations plan (see 

sectiar 5). 

The generat gdidelines that were used during this study are summarized in Table 

13-1. 



Tabk l>l 

AnalysisbirsedonIGVSPS,tOSPsLinorbit 

uwia m a i n t a ~ c r  cmapts defined in earlier -a 
0 S m r i d m a i n m  

o 3K days available for completing rnaintenancr: and f day for travel 

between satellites 

a 20 mKk lrours per day @ .75 productivity (2 shifts) = 52.5 work hows 
avaihbk 

o M*.teymce crew home base is the CEO base 

o Rehrrbishment of components at CEO base 

o Chem O m  used to tr- crews and equipmen: between CEO Base 

and the satelliter 

Provide track-mounted rnaktcnante vehicle access to cwnponmts thar ,meet 

one or more of the following criteria: 

o High failure rate components 

o C o r n m t  too large for EVA handling 

o Multiple number of differeat types cf components could be accessed 

from the same tradc 

o Vehide track system hilt in for  other operatlomi purposes (e.g., solar 

array annealing machines) 

o Access by free flying vehicles not feasible due to unacceptable vehicle 

manwvering envelope, no means available t o  anchor the vehicle, or 

unacceptable propellant gas contamination. 

Every component will be designed for maintainability 

Solar array blankets w i l l  be replaced only during a major overhaul 

Time conservation is maridator y; wherevex feasible 

o Fault isolation performed prior to arrival of crew 

o Minimal calibration, test and checkout performed af ter  compments 

replaced 

o Replace components at a LRU level that requires least time 

Use multipurpose maintenance machines (e-g., cherrypickers, component 

transporters, tools, support equipment 

Use consistent maintenance techniques, common fasteners and connectors, 

etc. 

Reference: WBS 1.3.3 in Part I11 Preferred Concept System Definition, 

D 180-24071 -1, Contract NAS9-15196. 
13-2 



The fmdamcntal premise i i ~  the mainkMncc ackcss systems analysis was that 

every SPS cornparrent (except stnrcnpal members) must have a maintenance 

equipment access provbh (even those comporrmts which have a negligible failure 

rate). I t  was deemed pndcnt to force this requirement so that unexpected failures 

could be attended ta 

It was foud that t k  weme 10 general maintenance access requirements, see 

Table 13-2. The alternative maintemnce access systems for each of these 

locations is given in this table. It  turns out that these 10 access requirements can 

be satisfied by combinations of built-in tracks, a flying cherrypicker, a rotary 

boom, and some gantries. Figure 13-1 illustrates the g m a l  location of these 

systems. Each of these access systems are described in detail below. 

Figure 13-2 illustrates the configuration of some of the components to be serviced 

from the top surface of the solar collector. 

The baseline satellite has a requirement for some solar array annealing machines 

(WBS 1.1.1.6; which wwld be mounted on gantries which can traverse over the top 

surface of the solar collector. There are four of these gantries that operate on a 

built-in track network on the satellite. These gantries and tracks provide a ready- 

made maintenance access system for getting to the entire upper surface of the 

solar collector. It will be necessary t o  get a maintenance cherrypicker onto the 

gantries to perform maintenance on the solar array components (tensioning 

devices, catenary cables, and cell string blocking diodes). 

Figure 13-3 illustrates the concept. A flying cherrypicker (to be described in 

detail later) would rendezvous with a gantry to  which is attached a flying 

cherrypicker carriage. This carriage has a docking interface to which the 

cherrypicker would mate. This carriage would then traverse across the  gantry GS 

required. A flying cherrypicker was employed as there are not enough mai~tenance 

tasks to warrant the expense of a permanent cherrypicker installed on each gantry. 



TABLE 13-2 

Location 

I. Main Power Busses 

2. Solar Collector 

Non-Midline Bay Ends 

(including outside 

edges) 

3. Attitude Control System 

4. Interface Structure 

Upper Surf ace 

5. Mechanical Rotary Joint 

Decimeter 

MAINTENANCE ACCESS PROVISKINS 

Maintenance Operations 

Main bus repair 

Switch gear replacement 

Blocking diode replacement 

Blanket tensioning device replace 

Blanket mechanical attachment 

replace 

Jumper bus repair 

Electric tnrlJster system repair 

Chem thruster system repair 

Main bus repair 

Drive mechanism repair 

Drive motor repair 

Alternative Access Systems 

Flying cherrypickers mounted on 

annealing machine gantries 

Track-mounted flying cherrypickers 

Cherrypickers mounted on annealing 

machine gantries 

Track-mounted cherrypickers 

Track-mounted cherrypickers 

Long-boom (500 meter) cherrypicker 

Free-f lyer 

Platf orm-mounted flying cherrypicker 

Track-mounted cherrypicker 

Free-f l yer 

Hub-mounted boom with flying 

cherrypicker 



TABLE 13-2 

Location 

6. Slip Ring Assembly 

7. Yoke (Power Bus Side) 

8. Antenna Back Face  

9. Antenna Primary Structure 

Interior 

10. Antenna Front Face 

MAINTENANCE ACCESS PROVISIONS 

(Continued) 

Maintenance Operation2 

Slip ring shoe replace 

Mechanical drive replace 

Drive motor replace 

Bus repair 

Power bus repair 

Elevation joint mechanjsm repair 

Power bus repair 

Switch gear repair 

Power conductor repliice 

Klystron Tube Moduli: 

Phase control system, repair 

Alternative Access Systems 

Hub-mounted boom with flying 

cherr  ypicker 

Track-mounted flying cherrypickers w 
Free-f 1 yer f 

bC 

Gantries with flying cherrypickers 
8 z 

Free-f l yer 

Gantries with flying cherrypickers 

Maintenance gantries defined in the 
earl ier  study 



Figure 1 3  1. SPS Maintenance Access Systms 

Figure 13-2. Power Collector Configuration 



Fi~ure 13-3. Solar Array Top Surface Maintenance Access System 

Figure 13-4 illustrates a closeup view of the  built-in track and a g*.try carriage. 

The gantry carriage interfaces with the t rack via carriage bogey assemblies (WBS 

1.2.1.1.3.3) which provide the  capability for the carriage t o  move in orthogonal 

directions. 

Main Power Bus Access System 

The main power busses are  suspended on a cable-support system below the upper 

surface of the  solar collector. These busses a r e  not accessible by a cherrypicker 

mounted on the  arnealing machine gantry for two reasons: (a) a cherrypicker could 

not find a clear path through the structural beams (there a r e  cable stays in the  

beams) and there is no room between the  ends of the solar arrays and the  beams, 

and (2) the  main bus stack could be as  much as 60 meters tall. Subsequently, the  

main busses and the switchgear assemblies must be accessed from below the  solar 

array surface. 



Figure 13- , WS Maintenance Track Intersection Concept 

Figure 13-5 illustrates the  main bus access concept. A track beam is required tha t  

would parallel the  main busses (see Figure 13-1 for the  general pattern of these 

track beams). The track beam is tied into the  parallel SPS structural beam ta 

provide rorsional rigidity. Each of t h e  legs of this track system would have a flying 

cherrypicker carriage attached t o  which a flying cherrypicker would dock. Again, 

dedicated maintenance cherrypickers a r e  not warranted due t o  the  low failure r a t e  

of the  devices to be serviced. 

Attitude Control System Access 

The satellite at t i tude control system is a complex of electric and chemical 

thrusters, propellant tanks, power processors, and thermal control system compo- 

nents located on the  t ip of beams that  extend outboard of the  satellite body, see 

Figure 13-6. To access these components, a flying cherrypicker d o c k ~ r ~ g  platform 

is located amidst the  complex as  shown in the  figure. 



Figure 135. Main Bus Maintenance Access System 

Figure 13-6. SPS Attitude Control System 
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Interface Structure Main Bus Access 
The main power divides into two sets at the  end of the power collection module 

midline. These two power bus sets a r e  suspended from beams which run down t o  

the structure surrounding the  mechanical rotary joint. Access t o  these stacks of 

power busses is provided by putting tracks on *e upper beams and mounting a 

flying cherrypicker carriage or, each track, see Figure 13-7. Dedicated mainte- 

nance cherrypickers a r e  nct  warranted. 

Figun, 13-7. Interface Structure Maintenance Access System 

Mechanical Rotary Joint and Slip Ring Assembly .-recess 

After examining several alternative access concepts, the  concept that  was chcsen 

was one that  employs a built-in rotating boom and flying cherrypicker, see Figure 

13-8. This configuration provides the  capability for accessing all of the power 

busses, mechanical rotary joint components, and slipring components on both the 

interface structure and on the yoke. Again, a dedicated maintenance cherrypicker 

is not warranted due t o  the low failure rates of these components. 



A-A 

Figure 13-8. Mechanhl Rotary Joint and Sip Ring Assembly Maintenance Accws System 

Yoke Access 
The power busses and elevation joint assembly components will be accessed by a 

flying cherrypicker that mates with a carriage mounted on built-in tracks on the 

yoke, see Figure 13-9. 

MAlNT ENANCE 
TRACK 

FLV:IHO CHERRYPICKER 

Figure 13-9. Yoke Maintenance Access System 
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Antenna Back Surface and Mid-Plane Access 

The antenna back surface is where the  main power busses wil l  be routed ' o  

electrical substations located at various primary structure nodal points. I'igure 

13- 10 illustrates the  configuration of these substations. The maintenan, rcess 

system selected for this application is illustrated in Figure 13-11. Only one of 

these gantrylflying cherrypicker systems is warranted by the  expected failure rates 

of the  components located on the  antenna back face. This system is also employed 

to replace the  power conductors tha t  a r e  routed between the  substations and t h e  

secondary structure. 

Antema Front Surface Access 

The access systems used for servicing the  phase control and subarray systems a r e  

those defined in t h e  earlier studies (see WBS 1.3.3 in the  Par t  111 Preferred Concept 

System Definition, D180-24071- 1 Contract NAS9- 15196). Figures 13- 12 through 

13- 16 depict these systems. 

Figure 13- 10. MPTS Power Processing Substation 
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Fipm If tL VMiCsI Ames for Tube Maintenam 
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F i g m  13- 13. Vertical Access for Tube Main- 

Figure !3 e n i d  Access for Maintenance Vehicle 
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Fi-mre 1 3  16. Satallite Maintenance Systems 



Ihc FI* chmn&hx 
The maintenance access cwrce~ts  described above all use a machine that has been 

dubbed "the flying cherrypickeP. Figure 13-17 illustrates the concept. The 

primary reason that this machine concept was created was that the predicted 

failure rates of the components to be serviced was much too low to warrant 

dedicated m a i n t e ~ n c t  cherrypickcrs. Also, due to the ccmplexities of the various 

locations in which chertypickers woukl be required, it was not feasible 20 create an 

integrated track network tha t  would allow a track-mounted cherrypicker to get to 

all of the locations. Hence, a flying cherrypicker and a set of track-mounted 

carriages were created, 

The flying cherrypicker carries dong a power supply which wouirf be cannected to 

the carriage after docking. The platform on the flyinp rherrypicker is used to 

transport the replacement components, the mmporens ' 9  t t  were removed from 

the satellite, and the maintenance tools. A docking poi for a free-flyer (to be 

described below) is also provided on the platform. This provides a location for 

transporting the f tee-flyer on the inter-satellite flights. 

Figure r & 17. Flying Cherrypicker 



The reach envelope of the flying cherrypicker was derived by consideration of the 

various maintenance jobs that it would be used for. Figure 13-18 illustrates the 

various reach mvelopes that w e n  required. 

Examination of the failure rate data shows that there would be about 12 

components to be serviced by the flying cherrypicker during a bi-annual mainte- 

nance visit (2 cell string blocking diodes, 2 t o  3 antenna switchgear, a DC-DC 

converter, a disconnect switch, and a DC-DC converter thermal contro: system). 

During the 52.5 hours of availablir work time there wwld be sufficient time 

available for one flying cherrypicker to perform the changeout of these devices. 

F M y e r  Maintir~ance Vehide 

During the anaiysis of the maintenance operations required for the various 

components (see Section 3), requirements for a free-flyer rngntenance vehicle 

were established. This vehicle would be used for the following tasks: (i)  used to 

make a fly-over of the entire satellite to  spot solar array tensioning device and 

catenary failures; (2) used to  assist the flying cherrypicker in main power bus 

repairs; and (3) used to perform maintenance tasks at locations inaccessible to the 

flying cherrypicker, e.g., the power busses running between the solar array and the 

attitude control system. 

Fi~ure 13- 18. Flying Cherrypkka Reach Envelope Detwninants 



The free-flyer mobile remote work station defined by Grumman in Contract  

NAS9- 15507 is a witable  candidate for this requirement, see Figure 13- 19. Om of 

these would be required. 

Ftgun? 13-19. Free Flyer MRWS 

3.0 MAINTENANCE CONCEPTS FOR SOME SELECTED COMPONENTS 

There were  19 components selected for maintenance analysis, see Table 13-3. 

Failure r a t e  da ta  for some of these components are listed in Table 13-4. Each of 

the components listed in Table 13-3 (with the  exception of klyslian tube modules 

which were studied in an earlier study) were examined to a level of depth slifficient 

t o  satisfy the objectives listed in Tab!e 13-5. 

Figures 13-20 through 13-34 present the maintenance analysis da ta  for c o v e  of the  

selected components (those that  were listed in Table 13-3). 



WBS - 
Blanket Tensioning Devices 

Blanket Mechanical Attachment 

Main Power Buses 

Cell String Blocking Diodcs 

DC/RF Converter Module 

Switchgear 

DCIDC Converter 

Disconnect Switches 

DC/DC Converter T k r m a l  Control 

Phase Control Receivers 

Diplexers 

Phase Transmitters 

Phase Receivers 

Con jugators 

Cabling 

Electric Propulsion Thrrrster 

Mechanical Rotary Joint Drive Mechanism 

Elevation Joint Drive Motor 

Slip Ring 

!!!hb 
selected 

I 

1 

1 = Components with largest number of failures 

2 = Representative of a class of components 

3 = b i f i i m l t  or unique access problem 

4 = Klystron maintenance has been detaiied previeusly (not proposed to  

be updated). Refurbishment requirements t o  be studied. 

5 = Failure results in signilicant p w e r  loss 

Reference: Section 1.1.0.6 in Vol. 11, Phase 1 Final Report, Phase I Systems 

Analysis and Tradeoifs, D 180-25037-2 Contract NAS9- 15636, March 1, 

1979. 



F U U l l l L I C Q O L O 8 E T O L E M ~ ~ ~ ~ E ~ 3 8  

e- ~ r * m r n a L Y w A ~ ~ u ~ u c u r ~ ~ ~ o  

b W E D  01 DATA F lYY REFEMWCECll€O IM FOOTNOTE U1 TABLE 12 

A ~ W T T W T ~ Y A W t W I E O l U r ? ~ T O F T H f M Y R I Y I W M Y Q O U L E ~ l . l i l  

Table 13-5. Component Mainterwax Analyus ObMtives 
vsmr 

6 DEFINE FAILURE U O M S  AIID EFFECTS 

DEFINE L a m =  IIwucEAmu Wllt 

MFlNC THE REFURBISHMENT RE- 

@ OEfiNE THE RATIONALE FOR DEYGW Y V Z K ) V E Y E N ~ E  FWEWEUT8 
THAT W L O  CIIClLlTATE Y*lr.tEnmC; 



- 
l W N A C E D E F E C T I V E ~ W L V I F ~ E Q U Y Y E l l t  

I t I M E A R E A M ( I 0 T W ~ ~  
HAVE FREE F L V M  DETECT AN0 FAILURES 

Figure 13-20. WPS 1. I .  1.1.4 - Blanket Tensioning Device Maintenance A.7alytis Data 
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CABLE DIAYETER W- JLD E%EnTIALLf ELIMINATE THE CWNCE IF FAILURE AT 
MINIMAL MASS/COSC IMPACT 

NCOMUENDATIW 

OVER ornon mt c A r r w n v  CABLE TO ELIMINATE TMS FAILURE. 

Figure 13-21. WBS I. I. 1.32-Blarket Mechan~wl Attachment Maintenzqce Analysis Data 
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F i . r e  13-22 WBS 1.1.1.4.5-Cell String Blocking Diodes Maintenance Analysis Data 

mzna 

FAILURE RATE: 3967 PER YEAR. 1984 PER 8 MONTHS 

FAILURE MODES ---- FAILURE EFFEU HOW DETECTED 

CATHODE FAILURE AUTC OISCOh'h(ECT FAULT DETECTION AVIONICS 
HEATER FAILURE AUTO DISCONIUECT FAULT DETECTION AVIONICS 
TtiFnMAL CONTROL AUTO DISCONNECT FAULT DETECTION AVIONICS 
FAlLlJnE 
PHASE CONTROL AUTO DISCONNECT FAULT DETECTION AVIONICS 
FAILURE 

SEE WBS 1.33 IN  THE PART Ill PREFERRED CONCEPT DESCRIPTION. 
oiwzmi-I, MARCH. i s n  -- 

-. 

..- 
Figure 13-23. WBS 1.1.2.2.1-DC/RF Converter Module 

Maintenam Analysis Data 



2 . DscaNNECT CONTROL L U D  

3 DSCONNECT Mm aEAR--Nm mEW F I T T I N  TOOL 
m T C H  ELECTRICAL CWFLIWO Q PLW 

4 DISCONNECT 4 MECHANICAL 
FASTEN€# 

I STOW DEFECTIVE U(YlT/RETRIEVT 
RELACEMENT PART 

0 THRU 8 REVERSE STEPS 2.3. AND 4 

a REYOTELY WRAl 'E  DISCONNECT 
SWlTcnra 

IlfYARl(t 

rmlol . 
m c  

(4 ncn 

CONNECTORS E R O L  Dl-NECT 
SmTcn 

Figure 13-24. WBS 1.1.2.3.2-Switch Gear 
Maintenance Andysis Data 

-: 12 PER YEAR. 0 PER 0 W T W  

fAlLURE W O E S  FAILURE E E m  H t !  

b FAILED TO REGULATE LOSS OF POWER SECTOR FAULT ANNUNCIATOR 
NOoUTrUT 0 L055 Of POWER SECTOR FAULT ANNUNCIATOR 

MAINTENANCE PROCEDURE 
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1 F LUlD CWnUKI MSCOlSNPCT FLUID WMGWREFILL SYSTEM 

W M W T l N E  
2 DISCONNECT ~ O L  CAUE • EREW flfnm) TMK 

O S C C W N E C T M M M  SCREW FITTIW TOOL 
4 MSCOIYIYECTQ .WCONDWTOM 

m c  
ELECTRICAL 

S DI- M ~ d l M I C A L  FASTENERS CONNECTOR 
6 Sl01V DEF ECTIVE U(YIT/RETRIEVE 

R E U E M E N T  W I T  

7 T M U  11 REVERSE Y E S  4 W R U  1 
LECTRlCAl COhlWECTORL 

Iw!!wm 1 ICO~~~DUCTOR 

m o  
MECHANICAL FMENERS 
14 PLCS) 2 

(ALSO REFERRED TO ASA COWER PROCESSOR UNIT (m) 

Figure 13-25. WBS 1.1.2.3.3-DCDC Converter 
Maintenance Analysis Data 
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STOW DEFECTIVE w l t m m I E v E  
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TY?E D 
MECHANICAL 
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(4 PLcSi ELECTRICAL 
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I F  I T  IS NECESSARY TO W E  A DISCONNECT SWITCH, THERE WUJLD @€ 
A WOT" LEAD THAT WOULD HAVE TO BE M W N E C T E D .  ON THE ANTENNA. 
HOWEVER, THERE WOULD BE W HOT L € M  

Figure 13-26. WBS 1.1.2.3.4-Disconnect Switch 
Maintenance Andysis Data 

Y I I W  

-: NIL 

FAILURE EFFECT HOW DETECTED 
M l l E R  SHUTDOWN AUTO DETECTION 

FAILURE YOOCS 
.TORN BY FOREIGN 

OBJECT (SEE 
SKETCH A) 

MAINTENANCE PROCEWRE 

OPERATla(l 

REMOVAL OF DEFECTIVE BUS 

1 CUT DEFECTIVE BUS OFF AT ONE r O m R  SHEARS 
OF THE P I ICERI  

2 FREE-FL?GoM~S FREE ~m 
1 CUT OFF OTHER END OF DEFECTIVE IU AT OrnER 

OIACER 
4 TlUNOKHIT DEF LCtlVE BW TO DDCOlAl  SITE 

INSTALLATION OF NEW B* 

1 PARTIALLY DEPLOY BUS WI DEPLOY ER 
2 WELDTOSNBA WI WELDER 
3 . M n O V  IUI 
4 CUT OFF- m E n  SHEARS 
6 W E L D W T G I N I I  

EVEN THROUGH THIS IS AN UNLIKELY FAILURE, A SYSTEM 
NEEDS 10 BE CREATED FOR DEALIN0 WITH THISPROBLEM 

THE POWER SMEARS, BUS DEPLOYER, AND BUS WELDER WOULD 
BE OPERATED VIA DEXTROUS MANIWUTORS 

OIOKl8AL OF SCRAP BUS IS UNLEFINED 

Flqure 13-27. WBS 1.1.4.1-Main Power Bus 
Maintenance Analysis Data 





FAILURE RATE: I PER YEAR 

OKLVS~RON SM- l INWT POWER VOLTAOE ANNUNCIATION 
l NLVSTRON S M m  l CDUNtCT LOCK ANNUNCIATYIN 

MAINTENANCE PROCEWRL 

m !?mam IaU 
DISCONt4ECT 4 ELEC-WCAL CONNECTORS 
DISCWNECT 4 YEP ilCAL FASTENER8 
l INSTUL REPLACt i IT PART MONITOREWTROL 

FRO)' 
CHASE ELECTRICAL 
T f  A!!SMlllER CONNECTORS 

TYPE 0 MECHANICAL CVCLY 
FASTrNER I4 P L U I  

REMARKS 

Figure 13-29. WBS 1.1.2.5.1-Phase Receivevs 
Maintenance Analysis Data 

FAILURE RATE: 1 PER Y I  AA 

FAlL'dRE MOD= FAILURE E F F B  EaaamwL 
KLYSTRON VOLTAGE 
AND CURRENT REAWL7 

MAtNlENANCE PROCEDURE 

STEP - OTERATlw 1- 

nLis I nun I voc 
\ A / maAsE RECEIVER 

OUTPUT 
WAVEGUIDE 

DlPLtXER 

REMARKS 

THIS CCb';:PONCNT REPLACEMENT WILL REWIRE 
THE KT4  7 3  BE PFWVED-sEE 1.122.1 

Figure 13-30. WBS 7.1.2.5.2-Dipiexers 
Maintenance Analysis Data 



PIC QHumM lOOLt 

Fipm 13-31. WBS 1.12.5.3-PI,aoe Timmiitten 
Maintenance Analysis Data 

TO T m B  
ELECTRICAL 

t v n v  
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lWE0 
M-W DWLUIER 
FASTENERS 

Figure 13-32. WBS I. 1.2.5.4-hiam Control Receivers 
Maintenance Analysis Data 



Figure 13-33. WBs I .  1.2.5-5-Conjugaton 
Maintenance Andysk Data 

FAILURE RATE: 123 PER Y E N  

FAILURE YQIES FAILURE EFf ECT IKWMTECTED 

FAULT lODLATKm 
BMEO tm DEWCTKHl 
wmaYO 

DSCONWCT ELECTRICAL COUNECIOR 
RLUOVE CABLE FROY CABLE CUYt 
DlEOmECtELEmIC*LmhiMCTOI I  

CABLE 

TYPE a ELECTRICAL 
CONNECTORS 
EACH Em 

Figure 13-34. WBS I .  1.2.5.6-Cabling 
Mainterlance Analysis Data 



4.0 CEOBASEMANTENMCESUPPORT 
SY!nEMS AND aPERATms 

The objectives of this maintenance analysis subtask were the following: (1) define 

the  klystron tube module refurbishment systems and operations; (2) define the  

systems and operations required to refurbish the other components; and (3) to 

create  an integrated CEO base maintenance support systems and operations 

concept. 

The general guidelines for this analysis are given in Table 13-6. The number of 

components per month t o  be processed in the refurbishment operations were given 

in Table 13-4. Examination oi the number of units per months to be refurbished 

shows tha t  the  klystron tube modules are by f a r  the most prevalent component to 

be processed. 

TMLE 13-6 

GENERAL GUIDELINES FOR THE CEO BASE MAINTENANCE SUPPORT 

SYSTEMS AND OPERATIONS ANALYAJS 

o Refurbishment crew stationed at CEO base for  90 day staytimes 

o SPS m a i r t ? ~ a n c e  crews return to GEO base a f t e r  90 days on Earth ta repeat  

the 90 day maintenance visit cycle 

o Replacement components delivered to CEO on the EOTV 

o Defective components delivered to CEO base by OTY's 

o The traveling maintenance crew and their equipment and vehicles must have 

docking provisions at the  CEO base 

o Crew duty cycle same as construction and base ops crew 

o 6 days on/l day off 

o 10 hour work shift  

o 2 shifts per day 

o .75 productivity factor 

o Refurbishment operations conducted within pressurized work modules (no 

EVA) 





Figure 13-36. 70Kw KIystm 

K l M 9  
OUT 

Figure 13-37. Klystron Tube Module Refurbishment Opevational Flow 



TABLE 13- 7 
KLYSTRON TUBE MODULE FAlLURE MODES 

Assumed 
Percent 
of KTM1s 
with 
this failure 

Most Common 

o Cathode Failure 

o Heater Failure 

o Thermal Control Pump Bearing Failure 

Less Common 

o Output Window Arc Damage 

o Solonoid Failure 

o Collector Failure 

o Output Cavity Failure 

Assumes some have multiple fa i l l~res  

The teardown of the  KThl has been analyzed and the  resulting operational flow 

sequence is shown in Figure 13-38. Table 13-8 defines the  stations, support 

equipment, crew floor space, and number of stations required for each step. 

Table 13-9 summarizes the facilities, crew size and support equipment required for 

one KTM refurbishment production line. 

Miscellaneous Components Refurbishment Systems and Operations 

When the  KTM's and their at tached phase control system components a r e  taken 

away from the  list of components t o  be refurbished we end up with the components 

listed in Table 1 3 - l d  A refurbishment plan comparable t o  that  just presented for 

tb-. l:Thl1s has not been formulated. For the  t ime being, a single maintenance 

modti~e has been assumed t o  be adequate for processing these miscellaneous 

components. Figure 13-39 illustrates this module and shows the estimated crew 
'# size. 
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TABLE 13 -9 

BASELINE KTM REFURBISHMENT SYSTEM REQUIREMENTS 

Item - 
o Maintenance Module - Type A 

(includes airlock and conveyor system) 

o Crew 

Ref urb Operations 109 per shift 

Supervision 6 

115 

o Support Equipment 

o Cantr  y-mounted cherrypickers 6 

o Test Stands & Systems 18 

o Fluid purge/refill system 7 

o Welders - Radiator 2 

o Klystron bakeout/vacuum system 18 

o Misc. hand and power tools TBD 

o Storage provisions TBD 

o Conveyors 3 

Does not include support crew (hotel, food service, etc.) 

AIRLOCK 

CONVEYOR 

\ 
ELECTRONIC DEVICES REFURI 

ELECTRICAL DEVICES REFURB 
MECH DLVICES REFUlU 

am!! 
COYKmENT M M S S W B L Y I ~ B L Y  

famuI 
4 

MECH DEVICES REFURE 2 
ELECTRONIC DEVICES REF URB 
ELECTRONIC DEVICES REFURB 

TOTAL FOR 2 SHIFTS - 20 2 
SYSTEM T U t  2 

* W t R V W O I Y  1 

Figure 73-39. MMiscellamus Components Refurbishment Fao'lity 

13-36 



TABLE 13- 10 

REFURBISHMENT MODULE 

o Components t o  be worked on 
o Cell string blocking diodes 

o S w i t d g e a r  

o DCIDC converters 

o Disconnect switches 

o DCIDC converter thermal control 

o Work Areas 

o Mechanical Devices Repair 

o Electrical Devices Repair 

o Electrical Devices Repair 

o System Test 

o Large power supply 

0 

o Storage 

Integrated CEO Base Maintenance Support Systems and Operations Summary 

The previous two sections have established the  requirernents for two maintenance 

modules and their associated support equipment and crew. To integrate these 

systems into the  CEO base, i t  is necessary t o  add the  maintenance vehicle docking 

and handling provisions, the  payload handling provisions, and the  track system tha t  

intertwines these areas  into the  CEO base track network. In addition, i t  will be 

necessary t o  add three crew habitat modules for housing the  maintenance crew. 

Figure 13-40 shows the  various elements' that  have t o  be integrated into the  CEO 

base. Table 13- 11 summarizes the  crew size. 

Maintenance OTV Docking Systems and Operations - 
Requirements for four maintenance OTV1s have been established (refer t o  Figure 

13-41), At the  CEO base, provisions must be made for docking of each vehicle plus 

provisions for parking the  payload. 
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0 MAINTENANCE CREW 
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Figure 13-40. Satellite Maintenance Support Provisions at the GEO Base 

Table 13-1 1. Satellite Maintenance Crew at the GEO Base 

KLYSTRON TUBE REFURB 

SUPERVISION 

REFURB OPERATIONS 
FAULT I5OLATION TEST 
THERMAL CONT 
BRACKET HMDLINQ 
KLYSTRONREFURB 
M I K  C O N E N T  REFURB 
SCRAPPING 
KLYSTRON ACTIVATION 
OPERATIONAL TEST 
STORES 

M I S .  COMPONENT REFURQ 

SUPERVISION 

REFURB OPERATIONS 
DISASSY IASSY 
MECH OEVICES 
ELECTRICAL DEVICES 
ELECTRONIC DEVICES 
SYSTEM TEST 

PALLET LOADINGIOFF- 
AtmumGL 

TOTAL 
PER SHIFT FOR 2 SHIFTS 

24) DOES NOT INCLUDE 
SUPPORT PtRSONNEL 
IHOTEL, F W D  SERVICE. 
ETC.). THESE WILL BE 
ACCOUNTED FOR AT 
THE OEO BASE LEVEL 

CHERRVPICKERSPERATORS 1 2) - 
TOTAL 130 
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Figure 13-4 1. SPS Maintenance Transportation Vehicle Fleet 

A total  of eight docking ports a r e  required. Every 4H days, a n  OTV with KTM 

pallets will be launched from the CEO base and another OTV will be incoming from 

a satellite. Stackinglunstacking the  pallets onloff the  OTVts will require a 90 m 

cherrypicker working one shift per day. This cherrypicker would also be used for a 

few days once every 90 days when the  traveling maintenance crew returns t o  the  

base. This maintenance OTV area  would be integrated into the  POTV and cargo tug 

docking area  required t o  support the  satellite construction operations. 

Pallet LoadingIUnloading and Storage Area 

A dedicated pallet loading/unloading and storage area  with some support equipment 

will have t o  be provided. Figure 13-42 shows the  KTM cargo pallet and the  KTM 

racks. 

The cargo pallets will be offloaded from the OTV and transported to  the handling 

area on cargo transporters. A pair of 20 m cherrypickers will unload the  KTM 

racks from the  pallet and will rnove them t o  a defective KTM storage area. 



PALLET 

KTY PALLET FUCTURE KLYSTRON TUBE 
~ ~ M S ~ ~ S E W O U G H ~ S  W C E R A C U S  C~SRKWKIYPALLETI 
TOSERVCE l O S A l € ~  r25 KTM's PER RACK) 

When a load of defective KTM's are required at the KTM refurbishment area,  t h e  

cherrypickers will load up a transporter with the racks of defective KTM1s. This 

transporter hauls these units over to t h e  facility where the  KTMS a r e  individually 

removed from the  racks for processing. 

As reconditioned KTM's emerge from the processing line, they a r e  loaded into the 

racks that  were liberated when defective components were removed. When a 

complete load of reconditioned KTM1s a r e  ready, the transporter moves back t o  the 

PalletjLoading Offloading and Storage Area. The racks a r e  pbced  into storage. 

When it is t ime to load up  t h e  KTM cargo pallets, t h e  reconditioned KTM's a r e  

removed from s t o r a b ~  and loaded onto the  pallets. These pallets a r e  then transported 

t o  the  OTV d0ckir.g area where they will b e  stacked onto  a n  OTV. 

The miscellaneous defective components (switchgear, PPU's, etc.) will also be returned 

by the  same b ~ h i c l e  tha t  brings in the  defective KTM1s. These units could be 

temporarily stored at the  pailet loadingfoff loading and storage a r e a  o r  could be 

brought directly t o  t h e  miscellaneous component reflSrbishment module. 

There would then be a 9C day period where no maintenance is being conducted at 

the satellites. As the  processing center  is refurbishing KTM's at the  r a t e  of 6612 

KTM's per month, i t  will be necesscry t o  provide storage for three months of production, 



o r  roughly 20,OO KTM's, There are  950 KTMS per pallet loaded into 25 KTM racks. 

Therefore, storage is required for a minimum of 800 KTM racks. 

I t  should also be noted that the replacement components are  delivered t o  GEO via the 

EOTVS that will be delivering construction componmts. The replacement parts would 

be off loaded at the E0TV cargo tug handling area and sent to  the r r ra in te~nce storage 

area- The components cwld  be temporarily stored here m d  %en sent to  the 

maintenance modules as required 



5.0 lNTECRATED SPS MANTENANCE OPERATlONS PLAN 

The integrated SPS maintenance operations concept is depicted in Figure 13-43. 

The t o p l e v d  timeline, shown in Figure 13-44, shows that there a re  two types of 

operations: 1) maintenance operations at the satellite, and 2) refurbishment of 

defective components at the CEO base. 

The at-satellite maintenarlce occurs over a 90 day period when each satellite is 

visited by a mobile maintenance crew, see figure 13-45, a d  equipment for  a 3.5 
day staytime. Twenty operational 5 GW SPS's a re  assumed in the mission model. 

At the end of the 90 day period, the traveling maintenance crews are returned t o  

Earth. They return to  orbit after 90 days on Earth and the repeat the maintenance 

visit routine. Hence, each satellite is visited twice a year for maintenance. The 

refurbishment operations a re  conducted continuously with a crew changeout every 

90 days. 

There are 260 CEO base maintenance crewmembers plus 40 support personnel (see 

Table 13- 11) that must be rotated every 90 days. These crewmembers will be 

delivered t o  LEO via personnel launch vehicles (PL\Ps), along with the other SPS 

spaceworkers. They will, in turn, be transported t o  the CEO Base in the personnel 

orbital transfer vehicles (POTV). 

The command and control tasks that have been identified for the integrated SPS 

maintenance operations are given in Table 13- 12. 



F i p m  134.3 Integmred SPS Maintenance Operati- 

1 DAY TO TRAVEL TO NEXT SATELLITE 

Figure 1344. SPS Maintenance Timeline 
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Table 13-12 

COMMAND AND CONTROL TASKS 

LOCAtTON/OPERATION: SPS Maintenance 

BASE OPERATIONS FUNCTIONS COMMAND & CONTROL TASKS 

o SPS hiaintenance Planning o Receive SPS performance d a t a  

o Re-eive SPS , a u k  annunciation reports 

o Diagnose fault  conditions 

o Crea te  SPS maintenance .Ian 
o define list of replacement parts  required 
o defi..e location of each -aulty component 
o prepare a time-lined schedule for replacement 

of each faulty component 

o Transmit maintenance plan 

o Order replacement parts 
o factory  order or, 
o refurbished parts  

o Coordinate component transportation requirements 

o Receive SPS program constraints, master schedule 

o Define crew skills and training requirements 

SPS Maintenance Crew Operations o Crea te  crew assignments 

INTERFACE 
INTERNAL EXTERNAL 

X 

X 

o Schedule crew transportation 



Table 13-12 (cont.) 

COMMAND AND CONTROL TASKS 

LOCATION/OPERATION: SPS Maintenance 

BASE OPERATIONS FUNCTIONS COMMAND & CONTROL TASKS 

o CEO Base SPS Maintenance o Inventory control 
Operations o replacement parts  

o defective components 
o refurbished components 

o Order replacement parts  

o Coordinate intra-base transportation requirements 
o hardware 
o crew 

o Coordinate cargo handling equipment requirements 
o equipment 
o c rew 
o maintenance of equipment 

o Monitor maintenance equipment and system s ta tus  
o availability 
o maintenance 
o replacement equipment 
o consummables 

o Control crew operations 
o assignments 
o training 
o scheduling 
o crew rotation 

o Coordinate refurbishment operations plan and s ta tus  with 
ground-based SPS Operations and Maintenance 

o Refurbishment operations s ta tus  monitoring 

INTERFACE 
INTERNAL EXTERNAL 



Table 13-12 (cont.) 

COMMAND AND CONTROL TASKS 

RASE OPERATIONS FUNCTIONS 

o Traveling hdaintenance Crew o 
Operations 

0 

0 

0 

LOCATION/OPERATION: SPS Maintenance 

COMMAND ti CONTROL TASKS 

Receivefcoordinate SPS maintenance plan 

Coordinate accumulation of replacement components 

Coordinate transportation requ i r szen t s  

Monitorfcontrol mobile maintenance support 
equipment and svstems (crew habitat, flying 
cherrypicker, KTM pallets) 
o availability 
o maintenance 
o replacement equipment 
o consummables 

Control crew operations 
o assignments 
o training 
o scheduling 

Coordinate SPS power-downfpower-up 

Monitor/control at-satellite maintenance operations 

Monitorfcontrol vehicle-to-SPS docking/launching 
maneuvers 

Monitor/control vehicle t raf f ic  on and around 
the  satell i te 

Control vehicle inter-satellite flight maneuvers 

Monitorfcontrol built-in maintenance support equipment 
o availability 
o maintenance 
o consummables 

INTERFACE 
I! ,TERNAL EXTERNAL 
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SECTION 14 

SPS/lJTILl'fY GRID OPERATIONS 

This chapter  w i l l  d i scuss  the  i n t eg ra t i on  of SPS power i n t o  e l e c t r i c  
u t i l i t y  power systems. With t h e  l e v e l  of d e t a i l  afforded by the current  
base l ine  design the  s tudy of t h i s  i n t eg ra t i on  could be schematic a t  best .  
There is an a t s o h t c  need f o r  power output  con t ro l  of any generating un i t  
on an e l e c t r i c  u t i l i c y  system. To be a b l e  t o  c o l t r o l  power one may  ha*!^. 
t o  v i o l a t e  econanic, environmental and o the r  des i r ab l e  r e s t r i c t i o n s  pl:.ced 
on every-day operation, but t o  ensure system i n t e g r i t y  and r e l i a b i l i t y  power 
output cont ro l  i n  some f o m  is a necess i ty .  

Paragraph 1.0 w i l l  d i scuss  some of the possible  dynamic power var ia -  
t i ons  i n  the SPS system and w i l l  develop suggestions f o r  var ious methods t o  
reduce t he  power input  t o  t h e  rectenna. It is assumed t h a t  r e r ad i a t i on  of 
power from the  rectenna is an  unacceptable mode of power cont ro l .  This 
would then suggest t h a t  t he  only power con t ro l  of the  rectenna output is 
v i a  t he  space c r a f t .  

The methods f o r  power cont ro l  developed i n  1.0 together  with the u t i l i t y  
system c h a r a c t e r i s t i c s  developed i n  2.0 w i l l  then form the  bas i s  f o r  t he  
rectenna cont ro l  c h a r a c t e r i s t i c s  i n  3.0 and the  SPS/Util i ty System integra-  
t i o n  i n  4.0 

The r e s u l t s  i nd i ca t e  t h a t  i f  RF beam con t ro l  is an acceptable  nethod 
f o r  power cont ro l ,  and tha t  the  s i t e  d i s t r i b u t i o n  of SPS rectennas do not 
cause a very high l o c a l  pene t ra t ion  (40-50X), SPS may be in tegra ted  i n t o  
e l e c t r i c  u t i l i t y  system with few negat ive impacts. Increased regulat ing duty 
on the conventional generat ion,  and a po t en t i a l  impact on system r e l i a b i l i t y  
f o r  SPS penetrat ion i n  excess of about 25% appear t o  be two areas  of concern. 
Assessment of more de t a i l ed  models and advanced design parameters f o r  the  SPS 
system must be done before  i t  would be possible  t o  i nves t i ga t e  the SPS/Util i ty 
System in tegra t ion  i n  more d e t a i l .  



1.0 DYNAMIC POWER VARIATIONS I N  THE SPS SYSTM 

1 .  Possible  Dynamic Variat ions of Available SPS Power 

A s  a f i r s t  approximation the  SPS system cons i s t s  of a constant 
power source working i n t o  a constant load. However, i n  prac- 
t i c e  t he  ava i lab le  power degrades slowly over t he  30 year l i f e -  
t i m e  and i t  is modulated by infrequent but r e l a t i v e l y  rapid 
f luctuat ions.  Additionally t h e  ava i lab le  load i t s e l f  may vary 
both slowly and rap id ly  i n  a r e l a t i v e l y  infrequent manner. 

In the following a br ie f  discussion of the  r e l a t i v e l y  rapid 
(dynamic) power va r i a t i ons  i n  the SPS system w i l l  be given 
f o r  t he  purpose of devising a technical ly ,  environmentally 
and economically acceptable power control  capab i l i t y  f o r  the  
ove ra l l  spacecraf t -u t i l i ty  system. 

Table 14-1 lists some of t he  conceivable sources of r e l a t i v e l y  
rapid power va r i a t i ons  i n  t h e  SPS system. They a r e  l i s t e d  
approximately i n  sequence of the associated t o t a l  yearly 
l o s s  of energy. 

Table 14-1. Charac te r i s t ics  of ava i l ab l e  power va r i a t i on  i n  SPS 
system. 
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The t a b l e  shows 12  recognized sources  f o r  dynamic power va r i a -  
t i o n  i n  t h e  SPS system. Amang t h e  l i s t e d  sources  No. 1 and 
No. 2 causes  scheduled dowa times of 1.36% and 1% r e s p e c t i v e l y .  
The remaining e f f e c t s  are small and e s s e n t i a l l y  random. To ta l  
energy l o s s  is l e s s  than 2.7% per  yea r  i f  shut down and start 
up times assoc ia ted  wi th  e c l i p s e s  are a l s o  considered.  Only 
source  No. 1 and No. 2 can cause t o t a l  l o s s  of power. 

It can be  seen t h a t  among t h e  l i s t e d  items only  t h e  f i r s t  two, 
maintenance and e c l i p s e  produce 100: outage and both  of t h e s e  
f a l i  i n t o  t h e  scheduled down time category.  The fol lowing 
a d d i t i o n a l  comments can be  made. 

Spacecraf t  maintenance w i l l  be  done a minimum of two and pro- 
bably maximum f o u r  t imes a year,  when k l y s t r o n  a m p l i f i e r s  a r e  
used. 'With s o l i d  s t a t e  a m p l i f i e r s  t h e  maintenance probably 
can be  aone wi th  s h o r t e r  o r  no shu t  down.) The shu t  down 
times may be scheduled conveniently around t h e  v e r n a l  equinox, 
i n  which case  the  occurrence of yea r ly  e x l i p s e s  can be reduced 
by about 6. However, i t  can be  scheduled i n  any o t h e r  p a r t  
of t h e  year i n  about h a l f  yea r ly  i n t e r v a l s .  During maintenance 
pe r iods  t h e  s o l a r  a r r a y s  probably w i l l  be turned away from 
t h e  sun. Thus a t  t h e  end of maintenance appr. 2 hours a r r a y  
r o t a t i o n  and 1 hour a r r a y  warm-up w i l l  be  necessary be fo re  the  
power turn-up sequence can begin. F ive  minute time is  budgeted 
f o r  t h e  a c t u a l  power turn-up s t a b i l i z a t i o n  period.  

Ecl ipse  w i l l  occur 62 t imes a year.  I n  each e c l i p s e  period 
31 days w i l l  be a f f e c t e d .  During t h e  f i r s t  and l a s t  day of 
such a per iod only penumbra occurs ,  i n  t h e  remaining 29 days 
penumbra and umbra pe r iods  a r e  a ssoc ia ted  wi th  each e c l i p s e .  

Figure  14-1 shows t h e  dura t ion  of d a i l y  e x l i p s e  period 
around t h e  l o c a l  equinox. A t o t a l  of 62 e c l i p s e  occur per  
year.  The iougest  one on the  day of tne  equinox is  about 
71 min. 3376 min. per year is l o s t  on t h e  account of 
e c l i p s e  i t s e l f .  With the  assoc ia ted  shu t  down and s t a r t  
up t imes the  minimum shu t  down time v a r i e s  between 30 min. 
and 140 min. and causes a t o t a l  of appr.  5270 min. (appr. 
1%) per year t o t a l  shu t  down. On t h e  day of the equinox 
t h e  umbra is appr.  68 min. and t h e  t o t a l  e c l i p s e  period 
is  71 min. I f  t h e  system shut  down is  done i n  5 min., 
t h e  a r r a y  warm-up v a r i e s  between 15 min. t o  60 min. a s  
a func t ion  of t h e  depth of cooling and t h e  s t a r t -up  
sequence r e q u i r e s  5 rnin., then the  minimum shut  down t imes 
assoc ia ted  wi th  e c l i p s e s  vary between 30 mfn. and 140 min. 
during the  e c l i p s e  season. On t h e  day of equinox f o r  a 
100 u n i t s  SPS system d i s t r i b u t e d  over + 18' ~ r b i t a l  a r c  
the  f i r s t  e c l i p s e  sequence w i l l  s t a r t  a t  113 min. before  
l o c a l  midnight, while the  l a s t  e c l i p s e  sequence w i l l  be 
over 173 min. a f t e r  t h e  l c c a l  midnight, thus  the  t o t a l  
a f f e c t e d  time period is 286 min. 4 hours,  L 5  min. f o r  
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Figure 14-1 . Duration of eclipse per day during the sprirp eqc:?-.. 
season. 

the complete system. For a 100 SPS anit system, distribated 
over a 2 18' orbital arc around the local midnight of the 
center element the eclipse will occur simultaneously for 
about half the spacecrafts. However, due to the start-up 
tine allowance there will be a short time when all the SPS 
units will be down. By spreading the units over a larger arc, 
say + 36' half of all SPS units can be kept in operation at 
any h e  at the expense of allowing less optimum look angles, 
which require larger rectennas and cause more atmospheric 
loss. Additionally the total eclipse affected ~eriod for the 
country spreads to a 430 min. = 7 hour, 10 min. period. 
Table 14-2 shows the local elevation angles for sites at 
Seattle, Houston and Boston respectively when the sp i i c e i~3 f t  
is at 95', 95 2 18" and 95 2 36" long. respectively. 



Table 14-2 . Elevat ion ang les  f o r  d i f f e r e n t  sites and spacecraf t  
loca t ions .  

The t a b l e  e x h i b i t s  the  e f f e c t  of s a t e l l i t e  o r b i t a l  spreading 
on earch s t a t i o n  e l e v a t i o n  angle.  The "optimum" spreading 
f o r  e a r t h  s t a t i o n s  i n  t h e  Seattle-Boston long i tude  range is  50". 
However 72" spreading is d e s i r a b l e  t o  l i m i t  e c l i p s e  caused 
simultaneous down time t o  hal f  of a t o t a l  100 spacecra f t  
system. For such a spreading e c l i p s e  e f f e c t s  w i l l  occur from 
10 hour, 7 min. pm t o  2 hour, 53 min. am r e l a t i v e  t o  t h e  l o c a l  
midnight of the  c e n t e r  element of the  o v e r a l l  SPS system. 

It can be seen t h a t  from To' ' 14-2 t h a t  the  e l e v a t i o n  dngle 
of t h e  s a t e l l i t e  is genera' -educed with  s a t e l l i t e  spreading.  
Assuming t h a t  t h e  rec tenna . is u n i t y  f o r  t h e  Houston s i t e  
i f  i t  is assoc ia ted  wi th  a ,dacecraf t  a t  95" long i tude  t h e  
antenna a r e a  inc reases  t o  1.32 u n i t s  f o r  2 18' and 1.38 u n i t s  
f o r  f_ 36" long i tude  d i f f e r e n c e  r e s p e c t i v e l y .  For a S e a t t l e  
s i t e ,  assuming f: 36 s a t e l l i t e  spreading the  e l e v a t i o n  angle  
is 34" acd t h e  required maximum rectenna a r e a  is  1.79 u n i t .  
The optimum spreading f o r  t h e  considered extreme East and 
West s i t e s  is 50' o r b i t a l  a r c ,  which is only somewhat smal le r ,  
then t h e  se lec ted  72' maximum a r c .  It can be concluded from 
the  above, t h a t  i t  is  probably economical t o  set-up the  100 
spacecra f t  sq.stem over an  o r b i t a l  a r c  of + 36" and thereby 
l i m i t  t h e  si.nultaneous e c l i p s e  opera t ions  t o  about hal f  
of t h e  tot , : l  system. For such a case  an  SPS system with  
20% penetrot ion w i l l  cause a max. 10% reduct ion i n  the  
a v a i l a b l e  power of the  country on the  day of the  equinox 
i n  t h e  10 hour, 7 min. pm t o  2 hour, 53 min. am per iod.  



Windstorms. It is possible,  but probably uneconcmical t o  
design the rectenna f o r  extreme wind loads. Table 14-1 
assumes that the  survival  spec i f ica t ion  of the  rectenna 
is given by allowing t o  loose 25% of the rectenna area a t  
wind l eve l s  correspondiag t o  t he  1 per 100 year occurrence. 
Assuming that the  r epa i r  of such a 25% d a g e d  antenna takes 
1 year t he  average down time of the  damaged sec t ion  is 
5260 m i n .  causing an average .25X = 109.5 CU Hr.  l o s s  per 
year energy per site. In prac t ice  probably an even la rger  
averags outage a l l w a n c e  w i l l  be economical, s ince  reduc- 
t i on  of wind surv iva l  requi rment  on the rectenna can 
reduce its cos t  considerably. The d i f f i c u l t y  with wind 
caused outages is that they a r e  unscheduled, although few 
b u r s  varning can be expected ahead of se r ious  storms. 

Earthquakes. Earthquakes a r e  not expected t o  ser iously 
damage the rectznna s ince  i t  is b u i l t  from r e l a t i v e l y  low 
and compact s r ruc tu ra l  elements. However, misalignment of 
the  antenna panels and disrupt ion of some of the trans- 
mission l i n e s  car  be expected. 

i i r e .  k l r e  hazard i n  the rectenaa system is extremely low, - 
assuming tha t  nonburning insulat ing mater ia l s  a r e  used and 
the growth of vegetation unde: the rectenna a r ea  is kept 
under zontrol . 
Heteorites.  Col l is ion between the spacecraf t  and meteori t ies  
is a very low probabi l i ty  occurrence and even when it happens 
w i l l  influence only a very small portion of the  system. Pro- 
bably the most s ens i t i ve  pa r t  of the  spacecraft  is the ro ta ry  
joint .  However, because of its s i z e  a damage beyond 10% of 
its capacity is extremely unlikely.  

Rectenna equipment f a i l u r e s .  Only the higher power l eve l  
s tages  cf t he  power co l lec t ing  system s h u l d  be considered 
from the point of view of subs t an t t a l  dynamic power var ia t ion .  
However, t h i s  pa r t  of the system can be designed with any 
required redundancy and ava i l ab i l i t y .  The assumed numbers 
represent the  r e s u l t s  of preliminary economical considerations.  

Precipi ta t ion.  Rain, snow and ice  w i l l  inf l.uence the rectenna 
power output by various amounts. However, with proper design 
none of these f ac to r s  can cause very deep power fades. The 
e f f ec t  of r a i n  is mostly re la ted  t o  the  s c a t t e r  by r a i n  drops 
in the  atmosphere and t o  a smaller extent  t o  the  impedance 
detuning e f f s c t  of dipole  insulat ing mater ia l  wetness. Rain 
fading is a function of r a i n  r a t e  and elevat ion angle of the 
s a t e l l i t e .  Worst case occurs i n  the  Nor heast (Boston) but 
even there  the time per year when rair. a t tenuat ion exceeds 
.4 db is prac t ica l ly  negl igible .  Dry snow accumulation 
caused fading is even smaller. Additionally, f o r  the 
snow b e l t  s i t e s  the t ilt  angle of the rectenrra panels 



r e l a t i v e  t o  t he  l o c a l  v e r t i c a l  w i l l  be i n  the 45. o r  more 
range (see Table 14-2) which w i l l  reduce the  hazard of 
subs tan t ia l  snow accumulation. 

The g rea t e s t  p rec ip i ta t ion  hazard is i c e  accumulation which 
detunes the antennas, absorbs power a d  may cause struc-  
t u r a l  damage of the  panels. In tbe r i d d l e  of t he  recteana 
the  l n c a l n g  microwave power is about 21 w1ft.2. This is 
about 2.5 - 5 times less thoa t h e  deicing power uaed f o r  
typ ica l  antenna r e f l e c t o r s  when the  deicing heater  is 
del iver ing a l l  its heating power toward the  ref  lec tor .  

If only dipole  deicing is at teapted the  ava i lab le  p w e r  may 
be adequate i n  the middle of the  rectenna, but t he  required 
heating c i r c u i t  is post l i k e l y  not  economical. A t  any 
r a t e ,  over t he  outer  r i ngs  of t he  rectenna not enough heating 
power is avai lab le  and the  operation of a de icer  may require  
the  use of outs ide power f o r  a sho r t  while (hours). Table 1 
assumes no deicing system, but a mechanical design, which 
pro tec ts  t he  rectsnna panels aga ins t  i c e  load caused f a i lu re s ,  
except f o r  infrequent extreme cases. The transmission l i n e s  
of the  system v i l l  not  be sens i t i ve  t o  ic ing  conditions 
because of t h e i r  high current  load automatically assures  ice 
f r e e  operation. 

Pointing e r ror .  For a properly designed SPS pointing system a 
coraplete mispointing of the beam requires  a t r i p l e  f a i l u r e  i n  
the spacecraft  phase d i s t r i bu t ion  system. According t o  GE's, 
Part 4, Phase 1 f i n a l  report ,  Table 3.1-1 (December 14, 1978) 
the probabi l i ty  of t h i s  occurence is p = -00000066 or 203 sec. 
per year. This is a type of dovn time vhich can occur withsut 
warning and could cause t o t a l  l o s s  of power. However, because 
of its very s m a l l  probabi l i ty  of occurrence it is not l i s t e d  
i n  Table 14-L 

The major power f luc tua t ions  associated with pointing error* 
a r e  e s sen t i a l l y  caused by spacecraf t  a t t i t u d e  control  system 
jitters and thermal var iat ions.  Although these a r e  qu i t e  
frequent, t he  r e l a t i v e  power modulation is s m a l l .  

Ionospheric e f fec ts .  The e f f ec t  of predictable  Faraday rota- 
t i on  is r e l a t i v e l y  small. The worst f luc tua t ions  w i l l  be i n  
the ea r ly  pa r t  of January, c lose  t o  the  loca l  sunset and sun- 
r i s e  times. The e fec t  w i l l  be w3ximuni a t  the peak srlnspot 
ac t iv i ty ,  which has an 11 year per iodici ty .  Additionally 
sporadical ionospheric e f f e c t s  may cause deeper power fluctua- 
t ions than shown i n  Table 14-1. However the occurrence of 
these w i l l  be even l e s s  frequent. 

Ground cont ro l  equipment. This fade is re la ted  t o  a f a i l u r e  
i n  the p i l o t  t ransmit ter  s ta t ion .  Since t h i s  equipment can be 
made with any required amount of a v a i l a b i l i t y  the absolute 
l o s s  of re la ted  power is negl igible .  Disturbances a r e  mostly 
re la ted  t o  switching times t o  redundant equipment. 



Aircraft  shadow. Nominally no a i r c r a f t  overflow v i l l  be 
tolerated a t  rectenna sites. However, i f  t h i s  happens by 
accident, the associated power f luctuat ions v i l l  be very 
-11. 

(3a tbe basis of the  previous considerations Figure 14-2 
shows available SPS power t o  u t i l i t y  gr id  considerirrg 
random errors ,  f a i l u r e  modes, scheduled maintenance aud 
eclipse,  including shut down and s t a r t  up times. Total 
system down tire is 207.8 hour per year (2.32). 

Figure 14-2. Available SPS power to  u t i l i t y  grid. 

1.2 Control Hethods for  Input Pover t o  Rectenr-a 

m e n  it is necessary t o  implement scheduled o r  unscheduled 
output powr level  variat ions from the spacecraft several 
atethods can be considered. 

Table 14-3 shovs 7 methods t o  control the power input into 
the rectenna. Reduction of pover to  zero w i l l  require 
maximum .45 sec. The various methods have different  
noise environmental effects .  

The following comments can be made. 
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Table 14-3. Various methods t o  reduce power i n t o  rectenna. 

Reduction of k lys t ran  beam voltage is a convenient way of 
reducing power i n t o  t he  rectenna. I f  the  reduction is done 
on a l l  klystrons by an equal amount t he  pa t te rn  of the  
antenna remains unchanged. The reduced pover l eve l  typ ica l ly  
w i l l  de t e r io ra t e  t h e  e f f ic iency  of the klystron, thus it has 
t o  be implmeoted i n  such a way t h a t  the  t o t a i  l o s s  power 
associated with t h e  DC to RF conversion does not exceed the 
t o l e r ab l e  level .  Additionally frequent l a rge  output power 
va r i a t i ons  from the  klystron may a f f e c t  its l i f e  t i m e .  
For t h i s  reason it is probably .prudent t o  assume a depth 
of power variatt-on t o  80% only. 
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Quadratic phase e r ro r .  A way t o  reduce the  power input t o  
the  rectenna is by widening the beam of the space antenna. 
There a r e  several  ways t o  achieve t h i s .  h e  possible  merhod 
introduces a gradually increasing phase e r ro r  i n to  the r ings  
of the  space antenna, siinulating a quadratic phase e r ro r  i n  
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conditions of the klystrons unchanged. The power goes i n to  
a didened main beam and s l i g h t l y  deter iorated s idelobes . 
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Nominally the p e r  density a t  the edge of rectenna is appr. 
2.9 4 ~ 6 2 ,  about 8 times belov the I M X ~  tolerable level  
f o r  continuous irradiat ion.  During such power control 
condition the nominal level  v i l l  increase by 3 - 4 db but 
vill s tay  still considerably belov the  tolerable level.  
This mthod of control may o r  may not require any iacrease 
for the  t o t a l  site area. 

Phase randaJ.zation. Another metbod which leaves the operating 
power conditions of the Llystrons unperturbed t u t  reduces input 
power t o  the rectenna is t o  randamize the  phases of the klystrons. 
This rray be hplerented  by disconnecting the  phase information 
from the klystron drive, o r  intentionally replacing it by a 
r a n d a  phase. This method is capable of reducing the  
rectenna input t o  zero, but lw lwel power w i l l  be 
radiated in to  a large geographical area. The diameter 
of t h i s  area is deterrined by the s i z e  of the  subarray. 
If t h i s  is 10 n then the 3 db footprint  of the  subarray 
pat tern is about 1097 h. The average power ievel  i n  
the middle of t h i s  d i sc  is about 40 db lover than i n  
the  middle of the rectenna during normal operating 
conditions (2.3 uvlcm2). If a 10 r diameter antenna is 
aligned toward the  spacecraft it can pick up appr. 1 w 
power, which may i n t e r fe re  o r  damage sens i t ive  micrcrdave 
equipment. Such dasage can be avoided by same f i l t e r i n g ,  
but the economical o r  other penalties a t e  not hovn a t  
the present. 

T i l t  of antenna phase. This method scans the main beam of 
the antenna off the ear th  by the introduction of a pre- 
programmed l inear  phase variat ion over the  aperture of the 
space antenna. It requires an electronical ly controllable 
phase s h i f t e r  a t  each klystron input. This method favors 
a liait of 5 m on the l inear  dimension of the subarray. 
Wer t h i s  conditioa the peak of the f i r s t  sidelobe of the 
subarray pat tern is a t  - 5.3O £ram t h e  maximum and it is 
at -13 db level.  Thus vhen the beam is scanned by appr. 
S.3*, tha t  is enough t o  put it above the  North Pole, the  
sidelobe level  increase over the illuminated part  of the ear th  
w i l l  be only about 13 db higher than during normal operating 
conditions. It is assumed tbat  before scan the antenna phase 
has t o  be randomized and conf inned, thus the t o t a l  operation 
w i l l  require about 1 sec. 

T i l t  of antenna. This is a slov and control energy consuming 
meqhod t o  tilt the beam avay from the rectenna and earth. 
Since typically about 9' East-Vest ro ta t ion  is required and 
the normal antenna ro ta t ion  is 1 per day, 36 min. is required 
i f  the r e l a t ive  rotat ion is achieved by simply disconnecting 
the antenna drive. Table 6.1-3 assumes that  an order of magnitude 
fas ter  emergency drive mode is available, thus the  time t o  
implement such a control action is 216 sec. When the method 
is combined with the antenna phase tilt the power can be 
removed in 1 sec. and the 13 db increased sidelobe level  
condition can be r e s t r i c t d  t o  215 sec. 



Disconnection of k lys t ron  rings. This method can be used t o  
vary power i n t o  t h e  recteaaa i n  t he  0-100% range with minimum 
impact on the  v ide  angle sidelobe envelope. An advantage of 
t h i s  scheme is t h a t  it requires  only on off  cont ro l  of the  
klystron power. Several s t r a t e g i e s  are possible. When the  
klystron shut  down starts v i t h  the c e n t r a l  region then the 
v id th  of t he  uin beam remains appr. constant and only the  
nearby s idelobes increases out t o  about a 100 h d io re t e r  
area. When the klystron shut down starts v i t h  the  outer  r ing ,  
then the  main lobe v id th  increases and the  e f f e c t  on the 
absolute  power l e v e l  of the sidelobes is very d l .  When the  
klystrons a r e  shut  doun on a semirandom bas i s  then the main 
lobe shape rasa ins  unaffected and t he  generated sidelobe 
power is d i s t r i bu ted  over a very la rge  area. In each of 
these cases  t he  disconnection of c e r t a i n  transmit pmer 
reduces the  rectenna input power by appr. twice of t h i s  
-unt because the  associated antenna area is a l s o  
reswved. 

T i l t  of s o l a r  array. This method is very slow and requires  
r e l a t i ve ly  l a rge  amounts of energy. Normally the  so l a r  
a r r ay  r o t a t e s  once per year o r  .9856 deg./day. Thus a 
90' ro ta t ion  would require  91.31 day. Even v i t h  a 1000 
times f a s t e r  emergency d r ive  capabi l i ty  2.19 hour w i l l  be 
aecessary fo r  a 90' ro ta t ion .  The only time when t h i s  
mode of control  can be contemplated is a t  the beginning 
and of maintenance periods. This allows the complete shut 
down of the spacecraf t  including the high voltage DC system. 
( I t  is in te res t ing  t o  note tha t  with the 2.19 hour shut down 
sequence the  average edge veloci ty  of the  so l a r  a r ray  is 
about -5 mlsec.) 

In ac tua l  prac t ice  the above described methods probably w i l i  be 
used i n  various combinations. This'allows complete shut down of 
the rectenna i n  about .45 sec. or  a r a t e  of change appr. 11.1 CW/sec. 
I f  the same cont ro l  methods a r e  used fo r  start-up then the 
times w i l l  be s imi la r ,  except the warm-up time of the  so la r  
a r ray  has t o  be added as applicable. 

1.3 Control Methods f o r  Output Power From Rectenna 

Since the  power from the  spacecraft  cannot be shut doun i n  l e s s  
than .45 sec. t he  rectennr. may need a shut down capabi l i ty  
fo r  the  0 t o  .45 sec. pcriod. The t o t a l  energy received 
during t h i s  period is 625 kw hr.  Since t h i s  energy is rela- 
t i ve ly  small i t  is zonceivable tha t  a dummy load with t h i s  
energy capacity is provided. 

I f  the shut down of the  spacecraft  is not ae s i r ab l e  or  the 
shut down mechanism fa i l ed  and the required shut down time 
is  much longer than .45 sec. (due to  unavai lab i l i ty  of load 
c e n t e r ~ j  then only two options a r e  avai lable .  



a )  Reradiation in to  space. 

b) Local u t i l i za t ion  of surplus power. 

Reradiation in to  space can be implemented i n  approximately 
10 us. The to le rab i l i ty  of t h i s  method depends on the 
d i rec t iv i ty ,  level ,  frequency spectrum and duration of the  
reradiated microwave power. Sit ing (natural shielding of 
mountains, ?€stance from population centers) and rectenna 
design may influence a l so  to lerabi l i ty .  Host of the 
generated microwave power w i l l  be in the v ic in i ty  of the 
rectenna and w i l l  reduce rapidly v i th  distance. 

Local u t i l i z a t i o n  of surplus power may be employed t o  generate 
products l i k e  hydorgen. Bowever, the economic f e a s i b i l i t y  of 
t h i s  approach is questionable, since i n  a w e l l  planned system 
the t o t a l  average surplus pover may not be much and the  
required plant investment is considerable. The main advantage 
of such a f a c i l i t y  may not be economical, but tha t  it ailows 
t o  run the spacecraft system i n  the l e a s t  perturbed ranner, 
thus it can contribute t o  be t ter  ava i l ab i l i ty  and s t a b i l i t y  
of operat ion. 



2.0 UTILITY SYSTPI REQUIRENENTS - 
2.1 U t i l i t y  System Opsrat ing Requirements 

Cur ren t ly  accepted response  c h a r a c t e r i s t i c s  f o r  u t i l i t y  system generat -  
ing  p l a n t s  have been t h e  b a s i s  f o r  e s t a b l i s h i n g  t h e  i n t e g r a t i o n  of t h e  SPS 
system wi th  the  e x i s t i n g  u t i l i t y  systems.  These requirements a r e  de f ined  
and desc r ibed  i n  t h i s  s e c t i o n .  

Pawer P l a n t  Operat ion on a U t i l i t y  Network 

The opera t ing  environment of a power genera t ing  p l a n t  is c h a r a c t e r i z e d  
by: 

a F luc tua t ing  and changing l e v e l s  of connected load,  aggravated by 
unusual loads  o r  weather. 

Changing power p l a n t  s t a t u s ,  both  planned and unplanned, r e s u l t i n g  
i n  varying l e v e l s  of a v a i l a b l e  genera t ion .  

m Network d i s t u r b a n c e s  due t o  unplanned l o s s  of genera t ion  o r  change 
i n  network c o n f i g u r a t i o n  due t o  l i n e  swi tching.  

a Necess i ty  t o  over- o r  under-generate t o  c o r r e c t  system t i m e  o r  
a d j u s t  f o r  i n a d v e r t e n t  energy exchange on t h e  l i n e s .  

Load changes which a r e  random, i - e . ,  smal l  i n  n.agnitude and occur r ing  
over r e l a t i v e l y  s h o r t  t ime i n t e r v a l s ,  cause  smal l  d e v i a t i o n s  i n  genera t ion  
load balance  and r e s u l t  i n  smal l  frequency d e v i a t i o n s  (from +0.02 Hz t o  
-0.04 Hz i n  the  United S t a t e s ) .  Hence one requirement f o r  p l a n t  response is 
t h e  n e c e s s i t y  of frequency r e g u l a t i o n .  

Over longer  t i m e  spans  ( i . e . ,  days ,  weeks, y e a r s ) ,  v a r i a t i o n  i n  load 
occurs  w i t h i n  l a r g e r  to le rance ;  t h i s  v a r i a t i o n  is p r e d i c t a b l e  a s  a  f u n c t i o n  
of t ime of day, day of week, and time of yea r .  The n e c e s s i t y  t o  mainta in  
a  match af g e ~ e r a t l o n  w i t h  load over  t h e s e  l a r g e r  v a r i a t i o n s  r e q u i r e s  t h a t  
a t  l e a s t  some p l a n t s  have load-following c a p a b i l i t y .  

The v a r i a b i l i t y  i n  connected load ,  toge the r  w i t h  t h e  economics of p l a n t  
and system o p e r a t i o n ,  c r e a t e  t h e  need t o  t a k e  u n i t s  f u l l y  ou t  of s e r v i c e ,  
e i t h e r  d a i l y  o r  f o r  more extended pe r iods .  Maintenance of t h e  p l a n t  a l s o  
c r e a t e s  a  need t o  s h u t  down and s t a r t  up p l a n t s  on a planned b a s i s .  Hence 
p l a n t  c h a r a c t e r i s t i c s  i n  s t a r t u p  and shutdown a r e  a n  important  opera t ing  
cons ide ra t ion .  

A mild emergency i n  a  power system r e s u l t s  from t h e  unexpected l o s s  of 
genera t ion  wi th in  a  c o n t r o l  a r e a .  The sudden in-flow of power over t i e - l i n e s  
from ad jacen t  c o n t r o l  a r e a s  may exceed the  thermal capac i ty  of t ransmiss ion 
l i n e  conductcrs .  A smal l  drop in  frequency on t h e  e a t i r e  in te rconnec t ion  
a l s o  r e s u l t s .  To r e s c o r e  the  t i e - l i n e  load ings  t o  normal and e l i m i n a t e  tibe 



frequency d e v i a t i o n ,  t h e  remaining gene ratio^ i n  the  area must b e  inc reased  
by t h e  amount l o s t .  Indus t ry  s t a n d a r d  p r a c t i c e s  s p e c i f y  t h a t  t h i s  s h a l l  b e  
accomplished w i t h i n  t e n  minutes,  and, i n  most u t i l i t i e s ,  t h i s  a d d i t i o n a l  
power must b e  provided by u n i t s  a l r e a d y  synchronized t o  t h e  system. This 
requirement is r e f e r r e d  t o  a s  t i e - l i n e  backup. 

Major system emergencies may r e s u l t  i n  a l o s s  of a l l  t i e s  t o  t h e  re- 
mainder of t h e  power system, l ead ing  t o  t h e  i s o l a t i o n  of a  p a r t  of t h e  
system, i.e., t h e  format ion of a n  i s l a n d .  The i s o l a t e d  segment may b e  gen- 
e r a t i o n - r i c h  (wi th  a  r i s e  i n  frequency and a need t o  reduce genera t ion)  o r  
genera t ion-def ic ien t  (with a need f o r  an  i n c r e a s e  i n  genera t ion ,  load shed- 
ding,  o r  a  combination t o  r e s t o r e  frequency and permit  r e synchron iza t ion  w i t h  
t h e  in te rconnec t ion)  . 

A s p e c i a l  c a s e  of i s l a n d i n g  is  t h e  sudden d i sconnec t ion  of a u n i t  o r  
p l a n t  from t h e  r e s t  of t h e  system, l eav ing  t h e  u n i t  wi th  no  connected load.  
Ref e r r e d  t o  a s  load r e j e c t i o n ,  t h e  u n i t  is u s u a l l y  s h u t  down by i ts over- 
speed p r o t e c t i o n .  However, i t  is d e s i r a b l e  (where poss ib le )  t o  c u t  back on 
u n i t  power ou tpu t  t o  t h e  lei-sl of t h e  p l a n t  a u x i l i a r i e s '  load.  It is usua l ly  
d e s i r a b l e  t o  resynchronize  and re load  t h e  u n i t  as qu ick ly  as p o s s i b l e  i f  the  
load r e j e c t i o n  h a s  been caused by a malfunct ion e x t e r n a l  t o  t h e  p l a n t .  

Des i rab le  P l a n t  Response C h a r a c t e r i s t i c s  

Operation of a n  in te rconnec ted  power system p l a c e s  c e r t a i n  c o n t r o l  and 
maneuverabi l i ty  requirements on t h e  aggrega te  genera t ion  i n  t h e  interconnec- 
t i o n ;  t h e s e  requirements must b e  imposed u l t i m a t e l y  on the  i n d i v i d u a l  u n i t s .  
S ince  i n d i v i d u a l  u n i t s  vary  i n  t h e i r  r e l a t i v e  a b i l i t y  t o  maneuver and play 
d i f f e r e n t  r o l e s  i n  t h e  o v e r a l l  economics of day-to-day o p e r a t i o n ,  i t  is not  
p o s s i b l e  to unequivocally d e f i n e  a b s o l u t e  response requirements.  However, 
t h e r e  a r e  some g e n e r a l  g u i d e l i n e s  which can b e  used i n  t h e  des ign  of power 
p l a n t s  f o r  use  on e l e c t r i c  u t i l i t y  networks. 

General  g u i d e l i n e s  which a r e  d e s i r a b l e  o b j e c t i v e s  i n  t h e  d e s i g n  of a  new 
p l a n t  co'lcept a r e :  

1. Each genera t ing  u n i t  and i ts c a n t r o l s  should b e  i n h e r e n t l y  s t a b l e  
under a l l  combinations of p o s s i b i e  manual and a u t m a t i c  c o n t r o l  
w h i l e  connected t o  t h e  system. That is, under no c i rcumstances  
should t h e  s t a b l e  o p e r a t i o n  of any u n i t  depend on t h e  charac te r -  
i s t i c s  of o t h e r  u n i t s .  

2. I t  is h igh ly  d e s i r a b l e  t h a t  each u n i t ,  i f  c a l l e d  upon, b e  a b l e  
t o  assume i ts  propor t iona te  s h a r e  of load r e g u l a t i n g  and/or  
frequency r e g u l a t i n g  duty .  

3. Generating u n i t  c o n t r o l s ,  i n  responding t o  e x t e r n a l  s t i m u l i  (such 
a s  frequency d e v i a t i o n  o r  automatic genera t ion  c o n t r o l  s i g n a l s ) ,  
should not  impose on t h e  u n i t  an  excurs ion which would cause  t h e  
u n i t  t o  l o s e  c o n t r o l  o r  t o  t r i p  off t h e  l i n e .  That is, c o n t r o l  



a c t i o n  should b e  l imi ted  t o  the  amount of con t ro l  t o  which the 
u n i t  can respond without exceeding l i m i t s  on process va r i ab l e s  
(such a s  water l eve l ,  pressures ,  o r  temperatures).  

Based on these gu ide l ines ,  i t  is poss ib le  t o  spec i fy  quan t i t a t i ve  goals  
f o r  the  cont ro l  of ind iv idua l  generating u n i t s  from an ana lys i s  of the aggre- 
g a t e  system needs. The aggregate system needs a r e  quant i f ied  below and the 
r e su l t i ng  requirements f o r  response of ind iv idua l  u n i t s  a r e  s t a t ed .  

Frequency regulat ion.  The req'liremen ts f o r  frequency regulat ion a r e  
e s s e n t i a l l y  those f o r  speed governing of t he  prime mover. They a r e  defined 
i n  industry s tandards and may be s-mmarized a s  follows: 

1. A prompt s t a b l e  response i n  change of power output of +1.3 percent 
o r  -0.7 percent  of MW r a t i ng ,  with a t  l e a s t  30 percent of t o t a l  
change wi th in  the f i r s t  two seconds. 

2 .  A maximum deadband of 0.06 percent frequent:; 43.036 Hz on a 60 Hz 
system). 

3. A s teady-state  regula t ion  of 5 percent ( i - e . ,  20 percent change 
i n  p w e r  output f o r  each 1 percent decrease i n  frequency). 

These spec i f i ca t i ons  apply only t o  the speed con t ro l  and assume tha t  the 
energy supply is capable of meeting the demands made upon i t  a s  defined above. 
In p lan ts  where t he  energy supply is complex, t he  ove ra l l  p lan t  cont ro l  w i l l  
respond t o  frequency devia t ion  and w i l l  exerc i se  a coordinated cont ro l  over 
both prime mover and energy supply t o  meet the  speed/load demand. 

Load following. For those generating u n i t s  c a l l e d  upon t o  ad jus t  output 
t o  follow long term load va r i a t i ons ,  a t yp i ca l  expectation is the  a b i l i t y  t o  
go from 100 percent power t o  50 percent power a t  r a t e s  of 1 percent t o  2 
percent per minute over much of t h i s  range, and t o  make the  t o t a l  excursion 
over a 2 hour period and re turn  i n  t he  same elapsed time. Peaking u n i t s  
(normally combustion turbines)  a r e  expected t o  load and unload over a range 
of 70 percent of r a t i n g  i n  periods of 10 t o  20 minutes. 

Ti-e-line backup. Increase i n  generat ion f o r  t i e - l i n e  backup is general ly  
provided fo r  spinning reserve  (un i t s  a l ready synchronized t o  the system). 
The one t o  t w ~ - ~ e r c & t  per  minute response r a t e  c i t e d  f o r  load-following 
duty is general ly  adequate f o r  t i e - l i ne  backup. 

Startup-Shutdown of P lan t .  J u s t -  a s  d i f f e r e n t  requirements fo r  load 
following e x i s t  f o r  d i f f e r e n t  types of u n i t s ,  t he re  is  a d i s t i n c t i o n  made 
f o r  s t a r t u p  and shutdown r a t e s .  Peaking un i t s ,  most l i k e l y  combus t i on  
tu rb ines ,  a r e  o f t en  used f o r  non-spinning reserve t o  meet unexpected sudden 
load increases;  a s  such, these  u n i t s  should be capable of s t a r t - t o - fu l l  
load i n  30 minutes o r  less. For intermediate  range steam uni t s ,  s t a r t - t o -  
f u l l  load i n  one t o  two hours is des i r ab l e .  Base load u n i t s  could take from 
two. to  four hours f o r  a s t a r t  following a b r i e f  shutdown and s i x  t o  ten 



hours following a more extended shutdown. Shutdown rates comparable t o  
s t a r t u p  r a t e s  would be  permissible.  

A p lo t  of response rate i n  percent MW/minute v s  . t h e  number of minutes 
a t  which t h i s  r a t e  can be sustained,  p lo t t ed  on log-log coordinates  cont r i - -  
bu tes  t o  comprehension of the  da ta  above. Figure 14-3 i l l u s t r a t e s  the  
t r a n s i t i o n  from excursion-limited response t o  r a t e  limits aver t h e  range of 
normal operat ion condi t ions.  Typical system emergency requirements a r e  a l s o  
shown . 

MINUTES TO PERFORM LOAD CHANGE 

Figure 14-3 . Maneuvering Requirements of Generating Uni ts 
f o r  U t i l i t y  System Operation 

Operation of the SPS System 

It is probable t ha t  the SPS system w i l l  operate  a t  o r  near f u l l  output 
a s  a base load p lan t  with a minimum of need f o r  load following. However, a s  
the  penetrat ion of SPS on a power system increases  some o r  a l l  of t he  SPS 
plants  would be required t o  have some load following f l e x i b i l i t y .  

The response c h a r a c t e r i s t i c s  of t he  SPS system and its impact on u t i l i t y  
system operat ions a r e  examined i n  Ser t ion  4.1 . 



2.2 U t i l i t y  System ReliabilityfAvailability C h a r a c t e r i s t i c s  

H i s t o r i c a l l y ,  u t i l i t y  system planners  measured genera t ion  system r e l i a -  
b i l i t y  wi th  a percen t  reserve index. This planning c r i t e r i o n  simply measured 
t h e  r a t i o  of t o t a l  i n s t a l l e d  genera t ing  c a p a c i t y  t o  t h e  annual peak load 
d e u n d .  However, t h i s  approach proved t o  b e  a r e l a t i v e l y  i n s e n s i t i v e  ind i -  
c a t o r  of system r e l i a b i l i t y ,  p a r t i c u l a r i l y  when comparing a l t e r n a t i v e  u n i t s  
whose s i z e  and forced outage rate vary.  

Today, r e l i a b i l i t y  of e l e c t r i c  u t i l i t y  systems is  commonly measured by 
using p r o b a b i l i t y  mathematics. The most p reva len t  method is c a l l e d  t h e  
"loss-of-load-probabil i ty" (LOLP) method. LOLP c a l c u l a t i o n s  are r e l a t i v e l y  
s imple  t o  perform using d i g i t a l  computers and a l lows d i f f e r e n t  genera t ion  
expansions t o  b e  designed and compared on the  b a s i s  of a common l e v e l  of 
r e l i a b i l i t y .  

Generation system r e l i a b i l i t y  is a f f e c t e d  by s e v e r a l  f a c t o r s .  Among 
t h e s e  f a c t o r s  are u n i t  s i z e ,  fo rced  outage r a t e  and planned outage r a t e .  
Although LOLP is concerned w i t h  t h e  systems ~ L i l i t y  t o  meet t h e  demand, u t i l -  
i t y  system r e l i a b i l i t y  is t h e  n e t  r e s u l t  of t h e  i n d i v i d u a l  generat ing u n i t s  
and t h e i r  r e l i a b i l i t y .  

The LOLP c a l c u l a t i o n  i s  performed by u t i l i z i n g  a chronological  d a i l y  
peak load f o r e c a s t  including measures of load f o r e c a s t i n g  uncer ta in ty .  Each 
genera t ing  u n i t  i s  represented by i ts r a t i n g ,  p r o b a b i l i t y  of outage and its 
maintenance requirements.  Conventional generat ing u n i t s  a r e  t y p i c a l l y  repre-  
sen ted  by a two-state r e l i a b i l i t y  model. The two s t a t e s  a r e  f u l l  output  and 
no output,  r e s p e c t i v e l y ,  and t h e  p r o b d i l i t y  of f u l l  outage is def ined 
according t o  t h e  Edison E l e c t r i c  I n s t i t u t e  (EEI): 

Serv ice  Hours 
Outage Rate = Serv ice  Hours + Forced Outage Hours p . u .  

The only convent ional  genera t ing  u n i t  where a m u l t i - s t a t e  r e l i a b i l i t y  model 
is normally required is a combined c y c l e  u n i t  made up from s e v e r a l  gas  and 
steam t u r b i n s  u n i t s .  The combined c y c l e  u n i t  t h e r e f o r e ,  h a s  t h e  c a p a b i l i t y  
of producing power whi ie  p a r t s  of t h e  p l a n t  a r e  down f o r  maintenance. Typ- 
i c a l l y  a f i v e - s t a t e  model has  been found s u f f i c i e n t  t o  approximate t h e  re-  
1 i a l ; i l i t y  modtl f o r  a combined c y c l e  u n i t .  

The maintenance requirement is measured by a planned outagc r a t e  equal  
t o  t h e  r a t i o  of scheduled maintenance hours  and the  8760 hours of t h e  y e a r .  
Since  scheduled maintenance is a d e t e r m i n i s t i c  q u a n t i t y ,  i t  is common p r a c t i c e  
t o  a t tempt  t o  plan each i n d i v i d u a l  genera t ing  u n i t ' s  maintenance schedule  i n  
o rder  t o  minimize the  annual  LOLP. This would r e s u l t  i n  scheduling of main- 
tenance f o r  t h e  l a r g e s t  u n i t s  on the  system dur ing low load periods of t h e  
year .  A s  t h e  number of l a r g e  u n i t s  on a system increases  i t  is conceivable  
t h a t  a d d i t i o n a l  r ese rve  capac i ty  would be  needed due t o  some of t h e  l a r g e  
u n i t s  being scheduled down dur ing per iods  of high r i s k .  



3.0 INVERTER CONTROL AND OPERATION 

3.1 Power Condit ioning System 

The power cond i t ion ing  system t h a t  h a s  p rev ious ly  been recommended f o r  
t h e  SPS is <he c u r r e n t  f e d ,  l i n e  connnutated i n v e r t e r .  This  type  of system 
is i n  common use  i n  High Voltage Di rec t  Current  Power Transmission.  The 
l a r g e s t  systzm p r e s e n t l y  i n  use  s u p p l i e s  3.4 GW t o  t h e  Winnepeg a r e a  i n  
Canada. A l a r g e r  system supplying 6.3 GW. is t o  b e  b u i l t  i n  B r a z i l .  Each of 
t h e s e  l a r g e  systems employs 8 i n v e r t e r  c i r c u i t s  f eed ing  i n  p a r a l l e l  i n t o  t h e  
ac  systems. Although t h e  i n d i v i d u a l  c o n v e r t e r s  are much l a r g e r  and Gperate 
a t  much h igher  d c  s i d e  v o l t a g e  than t h e  conver te r s  f o r  a n  SPS system, they 
a r e  q u i t e  s i m i l a r  i n  f u n c t i o n  and a r e  completely compatible wi th  the  a c  
u t i l i t y  systems. 

These HVDC systems employ synchronous condensers f o r  t h e  same purpose 
a s  those  recommended f o r  t h e  SPS system, namely t h e  c o n t r o l  of a c  v o l t a g e  
and t h e  supply of r e a c t i v e  power. F i l t e r s  a r e  employed t o  absorb t h e  har- 
monic c u r r e n t s  genera ted by t h e  conver te r s .  Tine dc load presented t o  t h e  
reccenna assembly by such a conver te r  is under c o n t r o l  of e l e c t r o n i c  cir- 
c u i t s .  On t h e  a c  s i d e  t h e  conver te r  appears  as a cons tan t  c u r r e n t  nega t ive  
load which h a s  proved t o  be  completely compatible wi th  the  a c  system. 

3.2 Steady-State Control  Mode 

It has  been recommended t h a t  t h e  SPS should o p e r a t e  a t  f u l l  a v a i l a b l e  
o u t ~ u t .  I n  o rde r  t o  dc t h i s ,  t h e  power cond i t ion ing  u n i t  must p resen t  t o  
the  rec tenna t h e  optimum load impedance. For a convent ional  antenna,  t h i s  
impedance is  usua l ly  r e s i s t i v e  i n  n a t u r e  and is unique t o  t h e  des ign of t h a t  
antenna.  It is assumed t h a t  t h e  rec tenna is b a s i c a l l y  no d i f f e r e n t  and t h a t  
t h 3 r e  is  an optimum dc load r e s i s t a n c e  f o r  maximum power t r a n s f e r .  This is 
sl~owrr g r a p h i c a l l y  i n  F igure  14-4 . 

Tlta c u r r e n t  f ed ,  l i n e  commutated i n v e r t e r  is c o n t r o l l a b l e  i n  a cons tan t  
r e s i s t  i t ee  mode a s  shown i n  F igure  14-5 . The dc v o l t a g e  of t h e  rec tenna  
u n i t  is sensed and divided by t h e  c u r r e n t  t h a t  i s  flowing and t h e  r e s u l t a n t  
r e s i s t a n c e  v a l u e  is  compared t o  a r e fe rence .  The d i f f e r e n c e  between r e f e r -  
ence and measured r e s i s t a n c e  ! a n  e r r o r  s i g n a l  which is fed  t o  t h e  f i r i n g  
a n g l e  c o n t r o l  of t h e  i n v e r t e r  The load impedence r e f e r e n c e  can b e  a d j u s t e d  
f o r  maximum power ou t  of t h e  rec tenna.  Th i s  adjustment should b e  independent 
of load l e v e l ,  a s  suggested i n  F igure  14-4 . 

Normally t h e  system would b e  opera ted a t  optimum r e s i s t a n c e  s o  t h a t  t h e  
rec tenna would r e f l e c t  a minimum of power. The power l e v e l  would be  a d j u s t e d  
a t  t h e  s a t e l l i t e  as i n d i c a t e d  i n  t h e  b lock  diagram and would usua l ly  b e  set 
a t  maximum ava i l . ab le  power. , I f  power reduc t ion  should b e  required by  o v e r a l l  
u t i l i t y  c o n s i d e r a t i o n s  and i t  could no t  b e  accomplished a t  t h e  s a t e l l i t e ,  t h e  
conver te r  power is r e a d i l y  a d j u s t e d  by means of t h e  impedance r e f e r e n c e  i n p u t .  
Of course ,  RF power would b e  r e r a d i a t e d  b u t  t h a t  might b e  accep tab le  under the 
circumstances.  
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The conver ter  nodule r e q u i r e s  r e a c t i v e  pwer from t h e  a c  bus i n  approx- 
imate propor t ion Co t h e  a c t i v e  power being de l ive red  t o  t h e  u t i l i t y  network. 
This r e a c t i v e  pootr  is suppl ied  by static c a p a c i t o r s ,  harmonic f i l t e r s  and 
synchronous condemers  as i n d i c a t e d  i n  t h e  block diagram. Such compensation 
is st:te-of-the-art i n  HVDC p w e r  transmission.  

Synchronous Condenser S t a r t .  Synchronous condensers, b e i s g  l a r g e  mch-  
ines ,  r e q u i r e  a s t a r t i n g  p r x e d u r e .  I f  ac p w e r  from t h e  t ransmiss ion line 
is ava i l ab le ,  t h e  condensers are s t a r t e d  au tomat ica l ly  us ing static frequency 
changing equipment. Auxi l iary  power, such as d i e s e l  engines ,  can b e  suppl ied 
f o r  s t a r t i n g  i n  t h e  event t h a t  a c  p w e r  is n o t  a v a i l a b l e .  I n  any case, when 
the  machines are up t o  speed tney are connected t o  t h e  a c  system by means of 
t h e i r  c i r c u i t  breakers.  I f  t h e  ac system w a s  previously  energized,  t h e  
syachronous condensers must b e  synchronized b e f o r e  b reakers  are closed.  This 
is a s ta te-of- the-ar t  automatic process.  

Se t  RF Power t o  S t a r t  Level. The RF p w e r  should be set t o  a s t a r t  l e v e l  
by one of t h e  means a t  hand. I t  matters not  t o  t h e  conver te r s  how t h i s  is 
accomplished. 

Sequent ia l  Energization of Converter Modules. The conver ter  modules 
w i l l  be energized automat ical ly  according t o  a predetermli~ed p a t t e r n .  The 
r a t e  a t  which they are energized w i l l  b e  dezermined by t h e  c a p a b i l i t y  of t h e  
a c  system t o  absorb t h e  genera t ion  without overspeed. The i n d i v i d m l  energi-  
7 .:ion sequences w i l l  begin w i t h  c l o s i n g  o i  t h e  a c  breaker  and w i l l  end wi th  
operat ion a t  raaximum a v a i l a b l e  p w e r .  The ind iv idua l  sequences w i l l  b e  con- 
t r o l l e d  by computer subrout ines .  

Increase  of Power t o  Desired Level. When a l l  conver ter  modules have 
been energized and are opera t ing  a t  maximum a v a i l a b l e  power lwel o r  some 
~ t h e r  l e v e l  as d i r e c t e d  by t h e  c e n t r a l  d i spa tch  system, t h e  RF power can b e  
increased ,o t h e  des i red  opera t ing  l e v e l  by any of t h e  means ava i ldb le .  

Xonnal Stop. Any conver te r  module can b e  de-energized by opening its 
dc c i r c u i t  breaker.  This should b e  accompanied by a s h o r t  c i r c u i t i n g  o r  
cruubar a c t i o n  a t  t h e  rectenna.  I t  is understood t h a t  such a c t i o n  is t o  be 
provided on an automatic b a s i s .  

If t h e  whole SPS is t o  b e  shu t  down, a c  system cons idera t ions  w i l l  
d i c t a t e  t h a t  i t  b e  done gradual ly .  This could b e  done by s e q u e n t i a l  and 
spaced shutdown of the  modules from t h e i r  opera t ing  l e ~ e l  o r  f i r s t  by re- 
duction cf RF l e v e l  and then by module shutdown a t  a more rapid  r a t e .  In 
any  case  t h e  f i n a l  condi t ion w i l l  be t h a t  t h e  synchronous condensers and 
f i l t e r s  alone a r e  connected t o  t h e  ac system. 



3.4 Operation During Fau l t s  o r  Ecl ipse 

Fau l t s  can be  divided i n t o  t h r e e  categories:  RF-rectenna f a u l t s ,  dc 
c o l l e c t i o n  and converter  f a u l t s ,  and ac  system f a u l t s .  

Fau l t s  in the satellite systems w i l l  r e s u l t  i n  decreased RF paver l e v e l  
which w i l l  b e  r e f l e t t e d  i n  decreased ac output  of t he  converter.  There w i l l  
be no o the r  disturbance. When RF l e v e l  is res tored  the converters  w i l l  
au toaa t i ca l l y  respond. 

For b e s t  p ro tec t ion  the  dc breaker  w i l l  be  l y a t e d  a s  c lo se  as poss ib le  
r t o  the  rectenna. Any f a u l t  i n  t he  dc bus work between t h e  dc breaker and the  

converter  o r  i n  t he  converter  i t s e l f  w i l l  r e s u l t  i n  t r i pp ing  of t h e  dc breaker.  
This  w i l l  cause the rectenna system T o  c r w b a r  i t s e l f .  The converter w i l l  be  
arranged s o  t h a t  its a c  breakers  are opened as a r e s u l t  of any such C c  f a u l t .  
Tbese dc f a u l t s  r e s u l t  i n  permanent shutdown of t h e  module pending determina- 
t i o n  of cause of f a u l t  and manual reset and restart. 

An ac system f a u l t ,  usual ly  from l igh tn ing  f lashover  -where i n  the 
ac systea,  w i l l  sometimes r e s u l t  i n  a temporary i nve r t e r  func t i ana l  d i sorder ,  
known as a colaauration f a i l u r e .  The inve r t e r  appears as a temporary sho r t  
c i r c u i t  t o  t h e  dc source v f t h  complete loss of p r i e r  t o  t h e  a: system. These 
commutation f a i l u r e s  a r e  teraparary i n  na ture  and do not  invoive any a rc ing  
o r  cur ren t  i n  o the r  than normal paths.  Automatic sequences w i l i  restore the 
converter t o  normal operat ing condi t ions when t h e  f a u l t  has  been cleared.  

Semi-Annual Eclipse.  Perforerance during the  s ee -annua l  e c l i p s e  periods 
can be  made l a rge ly  automatic. A s  RF power decreases during the  p a r t i a l  
e c l i p se  period the  convei-ter, through its c o n s t m t  r e s i s t ance  1a.d character- 
i s t i c s ,  w i l l  t r ack  the rectezna output  and provide ava i l ab l e  pwer .  Before 
t o t a l i t y  occurs i t  w i l l  probably b e  advisable  t o  go through a noncal shutdown 
sequence. As ava i l ab l e  power l e v e l  aga in  increases ,  rWtart sequences can b e  
i n i t i a t e d  wi th  power l eve l  r e t - m i n g  t o  normal automatically.  

The p r inc ip l e  problem during these  e c l i p s e  periods w i l l  be  pover dis-  
patch i n  the a c  system t o  preserve load and frequency. A mit iga t ing  f ac to r  
w i l l  be  t h a t  t h e  p w e r  l o s s  occurs a t  n igh t  when t h e  ac system is most ab l e  
t o  cope wi th  it. 

1 
i 

4.0 SPS/UTILITY SYSTEM INTEGRATION 

I .  1 SPS Operating Cha rac t e r i s t i c s  

Sect ion 2.0 discussed the  generating p l an t  response c h a r a c t e r i s t i c s  
necessary t o  meet the  operat ing requirements of a u t i l i t y  system. The p w e r  
cont ro l  methods f o r  the SPS, dsf ined i n  Sect ion 1.0, were examined in re- 
l a t ionsh ip  t o  t he  desired response, and i n  terms of impact on SPS operat ions.  
'lbo were deemed both prac t icab le  and acceptable  by thcse c r i t e r i a .  They 
were: nethod 2 ,  the  introduct ion of a quadra t ic  phase e r r o r  t o  the  antenna 



a2erature;  and method 4, t h e  tilt of the  antenna phase. Both provide a 
s a t i s f a c t o r y  range of power con t ro l  and an acceptable  t ime response. 

For comparison w i t h  t h e  response of cur ren t  generat ing p lan ts ,  t he  SPS 
response f o r  both methods has been p lo t ted  on Figure 14-3. This is repro- 
duced i n  Figure 14-6. It is seen t h a t  t he  SPS response, f o r  e i t h e r  method 
of p w e r  cont ro l ,  is b e t t e r  than t h a t  f o r  conventioaal generation. N o  
evaluat ion has been made of o the r  environmental impacts from e i t h e r  of these 
two con t ro l  modes. 

Figure 14-6. SPS Capabili ty Compared with Maneuvering 
Requirements of Conventional Generating 
'hits f o r  L ' t i l i t y  System Cperation 

4.2 U t i l i t y  System In tegra t ion  

SPS Impact on System Design and in tegra t ion .  P w e r  generating un i t s ,  
when connected i n t o  a l a rge  power system, become an i n t e g r a l  pa r t  of t h z t  
system and a r e  a f f ec t ed  by a number of condi t ions and cont ro l l ing  iqf luences 
t o  which they would not be  subjec t  i f  they were simply serving an i so l a t ed  
load. The SPS system w i l l  b e  s imi la r ly  a f fec ted  when connected t o  a u t i l i t y  
system. 



A pawer s y s t e r  never  o p e r a t e s  at a p o i n t  of t r u e  s t e a d y  state and thus  
is always c h a r a c t e r i z e d  by dymadc behavior.  This  has a p r i r a r y  impact on 
t h e  o p e r a t i o n  and des ign  o f  c o n t r o l s  f o r  b o t h  genera t ion  and system. When- 
e v e r  a change i n  opera t ing  cond i t ion  o r  a d i s t u r b i n g  even t  occurs  on a pawer 
system, t h e r e  is a n e a r l y  ins tan taneous  change i n  t h e  state of the  e l e c t r i c  
and magnetic f i e l d s  of t h e  system, f o l l a r e d  in seconds and minutes by t h e  
longer  term elect romechanical  response o f  t b e  r o t a t i n g  elements of genera t ing  
s o u r c e s  and loads .  

It has a l r e a d y  been s h a m  (Sect ion 3.0) t h a t  t h e  SPS is u n l i k e  conven- 
t i o n a l  genera t ion  i n  t h a t  i t  h a s  no mechanical i n e r t i a  and hence appears  as 
a n e g a t i v e  load t o  t h e  system. Furthermore, t h e  rectenna- inver ter  c o n t r o l  
proposed v i l l  a c t  t o  t r a n s u t  t o  t h e  u t i l i t y  system a l l  t h e  pouer i n c i d e n t  
on t h e  rectenna.  Control  of t h e  i n c i d e n t  p w e r  w i l l  b e  a t  t h e  s a t e l l i t e  an- 
tenna via t h e  space  c o l u n i c a t i o n s  l i n k  as i n d i c a t e d  i n  F igure  1 4 - 5 .  This 
c o c t r o l  loop,  involving t ransmiss ion  of c o n t r o l  s i g n a l s  through space,  is 
t h e  n e a r e s t  analog of governor c o n t r o l  o f  a convent ional  genera t ion  source. 

It is assued t h a t  t h e  SPS system w i l l  b e  opera ted  a t  the maxima l e v e l  
o f  a v a i l a b l e  paver most o f  t h e  time. I n  t h e  b a s e l i n e  des ign,  t h e r e  is no 
c o n t r o l  of puuer l e v e l  responsive  t o  frequency v a r i a t i o n  and t h e r e f o r e  the  
SPS w i l l  n o t  c o n t r i b u t e  to t h e  r e g u l a t i o n  o f  system frequency- It should b e  
pointed o u t  t b a t  a d d i t i o n a l  c o n t r o l  Functions could b e  included t o  provide 
t h a t  c o n t r i b u t i o n ,  e i t h e r  by c a n t r o l  o f  che antenna i n  space,  o r  of t h e  
rectenna- inver ter  coab ina t ion  on t h e  ground, t o  va ry  pover output .  This  
would r e q u i r e  o p e r a t i o n  a t  a power l e v e i  -1-2% below maximum a v a i l a b l e  i n  
o r d e r  t o  provide a margin f o r  increased power w i t h  decreas ing  frequency- 
E i t h e r  approach r e s u l t s  i n  increased r a d i a t i o n  around t h e  rectenna,  from 
e i t h e r  t h e  broadened beam width  o r  from r e r a d i a t i o n  a t  t h e  ground. If t h i s  
is accep tab le ,  i t  should b e  considered.  Witiiout c o n t r i b u t i o n  by t h e  SPS to  
frequency regu la t ion ,  a d d i t i o n a l  duty w i l l  b e  imposed on t h e  o t h e r  generat ing 
u n i t s  on che u t i l i t y  system, w i t h  a corresponding r e ~ u i r e m e n t  f o r  even higher  
response f rm those  u n i t s .  I n  e i t h e r  evec t ,  i t  appears  ttat t h e  o t h e r  u n i t s  
on t h e  network must have t h e  c a p a b i l i t y  to respond t o  load E o l l w i n g  require- 
ments and provide t h e  c a p a c i t y  f o r  t i e - l i n e  backup. 

F i n a l l y ,  t h e  o p e r a t i n g  c h a r a c t e r i s t i c s  of t h e  SPS sys  tea^, e s p e c i a l l y  
the c o n t r o l  of ou tpu t  power from :he rectenna,  r e q u i r e  a high r e l i a b i l i t y  of 
t ransmiss ion connect ions  to t h e  load areas. Utilities w i l l  have t o  perform 
more e x t e n s i v e  t ransmiss ion planning s t u d i e s ,  and provide inc reased  :rans- 
miss ion f a c i l i t i e s  t o  ensure  t h e  i n t e g r i t y  of p w e r  absorp t ion  from t h e  SPS. 

SPS/Ut i l i ty  System I n t e r f a c e  and P w e r  Transfer .  The i n t e r f a c e  Detveen 
t h e  SPS as a source  of genera t ion  and t h e  u c i l i t y  system is uniquely d i f f e r -  
e n t  from convent ional  genera t ing  p l a n t s  because of t h e  absence 9f a prime 
mover. Th i s  v i l l  become more apparent  through t h e  f o l l w i n g  s i n p l i f  i e d  
a n a l y s i s .  



In t h e  ana lys i s  of a c  e l e c t r i c a l  systep,  the angular r e l a t i onsh ips  o r  
phase angles  among t he  vol tages and cu r ren t s  are required. The use of phasors 
f o r  graphical  representat ion assists i n  understanding t h e  ana lys is .  

Consider the  simple a c  c i r c u i t  i n  Figure 14-7, (A), with the relat ion-  
s h i p  betweeu the  tvocvoltages and t h e  cur ren t  expressed i n  the  adjacent phasor 

d 

equation below. I f  El = Eg (magnitude equal and coincident  i n  phase) no 
C 

curren t  w i l l  f l w  (I = 0) and t h e  equation is s a t i s f i e d .  
L 

If l%li>iE21 (magnitudes d i f f e r e n t  bu t  still coincident i n  phase, as 

s h a m  i n  Figure 14-7 ( B ) ,  a cur ren t  I v i l l  f l w  through the  reactance . L XL 
The phase angle of w i l l  l a g  t h e  vol tage  drop across  t he  reactance X (E - '  ) 

L L 1 2  
by 90". Note t h a t  wi th  cur ren t  and vol tage i n  quadrature,  no r e a l  p w e r  
flows, only r eac t ive  p w e r  o r  Vars. 

To t r a n s f e r  real power (Uatzs) acrzss  t he  reactance requires  an angular 
d i f fe rence  beween the vol tages El and E2 as shown i n  Figure 14-7 (C) . N w  

t he  cur ren t  I has a component i n  phase wi th  the  vol tage and there  is real 
parer  f lw . L 

ElE2 
P12 = - SM d 

x, 
PI = EllL COS 8 

(C) 

Figure 14-7 . Graphical Representat ion of A?ternating 
Current Quanti t ies  



The i n t e r f a c e  between t h e  SPS ground system and a n  e l e c t r i c  u t i l i t y  may 
b e  represented by t h e  s imple  one-line diagram of F igure  14-8 (A). P w e r  is 
t ransmi t t ed  a c r o s s  a t ransmiss ion  l i n e  t o  t h e  system which is represented by 
an i n f i n i t e  bus.  The synchronous condenser is opera ted  wi th  a f i e l d  regula- 
t o r  to  c o n t r o l  t h e  v o l t a g e  on its bus  and t h e r e f o r e  t h e  flow of  r e a c t i v e  
parer, Q, (Vars) i n  t h e  system. 

For a p a r t i c u l a r  real p a r e r  f l a u ,  determined by t h e  i n v e r t e r  f i r i n g  
ang le  c o n t r o l ,  t h e  r e l a t i o n s h i p s  among t h e  v o l t a g e s  and c u r r e n t s  is i l l u s -  
t r a t e d  by t h e  phasor diagram of Figure  14-8 (B). This is a g r a p h i c a l  pre- 
s e n t a t i o n  of t h e  phasor equa t ions  above. 

- a 

4=  GB +;&+ jxT 
a - -  

IL = IA + 

8 is p.f. angle 
at inverter 

+ i; p.f. angle 
at ininfinite bus 

Figure  14-8 . SPS/Uti l i ty  System I n t e r f a c e  Simplif  l e d  
Analysis 

I f  t h e  energy c a p t u r e  by t h e  rectenna i n c r e a s e s ,  t h e  i n v e r t e r  w i l l  b e  
c o n t r o l l e d  t o  t r a n s f e r  g r e a t e r  power t o  t h e  u t i l i t y  systen! over  t h e  transmis- 
s i o n  t i e .  An i n c r e a s e  i n  t h e  a c  c u r r e n t  from t h e  i n v e r t e r ,  I*, causes  changes 

i n  the  magnitudes and angular  r e l a t i o n s h i p s  of c u r r e n t s  and v o l t a g e s  (except 
where cons t ra ined) .  Th i s  is shown i n  t h e  new phasor diagram of F i e u r e  1 4 - 9 ,  
here  superimposed on the  p r i o r  diagram from Figure  14-8. 

(Note t h a t  t h e  magnitude and phase of an  i n f i n i t e  bus a r e  f ixed  and t h a t  t h e  
synchronous condenser bus v o l t a g e  is unchanged i n  -magnitude.) 



'c 
Yigure 14-9. Ef fec t  of SPS Power Output Variat ions 

Notice a l s o  t h a t  t he re  is no change i n  mechanicai power l e v e l  involved 
hare; t h e r e  a r e  no f i n i t e  r o t a t i n g  masses t o  acce le rase  o r  dece le ra te .  The 
change is s o l e l y  an electromagnetic t r ans i en t  measured i n  mil l iseconds;  
hence the  charac te r iza t ion  of an SPS as a negat ive load on the  u t i l i t y  system. 

U t i l i t y  System Controls. Individual  u t i l i t i e s  have found it advantag- 
eous t o  interconnect  t h e i r  systems by means of transmission t i e  l i n e s .  This 
provides f l e x i b i l i t y  i n  tews of snar ing generat ion capac i t i e s  and increased 
r e l i a b i l i t y  of operation. When t h i s  is done, those systems which form an 
interconnect ion w i l l  b e  locked i n  synchronism, and, a s i d e  from occasional 
short- l ived l o c a l  o s c i l l a t i o n s ,  t he  frequency w i l l  everywhere be t he  same. 

Mult iple  cont ro l  a r ea s  wi th in  an interconnect ion a r e  operated t o  con- 
t i nua l ly  con t ro l  generat ion t o  meet loads and regula te  the flow of power 
across  the  t i e  l i n e s  i n t o  o r  out  of adjacent  cont ro l  areas .  The geographic 
boundaries of con t ro l  areas u s * ~ a l l y  fo l l ov  corporate  l i n e s .  

Automatic Generat ion Control (AGC) with t h e  Economic Dispatch f u n u i o n  
shown schematically i n  Figure 14-10 is used t o  augment the  system opera tor ' s  
c a p a b i l i t i e s  t o  a s su re  s a t i s f a c t o r y  operat ion of the  power system i n  each 
cont ro l  area.  AGC a c t s  t o  r egu la t e  the  power output of t he  e l e c t r i c  gener- 
a t o r s  within t h e  cont ro l  a r ea  i n  response t o  system frequency and t i e - l i ne  
power flows so  a s  t o  maintain t he  scheduled system frequency, and the  es- 
tabl ished ne t  power interchanges within prescribed l i m i t s .  
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Figure  14-10. Automatic Generation Control (AGC) 

The economic u i s p s t c h  func t ion  acts through t h e  AGC func t ion  t o  a d j u s t  
t h c  output  l e v e l s  of i n d i v i d u a l  genera t ing u n i t s  t o  achieve maximum economy 
0'. system operat jon,  t ak ing  i n t o  account t h e  c o s t  of u n i t  opera t ion ,  t rans-  
u i s s i o n  system ljsses, and c u r r e n t  opera t ing  c o n s t r a i n t s .  

The a c t i o n  of AGC is i l l u s t r a t e d  i n  Figure  14-11 by s imulat ion i n  a 
hypo the t i ca l  u t i l i t y  c o n t r o l  a r e a  of 4 GW genera t ion  capac i ty .  1.25 GW i n  
group A which is c o n t r o l l e d  by t h e  AGC; 2.75 GW i n  group B wi th  no AGC. 

A t  t ime equals  zero, load is increased by 50 Ml4 (or  50 MU of genera t ion 
is l o s t ) .  The l i n e  flow from ad jacen t  a r e a  2 i n t o  a r e a  1 i n c r e a s e s  t o  almost - 
50 MW. System frequency d i p s  due t o  a genera t ion de f i c iency  and governor 
a c t i o n  on both  groups of genera to r s  r e s u l t i n g  i n  an  inc rease  i n  power output ,  
which toge the r  wi th  t h e  t i e  flow, supp l i es  t h e  load d a a n d .  

AGC a c t i o n  (on u n i t  group A only) raises i ts output over a 5 minute 
period t o  r e s t o r e  t h e  t i e  flow t o  zero, and t h e  system frequency t o  60 Hz. 
Note t h a t  u n i t  group B ,  not  under AGC, r e t u r n s  t o  i ts  o r i g i n a l  output  l e v e l  
wi th  t h e  r e s t o r a t i o n  of system frequency. 

If  group B was a s o l a r  power s a t e l l i t e ,  i ts  output would b e  t o t a l i y  
unaffected by t h i s  sequence of events.  This would r e s u l t  i n  an i n i t i a l  t i e -  
l i n e  flow of 50 MW, hence increased regu la t ing  duty on the  n i t s  i n  group A. 



Figure 14-11. I l l u s t r a t i o n  of AGC Action 

Generating p l an t s  i n  a u t i l i t y  network a r e  operated under the  d i r ec t i on  
of a company dispatcher ,  who i n  most instances  is provided d i r ec t i on  from a 
p w e r  pool cen te r ,  and wi th  t h e  a s s i s t ance  of an  Automatic Generation Control 
System. 

Telemetering of power f l w s  and vol tages  provides system dispatchers  
and pool operators  a currc..lt p i c tu re  of condi t ions on the  network. A s  loads 
and power flows change, generat ing l e v e l s  are changed t o  maintain system 
frequency, load generating u n i t s  wi th in  r a t i n g s  and according t o  most favor- 
a b l e  economic considerat ions,  and limit l i n e  c l w s  t o  meet r a t i ng  o r  s t a b i l i t y  
considerat ions.  

The Solar  Power S a t e l l i t e ,  represent ing a s i g n i f i c a n t  block of generation 
i n  any operat ing u t i l i t y  o r  paver pool, would be  under t h e  d i r ec t i on  of such 
operat ions,  a s  shown i n  Figure 14-12. , 

It is  estimated t h a t  t he re  w i l l  be 12 operators  and 50 maintenance people on 
duty a t  a l l  t i m e s .  This r e s u l t s  i n  a t o t a l  of 333 (108 operators  and 225 maintenance) 
people a t  each rectenna site. It i s  a l s o  estimated t h a t  t he re  w i l l  be 165 people 
required i n  t he  ~ e c t e n n a / ~ r o u n d  Operations group, and 240 people i n  the  SPS Operations 
group when there  a r e  twenty s a t e l l i t e s  operat ional .  
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F i g u r e  14-12 . U t i l i t y  System Control  S t r u c t u r e  

4.3 SPS/Rectenna/Ut i l i ty  System R e l i a b i l i t y  Impacts 

I n  o r d e r  t o  s t u d y  t h e  impact of adding SPS g e n e r a t i o n  t o  u t i l i t y  systems 
i n  t h e  f u t u r e ,  s e v e r a l  assumptions had t o  be  made. 

The f i r s t  assumption is t o  use  t h e  p r o b a b i l i t y  of a v a i l a b l e  power curves  
from t h e  SPS system developed i n  Phase 1 , a s  t h e  s t a r t i n g  p o i n t  f o r  t h e  
u t i l i t y  i n v e s t i g a t i o n s .  The curves  developed i n  Phase I a r e  shown i n  
F i g u r e  14-13, and t h e  c i r c l e s  marked i n d i c a t e  t h e  "break po in t s"  f o r  adapt ing 
t h e  curve  t o  a v a i l a b l e  u t i l i t y  models. 

The second assumption is t h a t  i t  is reasonab le  t o  u s e  a 5 - s t a te  repre- 
s e n t a t i o n  t o  s tudy  t h e  SPS impacts on u t i l i t y  system r e l i a b i l i t y .  These 
curves  a r e  too  complex t o  b e  used d i r e c t l y  i n  c u r r e n t  e l e c t r i c  u t i l i t y  system 
r e l i a b i l i t y  computer models. The approach chosen was t o  u t i l i z e  t h e  e x i s t i n g  
f  i v e - s t a t e  model d i scussed  i n  2.2. . Then us ing  t h e  model i n  a parametr ic  
s e n s i t i v i t y  approach t o  determine t h e  impact of SPS power on u t i l i t y  system 
r e l i a b i l i t y  f o r  v a r i o u s  SPS p e n e t r a t i o n  l e v e l s .  



HOURS PER YEAR 

Figure  14-13. U t i l i t y  System R e l i a b i l i t y  
SPS R e l i a b i l i t y  Model 

To b e  
growth p r o j  
R e l i a b i l i t y  
is shown i n  

a b l e  t o  r e l a t e  t o  u t i l i t y  system s i z e  a s tudy was made of t h e  
e c t i o n s  found i n  r e p c r t s  from t h e  v a r i o u s  Nat ional  E l e c t r i c  

Council (NERC) Regions. A map i n d i c a t i n g  NERC Region boundaries 
F igure  14-14. Table 14-14 shows i n  t h e  f i r s t  column t h e  1998 

capac i ty  f o r e c a s t  i n  each region.  By using t h e  growth p r o j e c t i o n s  from 
1989-1998 t h e  second column w a s  c a l c u l a t e d  a s  a year  2020 guess t imate .  The 
last column i n d i c a t e s  as a benchmark how many SPS rectennas  would be  i n  
each reg ion  wi th  a 20: p e n e t r a t i o n .  

To s tudy  t h e  SPS r e l i a b i l i t y  impact, t h e  s m a l l e s t  region s i z e  i n  year  
2020 was chosen, and Table 14-5 shows t h e  assumed genera t ion  mix i n  t h e  
s tudy system. It should be noted t h a t  t h i s  mix is no t  r e l a t i n g  t o  t h e  ;!.4AC 
p r o j e c t i o n s  f o r  t h e  f u t u r e .  The mix would b e  more i n d i c a t i v e  of an average 
US mix. The fo rced  outage r a t e s  shown a r e  assumed t o  be  f o r  mature u n i t s  
and a r e  r e p r e s e n t a t i v e  of today ' s  technology l e v e l s .  



Figure 14-14. U . S. National Network 

Table 14-4 

NATIONAL ELECTRIC RELIABILITY COUNCIL 

Forecast of Bulk Power System Capabilities 

Northeast (NPCC) (W)  
Southeast (SERC) (W) 
Southwest (SPP) 
East Central (ECAR) (W) 
Mid Atlantic (MAAC) 
Mid America (MAIN) 
Mid Continent (MARCA) 
Texas (ERCOT) 
Western (WSCC) 

TOTAL 

1998 2020 
Forecast "Guess timate" 

GW G W 

Number of 
S a t e l l i t e s  

@ 20% 
Penetration 

(W) - Winter Peak 



Table  14-5 

SAMPLE ELECTRIC UTILITY SYSTEM 

Forced 
Generat ion MW Outage 

# Uni t s  Type Size/Uni t  Rate T o t a l  MW -- 
100 Peaking 100 .05 10,000 
20 Hydro 500 .O 1 10,000 
20 Mid-Range 500 .04 10,000 
4 5 Base F o s s i l  10 00 .13 45,000 
2 5 Base Nuclear 1000 .09 25,000 

T o t a l  System 100,000 

The 5 - s t a t e  r e l i a b i l i t y  model f o r  the  SPS based on Figure  14-13 is 
shown i n  Table 14-6. This  model may b e  regarded a s  t h e  most o p t i m i s t i c  
i n t e r p r e t a t i o n  of F i g u r e  14-13, and g i v e s  an impact on t h e  u t i l i t y  system 
r e l i a b i l i t y  a s  shown i n  F igure  14-15 marked "Mid-Term". To eva lua te  the  
SPS r e l i a b i l i t y  model on a parametr ic  b a s i s  t h e  d a t a  i n  Table 14-7 was 
developed. The f i r s t  l i n e  i n  t h e  t a b l e  shows t h e  Table 14-6 va lues  and t h e  
r e s t  of Table 14-7 shows a more conse rva t ive  approach t o  modelling Figure  
14-13. This  is p a r t i c u l a r l y  t r u e  i n  t h e  a r e a s  of f u l l  outage.  

Table 14-6 

UTILITY SYSTEM RELIABILITY - 
SPS R e l i a b i l i t y  Model 

5-State Representa t ion 

MW on Outage P r o b a b i l i t y  of MW Out 
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Figurs  i4-1.5 . U t i l i t y  System Reserve Levels vs .  
SPS Penetration 

Table 14-7 

SPS RELIABILI'N MODEL 

Case /I MJ Out + 5000 1500 700 200 0 
P(MW Out) 

Mid-Term 
J 

0 0 1 .33 .56 .1 
Csse 1 
Case 2 
Case 3 
Case 4 

The r e s u l t s  of the study of Case 1 through Case 4 are  a l s o  shown i n  
Figure 14-15 . 



It is obvious t h a t  t h e  estimates f o r  t h e  p r o b a b i l i t y  of f u l l  outage 
w i l l  have t h e  most e f f e c t  on t h e  u t i l i t y  system r e s e r v e  l e v e l s .  With only 
a modest e s t i m a t e  of 1 1  p r o b a b i l i t y  of 5000 MU o u t  w i l l  cause  a d e t e r i o r a -  
t i o n  of u t i l i t y  system r e l i a b i l i t y  as i n d i c a t e d  by inc reas ing  r e s e r v e  l e v e l s  
wi th  pene t ra t ion .  

There are s e v e r a l  causes  f o r  pawer outages n o t  e x p l i c i i l y  included i:: 
Figure14-13 and f u r t h e r  work should be  performed i n  t h e  a r e a  of u t i l i t s  
system r e l i a b i l i t y  impact3 as i h e  SPS des ign  and o p e r a t i o n a l  chw-ac te r i s  L: L .< 
a r e  f u r t h o r  re f ined  and developed. 

4.5 gcS/Rectenna/ l i t i l i  t y  System Haintznznce Impacts 

A s  mentioned i n  paragraph 2.2, generat ing unit msirteilznce is perforzed 
i n  an a t tempt  t o  match t h e  a v a i l a b l e  maintenance personnel w i t h  ti-? need f o r  
l e v e l i n g  r i s k  (LOLP). Since  t h e  SPS oucput w i l l  b e  a f f e c t e d  by t h e  e c l i p s e  
period i n  March and September, one f i r s t  approximation would be  t o  a t t e n p t  to  
main ta i r  a l l  t h e  SPS power p l a n t s  dur ing t h e s e  t v o  months, To i n v e s t i g a t e  i f  
t h i s  would b e  f e a s i b l e  from a u t i l i t y  sya tern p o i n t  of view, t h e  HERC Regional 
d a t a  was used as a s tudy base .  Table 14-8 shows t h e  monthly peak lozds  ir! 
September and March as a percentage of t h e  y e a r l y  peak loads .  By examining 
t h e  da ta ,  September appears  t o  b e  of a g r e a t e r  concern than Harch. 

Table 14-8 

SPS SCHEDULED MAINTENANCE 

March and Septemoer Peak Load i n  
Percent  of Annual Peak Load 

March September 

Northeast  (WCC) 
Southeast  (SERC) 
Southwest (SPP) 
East  C e n t r a l  (EC-) 
Mid A t l a n t i c  (MAAC) 
Mid America (MAIN) 
Mid Contiaent (MARCA) 
Texas (ERCOT) 
Western (WSCC) 



Table  14-9 i n d i c a t e s  the margins between maximum a v a i l a b l e  genera t ion  w i t h  
a l l  SPS (25% pene t ra t ion)  cn maintenance. I n  a l l  b u t  a few reg ions ,  Septem- 
b e r  has n e g a t i v e  marglrs w h i l e  March indicates nc p a r t i c u l a r  t roub le .  If 
f e a s i b l e  from a space maintenance point  of v i e v ,  March would b e  accep tab ie  
and September would need e x t r a  r~.;erve i t s t a l l e d  to t a k e  a l l  SPS down on 
maintenance. One a d d i t i o n a l  thi;;; r r  keep i n  mind is t h a t  mainta ining a l l  
SFS i n  t h e s e  two months would f o r c e  a l i  ocher g e n e ~ a t i o n  m a i ~ t e n a n c e  i n t o  
t h e  remaining t e n  months. 

SPS SCEEDULED MAIN'rEXAVCE -- 

Impact on Reserve Level-; Lrom SPS 
Shutdown i n  M a r c h  and September 

Margin 
"Naxii.um Peak" Piarch Se~t€5nher  

Northeast  
Southeast  
Southwest 
East Cen t ra l  
Mid A t l a n t i c  
Mid America 
Mid Contineas 
Texas 
Western 

Assunptions : 25% SPS Pene t ra t ion  

15.5% Generation Reserve 

T h e  v a r i a t i o n  of monthly peak loads  may a l s o  vary s i g n i f i c a n t l y  from 
one u t i l i t y  to t h e  next .  This is i l l u s t r a t e d  i n  Figure  14-16 where two 
regions ,  ERCOT and ECAR a r e  p i o t t e d .  It is obvious that ECAR wi th  rnsvbe 14  
SPS would have a s i g n i f i c a n t l y  tougher time schedul ing maintenance without 
addicg co t h e i r  r e s e r v e  margin than would ERCOT. From an  o p e r a t i o n a l  in- 
t e g r i t y  point  of view, i t  would be important t o  make s u r e  t h a t  t h e r e  always 
would be a d e q ~ a t e  convent ional  genera t ion  connected t o  perform the  regu la t ing  
d u t v .  

On t h e  whole, hovever,  wi th  spreading t h e  SPS maintenance uniformly over 
t h e  year ,  i t  does no t  appear  from these  i n v e s t i g a t i o n s  t h a t  maintenance 
s rhedu l ing  would adversely  impact u t i l i t y  system r e l i a b i l i t y  or  operational 
i n t e g r i t y .  



Figure 14-16 . Monthly Load variations in East 
Central Region (ECAR) and Energy 
Re1 iab i l i t y  Counci 1 of Texas (ERCOT) 
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SECTION 1 5 

3PERATIONS CONTROL CONCEPT 

1.0 INTRODUCTION 

A concept has been developed f o r  the integrat ion and coordination of 

SPS program operating a c t i v i t i e s  which w i l l  assure that  a1 1 program require- 

ments are satisfied, that  the program i, *ccomp?ished i n  a timely fashion 

and that a mechanism exists f o r  solving those problems which require essen- 

t i a l l y  real-time solution (e.g., o rb i ta l  anomalies). 

This concept embraces the a c t i v i t i e s  o f  a l l  operating elements of the 

SPS system which include those i l l us t ra ted  i n  Ficjute 15-1 plus the industr ia l  

corn21 ex afid the surface transporta t i o ~  system. 

The concept was developed by defining, a t  a suimnary levei. th? tasks 

which must be performed t o  assure proper execution o f  the prograiri. I n  order 

+a make t!!is definit ion, the program was divided i n to  major a c t i v i t y  Sroups 

and a def in i t ion of ?he Qsks performed by each group was made. The tasks 

thus defined were expanded and regrouped. anu additional major a c t i v i t y  groups 

were defined. After several i terat ions i t  was established that the prograin 

c tn be diyided i n to  bjelve groups or  "local operations" each o f  which w i l l  

coordinate and integrate a l l  o f  the a c t i v i  ties/tasks performed w i t h i q  that 

group. The ac t i v i t i es  o f  these twelve local groups o r  operations w i l l  i n  

turn be coordinated and integrated by a central group called "Integrated 

Operations". Thus Integrated Operations w i l l  be the top-level planrting and 

technical organization which w i l l  be responsible f o r  the execution of the 

program The t c ta l  coordinating and integrating concept consisting of the 

twelve local operations, plus Integrated Operations, comprises the "Operations 

Control Concept". 

The resul ts of t h i s  analysis also indicated that  i t  would be desirable 

t o  colocate eleven o f  the twelve local operations i n  a central location together 

with Integrated Operations. This arrangement provides ease o f  conunicatian 

and makes oossible the use o f  c o m n  computing and space comnunication 

equi pen:. 



Figure 15-1. SPS Operational Systm 



For costing purposes, an estimate was made of the manpower requi red i n  

each o f  the loca l  operations as we; 1 as Integrated Operations. The ground 

ru les  used i n  developing the concept, and the manpower estimates are as 

follows: 

a The period i n  the program t o  which the concept appl ies i s  the time 

a t  which 20 SPS's have been completed, and are i n  operation w i th  t h e i r  asso- 

c i  ated rec tennas . 
a Two addi t ional  SPS's and rectennas are being completed and becoming 

operational each e a r .  

a To the extent possible, au thor i t y  w i l l  be delegated t o  the loca l  

operations which are responsible f o r  performance o f  the tasks. Thus there 

w i l l  be as much local  autonomy as possible. 

2.0 OPERATIONS CONTROL CONCEPT DESCRI PTION 

The Operations Control Concept i s  i l l u s t r a t e d  i n  Figure 15-2. I n  t h i s  

figure, each of the c i r c l e s  i n  the outer r i n g  represents one of the twelve 

loca l  operations. The larger central  c i r c l e  represents Integrated Operations. 

the central  organization which coordinates and i n t e ~ r a t e s  the a c t i v i t i e s  of 

the other twel ve. As il lustrated, there i s  two-way comnunica t i o n  between 

each of the loca l  operations and Integrated Operations. There i s  a1 so two- 

way comnunication between each loca l  operatic l? and many o f  the other loca l  

operations; nowever, no attempt has been made t o  i l l u s t r a t e  t h i s  comunica- 

t i o n  i n  t h i s  Figure. This required conmunication, as we1 1 as the subjects 

to  be comnunicated, are shown i n  the detai led task analysis tables f o r  each 

loca l  operation which are presented i n  the fo l lowing sections. 

A1 so indicated on t h i s  f i gu re  are the loca l  operations which have 

respons ib i l i t y  f o r  comnand and control  o f  the operational Solar Power 

Sa te l l i t es  (SPS Operations) and f o r  coordination and in tegrat ion of a11 

rectenna a c t i v i t i e s  and t h e i r  respective g r i d  inter faces (Rectenna/Gri d 

Operations) . 



CONSTRUCTION 

I R A I S O R T A T I O N  

Figure 15-2. Operations Control Concept 



3.0 INTEGRATED OPERATIONS 

The function o f  Integrated Operations, the central  organization, i s  t o  

coordinate and integrate the a c t i v i t i e s  o f  the twelve loca l  operations t o  

assure tha t  a l l  program requirements are sa t i s f i ed  and t ha t  the program i s  

accomplished i n  a t imely fashion. It i s  the central  author i ty  which w i l l  

monitor the day t o  day progress o f  the program, detennine the so lu t ion t o  

any problems which develop amd implement the act ion t o  cor rect  these problems. 

; This includes problems which must be solved i n  rea l  time o r  as near rea l  
t 

time as possible (such as c rb i * l  anomal ies)  . 
I n  order t o  develop the organization required t o  accompl i s h  the above, 

an analysis was made o f  the specif ic a c t i v i t i e s  which are involved. It 

rap id ly  became apparent t ha t  there are cer ta in  comnon functions which 

Integrated Operations w i l l  perform w i t h  respect t o  the a c t i v i t i e s  of each 

loca l  operation. These are l i s t e d  and described i n  Table 15-1. 

However, among the loca l  operations, the a c t i v i t i e s  themselves vary 

widely, involv ing many d isc ip l ines  and s k i l l s .  Integrated Operations must 

include personnel w i th  the ski1 1 s and d isc ip l  ines required by those a c t i v i -  

t i e s  o f  each loca l  operation which are important enough t o  be monitored, 

hence, a select ion of the a c t i v i t i e s  t o  be monitored has been made. These 

are l i s t e d  i n  Table 15-2. 

U t i l i z i n g  the material developed above, an organization was defined 

for  Integrated Operations. This organization, which i s  shown i n  Figure 15-3, 

contains twelve groups o f  people each o f  which w i l l  in ter face wi th  a corres- 

ponding local  operation, plus three addi t ional  groups. The personnel who 

w i l l  interface w i th  each o f  the loca l  operations w i l l  be people who are 

f s u f f i c i e n t l y  senior, not  only t o  monitor performance and ~ r o v i d e  d i rec t ion,  

but also t o  assure tha t  the local  operation i s  properly represented i n  any 

program decisions made w i th in  Integrated Operations. 

The three addit ional groups w i l l  consist o f  the following: 

o A technical s t a f f  w i th  ce r ta in  s k i l l s  and d isc ip l ines which are 

not provided by any o f  the twelve groups in ter fac ing wi th local  aperations. 

Typical of these d i sc i  p l  ines are SPS design expert i  se, rectenna design 



Tab1 e 15-1. General Tasks Performed by Integrated Operat ions 

14mt i fy .  define and al locate I - Used on study and tes t  m u t t s  i n  d i m t i o n  r i t h  m:ien&l m. ident i fy  
overal l  p r o p r u  r c 9 l t r m m t s  overal l  program r r o u i r c m t s .  

1 - U l l y t e  m q u i r ~ ~ t s  Y* allocate t o  1 ~ 1  owat tons .  

I - M m  progrm lml docmentatton (system specifications. progrm 
m i r r m t s  documts. program d i m t i w s )  

I - Allocate r r s D o n s i b i l i t l a  for -ration o f  lowr t i e r  
Qemt r t ion  mq local  opmt ions .  

I - krtru and m v e  lorr t i e r  h u n t a t i o n  as clcessary. 

P reprn  v s t e r  program plans and - Preprrc. c o o r d t ~ t e  a d  iqlmt w s t e r  plans and sc)wdula o f  progrm 
schdules. lbn!tor propram I a c t i v i t i e s  which w i l l  a s w m  a program thrt r c t s  a l l  r c g v i r a n t s  i n  a 
prfotynce a p r i m t  tw*. timely fashion. 

I - Obtain &tai led plans md schedules Wt cmply r ith m s t m  fm each local 
operation. 

I - kt LW system for  feedback of plan and schdule w f o r u n c e  from each local 
oprratlon. 

I - kt up s y s : r  for  monitoring plan a d  schedule perfcrunce which rill f lag 
p r o b l m .  

I - k o l v *  P m g r r w t i c  P r o b l a  and/or problems which involve interfacing 
local omrattons. 

( - ASSUR cooratnatioa 1119 operations. 

I - Resolve technical concerns. 

- Apply W t t l o n a l  technical resources. 

- 
Assure satisfactory technical 
p r fo r r rnce  

I - Reallocate n p u i r a n t s  m n g  program e l a n t s .  

- l b n i t o r  tuhn ica l  prrfonrnce a t  progrrr level. 

- k v i a  studies. analyses. t r S t  results. o rb i ta l  perfomnce. 

P r ~ p l r e  u s t a r  lop is t i cs  plan - Obtain lop is t i cs  t .gu i racnts f r a  l a a l  operations uhich thcy u s t  l u re  
for prograa I to C-ly dth m g r m  rcqu i rcmts .  

I - trwrr. coodtnr te r n ~  irgl-t w s t e r  ~ o g i s t i c s  plan a d  sc-le. 

I - f.t up l o g i r t l c s  s u t v s  reporting y s t m  for local  operations. 

I - mitor lopist ics status vs. p l a n  a d  sc-~es. 

- Inventories 

I - S p r m  

I - k r o l v c  propram level p r o b l a  and/or p r o b l l a  which involve interfacing local 
operations. 

I - Eclipse seasons 

- k c t r n n r  u i n t m a m e  schedoles 

Prrpare a d  u i n t a i n  m s t e r  
porr-generation plan a d  
sche&le 

- Prrprr r  m s t e r  plan and schodule fo r  satellite-m:ennr/grld cabinations 
a d  op.rations. P l m  u s t  consider 

- ik tenna/gr id  ponr lording sck.duIes 



Table 15-2. Tasks Performed by Local Operations Which Are 
Monitored by Integrated Operations 

LHK~ and Rccovuy S i t 8  1 - Crovidr coora in t ion  and planning o f  SPS ground support operations 

LOCAL OtERATlOI 

- RKeive crnp - Provqdr intra-base cargo transportation and storage - Lord c a r p  

ACTIVITIES MONliORLO BY INTEGRATED OPERATIONS 

1 - Procrss IULV f o r  f l i p h t  

I - Booster processing - Orb IUr  pmcesslng 

I - Provide PLY passenger f l i g h t  preparation f a c i l i t i e s  - Reseiue passcngrrs a t  base - Pmvidr t r q o r a r y  quarters - Provida lording f a c l l i t i c s  

I - Booster processing - Orbl trr processing 

I - Launch HLLV ud RV 

1 - Provide HLLV and PLV landing s i t e  c-nd and control 

I - Take over appmch control fror Space T ra f f i c  Control f ~ r  both 
booster a m  o rb i te r  

- Transport booster and o rb i te r  to processing f a c i l i t i e s  

LEO Lrc - m i n t b i n  and opctrte base 
- Maintain and operate a l l  bhse subsystc~as - Maneuver b s e  

- Construct EOfr's 

- Solar co l lector  assolbly - Elect r ic  power con*ersion and d is t r i bu t ion  rssLably - Carp  support structure - Subssab l ies  - Propulsion systm ~ d u l c s  

- Cmrdinr t r  construction personnel. v t c r i a l  and s u p p l ~  r w i r c m r n t s  

- Pmvlde rmbcznws/bocking c a p a i l  i t y  and support fo r  s&ice transportation 
vrh ic lcs 

- HLLV - POTV (including booster) - Cargo Tug> - PLY 

- EOTV 

- Provide launch crpabt l t ty  and support for :  

- HLLV - mV - 

I - k c r i v e .  store and load proprl lants fo r  space transportation vehic!es 

- Providr fn-swce u i n f m r n c e  f n r  space t ranspr ta t ian  vehicles 

- Unload. provide Intr+-brse trmsportat ion. s w r e  o r  reload cargo 

- Opcratr crew habitats and assure crew health and safety 



Table 15-2. Tasks Performed by Local Operations Which Are 
Monitored by Integrated Operations (Continued) 

LOCAL OPERATlON 
- ~ 

GEO Base - m i n t a i n  and operate base 

- h i n t a i n  and owrate a l l  base subsystr r  - h m u v e r  Q 0  Base 

- Construct solar porr satellites 
- Solar col lector assemEly - Elect r ic  pawr convtrsion and d is t r lbut ton assembly - h t ~ ~  ~SSI.DIY - Rotary joint/yoke a s M b l y  - Subassublies - n g t e  m r k  stattons 

( - toordinate conrtructfon personnel. m t c r i r l  and supply r e g u i r m t s  

I - Wni to r  i n i t i a l  s a t e l l i t e  ground pan bui ld up 

- Support o ~ r a t i o n a l  SPS u i n t m c c  
- b o r d i ~ t e  m l n t m n c e  m a t e r i a l l q u i m t  rqufremrnts - b o r d f m t e  SPS nintensnce personnel r c g u i m n t s  - k l n t a i n  m i n t e r u r n  meterial and cputglcnt inventorJes - Support SPS mint-ncc personnel r k l l e  a t  CfO 

I - k w i c e  f l i g h t  trrnsportat ic "1Cles 
- EOTv anneal ing - GEO based OTV ( - Cargo Tugs 

I - Receive and store space t ransportat ia  vehfcles propellarcs 

- Optrate crew habitats a M  assure c r w  health. safety 

- SPS construction 
- Plan and coordinate orbf ta l  construction - Prepare &tai led plans and schedules 
- Assure that mter ta ls .  s u b a s s ~ l i e s  and q u l p m t  a n  available on ti= at  GEO. 

- Drftne a 6  coordtmte construction c m  r tqui rcr rnts  

- lbn l to r  construction 

- SPS test  and chackaut 
! - D c i i n  required tests and p n p r n  tes t  plans 

- ~ ~ p r r r  test  rch.dulu - D e f l n  and c o o r d i ~ t e  test  c m  m q u f r c m t s  

- c  l bn l to r  testtng and tes t  resul ts  

- Y S / k t e n m  startup - Pnpr re  p!m and schedule for i n i t t a l  SPS/kctmtu panr buildup 

- I b n i t o r  startup odrratton 

- EOlV constructton - Plan and coordinate o rb i ta l  construction 
- P n p a n  detailed plans and schedules - Assun thrt r t e r l r l s .  s u ~ s s m b l l e s  and q u f p n n t  a r t  ~ v l i l a b l e  on t f u  r t  LEO. - k f l m  and caordfnate cons";ctlon c r a  rrgulrrncnts 

- Cbnitor consttuctfon 



Table 15-2. Tasks Performed by Local Operations Which Are 
Monitored by Integrated Operations (Conti nued) 

C r a  Systems 
(Space Personnel 

LOCAL OPERATION I A C T l V t T l E S  1U)IITORED SV 1RlEOIATED O P t ~ L T l O R J  

Space Traf f ic  Control 

Space Construction ( t o n t i M d 1  

SPS Operations and hintenance 

- EOTV Test and Checkout - Define w i r e d  tests and p l rpr re test  plan - P n p t r r  tes t  schedules - R f i n e  and procure t e s t  e q u i p r n t  and r i m l a t o r s  

- Define a 6  coordinrte tnt crbr  m q u i m n t s  

- l b n i t o r  tests and tes t  resul ts  

Define to ta l  numbers and types of  personnel required f o r  a l l  in-space ac t i v i t i es .  

Prepare plans m d  scheddl*s for obtaining necessary personnel 

toordinrte personnel selected wi th  local  operations which w i l l  use the personnel. 

. Define and impleirent personnel t ra in ing Omgram including cross- 
training. 

- [ k f i ne  and i n p l m t  crew r e p u t r a n t s  for l i v i n g  and working i n  sodce: 

- Env i romnt  
- Quarters 

L iv ing 
Recreational 
Uork 

- Recreation - Medical 6 Dental - Support Equ ip rn t  - YIste M n a g w n t  - Stowlge 4 n a g m n t  

- Prepare c m  rotat ion schedules and rosters 

- Orbital Bases 

- P n m r e  and iaplaPcnt pcrsonnel f l i g h t  prepdratior, and rehabi l i ta t ion prograrr,. 

- Maintain posit ion and re loc i t y  data on a l l  SPS space equipnnt. 

- Define and coordindte stat ion keeping requirements fo r  o rb i ta l  bases and SPS. 

- Determine and implement actions required t o  avoid near misses or co l l is ions 
b c t e t n  SPS spdce equipment and other sate l l i tes.  debr>s or  mereorites. 

- + t i f y  1ntegrat.- 3perations o f  results of a l l  spdce f l i g h t  i n  real time. 
1 .e.. actual launch tlmes, actual rendezvous, docking. landing times, erc 
and of any problems which occur. 

- Operate a l l  Solar Parcr Satel l i tes. Take appropriate act ion i n  the event o f  
sate l l  i r e  a m 1  i t s  o r  p r f o m n c e  degradation. 

- Based on s a t e l l i t e  t e l m t r y  d a u  and data fmcn :orrespondfng rectenna 
Pmvide the mcessary cownds  t o  control power generrtion/conversion and 
radiat ion systans o f  sa te l l i t e .  

- Coordinate power arintenrnce during eclipses 

- hepr re  detailed plans 

- Control pmrr generation system shut-sow. start-up sequence 

- Point antenna t u n r d  a o t t w r  recttnna and acquire new retro-direct ive 
beam 

- Deflnc SPS operations c m  t . pu1rmnts  

- Haber - Training 

- k W u l e s  - Procedures, nunuals 

- Drffne. schedule and implclnnt s a t e l l i t e  nuinttnrncr. 

- ksure necessary nrinterunce c q u i p m t  I s  defired, acquired and transported 
to  CEO base on schedule. 

- Define SPS nuintenrnce crew rcqui rcunts 

- Mabcr - Training 



Table 15-2. Tasks Performed by Local Operations Which Are 
Monitored by Integrated Operations (Continued) 

LOCAL OPERATION ACTIVlTlLS ItONlTOREO BY IMTitRATED OPERATIONS 

Space Transportation I - Plan. schedule and provide Space Transpr tat ion fo- program. 

I - Personnel - Equiment - b t e r l a l s  - Pmpr l lants  I - Operate a l l  Space Transportation vehicles 

- HLLV's and Iloostcrs - Cargo Tugs - PLV's and Bws t r rs  - Cherry Pickers - W V ' s  and Boosters - thinterunce Vehicies - EOlV's 

I - Deternine p r o v l l a n t  r q u i n n m t s  and assure,they are acquired. transported 
and avai lab l r  on scheaule a t  necessary locations. 

I - Define Space Transmrtrt ion vehicle c m  r c q u i r a n t s  and c o o r d i ~ t e  with 
tm Systans for imp l r rn ta t ion .  

I - Define Space Transportation ground (nisslon) control crew requirements and 
Implament program to  met these rcqulraacnts. 

I - b n i t o r  and control Swce Transportation vehicles i n  f l i gh t .  

I - ~ e f t n c  and i m p l w m t  space Transportation vehicle nvintcnance program 

Rectenna/Grid @era t ions 

SPS Cormunications Operations 

Industr ial  C m l e x  Omrations 

- D c f i m  Space Transportation v-hicle maintmnce crew r e q u i r w n t s  and implmwnt 
pmgram t o  mmt these n q u i r a a n t s .  

- Operate and nu in t r i n  SPS-dedicated conrmnications equipment 

- Operate c m w ~ r c i a l  c m n i c a t l o n  e q u i m t  located i n  SPS f a c i l i t i e s .  

- Define personnel reouirements for  owrat ion of c~nnunication equipment. Acquire 

and t r a i n  personnel. 

- Define pe>-sonnel requirements for maintenance of  SPS-dedicated e q u i m n t .  

Acquire and t ra tn  personnel - Plan and implement provision of  addl t ional c m n i c r t i o n  capabil i ty as the 

number of operational satel 1 i tes increase. 

Surface Transwrtat ion Owrations 

- Prepare master plan and schedule for rectenna cons t r~c t ion  to suopor: s a t e l l i t e  

construction schedule. 

Construct rectennrs 1.1cluding rectrnna sfd2 of q r id  interface. 
- Coordinrte operation o f  rutennas with grids 

- C o o r d i ~ t e  rectennr/SPS operating schedules - Plan, schedule and i rp lemnt  rectennr mlntenance 

- Define p o o n n e l  r q u i m n t s  fo r  construction and maintenance of rectennas. 

Acquire and tra!n personnel. 

- Prepare and w i n t a l n  nustcr plans and schedulo for owrat ton of indust r ia l  complex 

- k q u l r e  fac i l i t i es .  equipntnt and ~ t e r i a l s  

- Def tm pcrsonncl r e a u i m n t s .  k o u i r e  and t ra in  personnel. 
- Perfow, processing and fabricat ion necessary to support construction and ooeratron 

o f  SPS Syrthn ' ' 

- Provfde warehousino and storage 
- Perform packaging fo r  shiplcnt by surface transportation 

- Plan and schedule the movement of cargo and propellants from the 1 r s t r ! r l  complex 
to  the launch and recovery s i t e  

- Plan. schedule and inplemnt movcncn? 04 cargo and personnel b e t m n  e lmwrt r  at 

the industr ia l  c ~ n g l e r  - Coordinate u u  o f  c a r c l a l  transportation equiprent 

- -rate and maintain SPS dedicated equipment - OIflne personnel requlrrmnts. Acquire and t ra in  personnel. 





expertise, space transportation vehicje design expertise. This s t a f f  , to- 

gether with technical personnel of the interfacing groups, w i l :  provide the 

top level  knowledge necessary to  evaluate technical problems and make pro- 

g r a m t i c  decisions. This s taf f  w i l l  also be the technical pool t o  which 

operations personnel can turn i n  the event o f  real-time problems with space 

vehicles during f l i g h t .  

a A central planning and scheduling s ta f f  which w i l l  perform the 

mechanics of preparing and maintaining the master program plans and 

schedules and o f  monitoring program performance against these. This s t a f f  

w i l l  u t i l i z ?  inputs from the interfacing groups and provide outputs back to  

them. 

e 1 program log is t i cs  s t a f f  which w i l l  coordinate the log is t i cs  

requirements o f  the program to  assure an eff ic ient,  coordinated log is t i cs  

system. A l l  o f  the 12 local  operations w i l l  have log is t i cs  requirements 

and plans which t h i s  group w i l  i coordinate and integrate. 

4.0 LAUNCH AND RECOVERY SITE 

The ac t i v i t i es  which Integrated Operations w i l l  monitor (Tabie 15-2) 

were selected by reviewing a detai led l i s t  ~f the a c t i v i t i e s  of each local  

operation. To the extent possible wi th in  the l i m i t s  o f  th2 study time. 

i n  order to make t h i s  selection possible, a detai led task analysis was made 

for each local operation. A 1 i s t  o f  the command and c o n t r ~ l  tasks associated 

with each operations task was also compiled. For each comnad and control 

task a desigfiation was made as t o  whether the task was to  be performed by 

the local  operation o r  by an interfacing operation. If the task was to  be 

performed by an interfacing operation, o r  interfacing operations were re- 

quired t o  provide inputs or  receive outputs, these interfacing organizations 

were also ident i f ied. This ident i f i ca t ion .  insured that  responsibi l i t ies 

ar is ing from interfaces were recognized, and included as basic r e s p n s i b i l -  

i t i e s  f o r  the involved operations. Table 15-3 presents the resul ts of the 

detai led task analysis f o r  the Launch and Recovery Si te  and Table 15-4 i s  a 

key t o  the abbreviations used f o r  the various local ooerations i n  the in ter-  

face column. 



Table 15-3. Operational Tasks - Definition/Responsibil ity 
Locat ion/Operation: Labnch and Recovery Site 
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Table 15-3. Operational Tasks - Definition/Respcnsibility 
iocat ion/Operation: Launch and Recovery S i te 
(Continued ) 
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Tab1 e 15-4. A b b r e v i a t i o n s  for Names of O p e r a t i o n s  

CS 

68 or GEO 

1 C  

10 

L I R S  

LB or LEO 

R/ 6 

SC 

SCOU 

SOaM 

SPT 

STC 

SUT 

CREW SYSTEUS OPERATION 

6E0 BASE OPERATION 

INDUSTRIAL COMPLEX OPERATION 

INTEGRATED OPERATION 

LAUNCH AND RECOVERY S I T E  OPERATION 

LEO BASE OPERATION 

RECTENNA/GRID OPERATION 

SPS CONSTRUCTION (GROUND OPERATIOK) 

SPS COMMUNICATlONS OPERATXON 

SPS OPERATIONS AND MAINTENANCE 

SPACE TRANSPQRTATION ARD MAINTENANCE 
OPERATION 

SPACE T R A F F I C  CONTROL OPERATION 

SURFACE TRAHSPORTATION OPERATION 



5.0 LEO BASE OPERATIONS 

The primary functions o f  the LEO Base are to  operate the base. construct 

and support maintenance o f  EOTV's support transportation vehicles which 

operate froat earth t o  LEO as well as those which operate from LEO t o  GE3, to  

provided cargo transfer and storage, and to provide transfer and/or tempo- 

rary quarters to personnel i n  t ra t i5 i t  between earth and GEO. Table 15-5 

presents a detai led l i s t  o f  the a c t i v i t i e s  a t  the LEO Base. 

Since i t  i s  desirable to keep the nuAlber of personnel in -orb i t  t o  a 

mini- due to expense, possible hazard, etc., a g rou~d  support group i s  

provided for d i rec t  support o f  LEO ac t iv i t ies .  This group w i l l  support a l l  

ac t i v i t i es  except those connected ni t h  EOTV construction. A separate ground 

support group i s  provided to support both EOTV and Solar Power Satel l  i t e  

construction. The LEO ground support group w i l l  perform those LEO functions 

which do not require locat ion a t  LEO. An example i s  planning and scheduling 

which can be prepared on the ground and updated with daily, or more frequent, 

inputs from LEO. Similarly, many o f  the tasks associated with inventory con- 

trol f o r  space vehicle maintenance, crew provisioning, and cargo d is t r ibu t ion  

planning could also be performed on the ground using inputs f r o m  LEO. 

6.0 GEO BASE OPERATIONS 

The primary functions o f  the GEO Base are t o  operate the base, construct 

and support maintenance o f  operational Solar Power Sate1 1 i tes and support 

transportation vehicles operating to GEO. Table 15-6 presents a detai led 

task analysis o f  GEO Base ac t iv i t ies .  The Operations Control Concept includes 

a ground based group f o r  d i rec t  support o f  a l l  GEO Base ac t iv i t ies .  However, 

SPS construction and maintenance w i l l  be the responsibi l i ty o f  the same con- 

struct ion support operatian that  supports EOTV construction a t  LEO. (See 7.0) 

7.0 SPACE CONSTRUC'FION (GROUND OPERATIONS) 

A1 though the actual construction o f  the EOTV's d i l l  take place a t  the 

LEO Base and construction o f  the operational Solar Power Sate: 1 i t es  w i l l  be 

performed a t  the GEO Base, t h i s  group, located on the ground, w i l l  provicie 

d i rect  support t o  t4e orb i ta l  crews. 



Table 15-5. Operational Tasks - Def init ioe*."Responsibil i ty 
Loca tion/Operation: LEO Base Operations 
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Table 15-5. Operational Tasks - Definition/Responsibi 1 i t y  
Loca ti on/Opera t i on : LEO Base Operations 
(Continued) 
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Table 15-5. Operational Tasks - Defini tion/Responsibil i ty 
Locat ion/Operation: LEO Base Operations 
(Continued) 
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- Record -vat of caponents frm storage 

- Check inventory control records 

- ;ecervt user e q u i p ~ n t  cmpontnt dcl ivery 
r q u i r r r r n t s  

- integr#te c a r p  delivery rcpwsts 

- Issue cargo Qistr lbution instructloas to narchouse 

- M i t o r  cargo de!ivery operations Including 
wchine loading 

- Coardinate support q u i m n t  usage requests 

- R i n u i n  records 

A 

x 

I 

x 

X 

x 

X 

X 

X 

X 

I 

X 



Table 15-5. Operational Tasks - Definition/Responsibility 
Location/O erati on: LEO Base Operations 
(Con t i nued ! 

- Transmit vehicle m in tmrnce  status m r t s  

- k e i v e  wehicle w i n m n c t  p!aas 

- Inventcry control 

- Coordinate vehicle intra-brse t ranrpwtat icn 
r C Q U i r ~ l ~ n t s  I - M i t o r  rChicle mwntCnanCe equipment m d  
f a c i l i t i e s  i ta tus  

- Ava i lab i l i t y  

- k i n t e n m c c  

- lrplrcrcnt q u i p m t  

- C m l u b l t s  

- Control c rc r  operations 

- C s i p n m t s  

- Training 

- Scheduling 

- Coordinate vehicle r in tenrnce  plan and status 
wi th ground-bard SuDport gmuo 1 - Monitor md control vehicle v lntcnrncc o ~ c r r t i o n t  1 

- k . o t e l y  control/aonf to r  the EON thruster 
refurbi shllM: mchines I 

- Coordinate u int rnance vehicle ( f ly ing cherry- 
plcker) u n e u v e r i q  between LEO Base m d  the EOTV 

- Cont rn l lan l to r  f l y i n g  cherrypicker 'chCnypickers' 

- E l ~ t r i a l  Powr S y s t a  I - Issue w in tcn rme -str 

I - wrt status 01 b s e  e l w t r i c a 1  -r system I I 
lo 

I Fl igh t  Control System - Receive brse orblt-keeping m d  r t t l t u d e  control I 
I 

STC 
(including p r ~ ~ u l s i o n )  r rwuver  p r ruc te rs  fror, ground-based t r rc t ing  I 

- Report status o f  bast f l i g h t  control system 

L i c a t i o n s  SystCI, - Issue l l l in tewnce rtquests 

j - Report status of system I IG - 
Dlu P r w o s i n g  System 

- Report status of sy.tcn I 
- Issue mmlrtrnrnce mquests 

I0 

10 



Table 15-5. Operational Tasks - Def i n i  tion/Responsibil i t y  
Loca t ionfoperation : LEO Base Operations 
(Continued) 

mrr 
P L V T t Q  
tnnmylt 

10 
CS 

CS 
10 

CS 
I0 

10 

10 

LOCU mmta tm 

Crew Supuor: 3ocrat1ons 

Base Eourp~cnt tbintcnancc 
Operations 

~ ~ l ~ v ~ ~ c m m t r u  

- issue b b f t a t  systems r w i n t ~ n c e  requests 

- R C w t  status of habitat systems and conrurbles 

- RCDOrt status of base PrUHInel 

- Scktdule hotel 09s 

- k e i w  base wui-t m8inCenance plan ffm 
ground-based control gnWp 

- Receive equipment nuintenmce tqucs ts  

- Coordinrte. monitor. control base cguipant  
vintenance ops. 

- Report status of base cauipcnt  mmintmr~cc 

L R I I  
mMTlQ 
Ytl'lln 

X 

it 

X 



Table 15-6. Operational Tasks - Def i n i t  ion/Responsi b i  1 i t y  
Location/Operati on: GEO Base Operations 

~. 
QMI 

mnarta 
tmrrm 

SC 

SC 

SC 
CS  

1% S I C  
SObM 

S O U  

SOW 

S M ~  
CS 

SOW 
STC 

m amma T*P 

Construct Solar P o r n  Sate l l i tes 

Suopr t  9 5  Vc~ntenance 

r ~ ~ b ~ r n m a r r n  

- hnage s a t e l l i t e  construction f a c i l i  t i es  

- Solar co l lector  asscnbly f r c ~ l i t y  

- A n t ~ n ~  assc.lbly f a c l l i t y  

- Rotary joint/yoke a s s ~ l y  f a c i l l t y  

- Sublsscmbly f a c i l i t y  

- Remote w r k  stations 

- Construction Cguip.~~nt  and personnel 

- Provtde construction status reports 

- Maintain constv~ct ion material inve.tor.v co~?tro l  

- Coordinate construction a r te r ia l  m d  supply 
r q u i r c m n t s  

- Coordinate construction personne' requirements 

- k n i t o r l c o n t m l  1st and 2nd pass energy conversion 
s y s t r  rssewbly 

- %nitor/control powr  transmission system asscnbly 

- U o n i t o r / c ~ t r o l  interface system assmbly 

- Monitorlcontrol s a t e l l i  t e  system mating, f ina l  
tes t  and checkout 

- Coordinate base - u t e l l i t e  separation schedule 

- t o o r d i n s t t l m i t o r  i n i t i a l  sate l l  i te-ground power 
kr i ld-uo 

- Receive SPS mintenrnce plan and schedule 

- Pmage s a t e l l i t e  mdintenance dewt  

- C-nent r t f u r b i s h n n t  f a c i l i t i e s  

- Klystron tube refurb iskent  f a c i l  i t i e s  

- Reconditionad CDDWMnt storage 

- Defective co*9onent storage 

- Maintenance pal l e t  loading/unloading 

- Maintenance materials inventory control 

- Eauip*nt maintenance 

- CoordindtC mnintenm~e crew m u l r ~ o t n t s  

- Mnbcrs 

- kkcdule 

- Ronitorlsupport t tavel ino mintenance crew r h i l e  
a t  GEO and during ~ i n t e n a n c e  ac t i v i t i es .  

- Uonitorlcontrol a t  SPS nrintenance ac t i v i t i es .  

- Mn i to r / con tm l  mobile mintenrnce support 
equipment and systems ( c r m  habl t r t ,  f l y ing  
ckcrrypickers. <Tn pal le ts) .  

- Coordinate intra-b8se transportation 

- h t e r i a l s  

law 
Q W M I I ~  
nrvln 

X 

X 

X 

x 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 



Table 15-6. Operational Tasks - Definition/Responsibility 
Location/O erat ion: GEO Base Operations 
(Continued ! 

WM amate tm 

Suowrt SCS h t n t r n r n c e  
( tont inud)  

Service F l  i ph t  T rmswr ta t ion  
Vehlcles 

Control External Lcg1s:ic 
Vckicles 

Direct h s e  frrasportvt ion 

- M i n t a l n  cargo wrchourlng and d is t r ibut ion 
control 

awm 8 cmm T ~ S U  

- Equipment 

- C m  

- Monitor/contmi vehicle t r a f f i c  on and around SPS 

- kwl i tor /contml  inter-Satel l  i t e  t r e f f l c  

- Ronitorlcontrol b u i l t - i n  mint lnance support 
C4).mt 

- Provide SPS m i n t m a c e  status n p o r t s  

- C w r d i ~ t e  mintenance l v t e r i a l s  and e q u f p t  
pmcurment 

- Prtut&c f l t g h t  uehtc\e status reports 

- EO1Y Anneal iq 

- CEO b S t J  OTV 

- Cargo Tugs 

- Coordinate EOPJ annealtng schedule 

- Moni tor lcontro l  EOTV anneal ing 

- Coordinate ON and Cargo Tuq Propellant and 
k o p l l e s  hl ivery Requirc~wnts 

- Monitor/contrcl GEO based f l<gh t  vehicle fuel ina 

- llonftor/control GiO based f l i g h t  vehicle 
u i n t e c n c e  

- toordinate EON LEO-GEO arr iva l  ldeorrture 
schedules and cargo l i s t i n g  

- CloniPr EON rendezvous/de-orbit nuneuvers 

- mni tor /contro l  EOTV stat ion-kee~lng a t  GEO brsc 

- CoordiMte s a t e l l i t e  mrintena~ce cargo O'iV CEO- 
CEO arrival/departure schedules 

- Monltor OTV ren6ezvouslde-orbit mneuvert 

- Issue ON docking/departurc lnst ruct ion i  

- ~ n l t o r l c o n t w l  O N  docking and unlockins owratton! 

- b n l t o r l c o n t r o l  ON lording and u n l ~ d l n g  oprrat ionl 

- Clonltorlcontroi cargo tua payload pa l le t  r w v a l l  
del ivcry a t  EOrY 

- r)onitorlcontwl cargo tug nwneuvers k t n e n  iOTY 
and base 

- ~ n i t o r l c o n t r c  1 cargo tu? payload pal l e t  del l ve ry l  
r~rnrva l  a t  base 

- Monitor intra-base l c? fs t i c  vehicle Status 

- Coordinate base log ls t l c  vehicle supply ngu i re -  
m n t s  

- ~ n l t o r / c o n t r o l  r r l l e d  crew transport 

r i z a  I 
K l l V l T V  

X 

X 

X 

x 

x 

X 

X 

X 

I 

X 

X 

X 

X 

X 

X 

X 

X 

X 

-.-- 
mnta 
lm~l l t  

SOW 

SOW 
10 

sun 

SPT 

SDt 

SPt 

SPt 
S7C 

SDt 

Sot 

10 
Spt 



Table 15-6. Operational Tasks - Definition/Responsibil i t y  
Location/Operation: GEO Base Operations 
(Cont f nued) 

mr 
r n u ~ t m  
tmwm 

St 

L- 
OCMTI~  
mtv~n 

X 

x 

X 

X 

X 

LOW O~CUT~Q TMC 

D i n c *  k s e  T r a n s p o r ~ t l o n  
(Continued) 

Maneuver CEO k s t  

~OIY~O I coma TASK 

- b n l t o r l c o n t r o l  r a i l r d  c a r p  transport 

- Nonltor/control k s e  fm f l y c n  (IIRUS. EVAIWU, 
etc. 

- k i n t a t n  base a t t i t ude  control 

- U i n t r l n  base e p h w r i s  

- Control base construction indexing 

- Coordinate base construction indexing omrations 
schedule 

X 

5TC I 1011 

X 

10 

S3t 

X 

SC 

SO&: 

Control &s t  Subsystms 

Assure Construction and 
k in tenanc t  Pur l i t y  

- Control k s e  u t e l l l t e  seprrrt ion 

- Coordinate bdse GfO-GEO maneuver schedule 

- Control base GEO-CEO transfer mntuver 

- Provide base subsystm status 

- Elect r ica l  w r  

- Att i tude 

- Propulsion 

- Guidance n a v ~ ~ d t i o n  and control 

- Cwrd lmte  base subsystm consunable and supoly 
n q u i r m m t s  

- Monitorlcontrol base subsystems 

- Providc construction qual i ty  control s t r tu-  

- Provide satel 11 te mintenance qurl i ty  control 
status 

Operate tbbi ta ts  

SC 

SOM 

- Contrc' date114 te  c~ns t ruc t lon  inspection and t - s t  

- Subasstmaly optrations 

- Energy convetsion assmoly OpS 

- Powtr trrnlrnission rssnnbly ops 

- Rotary j o i n t  and yoke assmbly o,s 

- Systtm mating operations 

- Fin81 t es t  a d  checkout 

- Coordinate ~ o n s t r u ~ t i o n . a r t i c 1 e  Inspection rnd 
test  schedules 

- Coordinate/mnl to r  mmtt i a t t l  11 te nuintentnce 
Inspection 

- &nitcr/control reconditioned comconent i n s ~ t c t ~ o n  
and test  

Monitor module susbsystm status 

- Envlronmtntal contro l / l i fe  support 

X 

X 

X 



Table 15-6. Operatima1 Tasks - Definition/Responsibility 
Location'lpetation: GEO 8ase Operaticns 
(Conti nled) 

m a  
mmIIQI 
1-yL - 

I 

1- 
mmtta 
r n t l f l ?  

UtlllLYtla1W - 
m a c e  Wlbi t~ ts  (Colltimtd, 

W h C r m Q t u l  

- ;.W storage a:d ~rembrat ron 

- Dining ar tas  

- Crcr qwrtrrr 

- C r c r  prort , lonslgmr 

- m w t ~ ~ l n g  ~ 0 ' ~ : 1 ~ t : s . r p p l  ips 

- nousrite;: np rws:e 

- F x r n i s h i q s  

I '  - 'Jfr 6 c y / m  duty f e c ~ ! i t t e s  

- P a s s a w n  and mtil it1 r i d s  

i - llghting me iacercms 

- =h-qenCr mr 

- F' :warning ST:- 

- T . G ~  s k l t t r  

5:: 

-. - - 

- Mwgt CE~:~.JC:+O~ r* sate t l ! ! t f  u i n ~ w & - t e  I I 
c r h  i e t e r s  

- C m m i n r t e  -.it :onsdua!c r?u? si;asic r r c l - Y * -  I I -.s 

- Coc drna.e #* jmne: ro:a::m sckCuicr  

- ma,e trar.s:e?rr z m  q l v r re r s  I 

- 
Assurr C a  wc:tt! a* Srfety 

I 

- - 
- .  

-< - -  

- C o n s t ~ t i c -  prrsmnei and ~ ~ u : ~ s n t  

- Rain tCr~nce pe.-sw.:eI ard e0ui-t 

- Fllghr mrswr*1 anC U u i p m :  

- fVC ~ , r ~ ~ n * 1  rna r iu imwnt  

f - P m r i d C  $bse Utttj S * A t v S  

- m i t o -  s c - ~ n r l  LICalt'l stdtds 

- m a *  w i t  i c i i  a c l i w i t i e ~  

:3 

I 

1. 

- & r i r 4 1 r ~ t e  Y C t c a l  SUVC~: R O u l m - . ? t >  

- CoorCinrte :re, =rcr? :c&ns;er i r t t~ t io*  
Scw.:es 

- h ! t  -'ctntroI t a r t  ~ s e r & t i w ~  sbf~:y 

- Cwrdirat,  %re ssCe*.y ~ u i - R - t S  
i --- 

Qintaln =.JM E a u l p n ?  - P r w i w  bast suSsyrtcm a.rd c;.Irrcrt - 1 r t t n a x c  i I SUVA* 

- E?c:.lctl %we. 

- A t l a t u ~ e  :ont r~ :  

1 - e - p , i ~ : a .  

I - C 6 C  

- - / a t .  

I 

I . - 
: i 

x ... . L 
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Table 15-6. Operational Tasks - Definition/Responsibility 
Location/Operation: CEO Base Operations 
(Continued ) 

- Cmrdiutc W N  am m i l e  c w  b8bit.t f11gh: 
sc&&le r ich  GCG lase Traffic b t m : l e r  

I - Tmrsnlt IUtirZ o i  PC%. M i i e  cmem Wbitat.  
tr)nS1@t C- Car:et .. Octimq s y s t a  to Earth 



A s ingle group w i l l  support both the EOTV and SPS construct ion because 

o f  the s i m i l a r i t y  of the vehic le construct ian , especial ly  the solar  arrays. 

and the s i m i l a r i t y  of the tasks involved. It i s  probable tha t  ce r ta in  econo- 

mies w i l l  be rea l ized by t h i s  combination, e.9.. comon inventories and 

inventory controls can be used f o r  many supplies. Table 15-7 presents a 

deta i led 1 i s t  of Space Construction (Ground Operations) a c t i v i t i e s .  

8.0 CREW SYSTEH OPERATIONS 

Inasmuch as there are many comnon a c t i v i t i e s  'nvolved i n  acquiring, 

t r a i n i ng  and def in ing requirements f o r  space environment f o r  a l l  personnel 

l i v i n g  and working i n  space, a s ing le  operation (group) has been assigned 

the responsi b i i  i t y  f o r  acquisit ion, t r a i n i ng  etc., f o r  a1 1 space persoqnel . 
Examples o f  these comnon a c t i v i t i e s  are: 

a Physical examination and determination o f  sat is fac tory  physical 
condition. 

r Training i n  basic conduct f o r  l i v i n g  and working i n  space 

De f i n i t i on  o f  environmental requirements t o  be met by a l l  space 

vehicl es/bases. 

It i s  recognized that, depending on the space assignments, personnel o f  

m n y  d i f fe ren t  s k i l l s  and d isc ip l ines must h; recrui ted.  It w i l l  be the 

respons ib i l i t y  of t h i s  operation t o  dork i n  close conjunction w i t h  the opera- 

t ions which require the people i n  the select ion o f  personnel. This close 

c~opera t ion  w i l l  a lso be necessary for  the de f i n i t i on  o f  the t ra in ing  required, 

the de f i n i t i on  o f  which t r a i n i ng  can be accomplished cn the ground, and/or 

which must take place i n  space. By in tegrat ing the sy;tem crew requirements 

and t ra in ing,  a considerable amount o f  cross-t ra in ing can be accomplished, 

thereby reducing the t o t a l  number o f  personnel required, al lowing substi tu- 

t i o n  o f  personnel i n  f i l l i n g  duty rosters, and providing backup capab i l i t y  

i n -o rb i t  i n  the event o f  i l l ness  o r  contingencies. 

Tasks t o  be performed by t h i s  operation are: 

a Integrat ion and implementation o f  requ i re~en ts  f o r  the number of 

personnel required i n  space 



Tab1 e 15-7. Operational Tasks - I)ef i n i  t ion/Responsi b i  1 i t y  
Location/Operati on : Space Construction 
(Ground Operation) 

- p1.1 and oPonliartr SPS orb i ta l  ~ ~ ~ t r u c t i o m  
I n  a c m e  with -11 pmgrv m i - t s .  
m s m  31.n md x h c b t e  

- -R 6.Ui led plaes. lch.61rs. -&urn for 
c m s t n r t i m  o f  

- Solar c o l l u t a  a s e l y  - E l u t r t c  porr a m e r s i m  and d.s t r ibu t im 
assembly - bury #~nWy&r a s w l y  - s U b & S ~ l I r s  - k p c e  IDCL s t a t i m s  

- bzvrt tlvt mter ia l s .  s a b s ~ l i r s  and -3-t 
a m  p#urcd. mckagcd rnd t renported to 6EO m 
r k d v l e  

- kfinr creu r r q u i r r c n t s  a d  coordinate wl th Crew 
systems u, a s w r r  thlt nsbM of  
-1 arc availaDle om 90 dcy duty cycles wi tn 
proDcr 

:5 
Spi 

- Wk-arw' lds - Adeit ioryl or r r p l u m t  COu1-t - AMitiaul prsomcl n - o r b i t  - Skl i lcd -1 f o r  advisory c m n l c a t i m  

SPS T a t  and Olcckovt - orcprrc SPS tnt p:m for construction process and 
far  chcCk-out f o l l w i n q  c o q l e t i o n  

- P-rr sc-la a d  proccburts l o r  tests 

I - Lkfjn and m u r e  test  c g r i p m t  and s imtators 
required for  test and check-out both on-orbit and I I 

- ktin test  cmw rcpu i ra rn ts  and assure :hat 
rdceu te  ndrrr o f  oerroml arc available witn 
proper training. pnxCdures. m n w l s .  toordinate 
~ n - o m i t  p ~ r r w n c l  requ i ran 's  4 t h  Crrm S y s t m  

I - Advice on hor to rcpiir - R.pl rccunt  m r t s  

SPSlRecUrm Startup' I - -re plan and sc?wdule fo r  I n i t i a l  buildup of 
m r  on SPS. r M i 8 t i o n  to mctrnna. Dorr convu- 
,Ion and t i c - I n  to gr16 by mtenna  

- Crb i t r l  p o f t l o n  - Space Traf f ic  Control - SK rwdinrss - tEO Blsr. SPS 3perations 
and m i n u n r n c t  - kctmnr reaf .wss - R K t n ? ~ l G r i d  Operations - SPS operation - SPS Operations and h ~ n t t n r n c t  - Rrctmnr opcrat iw - RectcnrwlGrid Ootrations 

I0 

STC 

GB SOW 
RIG 



Table 15-7. Operational Tasks - Definition/Responsibi? i t y  
Location/Operat ion: Space Construction 
(Ground Operation) (Continued) 

- lbnitor startup c p r b r  ran and orov~de wpmrt for  I 1 SOirr 10 
OloDlm ~ u l * t i o n  

- Bid i n  problem solut ion - T m i I M t t  StJrfup - Canti- startup wi th mrt o f  s y s t ~ ~  in-  
oprrtlrc 

EOTv Construction I - Plan rad coordi r r te  EOTT o r 0 i m l  constructiar i n  
accm-dmce rim o v w a l l  D~OQL r q u i m t s .  
r s t w  plan a d  scbeeule 

- -R a t a i l e d  plans. schcdulc) and mcdum 
for: 

- Solar c o l i c t o r  assembly 
. E l t c t r f c  parr c m v m i o n  and d is t r ibv t ion  

8s-ly - Elect r ic  propulsion subsystem asscrPOly - h e a s s e e ~ i w  - Caw -rt a s s m l y  

- b s u m  that  m t e r i r l s .  subasscclies ant c o u - m r  
are . rOCuCCd. O K & ~  #d t r a ~ s w r t e d  to LC0 mi 
SChE -1e 

- &fin crcr r e a u i r c m t s  and coordinate r l t h  C r e u  
S p t m  to ass.pe that rdcqvrte mw&m of owson- 
ncl arc availaale on 90 &y duty cycles r l t h  
m 

1 - Trrfninp - Procedures - ~ n u r l s  
I 

l bn i to r  on-omit construction and omvl& SupQor? 
for p a l m  solutions 

& d i t l o n r l  perwnr.1 on-orbit 
Skliltd ptrconnl f o r  bd*~soty col.unicatlon 

- EOTV test pla- f o r  construction process 
a d  for c k k - o u t  f o l l a i n g  c a g l c t i o ! ~  

- Rrpn sckcdulo and proccbur es fo r  tests 

I 
I - k f iM and p u n  tat e q u i p n t  and s l u l a t c r i  I w s t  c-k-wt tm on-(ntt and on pun I 

- Orfine tat c m  mquircrrnts  a?. assure that 
adequate m r s  of pcrronncl a m  available wi th 
p r ~ ~ ~ r  trbfning. procedures. u n w l s .  Coordinrtc 
on-orbit QeI-Son~l r c p u i r r m t s  w'th C r a  Systca 

- A n i t o r  test results and provide s43port for  I '  



Acquisition and training o f  personnel 

Def ini t ion o f  requirements and implementatior! 5' sct I V  i t i e s  required 

t o  meet those requirements, f o r  personnel l i v i n g  ;.vat .or r ing i n  space for 

prolonged periods. 

a Def ini t ion o f  requirements and implementation of a c t i v i t i e s  required 

t o  meet those requirements, f o r  personnel operating o r  being transported by 

space vehicles. 

Def ini t ion of crew sizes and schedules f o r  in -orb i t  and transporta- 

t i o n  ac t iv i t ies .  

t k f i n i  t i on  and implementation o f  personnel in-space ac t i v i t i es  

programs. 

v Defini t ion and implementation o f  ground program for  space personnel 

before and af te r  space duty tours. 



9.0 SPACE T RAFFIC CONTROL OPERATIONS 

The r e l a t i v e l y  la rge numbers of vehicles operating i n  space as a par t  

o f  the SPS system d i c ta te  the requirement for a dedicated Space T r a f f i c  

Control Operation which w i l l  ensure t ha t  m c o l l  i s ions occur among the SPS 

space elements o r  betueen those elements and non-SPS space t r a f f i c  o r  debris. 

This operation w i l l  t rack and control  t ra jec to r ies  o f  the SPS system vehicles 

and w i l l  coordinate w i t h  the A i r  Defense Colrmand concerning other t r a f f i c .  

The SPS space t r a f f i c  includes: 

r One HLLV f l i g h t  per day LEO to GEO 

r PLV f l i g h t s  LEO to GEO 

r LEO Base 

r Cargo tugs between LEO and EOTV's 

r 20 EOTV's i n  t r a n s i t  between LEO and GEO 

r GEO Base 

r One POTV every 15 days LEO to GEO 

r Cargo tugs between GEO and EOTV'c 

Opera t i o m 1  Sate1 1 i tes (20-100) 

r Mairltendnce vehicles between GEO and SPS's 

Tasks to be pe!formed by t h i s  operation are: 

Track and/or maintain pos i t ion and t ra jec tory  data on a l l  SPS space 

t r a f f i c  

0 Dt2fine t ra jec tory  and/or stationkeeping requirements for a SPS space 

t r a f f i c .  

Define and coordinate launch windows f o r  a l l  SPS space transportat ion 

vehicles. 

Define and coordinate docking, rendezvous and landins times f c r  a1 1 

space transportat ion vehicles . 



10.0 SPS OPERATIONS AND MAINTENANCE 

T h i s  operation w i  11 mni tor  the telemetry data from the Solar Power 
Sa te l l i tes  on a 24 hours per day 7 days per week basis. This data will be 

used as a basis for  comnand and control of the urnnanned sate1 1 i tes  in real - 
time. Althougi~ there are an extremely large number of telemetry points on 
each sa t e l l i t e ,  i t  is  estimated that  by the use 3f on-board limit-checking 
and automatic ground processing, one crew w i l l  be able to  control f ive  
sa t e l l i t e s .  This ,  of course, requires that  each s a t e l l i t e  is examined i n  

sequence rather than continuously. Th i s  is  the technique i n  use on many 
current sate1 l i  tes  and works very well provided the period between examina- 
tions i s  not too long. 

The responsibi 1 i ty  for  s a t e l l i t e  maintenance planning is assigned to 
this operation also, a1 though the maintenance i s  performed from the GEO Base. 
The reason fo r  th i s  assignment i s  that much of the information required for  
comnd  and control of t,e sa t e l l i t e s  is the same information used to  deter- 
mine i f  unscheduled maintenante i s  required. An example o f  this  i s  the 
amount of redundant equipment i n  use on the s a t e l l i t e  a t  any given t ine.  Cbm- 

rnand and c o ~ t r o l  requires th i s  information to  know how much backup capability 
exists i n  the event of an anomaly while maintenance may want to schedule repair 
wnen the backup capability reaches some minimum amount. 

Tasks to be performed by the operation are: 

a Monitor telemetry ;nformati~n to  determine performance and status o f  

operatiolea? sate1 l i tes.  

a Comnand and control satel 1 i tes. Determine and implement appropriate 
action i n  the event of anomalous s a t e l l i t e  perfc-mance. 

a Operate sate1 1 i tes i n  accordance wi.,.~ master plar?:schedule for yowe- 

mai ntenance during ecl i pse seasons. 

a Define operations crew requirements, select and train personnel . 
a Prepare normal and conting3ncy procedures. 

a Define, schedule and implement sate1 1 i t e  mainte~~ance 

a Define maintenb,lce crew requirements. 5oorainate traifilng w i t h  Crew 
Sys terns. 

a Ccntrol satel 1 i tes during mzintenance. 
15-33 
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1 1 .0 SPACE TRANSPORTATION AND MAINTENANCE OPERATIONS 

This operation i s  responsible for  a l l  space t ransportat ion provided by 

the SPS system. As a pa r t  o f  t h i s  respons ib i l i t y  i t  w i l l  operate the manned 

vehicles, and provide real-t ime systems monitoring and contingency support 

f o r  a1 1 fi ights, very much as the KC w i l l  provide these services fo r  STS 

f l i g h t s .  This a c t i v i t y  w i l l  d i f f e r  from the MCC i n  thiit there are more 

vehicles, more f l i g h t s  and recoverable boosters t o  be moni tored. Since the 

current  plan i s  t o  develop the PLV by modifying the STS, the MCC may s t i l l  

be used t o  support f l i g h t s  o f  t h i s  vehicle. 

The respons ib i l i t y  f o r  SPS maintenance planning i s  assigned t o  t h i s  

operation f o r  the same reason t ha t  SPS maintenance was assigned to  Solar 

Power S a t e l l i t e  Operations, namely tha t  i n  the course o f  supporting the 

space vehicle operations, t h i s  group w i l l  accumulate the data needed t o  

determine maintenance requirements. 

The a c t i v i t i e s  t o  be performed by t h i s  operation are: 

a Provide a l l  space t ransportat ion f o r  program 

Provide rea l  time systems monitoring and contingency support during 

a l l  f 1  igh ts  

a Define space transportat ion vehicle crew requirements, coordinate 

acquis i t ion and trainin: Y:.:' tn Crew Systems Operation. 

a Define space t ransportat ion vehicl e ground (mission) control crew 

requirements. Acquire and t r a i n  personnel . 
Define, schedule ana implement space t ransportat ion vehicle mainten- 

ance. 

r Assure necessary maintenance equipment and supplies are acquired 

and are a t  proper locat ion when required. 

a Define maintenance crew requirements. Acquire and t r a i n  personnel . 

1 9 COMMUNICATIONS OPEPATIONS 

The operationai sa te l l i t es ,  the GEO Base and the SPS maintenance vehi- 

c les are i n - t r b i t  over +he continental U.S. and can connunicate d i r e c t l y  w~:h 



the SPS operations center. A l l  other t ra f f i c ,  including the LEO Base w i l l  

rsquire a global comnunication capabil i ty. The SPS system w i l l  u t i l i z e  

exist ing comercia1 f a c i l  i t ies  for te r res t ia l  comnunications; however, SPS 

dedicated-facil i t ies  w i l l  be required f o r  comnunication with elements i n  
non-geostationary o rb i t .  (See Paragraph 17.0 i n  t h i s  section) 

The ac t i v i t i es  t o  be performed by SPS comnuriications are: 

a Operate and maintain SPS-dedicated conrnunication equipment 

r Operate comnercial comnunication equipment located i n  SPS fac i l  i t i e s  

Define personnel requirements f o r  operation of comunication equip- 

ment. Acquire and t r a i n  personnel. 

a Plan and imp1 ement provision o f  gddi t ional  comrmnication capabi 1 i t y  

as the number o f  SPS Operational sa te l l i t es  increase. 

1 0 RECTENNA/GRID CPERATIONS 

The principal tasks o f  t h i s  operation are t o  construct the rectennas, 

t o  coordinate the operation o f  the rectennas with the grids, and t o  coordi- 

nate operation o f  the rectennas with the sa te l l i tes .  Specific tasks are: 

r Plan and schedule rectenna construction to support s a t e l l i t e  con- 

struct ion schedule 

a Construct rectennas inc l  uding rectenna side o f  g r i d  interface. 

r Coordinate operation o f  rectennas with gr id(s) . 
r Coordinate rectenna/SPS opera ti ng schedule to  dccomnodate : 

- Rectenna maintenance 

- SP; maintenance 

- Eclipse seasons 
- Low gr id  load level conditions 

0 Plan, schedule and implement rectenna maintenance 

Define personnel requirements f o r  construction and maintenance o f  

rectennas . Acquire and t r a i n  personnel . 



14.0 INDUSTRIP' COMPLEX OPERATIONS 

The pr inc ipa l  funct ion of t h i s  operation i s  t o  coordinate and in tegrate  

the operation o f  the SPS indus t r ia l  complex. This funct ion w i l l  include a l l  

a c t i v i t i e s  f r o m  procurement o f  raw materials f r o m  mines o r  wells, through a l l  

necessary processing, fab r i ca t ion  and packaging required t o  prepare the 

f in ished product f o r  shipment. 

Specific tasks performed by t h i s  operation are: 

Prepare and maintain master plans and schedules using inputs from 
i ndus t r ia l  complex. 

Acquire f a c i l i t i e s ,  equipment and materials 

a Define personnel requirements . Acquire and t r a i n  personnel 

a Perform processing and fabr icat ion necessary t o  supply parts and 

equipment f o r  construct ion and operations o f  SPS system. 

0 Provide warehousing and storage 

a Perform packagi~g f o r  shipment by surface transportat ion. 

15.0 SURFACE TRANSPORTATION OPERATIONS 

The pr inc ipa l  funct ion of t h i s  operation i s  t o  coordinate and integrate 

a l l  surface transportat ion required by the SPS system. This w i l l  include 

conventional a i r  t ransportat ion (as d i f fe ren t ia ted  from space transportat ion). 

Development o f  some SPS-dedicated equipment and f a c i l  i t i e s  may be required 

depending upon the locatior i  selected for  the Launch and Recovery Site. 

Speci f ic  tasks t o  be performed are: 

Plan, schedule and implement the movement o f  cargo and propel lants 

from the industrqal complex t o  the Launch and Recovery Site. This includes 

select ion o f  the mode o f  trapsportation, i .e., boat, barge, r a i l  , truck o r  

a i r .  

e Plan, schedule arid implement movemefit o f  cargo and propel lants 

between elements of the indust- ial  complex. 



a Coordinate use of commercial t r a n s p r t a t i o n  equipment. 

Operate and rnaintai n SPS-dedica ted equi pment . 
a Define personnel requirements . Acquire and t r a i n  personne: t o  

operate SPS-dedicated equi pment . 

16.0 MANPOWER ESTIMATES 

I n  order t o  prepare cost  estimates f o r  the Operations Control Concept, 

manpower estimatt; were made f o r  Integrated Operations and f o r  each loca l  

operation. These estimates were made by reviewing the deta i led task analyses 

and estimating the number o f  people required t o  perform each task. 

Table 15-8 presents the s t a f f i n g  estimate , ~ r  Ir tegrated Operations, 

ind icat ing the number o f  people required f o r  each element o f  the Organi za- 

t i o n  shown i n  Figure 15-3. Note t ha t  the requirements are presented i n  two 

categories, i.e., day s h i f t  and three sh i f t s .  h y  s h i f t  indicates the number 

of personnel required t u  work a normal e ight  hour day. Three sh i f t s  indicate 

the number o f  posit ions t ha t  must be f i l l e d  on a three-shift-per-day, seven- 

day-per-week basis. The number o f  people working eight  hours per day, 

required t o  support each s h i f t  posi t ion,  i s  4.5. 

Using the same estimating technique manpower e s t h a  tes were made f o r  

each local  operation. Table 15-9 presents the manpower requirements for  

the en t i re  Operations Control Concept. 



Tab1 e 15-8. Operations Control  Concept S ta f f i ng  Estimate 

DAY SHIFT * 3  S H I F T S  

Integrated Operatior; 470 

Space T r a f f i c  Control 30 

Space Transportat ion & Maintenance 300 

SPS Operations & Maintenance 
(For 20 Operational Sate11 i tes)  

C ~ e w  Systems 140 

LEO 
(Does n o t  .In -!L +P i"."'.' t.:.rstruction 25 

support) 

GEO 50 
(Does not  incl ,~de FY17 ~,, , t~struct ic;~ 
support 

Space "(.?struet ion 
(EOTV and SPS) 

I n d u s t r i a l  Cornkl ex 540 

Surface Transportat ion 60 

SPS Communications 70 

Recteva!Grid - 120 

TOTAL . . . . . . . . . . . . . 1,955 

I 1 * Requires 4.5 persons per  p o s i t i o ~ ,  



Table 15-9. Integrated Operations Organization Staffing Estimate 

Space Traffic Control 

Space Transportat ion & Maintenance 

SPS Operations L Maintenance 

Crew Systems 

LEO 

GEO 

Space Construction 

Industrial Complex 

Surface Transportztion 

SPS Comnunications 

Launch L Recovery S i te  

Rec tenna/Gri d 
Plans and Schedules 

Program Logistics 

Technical S ta f f  

3 i  rector 

TOTAL . . . . . . . . . . .  

L 
Requires 4.5 persons per position. 



1 7.0 SPS COWUNI CATION SYSTEM 

A comnunication system concept has been developed f o r  the SPS operational 

system. The Surface Transportation System and the Indus t r ia l  Complex have 

not been included i n  t h i s  system since i t  i s  ant ic ipated t ha t  comnunication 

between these and other system elements w i l l  be by comnon carr ier ;  hence, 

not a par t  o f  the dedicated SPS system. 

The matrix i n  Figure 15-4 indicates those system elements between which 

comnunication i s  required. For each number on the matrix, Table 15-10 contains 

a fact sheet which defines the requirements f o r  comnunication between the 

elements indicated. These f a c t  sheets also s ta te  how the camnunications w i l l  

be imp1 emented using the system concept presented herein . 
A sumnary descr ipt ion of the system and i t s  operation i s  presented 

i n  the following paragraphs; the de ta i l s  of each element-to-element 

comnunication l i n k  are provided on the appropriate f ac t  sheet. The concept 

consists p r i nc ipa l l y  of d i r ec t  l i n k s  from the CONUS ground elements t o  the 

space elements i n  geostationary o r b i t  over CONUS; two dedicated re lay 

comnunication s a t e l l i t e s  a t  geostationary a l t i tudes  located east and west 

o f  the GEO Base such tha t  the l ine-of -s ight  comnunications path from the 

GEO Base j u s t  misses the earth; a comunication capabi l i ty  on the GEO Base 

equivalent t o  t ha t  o f  the re lay satel 1 i tes;  and a series o f  d i r ec t  1 inks 

among the vehicles, bases and re lay sa te l l i t es .  Comunications w i l l  be 

completely d i g i t a l ,  thus providing f lex ib le ,  e f f i c i e n t  interconnection o f  

a l l  the diverse types o f  comnunications required. Cost trends i n  analog 

and d i g i t a l  hardware make t h i s  approach the proper choice for  the time 

frame being considered. The data rates required are well  w i th in  current 

technology capabi l i t ies .  

The proposed system has the fo l lowing advantages: 

1. Comnonal i t y  o f  equipment. Essential ly only two types o f  equipment 

are used, Ku-band 2nd S-band. 

2. The equipment i s  current state-of-the-art and should be very low 

weight and inexpensive i n  the time period o f  in terest .  





3. The poss ib i l i t y  o f  interference from the 5GW power beam i s  

minimized by using Ku-band comnunication t o  the elements 

generating or  u t i l i z i n g  t h i s  beam. 

4. Relatively broad-beam, S-band i s  used t o  com~lnicate with 

space vehicles, thus relaxing the pointing and a t t i tude control 

requirements imposed by comnunication. 

5. The frequencies reconmended are wi th in  those current ly allocated 

f o r  t h i s  type o f  comnrnication. 

6. A l l  l i nks  have ample growth potential i n  the event additional 

capabi l i ty  i s  required as the requirements become better defined. 

7. The potential o f  t e r res t i a l  noise interference i s  minimized. 

Figure 15-5 i l l us t ra tes  the four main 1 inks a t  CCNUS plus the LEO 

Base 1 ink t o  the comnunication s a t e l l i t e  equipment on the GEO Base (when 

the LEO Base i s  over CONUS). Analysis o f  the individual e1ewn.t t o  

element comnunications implementations i n  Table 15-10 indicates that Link 1 

i s  the most heavily loaded l i n k  ( -400 Mbps) since i t  carries the OCZ to  

Geo t r a f f i c .  This includes a l l  t r a f f i c  from the OCC t o  non-geostationary 

o rb i ta l  elements which must be relayed via GEO t o  the comunication sa te l l i tes .  

The t r a f f i c  on th i s  high data rate, high r e l i a b i l i t y  l i n k  consists o f  a wide 

range o f  voice, data and v i Q e o  information. 

Ku-band has been selected as the appropriate baseline frequency range 

for t h i s  l i nk .  The 12/15 Ghz cmunica t ion  s a t e l l i t e  bands may be used, 

but a new a:location might be required f o r  t h i s  rather special poin+-to- 

poin; comnunication service. Much higher frequencies are not desirable, due 

t o  excessive r a i n  losses d u r i ~ ;  heavy ra in  storms. Much lower frequencies 

do not allow the signals t o  be rest r ic ted t o  the imnediate area o f  the OCC 
and GEO, and would therefore u t i  1 i ze  more o f  the valuable f requency/orbi t 

spectrum resource. 

Large parabolic antennas w i l l  be used on both ends o f  t h i s  1 ink. 

Twenty-meter diameter antennas are ;robably appropriate f o r  the earth 

terminal antennas, and the GEO antenna w i l l  be i n  tho five-to-ten-meter 

range. 





Link 2 is the Ku band c m n d  and control link fror the OCC to each of 
the SPS1s. In order to minimize the number of frequencies and amount of 

equipment required when the ultimate number of 60 satellites are deployed, 

it is planned t o  monitor each satell ite periodically rather than continuously. 
In the event of an anomaly, a continuous monitoring and comdnd capabil i ty 

would, of course, be available. It is also planned to utilize toroidal 
mu1 tiple-beam antennas, such as are currently being used in COMSAT terminals, 

to minimize the number of antennas. 

Link 3 is the link from GEO to the relay satellites which carries all 

traffic from the CONUS to the non-geostationary elements. An RF link in the 
60 GHz satellite crosslink band is recomnended for this link which requires 

approximately 200 Mbps of duplex comnunication over a 40,000 nautical mile 

cross1 ink path. A laser 1 ink may prove to be a lighter and less expensive 
design in the time period of interest. Recent developments in reliable 

lasers for fiberoptic comnunication make it possible to design a laser 

comnunication 1 ink in the 890 nanometer band that will use reasonable sized 
optics. This will have some economic advantages in the cost of transporta- 

tion to GEO, but will be of more advantage in decreasing the weight and com- 

plexity of the relay commtnication sate1 1 ite. 

Continuous comnunication with the system elements in low earth orbit is 

most economically provided by placing two comnunication re1 ay satell i tes in 

geosynchrous orbit at locations where the 1 ine-of-sight comnunications path 

from GEO just misses the earth. Two satellites are required to avoid a 
comnunications gap of approximately 10% of the orbit in the very lowest 

orbits. Two sate1 1 ites also provide additional system reliabil ity. The 

normal comnunication path to any low-earth-orbit system element will be 

through GEO and one of the two relay sate1 lites. 

Link 4 is the link between the Rectenna Control Centers and the SPS1s. 

The principal purpose of this link is to provide the RCC with information 

on the available power level of the SPS and a limited capability to control 
that power. A Ku-band link is used since the Kd capability on the satellite 

can also be used for Link 2. Also, chis link will be pointed in or near 

the power beam and interference pot2ntial is very high. 



The other 1 inks o f  the system which are 1 inks between vehicles o r  

I inks between vehicles/bases and the relay satel 1 i te, are pr inc ipal ly  

S-band. However, Ku-band has been used i n  those cases i n  which data rates 

or  power beam interference considerations make i t  necessary. Special cases 

for S-band are the l i nks  f o r  those vehicles requir ing ranging and docking 

information. For these cases an S-band coarnunication system simi lar t o  
that  used on the Shuttle payload 1 ink, plus a Ku-band radar system, also 

s imi lar  t o  that used on Shuttle i s  recomnended. 

A l l  o f  the individual co~mrnication requirements are within the 

capabi l i ty o f  the current Tracking and Data Relay Sate l l i tes w i t h  minor 

modifications t o  some channel bandwidths. The number o f  comnunications 

channels t o  be supported require a new s a t e l l i t e  design, however. Using a 

laser o r  60 Ghz crossl ink fo r  data comnunications t o  the low o r b i t  system 

elements. More parabolic antennas w i l l  be required than are now on TDRS. 
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Table 15-10. SPS Comnunications Requirements and Implementatfon (Contf nued) 

FACT SHEET 1 3 

Operations Control Center (OCC) (WBS 1.5.1) 
and 

6EO Base (YBS 1.2.1) 

DATA TMMSFER REQ.tlRLNENT 

OCC to GEO Base - 25 channels voice 

- 10' BPS data 
- 2 channels video - 4 audio and video entertainment 

GEO Base to OCC - 25 channels volce 

- 10' BPS Qta 
L - 2 channels v f d w  
wa 

F o m t s  same as OCC-LEO Base 

GEO Base i s  continuously i n  view o f  CONUS 

ca+run~c~~~ons t r P L m n a r  ron 
Two-wry OCC d i r e c t  t o  GEO, Link 1 (Ku) 

WTES -- 
o Can a l l  be multiplexed on a microwave 1 ink 

FACT SHEET I 4 

COmUNlCAT10NS BEfMLW: 
Operations Control Center (KC) (NBS 1.5.1 

r nd 
I b b l l r  k tn tenance Base (mB) (WS 1.2.3.2) 

DATA TRANSFER REQUIRENEWT 

OCC to I+(B - 10 channels voice - lo6 BPS b t a  - 1 ch rme l  vtdco - 4 chmnels a d l o  and vtdeo e n t e r t a i n n t  o 
C1 

m8 to  OCC - 10 channels volce Q, 

- lo6 BPS Data 
5' 
h) - 1 channel video V, P 

-1CAT IONS REQUIREMENTS z 8 

F o m t s  r a m  as DCC-LEO Base W 

I n  the l a t e r  phases o f  the program, 2 o r  3 )IIBgr u y  be t n  operation. 
M ' s  maintaining U.S. Sa te l l i t es  w i l l  be i n  d i m t  vtcw o f  COWUS 

C W t U T I O I I S  IIIPLEMfWtATIOW 

OCC t o  6EO. Ltnk 1 (Ku) 

GEO t o  mB. (S) 

o Potent ial  use o f  W S s  to service non-U.S. SPS's not considered as a 
connwrnlcatfons requirement. 

o SPS shutoff and reactivation coordfnated w l th  OCC. OCC i s  l i n k  to 
RCC; MHB does not t a l k  d i r e c t l y  t o  RCC. 



Table 15-10. SPS Comnunications Requirements and Implementation (Continued) 

FACT SHEET I 5 FACT SHEET I 6 

CWNICATIONS BETWEEN: - 
Oprratibns Control Center (OCC) (YBS 1.5.1 ) 

and 
Solar Power Sa te l l i t es  (SPS's) (W8S 1 .I ) 

DATA TWCsFER REQUIREMENT 

OCC to SPS - data a t  lo6 BPS 

SPS t o  OCC - data a t  10' BPS 

SPS's are i n  d i r e c t  view o f  CONUS. Up t o  60 SPS's 

SPS's may be close enough together that more than one can be i n  typ ica l  
connand upl ink beam. In reference scenario. n+n+num separation may be 
0.5' 

cOmU~fcATIwS IMPLEHEIITATIOW - 
OCC d i r e c t  t o  SPS's, Link 2 (Ku) toro ida l  antenas on ground 

COrrmNlCATIOWS BETWEEN: 

Operatlonr Control Center (OCC) (YBS 1.5.1) 
m d  

R e c t e m  Control Center (RCC) (WS 1.4.61 

DATA TRANSFER REW IREMEIIT 

Volce and low ra te  data (each way) f o r  coord lnr t lon o f  SPS contro l  

COrrmNICATIOWS RFWIRflYNTS 

Volce and low ra te  data 

Up t o  60 RCC's 

C m W  ICATIONS IMF'LERENTAT1O)I 

Cannon c a r r i e r  uhich ex is ts  a t  time 

NOTES -- 
o Data rates stated are upper l im i t s .  e.9.. under emergency condit!ons. o RCC controls SPS power output except that OCC can e f f e c t  emergenry 
o Normal rates w i l l  be a few KBPS. SPS onboard processing w i l l  report shutdown. 

only anomlous conditions. 0 OCC controls a l l  other aspects o f  SPS f l l g h t  

o OCC provides occulation schedules 

o OCC and RCC's coordinate malntenance schedules and operations 



Table 15-10. SPS Cmnunlcations Requl rements and Implenentation (continued) 

FACT SHEET 1 7 FACT SHEET 1 8 

COWIJNICATIONS BETWEEN: 

operations Control Center (OCC) (YBS 1.5.1) 
and 

Personnel Launch Vehicle (PLV) (YBS 1.3.3) 

DATA TRANSFER REQUIREMENT 

OCC t o  PLV - space t r a f f i c  advisories - rendezvous ~ v l g a t  ton updates - recovery updates - ass! stance as needed 

PLV t o  OCC - mission status - anomaly o r  enurgency reports 

CM~~WICATIO~ REWIRE~~CMTS 

Volce and low r a t e  data 

b u t  one PLV f 1 tght  per week 

CmlCATIOWS IIIPLEMNTAfIOW 

OCC t o  GEO, Llnk 1 (Ku) 

GEO t o  COr(SAT, Llnk 3 (Kul 
CmAT t o  PLY. (5 )  

k t u r n  i n  opposite sequence 

o LCC reta ins contro l  o f  booster 

o Orbi t e r  nom(w1 stay i n  space I s  two days 

c~~I~ICATIOWS BETYEEN: 

Operations Control Center (OCC) (MIS 1.5.1) 
t o  

Heavy L i f t  Launch Vehicle (HLLV) (#IS 1.3.1) 

DATA TRANSFER REQUIRMEWT 

OCC t o  HLLV - space t r r f f t c  rdvt ror tes - rmdezvou~ nrv lgat lon updates - recovery updates - asststance as nardcd 

HLLV to  OCC - mlsslon status - rmmuly o r  a r m y m c y  reports 

tOW)NlCAlIOWS REWIREMllTf 

VoIce itnd low rrtt data 

(hie HLLV f l i g h t  per day (occrs tonal ly two) 

Ca+wII!CATIOWS IIIPtDQMTATIOW 

OCC t o  GEO. Llnk 1 (Ku) 

GEO to COWSAT, Link 3 (Ku) 

COMSAT t o  HLLV, (5) 

Return In opposite sctqutnce 

o Launch and recovery operattons may be concurrent 
o Orbiter nonlnal stay I n  space I s  one day 
o LCC reta lns control  o f  booster 



Tab1 e 15- 10. SPS Comnunications Requirements and Implementation (Continued) 

FACT SHEET 1 9 

Operations Control Center (OCC) (YbS 1.5.1) 
and 

E lec t r i c  Orb i t  Transfer Vehicle (EOTV) (WBS 1.3.2) 

DATA TRANSFER REQJlREMEB 

OCC t o  EOTV - lo4 BPS data 

EOTV t o  occ - lo6 BPS data 

V 
About 20 EOTV's i n  t r a n s i t  a t  one tlme a t  beginning of program and 25 
*hen 60 s a t e l l i t e s  are i n  o r b l t .  

EOTV's near LEO have short (=z 2 week) o r b i t  1 l f e  i f  uncontrolled. 
EOTV status when near LEO should be continuously m n i  tored ( = 5 vehicles). 
Otherwise can be mostly autonomous. 

COCWUNICATIONS 1HPLE~MTATIOW 

OCC t o  GEO. Link 1 (Ku! 

GEO t o  C W T .  Link 3 (Ku) 

COmAT r.o EOTV. (Ku) 

Return in  opposite sequence 

o EOTV up t r i p  =I80 days - - d o n  t r i p  ;= 40 days 

o Thruster plasmas may cause €MI. 

FACT SliEET 1 10 

COmUNICAllONS BETUEEN: 

Operations Control Center (OCC) (YES 1 .5 .1 )  
and 

Personnel Orb i t  Transfer Vehicle (POTV) (WS 1.3.4) 

DATA TRANSFER REQUIREMENT - 
OCC t o  POTV - vofce and 10' BPS data 

POTV to occ - voice and lo6 BPS ~ t a  

Q, 

CCWUNlCATIOWS REQUIREMENTS c-. I 

Normally only one POTV i n  t r a n s i t  a t  one time (could be two1 W 

COIWUNICATIOWS IIIPLEMENTATION 

OCC t o  GEO. Link 1 (Ku) 
GEO t o  CWSAl. Ltnk 3 (Ku) 

CMAT to POTV, ( 5 )  
Return I n  opposi t e  sequence 

o POTV t r l p  time i s  zone  day each way. 



I * 

Table 15-10. SPS Comnunications Requirements and Implementation (continued) 

FACT SHEET I 11 

c ~ m m l u T l O m  BETMEEZ: - 
Operations Control Center (OCC) (YBS 1.5.1) 

and 
lblntenance Sor t le  Supply OTV (6s -OTV)  (YBS 1.3.3) 

M T A  TRANSFER REQUIRMENT 

OCC t o  KS-OTV 
4 - voice and 10 BPS data f o r  navigatfon and 

t r a f f i p  ron t ro l  

a s - O T V  t o  OCC 5 - voice a n d  10 BPS data f o r  mission and 
vehicle status 

LL 

'f' 
2 C(lWUNlCATl0NS REQUIREWNTS 

HSS-OTV's w i l l  be I n  continuous view o f  COWUS 

m l t A T I O W S  I W L D Y H T A l I O W  

OCC t o  CEO. Link 1 (Ku) 

GEO t o  NSS-9TV. (5)  

Return i n  opposlte squence 

S T =  

o NSS-OTV': * e l l v e t  spares and parts f o r  refurbishment between 
;Pa's a d  GEO Base 

FACT SHEET I 12 

COmVNICATIO)(S OETYEEW: 

Launch Control Center (LCC) (UBS 1.3.7.5) 
and 

LEO Base (MIS 1.2.2) 

M T A  TRANSFFR REQUIROILllT 

N o m l l y  no rqulrement. 

I n  the event o f  pmblans w i th  HLLV o r  PLV orbiters. d l r c c t  coanunicrtlon 
m y  be required t o  set up emergency recovery procedures. 

CWClUNICATlONS REWIREMNTS 

Two-way voice 

Can be r e l a y e d  If necessary 

COmUnICATlONS IWLEMWTATION -- 
LCC t o  OCC. crmon c a r r i e r  
OCC t o  G O .  Llnk 1 (Ku) 
GEO to COHSAT. Llnk 3 (Ku) 
COMSAT to  LEO, ( 5 )  
Return I n  opposite sequence 



. Table 15-10. SPS Comiunications Requirements and Implementation (Continued) 

FACT SHEET 1 13 FACT SHEET I 14 

COmUNlcATIOWS BETYIEEH: 
7- 

Launch Control Center (LCC) (YBS 1.3.7.5) 
a nd 

Personnel Launch Vehlclc (PLV) (WBS 1.3.3) 

DATA TlUWSFEh R E W l R E m  

LCC t o  PLV - voice and 10' BPS dats 

PLV t o  LCC - voice and lo6 BPS data 

COrrmlllCAllOWS UTWEEW: 

Launch Cbntrol Center (LCC) (WBS 1.3.7.5) 
rnd 

Heavy L i f t  Launch Vehicle (HLLV) (MS 1.3.1) 

DATA TMHSFER REWIREMEN1 - 
LCC t o  HLLV - voice and 10' BPS drU 

HLLV t o  LCC - vo lcr  and 106 BPS data 

Prelaunch, lsunch through staging; booster entry and recovery, o r b t t e r  Prelaunch, launch through staging; b o s t e r  ent ry  and recovery, orb4 t e r  i3 
terminal recovery tern lna l  recovery 

A l l  l ine-of -s lght  A l l  l Ine-of-sight 

NOTES - 
o LCC hands o f f  o r b l t e r  t o  OCC a f t e r  s t rg tng 

-1CATIOWS IWLEMEMTAT ION 

Two-way d i rec t  l i n k  LCC t o  PLV, (S) 

IK)TES -- 
o LCC hdnds o f f  o r o f t e r  t o  OCC r f t e r  stagfng 



Table 15-1 I. SPS Comnunlcatlons Requirements and Implementation (Cont1n:ed) 

FACT SHEET 1 15 FACT SHEET I 16 

COmUNlCATION5 BETHEN: 

LEO base (WBS 1.2.2) 

GEO Base (YBS 1.2.1) 

DATA TRANSFER REWIREMCWT 

lonnally not mqutred 

- occrslonal l y  votce for  coordlnatton o f  EOTV 
o r  POTV nvtntenance problems 

- GEO Base may serve as relay to  LEO Base (Earth 
occu\ ts  about 40 mlnutes of typtcal LEO Base 
o rb l t  as seen frm GEO) 

COIMWIICATIWS 1IIPLEIIEIITATlOW -- 
LEO to COWSAT. (Ku) 

C W A T  to  GEO, Link 3 (Ku) 
Return 1.) opposite sequence 

NOTES -- 

COmUHlCAl10l(S IEfYZEN: 

LC0 Base (WS 1.2.2) 
r nd 

Personnel Launch Vehtcle (RV) (#s 1.3.3) 

DATA TRAnSfER REaUIRtIIEE 

Rondervous and docktn ccordlnation and ranging h e n  RV 
orbt ter i s  w t  thtn ld km of l f 0  Base 

COmmlCATlOm RLWlRLMlCCS 

Voice and rangtng data 

COmOnlcATlotts JWLE~MTATIDII 

Tm-way LEO dlrect  to PLV (5) 

Radar tn PLV (Ku) 

MOTES - 
o LEO Bare has approach (departure control authority) 
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Table 15-10. SPS Comnunlcations Requi rements and Implementation (Continued) 

FACT SHEET I 23 

COrmNlCATIONS BETYEEN: 

GfOBase (YBS 1.2.1) 
and 

E lec t r i c  Orb l t  Transfer Vehlcle (EOTV) (YBS 1.3.2) 

DATA TRANSFER REOUIREMENT 

~ E O  i kse  t o  EOTV - 104 BPS data 

fOTV t o  GEO Base - lo5 BPS data 

Yhen EOTV 1s w l th ln  1000 kn o f  CEO L i e  f o r  approach/rendezvous 
control, i t r t lonkeeplng and departure control. 

May k more than one EOTV under approach, stattonkceping. o r  
departure control .  

COrmnlCATlONS 1llPLElYNTATlOIl 

Two-way CEO d i r e c t  t o  EOTV, (S! 

M E S  - 
o GEO Base retalns rppnwch/departure control  authority 

o Orblt  Transfer F l lgh t  control  I s  handled by OCC 

FACI SHEET I 24 

md 
Personnel Orb l t  Tr rn i fer  Vehlclr (POW) (YIIS 1.3.4) 

DATA TRANSFER REQUIREMENT 

GEO B r i e  t o  POTV - volce a d  lo4 IS dta 
POTV t o  GEO Base - votce a d  lo5 BPS b t a  

Approach, docking and departure control  when POW i s  w i th in  1000 &a 
of GEO Base 

COmVNlCATllUlS REQUIREMENTS --- 
Up t o  two vehlc le i  

Two-my GEO d l r e c t  t o  POTV, (S) 

o GEO Base reta ins rpproach and departure control  author i ty  

o Hands o f f  vehlcle t o  OCC for major maneuvers 



CWUWICA_T_IO)(S BETHEN: 

GEO Base (YBS 1.2.1) 
and 

Cargo Tug (YBS 1.3.6) 

Table 15-10. SPS Comnunications Requirements and Implementation (Continued) 

FACT SHEET 1 25 FACT SHEET 1 26 

MTA TRANSFER REQUIREMENT 
I Two-wy voice m d  10 BPS data 

d 

';n C ~ I U T I W S  REQUIREWEWTS 
00 

Tug i s  always w i th in  100 ka o f  base 

Tug operations a n  frequent - w i l l  require dedicated channel 

C-1 CAT1 OMS IHPLE)\E~A'T lM( -- 
Two-wy GEO d i rec t  t o  Tugs. (S) 

WOTfS 
o Tug mves payloads between EOTV and base and around base If necessary 

o GED and LEO Bases each have one o r  more local  tags. GEO Base conmunl- 
cates only w i th  i t s  local tugs; same f o r  LEO Base. 

COCIUNICATIOWS BETHEW: 

GEO Base (VBS 1.2.1) 
a nd 

Maintenance Sor t ie  Supply OTV (6s-OTV) (MIS 1.3.4) 

DATA TRANSFER REQUlREMtNT 
4 Two-wry voice and 10 BPS data 

GEO Base and MI are always l i ne -o f - r igh t  up to two mO's 

COrrmWlUTlONS R E W l R E ~  

GEO Base t o  mB - appmach and departure contro l  - mission and worklord coordlnrt ion 

M E  to  GEO Base - mtrslon and workload coordination 

COmUHlCATlOMS lMPLEMWTATlM( 

Two-way GEO d i rec t  t o  HSS-OTV. (5) 

o OCC i s  prime mission control  authortty 

o This l i n k  i s  p r t n s r i l y  fo r  sprres and repair.  workload coordination 
and approach and deprrture control  

o MB and i t s  MSS-OTV are I n  operation concurrently 



u 4 r  

Table 15-10. SPS Camnunications Requirements and Implementation (continued) 

FACT SHEET 1 27 FACT SHEET 1 28 

CWWICATIOWS BETYCLN: 

Clobile)(rintenanceBase (M) (YBS 1.2.3.2) 
a nd 

Solar Power Sa te l l i t es  (SPS's) (YBS 1.1) 

DATA TMNSFER REQUlRMEllf 

SPS to  Wl - system status and saf ing data 

rn to SPS - system f l i g h t  control ,  safing, conf igurat ion 
contro l  i d l a t e l y  k f o r e ,  during, and 
ln r rd ia te ly  a f t e r  malntename session 

I 

CDlVWlCATlM REWIREMWTS ' 
So 6 

Two-my data up t o  10 BPS 

Short range 250 km 

COmwICATIOIIS leQLEMEWTATlOW 

Two-way mB d i r e c t  t o  SPS. (S) 

c~rrmnICATlOnS BETYEW: 

Mobile Cblntenan~o Base (W) (MIS 1.2.3.2) 
r nd 

I l r intmance Supply Sor t ie  OTV (11SS-OTV) (YS 1.3.4) 

DATA TRAWSFfR REQUlREMENT 

Hission and workload coordlnatlon 

tOWmlCATlMlS RtPUlREllClCfS 

two-rry volce anti 10' OPS d r t r  

A lwys  I he-of -s ight  

COIIIIIICATIOWS I)llfHfMTATIoN 

Two-wy d i rec t  t o  6s-OTV ($1 

NOTES - MOTES - 
o could use same SPS comunication q u i p c n t  as f o r  GEO Bsse/SPS o mB and 6s-OTV work together t o  effect mintenance o p r r a t h s .  IW) ( f a c t  sheet 122) carr ies crews and WSS-OTV c a r r i e r  spares and returns f a i l e d  unfits for 

reps l r 

o OCC re ta ins prime mission and control  authortty 



Table 15- f 0. SPS C m u n l c a  t ions Requi rements and Imp1 ementa t i o n  (Contlnued) 

FACT SHEET I 30 FACT SHEET 1 29 

COmW(IUTl0MS BEWEN: 

Solar P m r  S a t e l l l t e r  (MIS 1.1) 
a nd 

Rectennr Control Center (YBS 1.4.6) 

DATA TRANSFER REpUlRwMT 

SPS t o  RCC - problem a l e r t s  - avai lable power love1 

RCC to SPS - power output control  - normal and emergency shutdown/res t a r t  

L 

ff c m I u T l m  nrwm*nr' 
4 Two-way data a 10 UPS 

CDmmtaTlOWS I I IPLWRATIW 

TWO-MY SK d i r e c t  to RCC. Link 4 (Ku) 

Use antenna i so la t ion  on upl inks 

COCICWINICATIWS BLMEN: 

Personnel Launch Vehicle (PLV) (WBS 1.3.3) 
a nd 

Heavy L i f t  Launch Vehlcle (HLLV) (WS 1.3.1) 

DATA TWNSFER fiEPUIREflENT 

Two-way voice for p l l o t - t o - p l l o t  coordlnatlon 

CarmmlCAT IONS REQUlRErnNTS 

Two-my voice 

A s s w  l lne-of-sight only and ran* Sl000 Im 

NOTES 
P 

NOTES - 
o Uplink can bc u l t i p l e x e d  on phase contro l  p i l o t  beam o Similar to  a l r c r a f t  VHF 
o 0C.C n t a l n s  SPS f l l g h t  control  authori ty and has emergency c u t o f f  o Up t o  3 HLLV stages and 3 PLV stages can be I n  f l f g h t  s l m u l t a n ~ s l y  

overrlde authorl ty o Could use cannon channel 
o OCC has responslb i l l ty  f o r  SPS troubleshooting 





Tab1 e 15- 10. S P S  Comnunica t ions Requirements and Implementation (Continued) 

FACT SHEET 1 33 FACT SHEET 4 34 

Heavy L i f t  launch Vehicle (HLLV) (MIS 1.3.1) 
a d  

Personnel Orbit Transfer Vehicle (POTV) (YBS 1.3.4) 

DATA TRANSFER REQUIREWENT 

Two-way voice for p i lo t - to -p f lo t  coordination 

CO))IU(IICATIOWS REQUIREKNTS 

Two-way voice 

Assume l ine-of-stght only and range 51000 km 

COWIWIICATIONS IWLEHENTATIOM 

Two-way HLLV d i  rect to  POTV, (S) 

CMNICAT IOMS BCTYEEH: - 
Heavy L l f t  Launch Vehicle (HLLV) ( a s  1.3.1) 

a nd 
Cargo l ug  (YBS 1.3.6) 

OATA TRANSFER RLQUlRMENT 

Two-way voice for  P i lo t - to -p i lo t  coordination 

COMJNlC4TIONS R E W l R E m  

Two-way voice 

Assume I fne-of-sight only and range < 1000 im 

COrrmW ICATlONS lMPLfMENTATION 

Two-way HLLV direct  to  rugs. (5) 



Table 15-10. SPS Comnunications Requirements and Implenientation (Continued) 

FACT SHEET 1 35 FACT SHEET 1 36 

carmW1CATIOllS BETYLEW: 

Electr ic 'Orbit Transfer Vehicle (EOTV) (WBS 1.3.2) 
r nd 

Cargo Tug (YBS 1.3.6) 

2hTA TRMKFER REQUIREMENT 

TWO-MY drtr - 104 BPS 
Short range - 5 l o b  

COrmWICATlM REWlRMMTS 

EOTV to  Cargo Tug - rrnglng and docklng aids 

Cargo Tug to  EOTV - f l l g h t  control as required to asslst 
safe docking 

C-ICATIOIIS 1IPLEHENTATIOII 

Two-way EOTV d i rect  t o  Tugs. (S) 

COrrmMICATIOIIS BETYEEM: 

Personnel Orblt Transfer Vehlcle (POTV) (UBS 1.3.4) 
and 

Cargo Tug ( H I S  1.3.6) 

DATA TRANSFER REWIRLMHT 

Two-way volcc fo r  p i lo t - to -p l lo t  c o o r d l ~ t l o n  

Ca+UPlCAT IONS REQUIREMEITS 

Two-way volce 

Assule l ine-of-slght only a d  range 11000 Ln 

C ~ N I C A T I O W S  ImPLEanTATIw 

Two-way POTV direct  to Tugs. (S) 





SECTION 16 

RECTENNA CONSTR ' 'TION 

fi . SPS M I N T E N A M €  OPS 

" .. - - - -  L M I S S I O N  CONTROL UPS 

- C L  

1. - . INWSTRIAL 
COMPLEX OPS 

( . RECTLNNA ) . SURFACE TRAtiSP W S  
r COIISTRUCTlO:4 OPS 



During the early phases of this study, General Electric developed costs and 

construction schedules for one SPS ground system. The results were presented in 

t he  SPS Final Report (PART 4 - PHASE I ,  April 1979). During this p:case of the 

Study CE investigated the equipment, crew sizes, costs and schedules to build two 

ground systerrbs per year ( the baseline). The tasks (1 :o 4) described in this  report  

are the same as the tasks described in t he  Phase 1 Report. In order t o  utilize the 

same crews md equipment year round (thus minimizing casts) each  construction 

task is t o  last five months. (Task 4 and 5 take p!ace in parallel) with one month to 

move the  equipment between tasks. ',  is requires a construction t ime of two years 

for the first grand system. Tahle 16-1 (Ground Systems -ss) shows the cost and 

crew size breakdown per task. The overall cost has increased from $1,990 (M) to 

$2,041 (MI in 1977 &liars. The reason is that in order to construct one ground 

system in 6 months some adjustments have to be made in individual task 

construction times, equipment and crew sizes. 

Table 16-2 (Ground Systems Construction Cost h Schedule) shows the construction 

t ime per task. This particutat schedule shows seven systems constructed in 5 

years. The bottorr. part of t he  char t  shows the  to ta l  expenditure during t h e  

constcuction period. It can be seen that  the cost increases slowly for the first  I6 

months of construction time for t he  first system, but then levels off to about a 

conti.ruous $2 Billion per 6 months for the duration of the  SF'S Program. 

Disk K253 
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Table 16-2. Grocnd Systen: Construction Cost and Schedille 
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