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FOREWORD 

The SPS System Definition Study was initiated in June of 1978. Phase I of this 
effort was completed in December of 1978 and was n ported in seven volumes 
(Boeing document number 0180-250.37-1 through 7). P!1ase II of this study was 
started in January 1979 and was completed in November t 'J79. The Phase II study 
results are reported herewith. This study is a follow-on effort to an earlier study 
of the same title completed in March of 1978. These studies are a part of an 
overall SPS evaluation effort sponsored by the U.S. Department of Energy (DOE) 
and the National Aeronautics and Space Administration. 

This study is being managed by the Lyndon B. Johnson Space Center. The 
Contracting Officer is Thomas Mancusco. The Contracting Officer's 
representative and Study Technical Manager is Harold Benson. The study is being 
conducte0 by The Boeing Company with Arthur D. Little, General Electric, 
Grumman, TRW, and Brown an~ Root as subcontractors. The study manager for 
Boeing is Gordon Woodcock. Subcontractor managers are Dr. Philip Chapman 
(AOL), Roman Andryczyk (GE), Ronald McCaf frey (Grumman), Ronald Crisman 
(TRW), and Don Hervey (Brown and Root). 

This report indudes a total of five volumes: 

I - Executive Summary 
II - Reference System Description 

Ill - Operations and Systems Synthesis 
IV - Technical Analysis Report 
V - Phase II Final Briefing 

ii 
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INTRODUCTION 

Document Purpose 

One of the important functions of the SPS systems studies has been the preparation and 
maintenance of reference systems description documentation. This material is being used 
by various assessment studies for SPS evaluation. 

The comparative assessment studies (comparing SPS's to other energy options) include a 
strong economic component. Accordingly, SPS cost estimates, their origins, and tracea­
bility, have become important. This document has been organized to emphasize cost 
visibility. A format has been chosen that enforces development and display of the data in 
a consistent and traceable manner. 

Section I of this document provides a system description and cost estimate according to 
the work breakdown structure shown in Figure 1. Cost data are presented in terms of 
Design, Development, Test, and Engineering (DDT&E) and unit recurring costs. Where a 
theoretical first unit cost is an applicable term, this is given also. DDT&E costs are then 
described in terms of their apportionment to the program phases summarized in Table 1. 
Such apportionment is determined on the basis of an SPS program development scenario 
briefly summarized in the latter part of this book (Section II, Program Scenario and Non­
Recurring Cost). The scenario is described in more detail in Volume IV of this report. 

Cost Estimating Aperoach and Methodology 

At the present state of SPS concept and design development it is necessary to use mainly 
a parametric cost estimating method. The two methods in common use are parametric 
and detailed or "grass roots" estimating. It is important to understand the differences in 
these methods and the different nature of the results. 

Parametric Cost Estimating-Any parametric technique is keyed to the physical attributes 
of the thing being estimated.... usually mass but occasionally other attributes such as 
area, power, capacity, etc. 

Parametric models operate at many levels. For familiar types of systems such as 
aircraft, high-level models exist that roughly predict cost on the basis of total aircraft 
weight for given aircraft type. One correlation has been published that purports to 
estimate the cost of any vehicular system, be it tank, truck, airplane, or ship, given only 
(l) mass; (2) installed power, and (3) quantity to be produced. 

The Boeing Parametric Cost Model (PCM) used in this study is designed to operate at the 
subsystem or subsystem element level. Typical CER's represent computers, receivers, 
cabling, sensors, primary structure, etc. This allows the PCM to be used for unfamiliar 
systems such as an SPS provided that the system is made up of elements for which 
historical correlations exist. 

The PCM is a semiautomated technique that has been used successfully on many previous 
studies and system definition activities. The key features of this methodology are 
summarized in Table 2. The PCM provides a high degree of cost visibility since it is very 
similar in structure to detailed cost estimating. 

The PCM estimates costs beginning with the major component level (level 6 of the WBS) 
and builds upward to obtain the total program cost. Cost estimations are based on 
physical and performance parameters at the hardware level and programmatic parameters 
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Table 1 - Five Ph81118 of SPS 

PHASE 
Research 

Engl neerlng VerlHcatlon 

Demonstration 

Investment 

Commercial Production 

OBJECTIVE 
o Evaluate and Select SPS Technologies 
o Resolve Technical, Environmental and 

Socio-economic Issues 

o Demonstrate Conversion of SPS 
Technologies Into Practical Engineering 
Hardware 

o Demonstrate End·to-End Operatlonal 
Sultablllty of SPS as a Baseload Electric 
Power Source 

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

o I nstal I and Maintain 300, 000 Megawatts of 
SPS Generation Capacity over 30-Year Period. 

Table 2 - Key Cost Model Features 

Shon turn around fme Investigate many aJternatlves in time available 

Minimum of descriptive inputs Can use early program definition where big 
gains in cost reduction are most available 

Take account of "off·the-shelf" and Save development costs 
"modified" hardware 

Hardware redundancy levels Cost effective redundancy level 

Material type choices Material sele-.:tion cost impact 

Hardening or not Cost effects of hardening 

Variable test hardware quantities Affords cost effective design of ground and 
flight test program 

Variable level of development and Spares costs reflect needed inventory and 
production spares maintenance level 

Tooling is function of ptoduction Tooling reflects production plan 
quantity and production rate 

GSE is based on number of sets needed GSE reflects facilities plan (e.g., number 
of launch sites) 

Segregates DDT&E and production costs Identify costs by program phase for scheduling 
and funding purposes 

Cost and manhou; data provided at Facilitates detailed trades and indicates 
subsystem and cost element level manpower levels involved 

Selectable leaming curves at major Develops production costs based on component 
component level level learning curve analyiis 

3 
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(quantities, !earning curves, production rates, etc.) at the project level. This methodology 
thus mirrors the actual approach used to develop and produce aerospace hardware. Boeing 
historical data collected in the Estimating Information System (EIS) data b.:lnk provide the 
raw information from which functional man-hour estimating relationships (MER) are 
formed. These MER's are based upon strong statistical correlations occurring in all 
Boeing space programs and relate program inputs to the PCM internal working logic. In 
addition, each major functional area (e.g., project engineering, developmental shop, etc.) 
making up Boeing's organizational mix is represented and interrelated in the model. The 
role of these functional c.reas is ultimately expressed in terms of the man-hot•rs required 
for each to fulfill the objectives of the program. Using man-hours instead of doUars 
allows construction of more traceable estimates because it (1) eliminates the need to 
normalize for inflation, (2) allows construction of estimates in terms of either "constant" 
or "then year" dollars by simply applying the appropriately adjusted labor rates and pricing 
factors associated with the program's time span, and (3) allows use of large amounts of 
functional man-hours data accumulated by Boeir.g from actual programs. 

Successful results of course require careful judgment about the corr.plexity of the 
subsystem being designed in order to select the correct MER. Our experience in use of 
this model permits selection of the appropriate costing factors. 

The procedure used to establish production costs is implemented in the same PCM 
program. 

PCM uses as inputs the degree of complexity, the level of quality control, the reliability 
and hardness requirements, and the test requirements of the component to be costed. The 
data base for each type of component has been segregated alone these lines to allow for 
this level of definition. 

The validity of PCM has been demonstrated by comparing estimates to actual costs for 
numerous programs. In particular, its estimates have been verified by actual IUS program 
cost experience. 

Critics~arametric costing sometimes argue that parametric models predict things that 
are mo~assive to be expensive, whereas "everyone knows it costs more to create 
something lighter." This is a sr.ccious argument. The general trending of cost estimating 
relationships is clearly correct, e.g. large structures are more expensive than small ones 
of the same general design. Mass redL•ction for _ given design is handled in a parametric 
model through "difficulty factors," sometimes called complexity factors. Difficulty 
factors range from abo .. t 0.3 to about 2.0 with 1.0 being typical aerospace design. If the 
mass reduction is accomplished by more sophistication, t:.g. fuel cells rather than 
batteries, the model identifies the higher cost through higher cost of the subsystem 
elements. 

Learning Curves and Production Rate Factors 

Costs of repetitive production come down with time. Estimating the average unit cost of 
a large production run must account for this phenomenon. There are various ways of 
expressing this cost reduction, commonly called "learning." 

At Boeing we use an expression that relates the cost of tne second unit (or unit 112N) to 
the cost of the first t.:nit (or unit Ii N) by a fixed fraction, usuaJJy designated A . The cost 
of unit N is mathematically given as 

CM ::: c~ where a = In A/In 2 

4 
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The average cost of N units is closely approximated by 

(C
1

+0 • .5)(a+l) - 1 • .5(a, l) 
+ l 

a+l 

This methodologv is based on corr.nercial airplane experience, including over 1,.500 727's. 

The actual production cost of th~ first few units is very difficult to account, since 
recurring costs at this poi..,t are intimately mixoed with nonrecurring costs. The cost 
analyst therefore uses an accountar.g artifice: the theoretical first unit cost. This is 
determined by extrapolating backwards along a historical experience learning curve, i.e., 
using cost records from production program, to unit i 1. Thus the term "thetlreticaJ." The 
theoretical Ueaming curve) costs of the first few units are subtracted from the amalga."TI 
of nonrecurring and recurring costs and the balance is accounted as DDT6'E. Cost models 
such as the Boeing PCM then resynthesize the cost picture for a new program by 
forecasting DDT&E and theoretical first unit (TF~'.) costs. 

Leaming curve slopes typically range from 0.9 for rocket engines and low-production-rate 
avionics, through 0.8.5 to 0.88 for structures and mechanical subsystems, to 0.7 for high­
proJuction-rate electronics. Figure 2 displays learning curve factors through 1000 limits. 

Learning curves as experiencec c., airplane and missile programs reflect three phenomena: 

o Mechanical/technician job familiarization, dominant through perhaps unit I 10; 
o Production plan shakedown, eliminating: 

o excessive change activity 
o out-of-sequence or traveled work 
o parts and equipment logistics foul-ups 

-- dominant factors from unit 1110 to perhaps unit I 1000; 
0 Production plan improvement, dominant beyond unit n 1000 

One must recognize that, to some degree, learning curves are self-fulfilling prophesies. 
Production managers are assigned yearly budgets based on learning curves. If they 
overrun, the, receive much abuse from higher management. If they underrun, they get 
Jess n~xt year. 

If high production rates are expected, it is frequently appropriate to consider production 
rate factors. These are related to production plan improvement and ref Ject the influence 
of automation. Production rate slopes on the order of 70% have been experienced in a 
variety of jndustries (Figure 3); this largely explains why consumer electronic products 
cost far Jess than 1 % of a spacecraft electronics unit of equivalent svphistication. 
Production rate factors and learning curve factors tend to give similar results. One 
su~pects that learning curves in the 70% range, frequently attributed to high-production 
electroilici::, are more properly production rate fcictors. 

Platform Factors-Experienced production costs for equivalent products are observed to 
vary by end use. As an example, a given product for a launch vehicle or military dircraft 
may cost lJ% what the same type of unit would cost for a spacecraft. Platform factors 
are Jess significant for developmental cost~ and were not considered in SPS development 
co:. ting. 
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Figure 2 - Learning Cutve FactorB 
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Limits-Unfettered use of factors can occasionally predict costs t>E::ow materials and 
energy costs. This is particularly larger if exotic materials or very high production rates 
are involved. Accordingly, the cost analyst must apply a "reasonableness" test to cost 
estimates to ensure that a realistic value-added factor on basic materials and energy cost 
is preserved. A minimum value-added factor is roughly 2. V~ry large industries such as 
t~ U.S. auto ind'Jstry ach:~ve about this performance. 

"Mature-Industry'' Costs-This term was coined by Or. Joe Gauger, who investigated the 
remarkable correlations between the size or "maturity" of basic manufacturing industries 
and the costs of their products. These correlations were used, in certain in»tances, as 
guides to application of particular attention in developing SPS cost projections. The 
"mature industry" correlation would, for example, predict solar cell costs less than 5¢ per 
watt at SPS rates. These "mature industry" correlations were not used directly. They did, 
however, point to solar arrays, graphite structure, klystron amplifiers, and the ground 
receiver (rectenna) dS items for which detailed estimates, rather than parametric 
estimates, should be used for production costs. 

Detailed Est!mating-This procedure requires estimating costs from the basic components 
of costs: labor, materials, and capital. To do this, one must prepare a detailed plan, 
apply labor estimates to each element of the plan, develop materials estimates, determine 
the facilities and equipment capital costs, and amortize these. This method was used to 
develop cosf estimates for the SPS research plan presented in the SPS Research Planning 
Report, Boeing Document 0180-2.5381-1. Parametric models do not lend themselves to 
estimates of research or study costs. 

Detailed estimating is ordinarily applied when the nucleus of a dt:sign, aevelopment, and 
production team is in place, i.e., during or following a Phase B study and prior to a fuU­
scale development bid submittal. During a concept study, the skills and resources to 
support a responsible detailed estimate are not available. 

Cost Predictability; Comparison of Parametric and Detailed Estimating 
I 

It is clearly much easier to observe that computers, for example, follow a certain 
historical trend of DDT&E and unit cost versus means (i.e., a parametric estirnate) than it 
is to lay out all of the tasks, materials, and facilities required to design, develop, and 
produce a cvmputer (i.e. a detailed estimate). This is especially true if the trend data are 
inc~rporated in an automated estimatmg model, as is the case. 

It i:- sometimes stated that a parametric estimate is a "will-cost" result, whereas a 
dc-tdiied estimate is a "should-cost" result. This is an excellent summary of the 
difference: 

I) The parametric estimate reflects a historical averagP. of experienced costs including 
technical problems and other overrun factors. Given an adequate design definition, 
a parametric model properly used will predict an expected actual cost, i.e. a "will­
cost". One cannot, of course, ex?ect a cost model to compensate for deficiencies in 
desig11 definition. 

2) The detailed estimate refle<.:ts a cost forecast for an orderly, well-executed program 
with no serious technical or management problems. It is ordinarily produced in a 
competitive environment in which it is recognized by those involved that only the 
lowest rationalizable estimate can win. 
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:\ I :\ parametric estimate and a detailed estimate for the same development program will 
tend to differ by a factor on the order of 2. 

Production cost estimates by the two methods differ by much less. This is because the 
kinds of problems that result in devefopmentaJ overruns are generally eliminated early in 
a production program. 

Ul~tt "'.tive Examples 

\\',.. will exhib!t three iUustrative examples from the SPS cost estimates: solar array, 
phase control receiver, and a launch vehicle stage. 

Solar Array: 

This example was chosen to illustrate a situation where PCM could not be used. The 
experience base is not applicable to SPS production since scale-ups of production rate on 
the order of thol.-sands together with development of new proc·:sses is necessary. A 
learning curve approach yields - $120/M2 at ~~% and - $5/M2 at 70%. The mature 
industry analysis suggested attention to materials and energy costs. The development of 
array and process technology was roughly estimated as $65 million for research, covering 
three photovoltaic technologies and associated process research. Other nonrecurring 
estimates were: 

S 68 million for engineering verification: 
process work and a I-megawatt flight test array 

$92.5 million for a demonstration program including pilot production facilities, 
process development, and a demonstration array of roughly 600 megawatts. 

$ 5 billion for the SPS array production plant with 18,000 megawatts/yr capacity. 

These are clearly rough guesses. 

These led to the following table for unit area production cost: 

Production cost was estimated based on materials, cost, amortization, and labor. 

Materials 

Silicon (~ l I 5g/m 2, $60/kg, and 40% yield 

Glass(~ 280 g/m2, $3/kg, 80% yield 

Other@ 30 g/m2, $10/kg, 80% yield 

Amortization 

Plant@ $.500M, 1.5 years, 100 km2/yr 

Equipment (<;1 $4.5B, 8 years, 100 km2/hr 

Levelized - ROI 

Labor (d $60,000/yr, 17 • .500 people 
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In view of the extrapolation involved, substantial uncertainty must be accorded this 
estimate. 

Phase Control Receivers 

In tt is example, we will neglect DDT&E cost which was derived directly from PCM and 
consider only production cost. 

The phase control receiver will be about the size of a pack of cigarettes and will weigh 
about 1 kg, including the aluminum box with 1-cm walls for heat sink and radiation 
shielding. Internally, it will consist of RF filters, RF/SF amp IC's, and one or two small 
processing chips. There are no electromechanical components; the device is fixed-tuned 
and gain control is automatic. 

The PC~\ mc-Oel predicted a prototype cost for 6 units of $220K. This corresponds to a 
TFU of $62K w-here support such as spares and management has been factored in. A 
platform factor of 0.3 was applied since the phase control receiver will be more akin to a 
high-quality industrial instrument than a one-of-a-kind spacecraft device. This yields a 
production TFU of $18.5K. 

The learning factor awlied was the lOOOth unit at 70%. AJternativeiy, this could be 
viewed as a production rdte factor wherein at 200/year the receivers would exhibit an 
:)ISi< cost, but at t~ required 200,000/year, the lOOOth @ 70% should be applied. In 
eit~er case, the factor is 0.03 (actually a 73% curve) and the unit cost result is $560. This 
figure, compared to existing products of comparable size and complexity ar.d at 
comparable production rates, is reascnable. Note that the annual sales represent $100 
million per year, a desirable piece of business. 

This represents an estimate of intermediate certainty; the definition is soft but probably 
representative; the production mean is state-of-the-art; the principal uncertainty is in 
extrapolation to high produr.tion rate. 

Launch Systems 

A detailed discussion of launch vehicle costing is not warranted. The PCM model was 
used directly for DDT&:E and TFU costs. Learning applied was normal aerospace 
experience. The number of units to oe produced is dozens, well within the experience 
base. 

Launch vehicle· cost per flight is dominated by hardware (production and spares) costs. 
Launch vehicles were ascribed a 300-flight life ••• this is within expected shuttle orbiter 
accomplishment. Engines were assumed to meet the life and service specifications 
applied to the Space Shuttle Main Engine. 

Principal risks are: 

o Will the engines be as serviceable as assumed? 

o Will the thermal protection system be serviceable enough to avoid turnaround 
delays for TPS repair? 

o Can the complete reusability of the vehicle design be maintained in detail 
design, e.g. are there lower-level elements such as stage separation aids that 
will be expendable? 

10 f'RICIDING PAGE BLANK NOT FILMED 
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Given the expected several years' Shuttle operations experience that will precede SPS 
launch system design, these are viewed as low risks. Accordingly, the launch system costs 
for SPS are believed high-confidence estimates. 

11 



• SURl'ACE 
TRAll!So'ORTATION 
SYSTEYS 

Figure A - SPS Program Elements 

Table A -SPS Recu"ing Cost Summary(/919 Dollars) 

SPS HARDWARE AS COSTED 

l£SS IMPLICIT AMORTIZATJON 
Of INVESTMENT 

SPACE TRANSPORTATION 

CONSTRUCTION OPERATIONS 

GROUND TRANSPORTATION 

RECTENNA 

MISS ION CONTROL 

PROGRAM MANAGEMENT & 
INTEGRATION 

COST ALLOWANCE FOR MASS 
GROWTH 

4946 

473 
4473 

3120 

961 

35 

2S78 

10 

495 

760 

TOTAL DIRECT OUTLAY 12,432 

!Half of 10.61S per annum on 
8924 M for factories and 
production equipmenU 

Based on SPS mass with growth' 

Includes 10 support people on 
the ground per space worker as 
well as mnstrut\ion base spares 

Equivalent to 14,000 direct people 

17'1e of net SPS hardware cnst 
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was 1.0 S13S PROGRAM 

1.0 WBS DICTIONARY 

The SPS program includes all elements necessary to provide baseload electric power 
generation from a sateJJite solar power plant. The principal elements are: 

1.1 Solar Power Satellites 
1.2 Space Construction and Support 
1 .3 Space and Ground Transportation 
1.4 Ground Receiving Stations 
1.5 Operations Control 
1.6 Program Management and Integration 

The program is conceived as occurring in five phases beyond the present study phase, as 
described in the introduction. 

2.0 DESCRIPTION 

The referenre solar power satellite system consists of 60 SPS's each rated at 5000 
megawatts usable output power at earth for a total of 300,000 .negawatts. This is equal 
to the total U.S. baseload generating capacity today and represents roughly ~ the 
expected baseload generating capacity in the time period 2000-2020. The SPS1s are to be 
serially produced (according to the reference scenario) at a rdte of two per year beginning 
in the year 2000; the entire constellation would be in place by 2030. 

T:. __ ..,rnplete SPS system includes all support systems required as well as the satellites 
and ground systems. Figure A symbolizes the major system elements. 

3.0 DESIGN BASIS 

The reference system design has evolved through a series of studies. The satellite size of 
5000 megawatts is based on optimization for minimum recurring cost per kilowatt. This is 
discussed under WBS 1.1.2. 

The silicon solar array is one of two reference options, the other being gallium arsenide. 
The rationale for silicon is discussed under WBS 1.1.1. 

The design bases for the other system elements are discussed under the respective 
element descriptions. 

IJ.O MASS AND MASS BASIS 

This is discussed under the respective WBS element descriptions. 

5.0 COST AND COST BASIS 

The estimated costs of these phases are: 0 979 dollars) 

Research 
Engineering Verification 
Demonstration 
Investment 
Commercial Production - See Table A 

$ 430 million 
$9,145 million 

$26,349 million 
$66,363 million 

Th~ first (prototype) full-sized commercial SPS was estimated as $1.5,040 million. 
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was 1.0 SPS PROGRAM (cont'd) 

These nonrecurring cost estimates are presented in more detail in Section II, 
Program Scenario Summary. 

The recurring cost for SPS's is summarized under Table A. The recurring cost for 
SPS hardware as computed by the cost model includes an i1nplied amortization of 
factories and equipment. Since this item is expressly accounted as an investment 
cost, it is deleted here. 

Estimating the cost of an SPS to a utility company requires the establishment of a 
specific financial and management scenario. That was not done in this study. A 
rough estimate may be provided by adding back the deleted factory amortization 
and adding about 1.5% for capital-related costs such as interest during construction. 

13 
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This element includes the complete solar power sateliite itself including all 
permanently installed maintenance equipment. 

The subelements are 
1.1. l Energy Conversion System 
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DIS0..25461-2 ()ll 

was 1.1 SOLAR POWER SATELLITE 

2.0 DESCRIPTION 

In a ~eostationary orbit 36,000 km above the Earth's equator, each SPS is -
iJluminated by sunlight over 999< of the time and is in continuous line-of-sight :· 
contact with its ground receiving station. Electrical power produced on the 
satellite by r:hotovoltaic conversion of sunlight is reconverted to single-frequency 
Plr-:trorr:agnetic energy at high efficiency, a 1d formed into a narrow beam 
precisely aimed at the ground station. The ground station receiver reconverts the 
energy into electricity for distribution. The reference system provides 5,000 
megawatts of useful output to the power grid. 

The reference silicon (solar cell) configuration is illustrated. The silicon cells are 
encapsulated in glass to form array elements that are in turn supported by a 
lightweight open trusswork structure. Electric power from the array is carried to 
the transmitter through aluminum conductors, through a slip ring, and fed to a 
phased array of klystron power transponders operating at 2'~50 megahertz. Beam 
formation is controlled by a pilot signal from the ground station; the power 
transponders amplify the pilot signal miJJions of times (using the electric power 
from the solar array), and return it to the ~round station as a power beam. 

3.0 DESIGN BASIS 

The silicon reference system is one of two reference systems included in the NASA 
reference system set and is the subject of the present study, (The other reference 
system employs gallium arsenide solar ceJJs). 

The sizing of the SPS is mainly dictated by microwave power transmissions 
considerations; these are discussed under WBS 1.1.2. Flight controls analyses 
showed that no penalty in attitude control and stationkeeping propeJJants is 
incurred by the straight forward end-mounted antenna approach. This is true 
because stationkeeping requirements dominate propeUant consumption and all 
attitude control requirements can be accommodated by suitable modulation of 
stationkeeping thrust. 

Principal design considerations for the other subelements are discussed under the 
respective subelements. 

lf.O MASS AND MASS BASIS 

The SPS mass is the sum of subelement masses. A comprehensive satellite mass 
and cost statement is presented in Table A. A mar~in of 22<l~ above identified 
mass is allocated to cover potential risks in solar array and microwave power 
transmission system performance estimates. 

j.0 COST 

Cost data are also presented in the comprehensive mass and cost Table A. The 
costs given are the idertif ied recurring costs for the satellite. Cost margins are 
presented at the program level, WBS 1.0. Costs in the table following include 
amortization of factories and production equipment where applicable. 

Non-recurring costs were distributed among the program phases as summarized in 
St'ction II. 
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No. 

1.1 

1.1.l 

l.l.l.l 

l.l.1.1.1 

l. l. l .1.2 

l.l.l.1.3 

1.1.1.2 

1.1.l.3 

l.1.1.3.l 

l. l. I.;.: 

1.1.l.4 

1.1.l.4.l 

1.1.1.4.2 

l. l. l.4.3 

1.1.l.5 

l.l.l.6 

1.1.1.6.1 

l.1.1.6.2 

l. l. l.6.3 

1.1.2 

1.1.2.1 

1.1.2. l. l 

1.1.2.l.2 

1.1.2.2 

l.l.2.2.l 

1.1.2.2.2 

1.1.2.2.3 

l. I.2.2.4 

l.1.2.2.5 

1.1.2.2.6 

r!3S 1.1 SOLA:l POWER SATELLITE (cont'J) 
DIS0.25461-2 Rev A 

TABLE A 
WBS t.1 Solar Power Satellite 

Mass and Production Cost 

Production 
Mass Cost 

Item Metric Tons $Millions 

SPS 

Energy Conversion 

Structure 

Primary Structure 

Catenary System 

Power Distribution Support 

Concentrators 

Solar Blankets 

Solar Cell Panels 

lntPrbay Jumpers 

Power Oistribution 

Main Busses 

Acquisition Busses 

Switchgear 

Thermal Control- .\Uocated to Subsystems 

Maintenance 

Laser Annealers 

Docking Ports 

Tracks 

Power Transmission 

Structure 

Primary Structure 

Secondary Structure 

Transmitter Subarrays 

Klystrons & Thermal Cont. 

Distrib. Waveguide 

Radiating Waveguide 

50984.0 

27665.7 

4654.6 

4137 .2 

462.9 

54.5 

(0) 

21144.9 

21,069.1 

75.8 

1246.0 

1090.0 

39.7 

116.3 

(0) 

621.0 

178.0 

4.0 

439.0 

13,628.9 

324.3 

153.7 

170.6 

10,389.l 

7007.l 

434.0 

1903.0 

Thermal Control - Allocated to Subsystems (0) 

Wiring Harness 

Cvntrol Circuits 

15 

91.0 

380.0 

4945.9 

2859.6 

448.2 

273 

167 

8.2 

1987.8 

1984 

3.8 

149.9 

88.8 

3.2 

57.9 

273.7 

233.76 

6.528 

33.4 

1768.7 

25.6 

12.6 

13.0 

889 

477 

33 

145 

108 

A 
I 



No. 

1.1.2.2.7 

l.1.2.3 

1.1.2.3.1 

1.1.2.3.2 

1.1.2.3.3 

l.1.2.3.4 

1.1.2.3.5 

1.1.2.4 

1.1.2.5 

1.1.2.5. l 

1.1.2.5.2 

1.1.2.5.3 

1.1.2.6 

1.1.2.6.l 

1.1.2.6.2 

1.1.2.6.3 

1.1.2.6.4 

1.1.2.6.5 

1.1.2.6.6 

1.1.2.6.7 

1.1.2.7 

1.1.2.7.1 

1.1.2.7.2 

1.1.2.7.3 

J.1.3 

1.1.3.l 

1.1.3.1.1 

1.1.3.1.2 

1.1.3.1.3 

DIS0.25461-2 

was 1.1 SOLAR POWER SATELLITE (cont'd) 

TABLE A (Con•t) 
WBS 1.1 Solar Power Satellite 

Mass and Production Cost 

Pr'lduction 
Mass Cost 

Item Metric Tons $Millions 

Structure 574.0 44 

Power Distr & Cond. 2538.7 81 

324.1 

Conductors 356.0 !7.8 

Switchgear 222.l 70.9 

DC/DC Converters 1111.5 178.5 

Processor Thermal Cont. 535.9 52 

Eneq;y Storage 313.2 4.9 

Thermal Control - Allocated To Subsystems (0) 

Phase Distr. 12.3 12.5 

Master Ref Revrs .072 1.3 

Slave Repeaters 1.2 10.0 

Cabling 11.0 1.2 

Maintenance System~ 230.2 503.9 

Gantries & MRWS's 91.3 291.6 

Docking Ports 16.5 26.9 

Cargo Handling 5.0 4.22 

Crew Busses 30.0 71.4 

Component Transp. 4.0 4.95 

Unidentified Equip (209"· of above) 29.4 63.8 

Tracks 54.0 41 

Antenna Mec.h Pointing 134.3 13.6 

Cf\\G's 127.9 11.4 

Star Scanners .O l 5 1.2 

Installation Prov. 6.4 1.0 

Info Mgmt & Control 95.6 48.0 

Ant. Computers 2.8 18.2 

Main Computers 0.15 

Sector Control 0.9 

Area Control 0.8 
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l'Yi3S 1.1 SOLA;~ POWER SATELLITE (cont'J) 
0180-25461-2 Rev A 

TABLE A (Con•t) 
W8S 1.1 Solar Power Satellite 

Mas and Production Cost 

No. Item 

1.1.3.1.4 R TU's & Instrumentation 

1.1.3.2 Ant. Cabling 

1.1.3.3 Array Computers 

1.1.3.4 Array Cabling 

1.1.4 Attitude Control & Stakp 

1.1.4.1 Sensor Systems 

1.1.4.2 Electric Propulsion 

1.1.4.2.1 Thrusters 

1.1.4.2.2 Propellant 

1.1.4.2.3 Propeilant Tanks 

1.1.4.2.4 Propellant Feed 

1.1.4.2.5 Power Processors 

1.1.4.2.6 Installation Provision-; 

1.1.'+.3 Chemical Propulsion 

J .1.4.4 Structure & lnst'l. 

l.l.4.5 Maintenance Systems 

l. l .5 Communications 

1.1.6 Interface 

1.1.6.1 Structures 

1.1.6.2 Turntable & Drive 

1.1.6.3 Elec Rotary Joint & Feec.~rs 

1.1.6.4 Maint Systems 

1.1.7 Growth & Continge11cy (2296) 

* * Estimate was not broken out lower 

***Cost growth contingency carrkd a. program level, 
see Table A in WBS 1.0 
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Production 
Mass Cost 

Metric Tons $Millions 

1.0 

60.4 4.4 

1.7 12.5 

30.7 12.9 

212.1 

1.0 160** 

178.8 

5.6 

50.0 

3.8 

1.0 

112.3 

6.1 

26.1 

6.2 

0.18 8 

235.6 101.6 

175.4 26.6 

38.4 46 A 

21.8 20 I 
9146 *** 
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WBS 1.1.1 ENERGY CONVERSION 

1.0 W8S DICTIONARY 

This element includes: 
1.1.1.1 Structure (the solar array support structure) 
1.1.1.2 Concentrators-The silicon reference configuration does not 

1.1.l.) 
1.1.l.4 
1.1.1.5 

1.1.1.6 

employ concentrators 
Solar Blanlcets 
Power Distribution 
is reserved for thermal control-no specific thermal control 
subsystem is identified for this reference design 
~,aintenance Provisions 

2.0 DESCRIPTION 

The enerf,Y conversion syst~~ consists of a silicon solar array suspended 
trampoline-fashion in a hex•dral truss structure, and the power collection and 
distribution system required to conduct the generated power to the energy 
conversion-power transmitter interface. 

J.O DESICN BASIS 

The energy conversion system is designed around the solar array (blanket) described 
under WBS i.1.1.3. Silicon was sele~·;ed for the solar array because of its 
relatively advanced state of the art and apparent adequate performance. More 
advanced systems might yield some attractive SPS's provided that array cost can 
be low enough. 

•.o MASS 

T.1is element !llass is the sum of subelement masses. A comprehensive mass 
summary;, provided under WBS I.I. 

j.0 COST 

This element cost is the sum of subelement costs. A comprehensive recurring costs 
summary is 11rovided under WBS 1.1. Now recurring costs are summarized under 
the program scenario in Section II of this report. 
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WBS 1.1.1.1 STRUCTURE 

1.0 WBS DICTIONARY fOLDOt:T FRA~fF.. 

This elen.ent includes all necessary members to support the solar blankets and 
other energy conversion subsystem harch\·are. It includes structural beams, beam 
couplers, cables, tensioning devices, and secondary structures which are required as 
an interface bet•-een the primary structure and the mounting attach points of 
components, assemblies, and smsystems. 

2.0 DESCRIPTION 

The energy ccnversioo portion of the satellite is comprised of 128 bays each 667 .5 
meters square by 470 meters in depth. The bays are arranged 8 wide by 16 long 
(aspect ratio "' 2). The mainframe structure is a repeating hexahedral truss 
arrangement made up of two sizes of graphite composite tri-beams. The solar 
arrays are supported uni-axially using a catenary cable and ooiform tensioning by 
the use of constant-force blanket tensioning springs at each blanket support tape. 
The support for power distribution main busses provide for thermal expansion 
capability at each vertical be~m by usiflR tension support ties from the busses to 
the main structure. Support provisions are included for non-energy conversion 
subsystems mounted Qll the energy conversion structure. 

J.O DESIGN BASIS 

Derivation of structural desiRn requirements for the satellite structure has 
required invt-stigation of many areas. Outstanding rE"quirements include accom­
modation of gravity gradient torques which impose primary loads on the structure; 
long life in the rigorous geosynchronous orbit radiation environment, and preven­
tion of continuous wave motion in solar array blankets suspended from a huge, 
lightly damped structure subject to periodic excitations. Selection of an approach 
to the satellite structural desis;n has required both parametric study of structural 
cont igurations and consid~ation of the fabricati~ and assembly techniques 
available. Trade studies in the area.'i of construction base sizing and fabrication in 
geosynchronous orbit led to ~lection of a p13.nar Jlexahedral truss structure 
configuration. 

With the baseline structural arrangement selected, param~tric st•1dies were used to 
minimize the mass of the individual structural e!ements. The final structure meets 
all design requirements at a structural mass fraction of 10~. 

4.0 MASS AND MASS BASIS 

ITE:\1 

Primary Structure 

Catenary System 

Pwr. Dist. Support 

TOTAL 

~~ASS ESTl~'ATE 

4, 137 .. 2 MT 

462.9 MT 

54.5 ~.'T 

4,654.6 :\'T 

REFERENCE 

See \Vl\S 1.1.1.1.1 

See \1'BS 1.1.1.1.2 

See\\ f\S 1.1.1.1.3 
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W8S 1.1.1.1 STRUCTURE t...i-dJ 

J.O COST 

J.1 COST SUMMARY 

0 
0 
0 
0 
0 

Research 
Engineering Verification 
Demorb'"tration 
Investment 
Production 

COST, $ MILLIONS 

16.7 
JO.O 
81.7 

m.o 
'ZJ} 

U COST DETAD.S 

0 

0 

0 

0 

0 

RESEARCH 

0 All Strucbres and materials 
except low-CTG waveguides 

o Deored in Research Planning Doc. 
Dll0-25381-1 

ENGINEERING VERIFICATION 

o $20M DDT 4E (based on 20 MT 
ROM mass) 

t> $10M to build test ..Ut 

DEMONSTRATION 

o Structure is the same as the EOTV 
structure: basic development cost 
is carried under EOTV (WBS 1.3.2) 

o Assume delta DDT 4E is 209' of all-up 
structure value = ~3.6/5 

INVESTMENT 

0 $200M for production plant - this 
comes from cost matrix from 
NAS9-l.51%, Vol. VI 
Evaluation Data Book 
(0180-22876-6) 

0 DOT 4E - $39'M 
0 10~ credit taken for 

demonstration phase 

PRODUCTION 

0 $66/kg x 41.37.2 MT 

The figure of $66/kg includes 20~ inflation added to 
the value $55/kg estimated in 1977 dollars as reported 
in 0180-22876-6 pp. 166-171. 
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WBS 1.1.1.1.1 MAIN STRUCTURE 

1.0 WBS DICTIONARY 

This element includes all of the necessary members required to support the solar 
blankets. It includes the structural beams and beam couplers and required 
interfaces between the primary structure and the attach rioints r~uired for other 
energy conversion subsystems. 

2.0 DESCRIPTION 

The mainframe structure is a repeating hexahedral (box) truss arrangement made 
up of two sizes of graphite composite tri-beams. The heavier 12 • .5-meter beams 
support the uni-axial solar array stretching levels. The lighter 7 .5-meter beams 
are used in all other locations. Characteristics of the beams are shown below: 

ITEM 

SECTION 
Ref. Side length 
Mat'l Thickness 
Elx 

BEAM WIDTH 
BATTEN SPACING 
CRITICAL LOAD 
\~ASS/LENGTH 

TYPE A TYPE !3 
UPPER SURFACE BEAM U5ED IN All 

LONGITUDINAL BEAIVI OTHER LOCATIONS 

CLOSED 
38CM 

0.86 MM 
3.39 E8 N/C~,2 

12.7 I\\ 
1.5.0 -..~ 

17480 N (Crip, Chord) 
7.48 KG/1\1 

OPEN 
38CM 

0.71 MM 
1.80 E8 N/CM2 

7.5 ~~ 
12.7 ~, 

7090 N (Buck Beam) 
4.11 KG/~, 

The satellite is comprised of 128 bays, each 667 • .5 meters square by 470 meters in 
depth. The bays are arranged eight wide by sixteen long to provide an aspect ratio 
of two. 

3.0 DESIGN BASIS 

The energy conversion structure provides the strength required to tension the solar 
array blankets and decouples array blanket vibrational modes from control system 
induced excitation. It also provides the overall stiffness required to ensure control 
system stability. A hexahedral planar truss was chosen over tetahedral and 
pentahedral options as the basic structural configuration offering the best compro­
mise for strength, stiffness and manufacturing ease. Space fabricated Deam 
elements of triangular cross section were selected for the basic ~tructural 
elements of the truss for structural efficiency and to take advantage . ~ existing 
designs for space based beam fabrication machinery • 

. 
G:-aphite composite material'> were selected for the beams to provide thermal 
stability and a high stiffness-to-mass ratio. 

4.0 MASS AND MASS BASIS 

Detailed mass estimates were used to c'c-rivc r;ass per unit length for the two types 
of major structural beams shown in 2.0 above. Total structural mass was estimated 
as shown below: 
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was 1.1.1.1.1 MAIN STRUCTURE cc:cm-d) 

BEAMS 
BEAM BEAM PER TOTAL 

MEMBER SIZE LENGTH SPS LENGTH 

l - Body Diagonal 7 • .5M 1,0.57 .SM 128 13.5,400M 

2 - Cross-Bay Diagonal 7 • .5M 947 .7M 128 121,JOOM 

3 - Upper (Solar Array) 12.7M 667 • .5M 136 90,780M 
Lateral 

4 - Lower Lateral 7 • .5M 667 • .5M 136 90,780M 

.5 - Lateral Diagonal 7 • .5M 816.4M 136 111,000M 

6 - Corner Post 7 • .5M 470M 1'3 71,900M 

7 - Upper Longitudinal 7 • .5M 10,77.5.9M* 9 96,870M 

8 - Lower Longitudinal 7 • .5M I0,77.5.9M* 9 96,870M 

9 - Longitudinal Diagonal 7 • .5M 820.6M 144 IJ8,200M 

*Continuous Longitudinal Beam Length= 672.7M/Bay x 16 Bays+ 7 • .5M = 10,775.9M 

SUMMARY: 

12.7M (TYPE "A" BEAM)= 90,780M 

7 • .5M (TYPE "C" BEAM) = 842,320M 

GEO STRUCTURE MASS 

12.7M TYPE "A" BEAM - 90,780M@ 7.476 Kg/M = 678,671.3 Kg 

7 .5M TYPE "C" BEAM - 842,320M @ 4.106 Kg/M = 3,458,565.9 Kg 

TOTAL STRUCTURAL MASS= 4,137,237.2 Kg= 4,137.2 MT 

.S.O COST 

The cost estimating factor used for primary structural members is $.5.5 per 
kilogram (mature industry projection in 1977 dollars - Ref NAS9-15196 Part II, 
Volume VI, 0180-22876-6 Par • .3.0) times 1.1.5 (1977 to 1979 inflation adjustment) 
or $63.25 per kilogram. T?Gal recurring cost is 261.7 miJlion dollars (4,137,237.2 Kg 
X $63.25/Kg = $261.7 X 10 ). 
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1&m ARRAY SEGMi.NT 

This element includes all the hardware necessary to support the solar array, 
trampoline fashion, within the structural bay. It includes cabling and tensioning 
devices attached between major structural beams and the solar array blanket 
se~ments. 

2.0 DESCRIPTl>N 

The method of supporting the solar blanket within the primary structural bays 
provides a uniform tension to the end of each solar array segment by the use of 
constant-force blanket tensioning springs at each blanket support tape. These 
springs are also attached to a catenary cable that is then attached to the primary 
structure, upper surface, beams at 15 meter intervals. The springs are in 
compression, for better reliability, and exert a uniaxial force of approximately 
4.1 N to each blanket support tape. 

3.0 DESIGN BASIS 

The solar array blankets, attached to the sunfacing side of the structural bays, will 
undergo significant temperature changes in going from the unocculted to occulted 
condition and vice versa (Reference NAS9-l5196 Part 1, Vol. II, Dl80-20689-2, P!"' 
I J 1, 114). In order to accommodate any length changes which occur in the solar 
array blanket clurin~ these temperature excursions the blanket support system 
selected was a catenary system which is compatible both with the major structural 
beams anri the array blanket segments. 



DIS0.25461·2 
J..; roLDOt:T FRAME 

was 1.1.1.1.2 CATENARY SYSTEM 

A uniaxial blanket support was selected over the biaxial sup~ort based on the result 
of analysis of construction t.achniques anc! .lssociated hlanket uniformity orobJems. 
It \\ill be necessary to provide batten tai:>e~ between blanket se~ments, at a few 
intervals along the segment length, to provide correct se~ment-segment 
orientation. 

11.0 MASS AND MASS BASIS 

The catenary cable mass was estimated in NAS9-1.5196 Part II and was derived as a 
mass value which could be added to the solar array mass per unit area since the 
support required is proportional to the area. This mass factor was 2.52 grams per 
square meter p array. Using this value the total catenary mass is 
.00252 Kg/meter times the array area of 49,600,000 meters square for a total 
mass of 125.0 MT. Tensioning devices are estimated to have a mass of 2 Kg, with a 
total of 168,960 devices per satellite. The total mass of the tensioning devices is 
337 .9 metric tons. The total catenary system mass which is the sum of the cable 
mass (125.0 MT) and tensioning devices mass (337.9 MT) is 462.9 MT • 

.5.0 COST 

.5.1 COST SUMMARY 

0 

0 

0 

0 

0 

Research 
Engineering Verification 
Demonstration 
Investment 
Production 

.5.2 COST DETAR.S 

0 

0 

0 

0 

ENGINEERING VERIFICATION 

o OOT&E factored from NAS9-l.5196, 
Vol. VI, Evaluation Data Book 
(D 180-22876-6). 

o Old value of $3.6M for D&D 
was proportioned a share of 
SE& I, etc. and added 15% for 
1977-79. 

OEMONSTRA TIO N 

o ROM estimated as 15% of production 
unit: 

INVESTMENT 

PRO[)UCTION 

o I lnit ..:ost ($14).5M) from reference 
ci tecf above was inf lated 159( .• 

COST,$ MILLIONS 

Included in Space Construction 
23.5 
25 
23.5 

167 

23.5 

25 

23.5 

167 
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was 1.1.1.1.3 POWER DISTRIBUTION SUPPORT 

1.0 WBS DICTIONARY 

This element incJucie~ aU of the hardware necessdry to support the main power 
busses and the power acquisition busses. 

2.0 DESCRIPTION 

The support structure for the power distribution power busses i1.clucfes flex loops in 
the bus material at each vertical beam to aUow for thermally indut..:d length 
changes to occur in bay length increments. The tension support ties from the 
busses to the main structure are preloaded to maintain the natural frequency of the 
power bus systE"m higher than that of the satellite. The tension/cable system 
selectec., in addition to providing tension to compensate for thermal expansion, also 
tries to react the magnetic forces (caused by both interconductor and intracon­
ductor current induced magnetic fields and the Earth's magnetic field) acting on 
the conductors. Additional strongbacks are used to maintain conductor positions 
between tension ties. Pallets are also provided to support switchgear. 

3.0 ELEMENT DESIGN BASIS 

The basic requirements for the bus support subsystem are as follows: 

o Provide a natural frequency, substantially higher than the sateJlite. 
o Accommodate thermal expansion without applying large loads to the main 

sateUite structure. 
o Maintain conductor spacing. 
o Be lightweight. 
o Have low ground fabrication cost. 
c Be easy to assemble in orbit, using mostly automated methods. 

Trades conducted to satisfy these requirements led to the final selection of the 
main bus configuration shown above. This view shows several bays near the slipring 
end of the satellite, where there are 20 parallel busses. The three point 
spring/cable ties to the main structure are shown, and the tension ties to react the 
bus magnetic repulsion forces can be seen. 

-..o MASS AND MASS BASIS 

The mass of the power distribution support structure was estimated to be 59b of the 
power distribution system mass, 54.5 MT • 

.S.O COST 

.S.1 COST SUMMARY 

0 

0 

0 

0 

0 

Research 
Engineering Verification 
Demonstration 
Investment 
Production 

COST,$ \HLLION~ 

26. 3 
15.8 
26.3 
8.2 
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j.2 COST DETAILS 

was 1.1.1.1.3 POWER DISTRIBUTION SUPPORT 
(~d) 

o RESEARCH - Not Identified 

0 ENGINEERING VERIFICATION 26.3 

o D&D from structural CER curve = $8M. 

o Factor from D&D to total is 3.3 

o Yields 26.3 

0 OEMONSTRA TION 1.5. 8 

o 6096 of EVTA 

0 INVESTMENT 26.3 

o 10096 of EVTA 

0 PRODUCTION 8.2 

o $1.50/kg x .54 • .5 MT 

25 



0180-25461·2 

was 1.1.1.2 CONCENTRATORS 

(There are no concentrators on the baseline satellite.) 
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1.0 WBS DICTDNARY 

This element converts solar energy to electrical energy and provides powe1 to the 
power distribution and conditioning busses. It includes the photovoltaic conversion 
cells, coverplates, substrate, electrical interconnects, and any integral ~ttach 
points required for mounting. Excluded are tools and support equipment required 
for ocployment and tensioning. 

2.0 DESCRIPTl>N 

The solar array blanket provides for the conversion of solar energy into electrical 
energy and delivers the electrical power to the power distribution system in the 
volta~c range of 42 to 44 kilovolts. In order to generate this voltage, cell strings 
are conner:ted in series. Jum"er cabling is used to connect cell strings between 
satellite bays. Jumper cables are fl J 2 insulated aluminum conductors. Two 
millimeter thick silicon solar cells were selected as the basic energy conversion 
devices. 

~.O DESIGN BASIS 

The overall solar blanket desi~n concept was developed to satisfy the following 
criteria: 

o Solar blanket width compatible with the main structural beam batten spacing. 
o Compatible with the construction operation selected. 
o Solar blanket segment lengths compatible \\ ith the main stnctural bay 

lcngtl1. 
o Solar array sized to provide the performance shown below: 



0180-25461-2 

EFFICIENCY 

\4ain Bus 12R 0.934 

Rotary Joint 1.0 

Antenna Power 0.97 
Distribution and 
Processing 

LlC-RF Conversion 0.85 

Waveguide 12R 0.985 

Ideal Beam 0.965 

Inter -Subarr ay 0.976 
Losses 

lntra-Subarray 0.981 
Losses 

Atmosphere Losses 0.98 

Intercept Efficiency 0.95 

Rectenna RF-DC 0.89 

Grid Interfacing 0.97 

0.563 

J; ~~ · r- '1 • FRA:\1E 

WBS 1.1.1.3 SOLAR BLANKETS 

\iEliAW ATTS 
PER LINK 

8,376 SOLAR 
ARRAY 
uUTPvT 

S,290 

8,290 TOTAL 
INPUT TO 
ANTENNA 

S,041 

6,836 TOTAL 
RF POWER 

6,733 TOTAL 
RADIATED 
POWER 

6,497 

6,341 

6,221 

6,097 

5,792 INCIDENT 
ON 
RECTENNA 

5,155 

5,000 NET TO GRID 
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WBS1.1.1.3 IOLARBLANICETS (-td) 

SOLAR INPUT: l,lj) W/m2 

Solar-Cell Conversion Efficiency (0.173) 2Jt.1 

Blanket Factors (0.,.Sl) 221.J 

Thermal Degradation (0.9S.) 211.1 

Orientation Loss (0.919) 19'.0 

Aphelion Intensity (0.967j) 187.7 

Nonannealable Radiation Degradation (0.97) 132.l 

Regulation, Auxiliary Power, and Annealing (0.9&J) 179 

EO'~ BLANKET OUTPUT: 179 'f//m2 

TOTAL SOLAR-CELL AREA: 49.6 km2 

SOLAR ARRI\ Y OUTPUT: 8,876 MW 

IJ.O MASS AND MASS BASIS 

ITEM 

Solar Cell Panels 

lnterbay Jumpers 

TOTAL 

MASS ESTIMATE RATIONALE 

21,069.1 MT See WBS 1.1.3.l 

7.5.8 MT See WBS 1.1.1.3.2 

21,144.9 MT SUM 

28 

REFERENCE 

See WBS 1.1.3.1 

See \VBS 1.1.1.3.2 



W8S 1.1.1.3 SOLAR BLANKETS C~dJ 

U COST 

j.J COST SUMMARY 

0 

0 
0 
0 

0 

Research 
Engineer~ Verification 
Demonstration 
Investment 
Production 

j.2 CO~T DETAD.S 

0 

0 

0 

RESEARCH 

Research Phase is $6.5.IM per research 
planning book (0180-25381-1}. This 
includes silicon, gallium arsenide, and 

other p/v research. 

ENGINEERING VERIFICATDN 

Current cost is $.5 for one .50- m cell 
(2x2) in experimental lots. 

EVTA Array isl megawatt, assume at 12% 
effective. 

Area isl03/1.3.53x.1~ = 61.59m2,@ 2.500 
cells/m = 1.5.4 x 10 cells. 

If we use $37,.500 based on $1.5/cell for 
first square meter~ 80% learning curve, 
we get $20.49 x 10 • 

DEMONSTRATDN 

Pilot production line -

Rate is 600 M'fl/yr, aU-~p SPS rate is 
176W/yr (3~% of SPS rate). 

Assume Pilot line = 10% of SPS line. 

Production rate slope is 70% - 75%. 

Exponents are - • .51.5 to -.41.5. 

Rate ratio is 28 • .57. 

29 
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6.5.1 

•• 6IO 
sooo 
198' 

•• 

680 
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W8S 1.1.1.3 SOLAR BLANKETS (~d) 

Cost ratio lft\ to 2.5% or• to 6 x SPS array. 

SPS array is $35/m2, inflated to S.o (15%). 

So. Demo array is $160-$2'0/m2 and area 
is l.• km2. 

Cost is $Slf•M - $816. 

Take average= $680M. 

o INVESTMENT 

0 

The solar array production plant and equipment 
was roughly estimated ass~ billion. This 
estimate is ~ttle more than a guess sin::e 
the production process has not been identified. 

PRODUCTDN 

Production cost was estimated based on 
materials, cost, amortizatiOI', and labor. 

Materials 

Silicon ta l I 5g/m2, $60/kg, and 40'io 

Glass @ 280g/m2, $3/kg, 80% yield 

Other@ 30 g/m2, $10/kg, 80% yield 

Amortization 

Plant @ $'j00M, 15 years, 100 km2/yr 

Equipment @ $4.58, 8 years, JOO km2/yr 

Levelized -POI 

Labor@ $60,000/yr, 17.500 people 

30 

198' 

S 17.2'j/m2 

$ l.O'j/m2 

S 0.37.5/m2 

S 0.33/m2 

S .5.62.5/m2 

$ 4.S9'j/m2 

$ 10.47.5/m2 

2 S 40.00/m
2 S 49.6/km 

$ 1984M 
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WBS 1.1.1.3.1 SOLAR CELL PANELS 

1.0 W6S DICTIONARY 

This element includes the hardware necessary to convert solar energy to electrical 
energy. It includes the photovoltaic conversion cells, coverplates, substrates, 
electrical interconnects and attachment provisions for the c:atenary blanket 
susp€'lsion system. 

2.0 DESCRIPTION 

fhe basic energy conversion device is a 50 µ m thick, 6.48 cm by 7 .44 cm silicon 
solar cell with a textured surface reduce reflectance. The cover glass is 7 5 µ m 
thick cerium doped borosilicate glass which is electrostatically bonded to the solar 
cell. The substrate is 50 µ m thick glass which is electrostatically bonded to the 
back of the cell. The cell is designed with both p and n junctions brought to the 
back of the cell. The interconnects are 12.5 µm thick, silver-plated copper. 
Complete panels are assembled by welding together the module-to-module inter­
connections. 

The basic panel adopted for design studies has a matrix of 222 solar cells, each 6.48 
by 7 .44 cm in size, connected in groups of 14 cells in parallel by 16 cells in a series. 
Spacing between cell and edge spacings are as shown. Tabs are brought out at two 
edges of the panel for electrically connecting panels in series. Cells within the 
panel are interconnected by conducting elements printed on the glass substrate. 
Shadowing protection is provided by redundant shunting diodes at the panel !evel. 

Panels are assembled to form larger elements of the solar array. The intercon­
necting tabs of one panel are welded to the tabs of the next panel in the string and 
then the interconnections are covered with a tape that also carries structural 
tension between panels. The 0.5 cm spacing between panels provides room for the 
welding electrodes, and also permits reasonable tolerances in the large sheet of 
75 µ m glass that covers the cells and 50 µ m sheets of substrate glass. 

The panels are joined in a matrix that is 14.9 meters wide by 656 meters long to 
form blanket segments. After assembly, the segment is accordion folded, at panel 
intersections, into a compact package for transport to the low-Earth-orbit 
assembly station. 

Provisions are made for connection of the blanket segments with interbay jumpers 
to form power sectors. Conductor strips will be usee to join strings, with 
1>rovisions for welding strips to join blanket segments, to form power sections. The 
conciucting strips also have a bossed sei:tion to connect with interbay jumpers. 

The tapes, at the end of blanket segments, are extended and have attachment rings 
to connect to the tensioning springs of the catenary support system. 

Important panel requirements were these: 

o The panel com~onents Jno processes should be compati!:>le with thermal 
annealing at 500 C. 

o Presence of char~e-exchange plasma during ion-engine operation may neces­
sitate insulating the electrical conductors on the panel. 

o The panel design should be appropriate for the high-speed automatic assem­
bly required for making the same 93 rntllion panels required for each 
satellite. 

o Low weight and low cost are important. 
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3.0 ELEMENT DESIGN BASIS 

was 1.1.1.3.1 SOLAR CELL PANELS 
(cont'd) 

The selection of the silicon solar cell as the energy conversion device was based on 
system trades performed in Parts I and II of NAS9-l.5196 (Ref. Volume Ill, Part II, 
0180-22876-.3, "SPS Satellite Systems".) The important results of those trades are 
as follows: 

o Silicon Costs Not "Too High" 
o Silicon System Not Sensitive to Cell Performance 
o CR-1 Preferable to CR-2 
o Annealing Critical to Silicon System 
o Gallium Supply and $$ in Question 
o GaAs Thin Film Critical Technology 
o 1f Gallium Supply and Thin Film Ok--GaAs Attractive and not as sensitive to 

annealing or LEO/GEO trade 
o Other thin films look competitive but poor data base 

With ~t to the cost of silicon solar cells, we found that the large number ( 2 
X IO ) of 5 by 10 cm cells required for each solar power satellite could be 
manufactured in a•Jtomated factories which would be entirely different from 
today's solar cell production facilities, and that the cell cost would be as 
proportionately low as today's high-volume semiconductor products. The "mature 
industry'' approach to pricing indicated that the cost of the satellite wot•ld indeed 
be reasonable. The weight and cost of the satellite was not too sensitive to solar 
cell performance. Practical satellites could be designed around solar cells having 
efficiencies even as low as 15.0 percent; this is achievable today. 

Cerium-doped borosilicate glass is a good cover material because it costs only a 
fraction of the best alternate, 7940 fused silica, matches the coefficient of 
thermal expansion of silicon, and yet resists darkening by ultraviolet light. 
Borosilicate glass can be electrostatically bonded to silicon to form a strong and 
permanent adhesiveless joint. In A TS-6 flight tests the cells having integral 7070 
borosilicate glass covers lost only 0.8 + 1.1 percent of their output because of 
ultraviolet degradation. These cells had no cover adhesive. Other cells having 
cell-to-cover adhesives degraded twice as much. Jena Glaswerk Schoot & Gen. 
Inc., in West Germany, expects to be able to manufacture 7 5 µ m borosilicate glass 
sheets one meter wide by several meters long. 

The cell cover is embossed during bonding with grooves which refract sunlight away 
from the grid lines and busses on the cell surface. COMSA T Labs expects an 8 to 
12 percent increase in cell output from this feature in cell covers. 

Glass was chosen for the substrate to enable annealing of radiation damage by 
heating. With all glass-to-silicon bonds made by the electro-static grocess there 
are no elements in the blanket which cannot withstand the 773°K (931 F) annealing 
temperature, which at present seems to be required. 
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was 1.1.1.3.1 SOLAR CELL PANELS (cont'd) 
lf.O MASS AND MASS BASIS 

The mass of the solar cell blanket is the result of a 
summarized below in grams per square meter. 

detailed estimate and is 
Mass Per 

AVAILABLE BLANKET lJE.NSITY 

Covers--Fused Silica 2.20 
Cells- -Silicon 2.36 
lnterconnects--Copper 8.94 
Substrate--Fused Silica 2.20 

3 mils cover 
7 mils 

2 mils cell 

2 mils substrate 
and interconnects 

Area Sq. f\i\eter 
Factor !sl!_'!L_ 

55.88 
59.94 

227.08 
5.5.88 

3.0 
2.0 

.5 
2.0 

1.0 
0.9607 
0.100 
1.0 

Theoretical Panel Weight 
Tolerances Allowance (.5%) 

Estimated Panel Weight 
Panel Area Factor (.991.3) 
Segments Area Factor (.9972) 
Joint/Support Tapes 

Estimated Array Weight 

167.64 
JI ).17 

11.3.5 
111.76 

405.92 
20.30 

426.22 
422.51 
421.33 

2.93 

424.78 

The total mass is estimated as the product of array area (49,600,000 square meters) 
times the per unit mass {0.42478 kilograms per square meter) = 21~069.1 metric 
tons. 

j.0 COST AND COST BASIS 

This element's cost is included in WBS 1.1.1.3. 
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VVBS 1.1.1.3.2 INTERBAV JUMPERS 
,. t ' I • ·~ r )') '\ ' ll' h ... ~LU< v .1.. • ":1. .. 4 

1.0 WBS DICTIONARY 

This element includes the hardware nece~sary to provide for interDay power 
distribution within d power sector for the solar blanket and for connection to the 
acquisition busses of the power distribution system. 

2.0 DESCRIPTION 

The interbay jumpers are No. I 2 aluminum cable. One-blanket segment jumpers 
are coUected and run along the catenary cable to an end-connector. This end 
connector is joined with the next bay's jumper end connector in the beam 
framework near the catenary support point. This method was chosen as a Jess 
complicated construction/maintenance scheme while still providing the necessary 
function. 

3.0 DESIGN BASIS 

The formulation of high voltage in the solar array is accomplished by connecting 
approximately 78,000 sets of solar cells in series. Since the strings of solar cells 
start at the centerline of the satellite, go to the outer edge and then back to the 
centerline, they must cross the primary structural beams, between bays, eight 
times. The purpose of the interbay jumpers is to provide a means of electrically 
connecting strings in one bay to the appropriate strings in the next bay of the 
string length. 

4.0 MASS AND MASS BASIS 

There are a total of 95,680 interbay jumpers required on a 5 GW SPS. The average 
length of each jumi:icr cable is 20.4 meters. The per unit mass of the cable is 
estimated to be 0.')293 Kg/meter. The connector mass is estimated to be 0.2 Kg • 

. \1ass per jumper = (20.2)(0.0293) + 0.2 = 0.792 kilograms 
Total •11ass = (95,680)(0.792) = 75,765 kilograms 

j.0 COST AND COST BASIS 

Production cost of interbay jumpers was estimated as $50/kg for a total of $3.8 
million. Other costs are included in solar blanket figures. 
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BOLDOUT FRAME 

WBS 1.1.1.4 POWER DISTRIBUTION 

1.0 WBS DICTIONARY 

rhis element incJudes the power conductors, switch gear and conditioning equip­
ment required to transfer power from the solar blanket tc the interface subsystem 
power distribution elements. AJso included are eJcctrical cables and harnesses 
required to distribute power to equipment located on the energy conversion 
structure. Excluded are data busses which are included in the information 
management and control subsystem (WBS No. 1.1.3). 

2.0 DESCRIPTION 

An overall SPS functional diagram is shown above. The power distribution :;ystem 
for the energy conversion portion of the SPS is divided into two power areas (power 
sources A and B). Six main power busses (Positive and Returns) are used to route 
power from the power source A portion of the array and 4 main power busses 
(Positive ard Return) are used from power source B. The B power source is located 
farthest from the MPTS antenna. The main power b1Jsses are aluminum sheet, one 
milJimeter thick, whose width is proportional to the current fJowing through them. 
The solar array is divided into 96 po\\.._r sectors. At each power sector feed to the 
main power distribution busses switchgear is installed for power system control and 
operation. The switchgear includes both DC circuit breakers and disconnect 
switches. Acquisition busses are used to coilect power from the solar cell strings 
and to route the current flow to the switchgear. Acquisition busses are triangular 
shapecl, one millimeter thick, sheet conductors whose width increases as each 
additional solar cell string is connected. \1axirnum width occurs at the point where 
the ?Ower feeder to the switchgear is attached. 

Four power processors are installed on the energy conversior. portion of the SPS to 
provide power to housekeeping systems instaJled thereon. Some energy storage is 
also provided. 

3.0 ELEMENT DESIGN BASIS 

The design of the energy conversion power distribution system was driven by the 
power requirements of the k'.: .. arons used as OC-to-RF power converters on the 
MPTS. Two of the depressed collectors on the antenna require about 85% of the 
total supplied power. The power system concept seJected provided power to these 
eJements directly from the solar array to .ivoid the mass penalty of power 
processors for processing alJ power supplied to the antenna. The resulting design 
incurs this penalty for onJy 15% of the required power. This 15'\i increment of 
power is required at several different levels of much lower voltages. A minimum 
mass syste•n 1s realized by using antenna mounted DC/DC converters to develop 
the required voltages. (REF i'JAS9-l5196, Part H, Vol. Ill, 0180-2~:;76-3 pp 42-65.) 

The satellite was divided into two power sources to provide these two primary 
voltage leveJs. Each power source is further divided into power sectors to provide 
the required power control .ind to provide for isolation for maintenance and repair. 
:vtuJtiph~ main power busses are provided to reduce potential fault currents on any 
main bus. 
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lf.O MASS AND MASS BASIS 

MASS 
JTEM ESTIMATE 

Main 1,090 
Buss es 

Acquisition 39.7 
Susses 

Switchgear 116.4 

Power Process­
ing and Energy 
Storage 

j,0 COST AND COST BASIS 

j,l COST SUMMARY 

0 

0 

0 

0 

0 

Research 
Engineering Evaluation 
Demonstration 
Investment 
Production 

RATIONALE 

MT See WBS 1.1.1.4.1 

MT See WBS 1.1.1.4.2 

MT See WBS l.1.1.4.3 

MT 

REFERENCE 

See WBS 1.1.1.4.1 

See WBS 1.1.1.4.2 

See WBS 1.1.l.4.3 

COST,$ MILLIONS 

'-10 
352.6 
352.1' 
149.9 
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WBS 1.1.1.4 POWER DISTRIBUTION (cont'd) 

5.2 COST DETAILS 

o RESEARCH 

0 

0 

0 

0 

o Switchgear research carried under MPTS 

ENGINEERING EVALUATION 

o Allocate $20M for EVTA bus and breaker 
design. The E\t TA bus will be approx. 
600V and 1roo amps. 

o Allocate $20M for hardware. 

DEMONSTRATION 

o Use 60% of computed DDT&E cost of $.587.6. 

INVESTMENT 

o Use 60% of computed DDT&E cost of $.587.6. 

PRODUCTION 

Number of Units 

40 

3.52.6 

;52.6 

149.9 

Main Bus l $37 /kg (update Vol 6, 0180-22876-6) 

Acquis Busse~ 384 $37/kg 

Ckt Brkr /1 l 96 96th@ .8 .3 platform 

Dis Sw II 1 192 96th @ .8, .3 platform 

Ckt Brkr 112 4 4th @ .8, • .3 platform 

Discon Sw 112 4 4th @ .8, .3 platform 

TFU Factors Prod Unit Per SPS ---
Ckt Brkr 111 7.29 .23x.3 0 • .50.5 $ 118.JM 

Dis Sw fl 1 0.64 .2Jx.3 $44K $ 8 • .5 

Ckt Brkr 112 0 • .5.5 .3 $16.5K $ 0.6.5M 

Dis Sw 112 .3.5 .3 $J06K $ 0.43 

Main Bus 88.S 

i\cquis Busses 3.2 

T0TAL :~11•9. 9".' 
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µ 
OOLDO CT F !\...:\ME 

WBS 1.1.1.4.1 MAIN BU$$ES 

1.0 WBS DICTDNARY 

This element includes the power conductors required to transfer power from the 
power sector switchgear connections to the interface system power distribution 
elements. 

2.0 DESCRIPTl>N 

The main power busses are one millimeter thick, conductor grade, aluminum 
sheets. The width of the sheets are proportional to the bus current. There are a 
t':'tal of 20 main power busses--A fX'Wer source: 6 po~itive and 6 returr.; !-\ power 
source: 4 positive and 4 return. The maximum width of the A power busses is 3.58 
meters. The maximum width of the 8 power busses is 2.~ meters. 

lJ) DESIGN BASIS 

Conductors - The conductors for the satellite were selected to be one millimeter 
thick electrical conductor (EC grade aluminum sheet). Aluminum was selected as 
the conductor material based co the product of resistivity and density. Sheet 
conductors were selected over other shapes because they maximize the ratio of 
surface area (for radiation of waste head to enclosed area (for current conduction). 
The thickness of one millimeter was selected to minimize handling damage. 

Conductor Operating Temperature Conductor operating temperature was 
selected to minimize the total satellite mass. The sum of condu~or mass and 
power generation system mass required to generate the conductor I R losses was 
minimized. Titt" optimum conductor operating temperature was determined to be 
37 3K (2 I 2°F). 

lf.O MASS AND MASS 8ASJS 

The mass of the main power busses was estimated to be 1,090 metric tons. The 
estimate was similar to that shown in Nr'\59-15196, Part II, Vol. 3, 0180-22876-3, 
Pages 61-65. 

5.0 COST AND OOST BASIS 

This system cost is presented under 1.1.1.4 at the higher level. 
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1.0 WBS DICTK>NARY 

WBS 1.1.1.4.2 ACQUISITION 8llSSES 
µa>LDOUT 1''R~\1E 

This element includes the conductors required to collect po\\-er from the ~lar cell 
string and route it to the power sector switchgear installation. 

2.0 DESCRIPTION 

An acquisition bus is a one millimeter thick, triangular shaped, aluminum conduc­
t.Jr. Its length is approximately 110 meters and its maximum width is 41 • .5 
centimeters. Provisions are included for attaching the cell strings to the bus. 

J.0 DESIGN BASIS 

The formulation of high voltage in the solar array is accomplished by connecting 
approximately 78,000 sets of solar cells in series. The strings must traverse across 
4 bays and then return across the same 4 bays. The purpose of the acquisition 
busses is to provide a current path between cell strings at the end of the 4th bay 
farthest from the switchgear and to collect the current from the cell strings at the 
bay end nearest the switchg.!ar for subsequent connection to the switch~car on the 
positive end ano to the return bus on the negative end of the power sector. The 
selections of conductor material and operating temperature are discussed in WBS 
1.1.1.4.l (Main Busses). 

t.O MASS AND MASS BASIS 

The conductor mass for each acquisition bus is estimated to be .51.7 kilograms. 
.t\ttachment provisions are estimated (~uess) to be the same. There are 384 
acquisition busses required per SPS. 

Total mass = 384 (51.7 + 51.7) = 39,706 kilograms 

J.O COST AND COST BASIS 

This system cost is presented under 1.1.l.4 at the higher level. 
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VVBS 1.1.1.4.3 MITCH GEAR 

1.0 WBS DICTIONARY 

"'"'UT FRAM& 
,Jja>Lv~ 

This element include~ the circuit breakers, required for power system operation 
and CMtrol, and disconnect switches, required for isolation for maintenance or 
repair, of the energy conversion portion of the main power distribution and control 
system. 

l.O DESCRIPTION 

The circuit breakers are of the vacuum type with nominal ratings of 44,000 volts 
anc :!,2CC amperes. They include circuits for under voltage, overvoltage, over­
current, and reverse current detection and operation. Transducers for sensing 
sector current and voltage are also included. The disconnect switches contain 
provisions for remote operation as well as local. They are to be operated only 
when no current flow is present. 

3.0 DCSIGN BASIS 

The size of the switchgear is based on the application and is judged by General 
Electric to be achievable. 

•.O MASS AND MASS BASIS 

(See \Vf\S 1.1.2.3.2) 

The mass of each circuit breaker is estimated to be: 

(44,000 V) (2,200 A) (.OlOKg/1000 watts} = 968 Kg 

The mass of a disconnect switch is estimated (guess) to be 120 Kg. 

Item 

Circuit 
Breaker 
44 KV, 2.2 KA 

Disccnnect 
Switches 
44 KV, 2.2 KA 

Circuit 
Breaker 
44 KV, 100 A 

Disconnect 
Switches 

Total 

~.O COST 

Unit 
Mass 

968 Kg 

120 Kg 

44 Kg 

60 Kg 

Quantity Total Mass 

96 92,928 Kg 

192 23,040 Kg 

4 176 Kg 

4 240 Kg 

116,384 Kg 

This system cost is presented under 1.1. l .4 at the higher level. 
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WBS 1.1.1.6 THERMAL CONTROL 

(This element has been included within the descriptions of the subelements .. ) 
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Figure A. Laser Annealing Concept 

1.0 WBS DICTDNARY 

This element includes maintenance access provisions and solar array annealing 
hardware. 

2.0 DESCRIPTl>N 

This section describes the built-in energy conversion system maintenance equip­
ment. The maintenance operations are described in WBS 1.2.3.3. 

WBS 1.1.1.6.l Main Power Bus Access System 

The main power bcssr s are suspended on a cable-support syste:n below the upper 
surf ace of the solar collector. These busses are not accessible by a cherrypicker 
mounted on the annealing machine gantry for two reasons: ( l) a cherrypicker could 
not find a r:lear path through the structural beams (there are cable stays in the 
beams) ano tht.re 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 switch gear assemblies must be accessed from below the solar 
array surface. 

Figure A iJJustrates the main bus access concept. A track beam is required that 
would parallel the main busses (see Figure B for the general pattern of these track 
bC'ams). Th<' trick beam is tied into the parJllel ~rs str·Jctural beam to provir'c 
torsional ri.~: .• :_.. Each of the legs of this track system would have a flying 
cherrypicker carriage attached to which a flyir.g c:herryoicker would dock. 
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was 1.1.1.e 

J-J 1')LDOU1' fRt\.ME 

MAINTENANCE SYSTEMS 

The basis for the maintenance access provmons are given in Section 1 3 of the 
Operations and Systems Synthesis document (I' I S0-25461-3). 

\\'BS 1.1.1.6.2 Solar Array Annealing Equipment 

The annealing gantry with its equipment, shown in Figure C, O, and E, includes the 
following: 

0 

0 

0 

0 

Gantry structure that spans one bay, 667 .5 meters. 

\\'heel and c!nve system for moving about the array on the track 
network. 

Laser unit. This includes a set of CO electric dischaqze lasers, 
scanning optics, power processors, thermal control equipment, motive 
equipment for mc•1ing along the gantry, and a docking port for a flying 
cherry picker. 

Solar array atop the gantry to power the lasers. This avoids the need 
to have the laser gantry obtain power from the SPS array. 

Power bussing to deliver array power to the annealer system. 

3.0 DESIGN BASIS 

The following assumptions were used: 

I. Laser heat input 50% efficient in heating array. 

2. Asymptotic temperature 500° C requiring 6.4 w/cm2 laser intensity. 

3. Heating time 5 sec, resulting in 32 w-sec/cm2• 

4. Area of one bay is 387 ,500 m2 of active solar array area, requiring total 
input of 1.24 x 10" watt/sec input. 

5. Electric power input to laser set = 1 megawatt laser system 15% 
efficient; 150 kw output by 44 lasers (3.4 kw per laser). Time to anneal 
one bay is 1.24 x 10"/150,000 = 8.27 x 105 sec = 9.56 days. Time to 
anneal SPS = 128 days x 9.56 days/4 gantries = 306 days. 

Laser annealing will be carried out whenever the SPS solar array accumulated 
enough radiation damage to degr.:idc output by a noticeable amount (say, more than 
2%). It is lik.!ly that this will require about three anneals per solar cycle (array­
degrading comes mainly fr0m solar flare protons). These anneals are f'xpected to 
be concentrated in the few years around solar maximum, with no activity during 
solar minimum. 

The worst case riower outage due to cinnealing is approximately one-half of four 
bays disconnected due to being shadowed by the annealers. Normally, the arr av 
output available exceeds the Transmitter rating by more than this. Only if 
annc.1ling takf'5 pl.:i<r' .H ~lHnri1cr Sl"'lstic<' (mini·;;u11 array output), and the 
Transmitter h.:;s been recently refurbished, will annealing 0perations result in a 
r<'duction of grt'tmd t)lltput. In t 1·,.1t <·-.1sP, annealing could reduce p,rounr' output by 
as much as I '·1'\'. 
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J,<PLDOUT ~'RAME WBS 1.1.1.8 MAINTENANCE SYSTEMS (CON' 

lf.O MASS ANO MASS BASIS 

The mass estimate is tabulated below. A contingency allo\\'ance is provided (in 
addition to that at the satellite level) to cover maintenance needs and equipment 
not yet identified. 

SOLAR ARRAY MAINTENANCE ~.ASS ESTIMATE 

ITE,\I 

Gantries 

Self-contained 
Solar Array 

Power Bussing 

Power Processors 

Thermal Radiators 
(Laser 6.'. PPU coolers) 

Lasers 

Docking Ports 

Growth & Cont. 

MASS 
(\lT) 

50 

28 

1 

10 

60 

9 

4 

30 

Moving Equip Total 182 

Tracks 439 

Total 621 

RATIOl':ALE 

15 kg/m x 667.5m x 4 
gantries, 2596 added for 
transport mechanisms 

7000 m2 /gantri/x 1 kg/m2 

x 4 gantries 

Guess 

12 kw x 4 gantries x 2 kg/kw. 

2500 m2 x 6 kg/m2 x 4 gantries 

1100 kw x 4 gantries x 2 kg/kw 
e 

16 positions x 250 kg each; 
includes main bus access 
requirements 

20% 

Length of track x mass/length 
This track mass includes 
annealing gantry tracks and 
bus access tracks 
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Figure D -Solar Array Top Surface Mamten · ance Access System 

SOLAR ARRAY' 

'· 

rLYtNG CHERAYPICKEA 
l 

i . 

Figure E - Main Bus Maintenance Access Svstem 
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j.0 COST 

5.1 COST SUMMARY 

JJ J.OLDOUT FRAME 

was 1.1.1.8 MAINTENANCE SYSTEMS (cont'd) 

Research - Included in solar blanket research 
Engineering Verification - $ 76.2M 
Demonstratior. - $Jf;7 .6M 
Investment - $175.1 !'vi 
Production - S267.12M 

5.2 COST DETAILS 

Engineering Verification 

This program wlll develor- tt:.e laser and its PPU and test at the LEO development 
lab. Costs to transport the equipment to the LEO development lab anc! conduct the 
in-space tests are included !n the LDL costs 

Develop Laser Prototype 

Develop PPJ 

Integrate and ground test 

Demonstration 

DDT &:E per PCM 

Hardware on Demo Unit 

Investment 

Delta DDT&E 

No Special Facilities 

$ 3.5M 

$12.7M 

$60.0M 

$76.2M 

$291.85M 

$ 75.75M 

$I75.HJ 
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WBS 1.1.1.8 MAINTENANCE SYSTEMS (cont'd} 

Production 

Item TFU Factors t/RQD Prod Per 
Unit SPS 

Gantry $3.8M 4th@8.5% 4 2.75 11.0 
=.7225 

Array $100/m2 
~ 0.7 2.8 

Bussing 431 K 4th ~~85% 4 311 1.245 

PPU's 9.67.5.5 4th (.aS.5% 4 6.99 27.96 

Thermal Cont 3.132 40th@85% 40 1.316 52.6 
:·.42 

Lasers 1.193 176th@9u% 176 • .537 94.5 
=.45 

Growth & Cont 23% of above 4:. .. 

Tracks $76/kv, 439 tons 33.36 

267.12 
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~LIJULT FRAM£· 

W8S 1.1.2 MICROWAVE POWER TRANatlSSION SYITm 

1.0 W8S DICTIONARY 

Ttus system includes all elements needed to convert DC electric power to 
microwave power at 2450 megahertz and to direct this power in the form of a 
coherent beam, to the receiving antenna on Earth. The major subeJements are: 

Structure 

Subarrays 

Power Conditioning and Distr. 

Reference Phase Distribution 

1.1.2.1 

1.1.2.2 

1.1.2.3 

1.1.2.4 

1.1.2 • .5 Thermal Cootrol (allocated to the other subsystem elements; no mass or 
cost is attributed to this element) 

1.1.2.6 Maintenance Equipment 

1.1.2.7 Antenna Mechanical Pointing 

Also mounted physically on the antenna, but not induded in this 'l'BS element are 
portions of: 

1.1.3 Information Management and Control 

1.1.5 Communications 

2.0 DESCRIPTION 

The power transmitter is a large planar phased array made up of subarrays mounted 
on a two-tier (primary and secondary) structure. Each of the 7220 subarrays 
includes from four to thirty-six klystron power amplifiers and associated control 
electronics. The quantized variation in the number of klystrons per subarray, and 
hence power density, provides an approximation to a 9.54 db, truncated Gausian 
power allumination taper. This taper reduces sidelobe intensity about 7 db (factor 
of .5) below the levels projected for a constant illumination, and improves aperture­
to-aperture beam efficiency. 

The subarrays are supported by the secondary str\JCture, in turn supported by the 
primary structure. DC power from the solar array is fed to the subarrays through 
power processing and protective switch gear. About 1.5% of the power is processed 
to alteornate voltages and regulated as necessary. The remainder is provided 
dircct1y to the klystrons. AJI power is connected through interrupters and 
disconnect switches for fault isolation. 

The r·~ference phase distribution system distributes a coherent reference clock 
signal to all subarrays. This signal and the u('liink (pilot) signal are phase 
conjugated at each klystron power amplifier to provide low-level RF drive ~i~nals 
of the correct phase. These signals are amplified to dbout .5 watts by solid-state 
preamplifiers and fed to each klystron; the klystron RF power output is approxi­
mately 70 kw each. 
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WBS1.1.2 MICROWAVE POWER TRANSMISSION SYSTEM (conrd) 

The antenna mechanical pointing includes star sensors and control moment gyros 
that aim the antenna toward its ground station to an accuracy of about one minute 
of arc. Computation is provided by the information management and control 
system; ground commands to correct residual aiming errors can be input through 
the comme.lllications system if necessary. Continuous desaturation of the CMG's is 
provided by a feedback loop that commands the antenna turntable drive. Low-pass 
filters and a compliant antenna mechanical suspension permit the CMG's tc retain 
fine pointing control authority. 

The antenna maintenance equipment includes crew provisions and mobility systems 
to support periodic removal and replacement of failed equipment. 

1.0 DESIGN 81515 

A power transmission link is most economic in cost per kilowatt of transmission 
capacity when it is designed to the maximum capability permitted by constraints. 
The microwave power transmitter is bounded by these constraints. 

1. Maximum allowable beam energy intensity at Earth in the center of the 
beam. This limit is presently estimated as 23 milliwatts per square 
centimeter (mw/cm ) based on analytical projections of ionosphE"re distur­
bance thresholds. The uncertainty in this limit is substantial. 

2. Maximum allowable beam energy intensity at the transmitter beam center. 
This limit is presently estimated as about 25 kwRF per square meter. The 
limit is established by the heat rejection capability of the transmitter and is 
less uncertain than item 1. 

3. Maximum allowable sidelobe intensity, i.e., maximum l}F power intensity 
outside the fenced receiver area. A value of 0.1 mw/crn is presently beirag 
emp.'oyed as a nominal design value. This figure is considerably ~ow the 
microwave safety standards presently in use in the U.S., but these standards 
were not set with SPS in mind. Substantial uncertainty should be accorded 
this limit. The degree of sidelobe suppression is controlled mainly by the 
illumination taper. The reference taper of 9.5db places the maximum 
sidelobe level 24 db below the beam center. A 17 db taper offers an 
additional 10 lb of sidelobe suppression. There is little or no econo'ic 
incentive to raise the sidelobe limit appreciably above ~-1 mw/cm • 
Analyses have indicated that values as low as 0.01/mw/cm could be met 
with modest cost penalty; additional study and tests would be needed to 
confirm !his estimate. 

These constraints have the following principal influences: 

1. If an excessive amount of power i~ transmitted by a large aperture, the 
intensity-at-Earth limit is exceeded. Reducing aperture relieve$ this problem 
but exceeds the intensity-at-transmitter limit. There is therefore a c:.-mbina­
t" >fl of aperture and transmitted power where both constraints are just met; 
this will be the most economic system in terms of cost per megawatt of 
capacity. If the sidelobe intensity is reduced, the limit power is reduce~ 
slightly and the aperture increased. For example: 
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WBS 1.1.2 MICROWAVE POWER TRANSMISSION SYSTEM (cont'd) 

Sidelobe limit= 0.1 mw/crn2 (baseline) 
Aperture = 1000 m 
Power = 5000 mw 

Sidelobe limit= 0.01 mw/on2 

Aperture = 1200 m 
Power= 4000 mw 

It is of course possible to design a power transmission system at less than the 
maximwn ?imit power. The cost per megawatt will be higher; the increase is 
modest down to about half of limit capacity and then tends to increase more 
dramatically. It also appears to be possible to exceed the nominal limit capacity 
by employing phase distributions that defocus the beam. Defocused systems thus 
far investigated are slightly less efficient than the focused system, b"t better 
phase distributions can probably be found. The degree to which defocused systems 
can meet stringent sidelobe standards also needs to be ascertained through further 
studies. 

The selection of the klystron as the baseline RF amplifier was somewhat arbitrary. 
The klystron provides: 

o High gain ( 40 db) 
o Good efficiency (85% estimated) 
o Good filtering (5 tuned cavities) 
o Good controllability, incuding load following by beam current control 

Magnetrons, acting in an injection-locked directional amplifier mode, would 
provide: 

o Somewhat less gain 
o Probably slightly better efficiency 
o Comparable filtering (tests needed to discriminate) 
o Probably less controllability 

In addition, there are other amplifiE"r types: gyrocons; solid-state. Although the 
klystron is considered an adequate baseline, further research is necessary before a 
firm selection is made. 

Phase conjugation aL the individual klystron level was selected over control at the 
subarray level. Finer gran.J.larity in phase conjugation reduces the losses associated 
with random and systematic tilts of subarrays and with curvature of subarray 
surfaces. The improvement in efficiency is very cons'.frratively estimated at 106. 
Since the COS§ of the spaceborne segment is of order 10 dollars, the savings value 
is of order 10 dollars. The cost o~phase control receivers is estaimted as roughly 
$.500 each. Since there are 10 klystrons, each requiring ~e receiver, the 
available savings from reduced granularity cannot exceed .5 x 10 dollars and the 
efficiency improvement due to klystron-level phase control is economically 
justified. 

•.o MASS AND MASS BASIS 

The transmitter mass estimate is the sum of element masses and is included in the 
comprehensive mass statement under WBS 1.1. 
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WBS 1.1.2 MICROWAVE POWER TRANSMISSION SYSTEM (~d) 

10 COST AND COST DETAILS 

The transmitter cost estimate is the sum of eJement estimates and is induded in 
the comprehensive cost statement under 'l'BS l.l. Cost details are given in 
element descriptions in the following pages. 
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was 1.1.2.1.1 SPS TRANSMITI"ER PRIMARY ST'RUCTURI 
JJ'JLDOUT FRAM& 

1.0 .. BS DICTIONARY 

The primary structure is the main structure that provides overall shape and form to 
the transmitter. 

2.0 DESCRIPTION 

The primary structure is a pentahedral truss made up of 1.5 mete; tribeams 
fabricated in space by a beam machine. Feedstock for the beam machine is a 
graphite filamentary composite thermoplastic material shipped from Earth in roll 
and/or nested form. The beam elements are protected with thermal control and 
ultraviolet screen coatings and by selective multilayer ins•dation in the area where 
the transmitter head dissipation creates a thermal environment that would 
otherwise exceed the temperature capability of the material. Beam sections are 
terminated in centroidal fittings with mechanical attachm~ts that include joint­
slcp takeup provisions to maximize structure rigidity. 

l.O DESIGN BASIS 

The transmitter primary structure provides the stiffness to maintain the overall 
transmitter aperture flat within .:t3 minutes of arc. Adjustment of subarrays on 
initial installation can be used to meet this tolerance initially, hence the main 
criterion for this structure is stability. A pentahedral truss was selected over 
tetrahedral truss and A-frame options as the best compromise for rigidity, 
efficiency, and maintenance accessibility. Graphite composites were selected for 
thermal stability. The truss size provides a reasonable bridging span for the 
secondary structure. The transmitter self-induced thermal environment can 
exceed 300°C (from the klystron thermal radiators) near the transmitter center. 
Accordingly, it is estimated that about 1/3 of the total structure requires selective 
blanketing by multilayer insulation. 

•.O MASS BASIS 

Mass Basis: 

88 sets of pyramid legs@ 124 m/leg = 4 x 88 x 124 

196 x 104 m face plane members 

156 x 104 m back plane members 

88 sets of back plane diagonals@ 147 m 

Beam unit mass= 1.06 kg/m scaled from SCAFEDS .... e~ ,­
to l.5 m. 

Tota.I struc. mass= 1.06 x 93.23 and add 10% 
for joints 

Thermal protection 
2 30 km x 3 rn x 0.5 kg/m 

Total 

::: 43.69 km 

= 20.38 km 

= 16.22 km 

= 12.94 km 

93.23 km 

= 10~.7 metric tons 

= 45.0 metric tons 

153.7 Tons 
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Dl88-2544Sl·2 

WBS 1.1.2.1.1 SPS TRANSMITTER PRIMARY STRUCTURE 
(~d) 

COST AND COST BASIS 

CostSumm•y 

0 Research 
0 Engineering Evaluation 
0 Demorstration 
0 Investment 263 
0 Production 2.5. 6 

Cost Details 

o Research 

0 

0 

0 

0 

o carried tmder array structure 

Engineering Evaluation 
o Equal to arracy structure 

Demonstration 
o 60% of adjusted DDT&E 

of $439/M plus demo hardware 
about equal to production cost 

Investment 
o 60% of adjusted DDT&E of $438/M 

Production 
o Primary structural feedstick 

108.7MT@ $66/KG = $7.174M 
@ 120 = 5.4M 

o Secondary structure 
171MT@ $76/KG =BM 

2!> 
288.6 

20 

288.6 

263 

25.6 

Production costs allocated to this WBS item are for the beam machine feedstock 
and prefabricated fittings. A manufacturing estimate for similar hardware was 
reported in Solar Power Satellite System Definiton Study, Part II, Vol. 6 (Boeing 
Document 0180-22876-2), pp 166-171. This estimate was $5.5/kg in 1977 dollars. 
It is adopted for the transmitter primary structure, corrected to $66/kg in 1979 
dollars. Multilayer insulation was costed as $120/kg based on parametric cost 
model results. The costs of beam machines and fabrication operations are 
allocated to space construction (WBS 1.2). 

I 08. 7 tons x $66/kg 
4.5 tons x $120/kg 

Total 

= $ 7,174,000 
= 5 400 000 

12,.574,000 
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1.0 WBS DICTIONARY 

This elemPnt includes aU members necessary to support the transmitter subarrays 
and other power trar .smission subsystems on the primary structure. 

2.0 DESCRIPTION 

The secondary structure provides a bridge on the MPTS primary structure and 
provides the base for mountmg the transmitter subarrays, which are installed on a 
three point niount. The basic element is a I0.11 meter beam, 2.5 meter~ in depth, 
space fabricated from graphite compcsite r.;aterials. The secondary structure is 
continuous around the perimeter of the antenna. In one direction the member 
spacing between rows is the width of one subarray and is the width of two 
subarrays in the orthogonal direction. 
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•S 1.1.2.1.2 SECONDARY STRUCTURE 

3.0 DESIGN BASJS 
~LDOUT FRAl,.n, 

Low density is an important design driver because it relates direcur to low 
structure mass, leading to lower material and transportation costs. Also, it 
interferes less with efficient radiation of waste heat from thermal radiators. 

High rigidity minimizes deforma .iC'n due to attitude control, maneuvering, pointing 
and temperature changes. Thus, ~ood RF beam integrity requires a rigid platform. 

High first osciUation mode frequ,~cy determines to what extent large oscillations 
will be excited by low frequency vibrations induced by docking, attitude control, 
pointing yoke movement, or othel· operations. These low frequencies should not 
couple to the antenna in a manner that would disturb MPTS operation. 

In addition, selected structure must be based on materials and processes that are 
compatible with a low absolute pressure, variable heat loads due to daily 
attitude/changes and esclipses, and particulate and UV radiation. 

The selected concept is simpler to produce and install, provides better access for 
maintenance, and provides less thermal blockage than other designs studies. 

•.O MASS AND MASS BASIS 

B: · -: Element 

(2 x 10.4) + (3 x 2 • .5) + (3 x 4.27) = 41.11 meters. 
10% fiUets and doublers = 4.11; total length = 4.5.22 M. 
Material width= 32 cm, thickness= 0 • .5 mm. 

Mass = (0.32)(0.000.5)(4.5.22X1600 Kg/Ms) = 11 • .576 kg. 

Elements/Structural Bay 

(10 x 10) + (.5 x 10) = 150 

Number Of Bays = 88 

Elements To Close Out Perimeter= 20 x 10 = 200 

Total Elements= (1.50)(88) + 200 = 13,400 

Assembly And Installation Hardware (10%) = 1.5,.512. 

Total Mass= 1.5.5,J 18 + 1.5,.512 = 170,630 kg • 

.5.0 COST 

.5.1 Cost Summary and Details 

Research - carried under array structure 

Engineering Verification - EVT A does not require a secondary structure 

Demonstration - $20.6 DDT&E plus $13M for flight hardware 

Investment - None 

Production - Feedstock costed at $76/kg (this will be a high-temperature 
composite for total per SPS of $I 3M) 51 
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WBS 1.1.2.2 TRANSMITTER SUBARRAVS 

1.0 WBS DICTIONARY 

This element includes all elements installed on the subarray as weU as the 
structure and waveguides that form the basic subarray configuration. 

2.0 DESCRIPTION 

The subarrays are the basic power radiating elements of the transmitter. There 
are ten types of subarrays corresponding to the ten power intensity levels of the 
transmitter illumination taper. These te, types use the same equipment, but the 
arrangement and numbers of equipment elements vary with the number of 
klystrons. 

Klystrons, control circuits, and the wiring harness are described on lower level 
description sheets. The radiating waveguides, distribution waveguides, and struc­
ture are an integral production unit and are described at this level. 

Thicknesses are as follows: radiating waveguide faces - 0.4 min; stick dividers -
0.6 min; distribution waveguide - 0.8 min. Other dimensions are shown on the 
sketch. 

Each subarray includes 120 radiating waveguide "sticks" each 60 wavelengths in 
total length. The sticks geometry is selected so that the stick wavelength is twice 
the stick width, yielding a subarray 10.43 meters square. The arrangement of 
klystrons and RF power distribution waveguides is selected to minimize continuous 
stick length subject to the constraint that each stick be an integral number of 
wavelengths. Sheets within the sticks set the length of each radiating element. 
Pertinent discussions are given in the descriptive sketch. Minimizing stick ~ength 
provides 3 advantages: 

0 

0 

0 

Reduced sensitivity to temperature 
Greater slot offset, reducing scattering loss sensitivity to tolerances in 
slot offset 
Reduced RF 12R losses 

All of the subarray configurations are schematized in the sketch. AU geometries 
except the 4 x 4 employ a split klystron output to cut active stick length in half. 
This cannot be done for the 4 x 4 configuration because 60 is not evenly divisible by 
8. 

The subarray distribution and radiating waveguides are assumed fabricated from 
graphite/aluminum metal matrix composites. The structure members are a 
high-temperature graphite plastic-matrix composite. Solid-state components are 
mounted on the radiating waveguide assembly under multilayer insulation so that 
the radiating waveguide serves as a cold plate. In addition, thermal insulation is 
used to force the klystron heat rejection system to radiate only out the back face 
of the antenna, alleviating the thermal environment for the solid-state 
components. 
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WBS 1.1.2.2 TRANSMITTER SUBARRAYS (CON' 

SUBARRAV ARRANGEMENTS 

RWG 
ARRANGEMENT NO. STICK 

TYPE ffil VS", ROlllS LENGTH 
1 4 16). 

KLYSTRON 
TVP.12 PL. 

EEE 
•II THERMAL 

e RADIATOR 2 6 10). 
1.6X1.6m 

DISTRIBUTION m ,, 
WAVEGUIDE :•: 

3 8 15>. (DWG) 

~ 4 9 10A 
KLYSTRON DUAL-FEED 
OUTPUT-RADIATING 
STICKS ARE END-FED 9 5 12 10). 

6 m 16 15). 

RWG 7 m 20 6A 

SOLID-STATE BOXES 

m ARE MOUNTED TO RWG 
AS COLD-PLATE AND 8 24 5). 
COVERED WITH MLI 

9 II 30 5>i. 

10 II 36 5;\ 

NOTE: TYPE NO. 6 USES SINGLE-FEED OUTPUT 

53 



DIS0.25461-2 
was 1.1.2.2 TRANSMITTER SU8ARRAVS (cont'd) 

3.0 DESIGN BASIS 

The subarrays are designed to be as self-containe" ', µossible in order to aUow as 
high as possible a level of assembly and checkout on the ground p· ior to launch. 
Connections to the subarray when instaUed on the transmitter '·~ limited to (1) DC 
power cable; (2) reference phase distribution cable; (3) da: ~ \nagemPnt system 
cable. 

Metal-matrix composites were selected for stiffness, thermaJ stability, low mass, 
and high electrical and thermal conductivity • 

... 0 MASS AND MASS BASIS 

Mass was estimated based on: 

(1) Waveguide and structure thicknesses shown on the layout and lengths shown 
in Table l; 

(2) Densities of 1.6 for plastic-matri>e composites and 2.0 for metal-matrix 
composites; 

(3) Component masses. 

The table summarizes mass and cost for t'1e ten subarray ty .s. 

j.O COST 

j.l COST SUMMARY 

Costs were based on PCM runs for the structure and waveguide asser.1bly, plus 
component costs, plus integration costs. Production costs were based on $76/kg for 
automated production of the structure and waveguide asserr.bly, plus component 
productii .1 costs. Table l present:. a production cost summary. 

j.2 COST DETAILS 

Other costs were as follows: 

Researct. 
Low-CTE 
Test Arrays 
Bandwidth 

Verification 

Des & Dev 
Support ~ lnteg 
Test Hdwe 
EVTA Units 
Support to E VT A 

Str & 'W/g 
0.25 
8.6J. 

.75 

9.63 

Components 

1.43 
0.96 
8.67 

11.44 
2.0 

97 .77 

24.39 

20.84 
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Total ind comp. 

107.4 

35.45 
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TAILI l • SUBUIAY SllMMAIY 

sunAHRAY NO. OF SUUA~R..YS Lt:Nm'H UNOT.I LENGTH L£NOTH 
TnE KL'ttiTRONS OF TUIA! TY'PE &USTH WO STICK SllORTI C:AULE RTRUCT 

J. 4 1028 40 50 33 60 
2 6 lOS:Z 41) so 49 711 
l 8 612 4Q 5\) Ii 1 80 
4 9 Ci64 60 71) 72 80 
s J2 901) 60 7() 95 90 
6 '.6 7b4 111 50 132 lOU 
7 20 6~8 lOO 110 16'7 110 
8 24 644 J.20 J. lO 197 J.20 

' ~o 63'> J 20 J 30 232 130 
JO 36 2')6 .20 !30 296 140 

'l'OTAL NO. OF tiUbARRAYS • 7220 
TOTAL, NO. OF KLYtiTMONLi • .I.OJ.SS:> 

NOTI!!: LENGTH~ lN dlTIRS 

tiU!lARl\/,Y MASO SUMMARY (KO) 

SUltARnAY IU.Yl:iTRON PC ft R'l'U RPUS l>CU WAVEGUil>t: CABLE srRUC FJXl:':D TO'l'AL TOTAL 
•1·'1fpt; MAl:iS MAi:iti MASS MAtiS MAH MA~S MAiltl MAl:IS MASS MASS ALL 

l 271i,O 4,4 1. 0 J.,0 9.6 27,2 3.7 51.a 2u.o 637 '54466 
2 414.0 ii.6 1.5 l. ,, 14.2 Jl~2 5,4 60.5 262.0 796 837760 = 3 s. :.?. 0 ti. 8 2.0 1. 0 u.a 35.2 6.9 Ci9. l 21i2. 0 956 584937 -4 t>2l.O 9,9 2.3 l.O 2l.l 41)' 8 8.o 69.l 263.2 J.042 692104 I V\ 
s ti 21:1.1) 13.2 3.0 l. (J 2u.o s:z.e l". 6 77.8 263.2 12711 11497~0 

'--" 6 1104.0 ·"·" 4.0 1. 0 :J'1,2 '1>1.2 14. s tl6. 4 262. 0 .15 78 1237UJ.9 
7 lltlO. O 22.0 5.0 1. 0 46.4 tl8. 0 18.2 n.o 2u. 6 U21 120652fi -a 1650.0 211. 4 tl. 0 LO 55.6 105.6 21.6 103.7 266.8 2243 1444273 I 

w 
9 . 21)71.1.0 JJ.u 7,5 l. 0 n.4 ll 1. 6 2&.o n;:.3 266.8 2704 17U8'75 
10 2484.0 39.\i 9.0 LO 83.2 129.6 32.S 121.0 266.11 3167 1173973 ... 

TOTAL 7007.l Jl2 25 7 236 434 91 574 1903 10389 :.. 
(TONS) ~ 

.... 
SUbARRAY COST SUHMARY(PRODUCT10N) 

i SlJUARRAY KLYSTROh PCR RTU RPlll3 PCU WAVEGUIDE CAliLE STRlJC FIX~D ASSr&CO TOTAL TOTAL 
TYP! COST COQT COST COtaT COa:iT COST COST COST COl:JT COST COST ALL -1 l uoo 2240 440 595 1404 2067 73 394U 19912 4947 54418 SS 941. 852 :r 
2 21140Q 3361.. 660 595 2106 2371 108 4596 19912 6\91 68100 1! ,641,187 m 
3 376130 441U) 81JO 595 2808 2675 138 5253 19912 7434 81776 50 046, 711 :D 
4 42JCO 5040 9110 595 3!59 3557 160 5253 20003 8106 89163 59 ,204.193 ! 5 56400 Ci7:•l ll20 595 4212 4013 212 5910 20003 HJ& 109323 98.390. '714 
6 75200 ~'9(i0 17 60 51)5 5616 JUl 2!H 6566 l\>912 12279 135069 105.8t4 .• 68 i 7 !J4UOO 11200 2200 Si>S 7020 GfiUS .Jo5 7223 Wl66 14940 16442~ 103,251:1 1A7 :D 
H lJ 21100 1344\l 2641) 595 U424 8026 433 7lt$0 20277 17451 19J965 123.62~.491 ~ 9 141000 16800 3~00 59'> l05JO 8938 521 8536 20277 21050 231546'146,3l7,G42 
10 a9;;:;;.:i 20 !bl) l!UiO S95 126JIJ 9fS50 649 9193 20277 24652 271172 '74,843, 331.1 cs 

TCJ'tAL 4'77 :i7 ll 4 36 33 l 44 145 IU 889 889 I (MILLIONS) 

TOTAL FOR ALL ~UDAHRAYS. NOT11 RPDS Pi1ur•• 1nc1ude &uberrey Con,rol Unit lb:U) -
t.89 

(MILi.TONS :>P 1979 l>OLl.AR~) 
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Demonstration 

DELTADOT&E 
Demo Units 
Pilot Prod. Line 

Inv?Stment 

Subarray Pldllt 

Production 

See Table J. 

j.J MATERIALS AND ENERGY 

11.0 
$1128 M 

44.5 

WBS 1.1.2.2 TRANSMITTER SUBARRA VS Ccont'd) 

42 
375 
15" 

53.12 
IOJ 
1>0 

1006 

44.5 
160 (Final Assy) 

IS70 (Other) 

217.5 (Total) 

CGmponet.t requirements were discussed under components. 

For the structure and waveguide assembly the approximate breakout per SPS is as 
follows: 

Aluminum 
Graphite 
Plastic 
Misc • 

1130 tons 
1561 tons 
144 tons 
72 tons (fasteners, etc.) 

.5.4 MANUFACTURING PROCESSES AND PRODUCTION RA TES; CAPITAL FACILITIES 

Automated production will be used to fabricate parts and as.c:emble completed 
structure and waveguide assemblies from raw materials. Final assembly wiU be 
semi-automated with manual assist of installation of components. Testing will be 
autor .ated. Roughly 160 labor hours average will be devoted to final assembly and 
test of each subarray. Testing w;u be fully automated except for power and signal 
connections. Subarray structure and waveguide production and final assembly will 
employ about 1500 direct labor people at the nominal production rate of 14,440 per 
year. The total labor force for subarray production including indirect and overhead 
personnel is estimated as 15,000 to 20,000 • 

.5.6 QCANDQA 

Automated testing will be employed. 

5.7 PAr:KAGING AND SHIPPING 

Subarrays will 1 ~ crdted :or shipment to the launch site .md transported by ba:-ge 
or ship (the c .,II b.? too l.uge for trick, train, or aircraft). Cr.itc:s will be 
desig··--c t" pro ••.• .:: e:w;r.Jnment protection ancl to intc~rdte int0 payload pallets as 
a subeleme'lt. C1 dtes will be returned to [drth for reuse. 
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W8S 1.1.2.2 TRANSMITTER STRUCTURE lcont9d) 

6.0 TECHNOLOGY DESIGN STATIJS 

Metal-matrix composites are in exploratory development. The .:echnology is 
presently being driven by other appHcations. It is anticipated that the basic 
materials technology wiU be ready in time, but that a manufacturing development 
effort will be needed to attain the requisite subarray precision and low cost. This 
effort is included in the cost tor demonstrator units. 

Technology/design status for subarray components is discussed under the compo­
nents· 

7 .O SUIT ABILITY FOR SERVICE 

No problems are .:inticipated if the technology is developed as projected. See also 
discussion under components. 
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1.0 flBS DICTIONARY 
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This clement includes all the hardware anc control circuits tor the klystron rf 
amplif 1er~: the cathode subasserPbly, the rf circuit (body), the collector, the 
output waveguide and "indow {it required) and the solenoid for beam focusing. 
This module includes a solid-state preamplifier and through-phase stabilization 
unit, and the klystron thermal control system. External instrumentation and 
monitor circuits (both de and rf) are also included. 

2.0 DESCRIPTION 

The basic klystron operates at 42 kv with 45-50 db gain using a compact efficient 
(82-85%) solenoid woun2-on-body design approach with conservative design para­
meters (0.15 amps/cm cathode loading) to achieve long life. The 5-stage 
depressed collector design provides an overall dc-rf conversion efficiency of 85%. 
The layout of the basic klystron builcin~ block module is shown above. The 6 
cavit} design, with a second harmonic bunching cavity to; short length and high 
eff 1c1encv. features a dual output waveguide with 35 kw in ea..;h arm. The thermal 
control <;}·sterr: is used to cool the output gap, the depressed collector and the 
solenoid with a design temperature of 300°C maximum on the body of 50o0c on the 
collector. The driver for the final klystron power amplifier prov~d~s an output of 
about 3 watts cw for a 45 db output amplifier s. tura tf.d gain. It is driven directly 
from phase regeneration circuitp: .1t a powPr level of about a milliwatt. The driver 
is a :1!ult1-stage trJnsistor amplifier \\ ith up to 10 db gain perstage at this 
frequenc-v. Ph...isc- correction functions will be performed at low drive levels. Also 
shown ;n the configuration sketch are the thermal control system and a circuit 
block diagram. ;~e klystron power amplifier receives reference signais at 490 
~:Hz fr,Y~. tlw local pha~e control receiver and at ')":') \:p7 lro'T' the r.t':<!SC' 
cJistributw11 syste111s. The do'1.:nlink baseband of 2450 \!Hz is synthesized from 
these two signals. 

' .. ·~ 



was 1.1.2.2.1 KLYSTRON MODULE 

J.O DESIGN BASIS 
J,_, F.OLDOUT FRAME 

The klys~ro!l power amplifier module provides conversion of de electric power into 
microwave RF power. Its principal requirements are (1) high efficiency; (2) long 
life; (3) low noise; (4) continuous operation; (5) ability to modulate output power by 
controlling beam current; (6) design for ;emoval and replace during maintenance 
operations. The origin of these requirements is self-evident except for 15. This 
one arises because the SPS needs the capability to quickly and smoothly regulate 
power output over a range of 97% to 100% of rated power in order to assist in 
power network frecpency regulation. For klystrons with modulating anodes 
operating at saturation, this is readily accomplished by modulating beam currer.~. 

The multicavity design of the tube contributes to noise and harmonics suppression. 
Additional filtering is provided by the antenna waveguides. 

IJ.O MASS AND MASS BASIS 

Item 

Klystron 
Power Tube 
w/intemal 
cabling &: inst'l 
brackets 

Baseband 
Synthesizer 
amd preamp 

Thermal 
Control 
System 

Cabling 

Misc Structure 
&: bracketry 

TOTAL 

.5.0 COST 

Mass 
Estimate Ratio.ule 

48 kg Detailed Estimate 

2 kg Box size assumed 
10xl0x20 cm 
&: unit density 

14.5 kg Detailed estimate 
plus 10% for 
inst'l particulars 

0.5 kg 1 kg/m, estimated 
1/2 m 

4 kg .:iuess 

69 kg Sum 

.5.1 COST SUMMARY 

Reference 

Contract NA59-I5196 
Part D Report Vol 6 
(0180-22876-6) 
pp 101-111 

None 

Contract NAS9-l.5636 
Phase I Report Vol 3 
(D 180-25037-3) p. 54 

None 

None 

Cost estimate-. were made using a detailed estimate for the research phase. The 
Boe111b Parametric Cost Model was used for ODT&E estimated. Point estimates 
from earlier studies were updated to 1'379 dollars for the investment and 
production phases. A summary is presented here; additional detail is provided on 
the following page. 

Resc . .u~h 
Engineering Verification 
lincluries basic DOT&E) 

$5.79M 
39.05 

Dernonstrat~o"l 
Investment 
Proour:ion 

$533M 
$1.5B 
~4,700 per unit 
$477M per SPS 
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WBS 1.1.2.2.1 KLYSTRON MODULE (CONrDt 

5.2 COST DETAILS 

Research 
Cost 

( $.M except noted) Ref. or Source 

Basic Klystron 
Cooling 
Production Tech. 
Improvements 

Engineering Verification 

Design & Devel. 
Sf.&I &: other support 
Other 
Test Units 
EVTA Flights Units 
Support to EVT A prog. 

Demonstration 

Delta DDT&:E 
Test Units 
Pilot Prod. Line 
P. e-Prod. Units 
Demonstrator Units 

'nvestmer.: 

Production Plant 

Delta DDT&:E &: Production 
Testing 

Production 

Production Units 

2.87 
1.10 
1.47 
0.3.5 

9.71 
.5 • .58 
5.78 
5.24 
.5.24 
7.5 

14.53 
7.67 

150 
11 

350 

1500 

244.53 

477 per SPS 
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Research Planning 
Interim Report 
Additional Thermal 
Phase Control research 
is also applicable 

PCM 

Headcount x Time 

PCM 
PCM 
Factor from Full Prod. 
PCM 
Production Rate 

Update of I 977 Varian 
Estimate 

PCM 

50% prototype factor 
$4700/unit, update of 

197, Varian Estimate 
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WBS 1.1.2.2.1 KLYSTRON MODULE (CONT'D) 

j.J MATEldALS At11U CNERGY REQUIREMENTS 

Matc<iaJ In Mass, kg 

Copper Klystron Solenoid 16 
Copper Thermal Control 12 
Copper Klystron Cavities 7.2 
Copper Cabling & Cther l 

36.2 

Iron/Steel Klystron Pole Pieces 2.8 
Iron/Steel Solenoid Shell 4.2 
Iron/Steel Covers & Structure 8 

15 
~Juminum Baseband Box 1 1 

Solid State 
Components Baseband Box 1 

Refractory Metal Klystron CoUector 4.6 4.6 
(Tungsten or Plates 

\tolybdeuum) 

Alumina Insulators 4.2 4.2 

Misc. 7 
(Plastics, Steel, 

ceramics, copper) 69 
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WBS 1.1.2.2.1 KLYSTRON MODULE (CONTD) 

Energy requirements were not computed. 

j.• Manufacturing Processes and Production Rates; Capital Facilities 

The manufacturing plant for the klystrons will require an estimated 200,000 m2 and 
cost roughly $1.5 billions in 1977 dollars, based on a Varian estimate. This 
estimate is discussed in more detail in Vol. 4 of the reports on Part II of Contract 
NAS9-15696 (0180-22876-4), pp. A-26 to A-29. The production rate is about 
17 ,000 assemblies per month. Fina! assembly of the tube~ themselves takes place 
in an evacuated, automated assembly line. 

The cost of the klystron assemblies is in three roughly equal parts: amortization of 
facilities, materials, and labor. Based on this, the labor force serving the Klystron 
production plant is roughly .5000 people. Most of these will be production line 
workers and technicians; the skill level will be relatively high. 

j.6 QC&QA 

It is asst.med that automated QC and QA wiJJ be built into the production line. 
Incoming parts and materials wiU be inspected. Completed assemblies wiJJ undergo 
a 2-hour bum-in test that will verify through-phase control, efficiency, power 
output, thermal control operation, and noise and harmonics acceptability. 

j.7 Packaging and Shipping 

These assemblies will be shipped using methods appropriate to precision electronics 
equipment. The Klystron vacuum seal must be maintained as loss of vacuum will 
likely contaminate the inside of the tube. The klystrons will be a:iScmbled to the 
subarrays with a final test at the subarray level before shipment to space. 

6.0 TECHNOLOGY DESIGN STA rus 

Klystrons similar to the proposed design have been built for labordtory use. 
High-efficiency tubes have not been co.nbined with depressed collectors, nor have 
flight-weight versions been tested. Research needs have been detailed in the 
lnterno Research Planning Report for this contract, 0180-25381-1. In general, ttie 
research probram will develop a laboratory-type tube with the desired performance 
and develop the thermal control approach. This wiJJ be followed by proto-flight 
tube deve1opment to support initial tests in space. These tests will lead to further 
design refinl ment and development of a Jong-life, mainttiinabie system for the 
demonstration program. An additional design refinement is assumed for the 
production prototype SPS. 

7 .0 SUffA81Lln· FOR SERVICE 

1.1 Reliability ct Availability 

The klystron reliability model assumes a 25-year mean t!rne between failure and a 
simple exponential failure rate model. Klystron repair nd replace C!O~inates the 
SPS maintenance scenaric; see discussion at the SPS level. 

7 .2 Controllability 

The klystron provides one important mechanism (bt.'arP rnount) of SPS power 
control. T:1is i~ best ~-Jitcd to the frequency regulation control domain where 
small, rela!iveJy rapid variations are needed. 

<> J 



WRS 1.1.2.2.2 Subarray Struchre 
WBS 1.1.2.2.3 Waveguides 

DIS0.25461-2 

These items were anlayz{-d as a part of the subarray itself. The radiating 
waveguides, distribution v-t&veguides, and subarray structure are designed as 
an integral unit. 

1'BS 1.1.2.2.• Tilerrnal Control was allocated to other subsystems. 

6~ 
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WBS 1.1.2.2.6 SUl3ARRAV WIRING HARNESSES 

1.0 WBS DICTIONARY 

This element includes all electrical and optical wirint :.a1·•lesses on the subarray. 

2.0 DESCRIPTION 

The following harnesses are included: 

Function ~ Length Number Mass/Meter 

980 MHz RPSR-PCR Optic 12 1 pe!'" klystron .02.5 
& BSPU 

490 MHz PCR-BSPU Optic 0.5 1 per klystron .0.5 
Klystron Pow~r Electric 7 (avg) 1 per klystron .0.5 

(DC) 
12-V to klystron- E!ectric 7 (avg) 1 per klystron .01 

associat•!d control (DC) 
12-V to RPSR & SCU Electric 1 2 pe!'" subarray .01 

(DC) 
Data. SCU to Shielded 7 l.tvg) l per klystron .01 

klystron-associated Data Bus 
tJnits 

Data to PCU Shielded 1 2 per subarray .01 
& RPSR 

Routing of these is depicted under control drcuits. 

3.0 DESIGN BASIS 

The power Cdl>li•lg is normal design practice. Data bussing on the subarray will use 
shield~d twisted-pairs. Low-leve! ~F .:.listribution is fiber optic to avoid electro­
magnetic interference. The 12-meter (abfos .1re precision, all equal length to 
minimize phase error. 

4.0 MASS AND MASS BASIS 

The mass of this cabling sums to 91 metric tons. Optical fibers are assumed 
jcir.:k~ted • 

.5.0 COST AND COST BASIS 

Development dlld prototype unit costs were estimated br :>c~, at $.537K design 
and devdoprnent and $742K for four prototype test unit-; These figures are 
dominated by tooling. 

Research Phase 

Included in breadboarding tasks at s•JJ.1rray level. 
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Engineering Verification 

Design and Development 
Ground Test Units 
Flight Test Units 
Support to Flight Test 

Demonstration 

Delta DDT&E 

Demo Units \.1 

Investment 

None 

Production 

DIS0.25461·2 
was 1.1.2.2.6 SUBARRAY WIRING HARNESSES (CON'TI 

S537K 
$742K 
$742K 
$500K 

~l,280K {first prod<1ction unit and 80% 
learning) 

~i< 
$2. 7 Million 

Mass production in automated wire ~~101>s assumed to reach cost of $20/kg for a 
total ot $1.82M per SPS • 

.5.3 MATERIALS AND ENERGY REQUIREMENTS 

The wiring h-vnesses are mainly copper and plastic • 

.5.IJ MANUFACTURING 

Use of conventional automated wire shops is assumed. 

6.0 TECHNOLOGY DESIGN STATUS 

Sti:lte of the art. 

7.0 SUIT\BILITY FOR SERVICE 

No problf"-n'.; ..t!\:' .,resently foreseen. 
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h.JLLhJU1 FRA:\IE 

WBS 1.1.2.2.6 SUBARRAY CONTROL CIRCU:fS 

1.0 \VBS DICTIONARY 

The subarray control circuit:, include: 

o Phase con-•·rol receivers (PCR's) 
o Klystron-level remote terminal units (RTU's) 
o Reference Phase Slave Repeater Units (RPSR's) 
o Subarray (Microprocessor) Control Units (SCU's) 
o Power Control Units (PCU's) 

Wiri:1g h<trnesses are a separate WBS entry. 

2.0 DESCRIPTION 

The subsystem-level wirmg diagram above describes 1:his system element. The 
Phase Control Receivers receive the ur:ml< 'iignal through uplink antenna apertures 
included in the subarray as receiving antennas that do not interrupt the continuity 
of the downlink aperture. 

The reference phase is provided to the PCR's and RPSR's via fiber optics. These 
units provide if signals to the Klystron modules, which provide phase conjugation 
to generate the downlink baseband signal. 

The remot ' terminal units 211d subarray microprocessor control units orovide aU 
command and data handling functions at the subarray level. As ar. ~xmaple, if 
arcing occurc; in the Klystron, these control units provide a mod anode clamp signal 
to the Klystron and cutoff signals to the Power Control Units. These latter units 
control the c:rcuit breaker functions as necessary for arc protection for the 
Klystrons. 

3.0 DESIGN BASIS 

The subarray control circuits include those control functions most logically applied 
at the subarray level. These include: 

(l) Phase control reception at ti1e klystron level 
(2) Receipt and distribution of the reference phase 
(3) System status data handling and command functions 
(4-) Power electronics terminal switching 

The subarray is a 5elf-contained unit that requires as iilputs, only: 

(l) P'1ase control uplink signal (from Ea,.th) 
(2) Reference plw.e 
(l) DC Electric Power 

The control circuit design includes an adaptation of the LinCom spread-spectrum 
retrodirective phase control sys1em. 
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WBS 1.1.2.2.6 SUBARRAY CONTROL CIRCUITS (cont'd) 

t.O MASS AND MASS BASIS 

The mass of control circuits on a subarray varies with the number of klystons since 
some functions are provided on a per-klystron basis. Mass estimates were made by 
estimaJing the box size and assuming unit density. The density assumption provides 
lg/cm shielding by the box. Element masses are as follows: 

Phase Control Receiver 
Remote Terminal Unit 
Refere"r:e Phase Slave Repeat 
St•'.>ar- Control Unit 
Power Control Unit 

1.1 kg (per klystron) 
0.2.5 kg (per klystron) 
1 kg (per subarray) 
0.2.5 kg (per subarra y) 
0.35 kg per subarray + 2.3 kg/klystr:>n 

Total (7220 subarrays; 101,552 klystrons) = 382 metric tons. 

Ma~s and cos~ estimating details are presented below. 

Item CER Mass (kg) 

Phase Control Receiver 

Filter Receiver 0.2 
Receiver Receiver 0.5 
Optic Demod Receiver 0.1 
Mount&: Box Sec Struc 0.2 2 
l\'ILI Therma Blkt 0.1 (0.5 ft ) 

Remote Terminal Unit 

Microproccss(1r Sig Cora 0.05 
Mount and 3ox Sec StrlJC 0.1 2 
MU Therm 31kt 0.1 (0.5 ft ) 

RPDS Sla•1 ; unit 

Optic Rcvr Recdver 0.1 
Slave Unit Receiver 0.1 
Optic Xmtr Transmitter 0.2 
Box and Mount Sec Struc 0.5 2 
MLI Therm Blkt 0.1 (0.5 ft ) 

Subarray Control Unit 

Micro pro~essor Computer 0.05 
Mount and Box Sec Struc O.l 

2 MLI Therm olkt 0.1 ((j.5 ft ) 

Power Contr0l Unit 

M icroproi:essC'r Cor.1puter 0.05 
r .-eak\."r~ Pwr Cond 2 kg per klystron 
Bvx arit• l\'lount Sec 5tr 1c 0. l pe .. klr tron 
MLI Therm blkt 0.3 (2 sq. ft.) 
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W8S 1.1.2.2.8 SUBARRAV CONTROL CIRCUITS (..-d) 

u cmT 
j.J CmT SUMMARY 

Estimated costs in millions of 197' dollars are as follows: 

Cromd-based research 
Flight research* 
Engineering Verification 
(includes basic DDT ctE) 

j.38 
86.6 
12.07 

Demonstration 
Investment 
Production 

* Large Aperture Phase Array Technology Satellite 

67 

30.0l 
7j.2 
108 per sps 



j.2 COST DETAILS 

Research 

Ground 

Spread Spec Research 
Alternate Ph Con Options 
Breadboarding 
Des & Dev Ph Con Sys Comp 
Breadboarding Sel. Tech 

~(LAPATS) 

Engineering Verification 

Des and Devel 
SE&I, etc. 
Other 
Test Units 
EVTA Units 
Support to E VT A 

Demonstration 

DDT&E 
Test Units 
Pre-Pod 
Demo Units 
Demo Support 

Investment 

DDT&E 
PCU Plant 

Production 

PCR 
RTU 
RPDS 
SMP 
PCU 

* With one breaker 

DIS0-25461·2 

WBS 1.1.2.2.6 SUBARRAV CONTROL CIRCUITS (cont'd) 

Cost Ref. or Source 
($M79 except noted) 

• .52.5 
1.0.5 
1.62 
1.62 
• .56.5 

86.6 

0 • .566 
0 • .3.34 
1.88 
2.4.3 
4.86 
2.0 

2.78 
2.4.3 
2.4.3 

17.37 
.5.0 

.5.2 
70 

.560 
110 
.39 .5 dollars 
200 
.3.51 * 

$108M Per SPS 

b8 

Research 
PJannir~ 
Document 

PCM 

Headcount x Time 

PCM 

Leaming 
Headcount x Time 

PCM 
ROM 

Leaming 
and 

Production Rate 
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WBS 1.1.2.2.8 SUBARRAV CONTROL CIRCUITS (cont'd) 

j.J MATERIALS AND ENERGY REQUIREMENTS 

A detailed estimate Cdanot be made without det.til~ J t\·~,igns of the hardware. The 
predominant 1nateria1 will be aluminum. The remainder wiU be mainly solid stati;o 
components, plastic, and copp·?r. T'1e or,Jy special materidl thus far identifie:j :~ 
gallium arsenide for the laser optical transmitters. The quantity 'ler SPS will be on 
the order of 100 kg. 

'j.4 MANUFACTURING 

This hardware will be produced by normal t•i ::ctronics manufacturing methods. A 
special capital facibty will be needed tll i>n.><luc:e the power control units (l:Jl,552 
breaker -.cts "?er SPS); its cost has been estimated at $70M. 

5..5 LABOR 

Production of this hardware will ~··nploy approximately 2500 peopl~. 

5.6 QC AND QA 

Parts and completeJ •J•1its will undergo automated testing during production. 

'j.7 PACKAGING AND StRPPING 

Normal electronics prdl'.t i1:es; these units will be installed on subarrays for .-;hip::le!lt 
to space. 

6.0 TECHNOLOGY AND DESIGN STATUS 

These systen1s have been designed to the dt:tail•!d biock diagram level. ExpJoratory 
tests nave been conducted on phase distribution rir·cuits; exploratory tests on a 
~80-MHz fiber optic link are :Jnderway. The c.ircuitry techniques ~iave been used in 
other applications. 1t is expected that most developmental effort will go to 
achieving t:-t~ hi~h degree of phase precision and sta!'>i:ity required for beam 
efficiency. Comparable phase preci'ii•Jil problems have been solved for radio 
telescope interfcr·>11w<ry and the Stanford Linear Acc·?le<..tl•>r. lmprovern"!nt b the 
temperature stability of laser di ••Jes is thought to be necessary. 

Early research will coni".'entr.:tt•~ .,n !.Jboratory development of precision and 
stabilit). J..-lter developwent will support flight projects with flight qualitaed 
hardware. 

7.0 SUITABILITY FOR SERVICE 

This hardware is not expeckd to contribute significantly to overaH failure rates. 
It can be made redundant as nee1!ed with little extra cost and negligible extra 
mass. 
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DIS0.25461·2 

was 1.1.2.3 MPTS POWER DISTRIBUTIONS. CONDITIONll\I 

~ 
1.0 WBS DICTIONARY 

This element includes the power conductors, switch g~r, and conditioning equip­
ment required to transfer power from the interface subs)stem to the subarray 
wiring harnesses and to any other power consuming equiprnent located on the power 
transmission structure. 

2.0 DESCRIPTION 

The MPTS power distribution system provides power transmission, conditioning, 
control, and energy storage for aU elements mounted on the antenna side of the 
rotary joint. The antenna is divided into 228 power control sectors, each of which 
provides power to approximately 440 Klystrons. The Klystrons require power at 9 
different voltage levels. Two of the Klystrons' depressed collectors require the 
majority of the supplied power and are supplied directly from dir:-dicated portions of 
the satellite power generation system. The rest of the Klystron supplied power and 
the power required for other power consuming equipment mounted on the power 
transmission structure is provided by DC/DC converters. Switch gear is provided 
for power control and fault protection. System disconnect switches are provided 
for equipment isolation for maintenance purposes. 

Aluminum sheet conductors are used for power transmission from the interface 
subsystem to the power sector control substations and are routed along structural 
elements on the antenna primary structure farthest from the radiating waveguides. 
Round aluminum conductors provide power transmission fro1• che substations to the 
antenna RF subarrays. Flexible connections are used to route power across the 
elevation joint between the antenna yoke and the antenna. Each power sector 
substation includes the required DC/DC converter, switchgear, disconnects, and 
energy storage. 

3.1) D~IGN BASIS 

The system design concept was selected based on the following criteria: 

1. The power requirement of the Klystrons. 

2. Loss of no more than 1% of the antenna ground power output for the failure 
of a single substation. 

3. The optimization of MPTS power distribution and conditioning system design 
to minimize total satellite mass by selecting conductor operating tempera­
tures and DC/DC converter switching frequency based on their mass contrib­
utions and the mass contributio;'ls of the additional array to compensate for 
their losses and of required thermal control systems. 

4. Compatibility with the phase control system layout • 

.5. Provisions to support installation and maintenance requirements. 

7. Provide energy storage to keep Klystron cathode heaters on and critical 
equipment powered during occultation. 

8. Provide fault prot<.>ction for system elements. 
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t.O MASS AND MASS BASIS 

MASS 
ITf~J°i ESTll\tiATE 

Conductors 3.56.5 MT 

Switchgear 222. l ~iT 

DC/DC Converters 1,111 • .5 MT 

Processor Thermal 535.9 l\.aT 
Control 

Energy Storage 313.2 f\.iT 

Installation 127.0 MT 
Structure 

TOTAL 2,666.2 W.T 

s.o COST 

S.1 COST SUMMARY 

Research 0 

0 
0 

0 

0 

Engineering Verification 
Demonstration 
Investment 
Production 

5.2 COST DETAILS 

was 1.1.2.3 MPTS POWER DISTRIBUTIONS a 
CONDITIONING (cont'd) 

RATIONALE 

See WBS 1.1.2.3.l 

See WBS 1.1.2.3.2 

See WBS 1.1.2.3.3 

See WBS J.1.2.3.4 

See WBS 1.1.2.3 • .5 

5% of items above 
assumed 

Sum 

REFERENCE 

See WBS 1.1.2.3.l 

See WBS I.I.2 • .3.2 

See WBS 1.1.2.3.3 

See WBS 1.1.2.3.4 

See WBS 1.1.2.3 • .5 

None 

COST, $MILLIONS 

15.2 
41.6 

742.5 
761.l 
324.l 

o Research - $15.2M from research planning c;ocurnent 

o En ineerin Verification - EVT.t\ will use one 180 kw processor per 2 
klystrons 5 total • Large processor is :::: 1 kg/kw. Small (SEPS class, 
2 • .5kw) ones run ~ 12 kg/kw. 

So EVTA units may 
be :::: 650kg vs. 
4750 for full-
sized ones. 

*Small processors on which C£i: is bascc' are mostly electronics 

ScaJint DDT&E by 0.75 power on wci)!ht yields $6.IM D&D for EVTA 
with 3.:; factor is $20 rrillion. 

(This assumes that C 11 = (\\'I/ )o.7 5 

I C2 \(, 2 
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was 1.1. ?.3 MPTS POWER DISTRIBUTIONS. 

CONDITIONING (cont'd) 

The 3.3 factor roughly covers au support, test, and management 
functions. 

Similarly scali~ unit c~st by 0.75 power yields $7.2M unit cost; need 3 
flight units @ $21.6M, 

o Demonstration 

DDT&E fro~.1 PCM run 
$2•~.5M, includes 3 test units 

Adopt tull DDT&E for demo 
and 60% for investment 

Note that SPS Demo processor is somewhat different design than .5-GW 
in that all power must be processed (array output is ~ .5kv). PPU input 
is ~ 41f.G)Jw. H each PPU drives .50 klystrons @ 8.5kw, (=4.2.5)Jw), we 
need 105 PPU's. 

TFU is $32M (from PCM run) 

Assume 80% leaning; CUM for 10.5 units is 23.4x32M = $749M Demo 
System 

Apply platform 0.5 based on pilot production line pilot line = 10% rate 
~ 20% cost (see below) for $120M and units with platform are $374~ 

Summing up Demonstration: 

DDT&E 
Pilot Line 
Demo Units 

o Investment 

$248.5M 
$120M 
$374 
$742 • .5 

Platform factor of 0.5 was adopted for main processor because it is 
mostly magnetics.* This and its thermal control wiH require a 
production facility estimated as IX annual production = 2x306 or 
$612M. 

Delete DDT &E 
Total Investment 

= $149.lM 
= $761.lM 
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was 1.1.2.3 MPTS POWER DISTRIBUTIONS. 
CONDITIONING (cont'd) 

o Production 

Ave. 
Item TFU (K) llRQD Factor Cost/Unit Per SPS (M) 

Processor 2333.5 234 234th @ 70 763 178 • .5 

• .5 Platform 

Switch 923 468 468th@ 70 43 20.1 

Switch 1810 4.56 4.56th@ 70% 8.5 38.8 

Disconnect 390 924 924th@ 70% 13 12.0 

Pump Assy 308 234 20.1 4.7 

Radiator 3088 234 202 47.3 

Battery 328 234 21 4.9 

306.3 

Power Distribution @ $.50/ lg 17.8 

Total 324.1 
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1.0 WBS DICTIONARY 

MAIN POWER 
SUSSES 

This element includes the power conductors which are required to conduct power 
from the interface subsystem to the subarray wiring and to any other power 
consuming elements mounted on the power transmission system structure. 
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WBS 1.1.2.3.1 D. C. POWER DISTRIBUTION SY!'. 

2.0 DESCRIPTION 

Two types of power conductors are used in the MPTS power distribution system. 
The conductors from the rotary joint slip ring assembly to the power sector 
substations are one miUimeter thick aluminum sheets. The conductors between the 
substations and the subarrays are round aluminum conductors. The conductors 
between the DC/DC converters and power consuming equipment other than 
subarrays mounted on the antenna are also circular aluminum conductors. All 
conductors are uninsulated and the surface emissivity is assumed to be 0.9. 

3.0 DESIGN BASIS 

Sheet conductors were selected to max1m1ze the ratio of surface area to 
cross-sectional area which maximizes the heat rejection capability of the 
conductors. Aluminum was selected for the conductor material. While the 
resistivity of aluminum is higher than copper, its density is considerably lower and 
its use as conductors on the SPS results in the minimum mass system when 
compared to other conductors. The Klystron requires nine different voltage levels. 
Eleven conductors are required to supply this power. Cable harness assemblies 
were designed to provide the power transmission from the substations (located at 
the ba:k of the antenna primary structure) to the subarrays at the antenna face. 
The use of cable assemblies, fabricated on earth, simplifies the antenna construc­
tion processes. Conductors integral with the structure were not selected because 
of the large numher of different voltages and the resulting complexity of the 
satellite structural design. 

4.0 MASS AND MASS BASIS 

ITEM 

Main Power 
Busses {Rotary 
Joint to Sub­
station) 

Cable Harnesses 
{Substations to 
Subarrays) 

Other Power 
Cabling 

TOTAL 

5.0 COST 

MASS 
ESTIMATE 

235.8 MT 

109.7 MT 

11.0 MT 

356.5 MT 

Element cost included in WBS 1.1.2.3. 

RATIONALE 

Detailed estimate 
modified for new 
antenna/yoke struc­
ture (decreased 
line length) 

Detailed estimate 

10% of Klystron 
supply cabling 

Sum 

REFERENCE 

NAS9-15196 Part II 
Report, Vol 4 
(0180-22876-4) 
pp 128-135 

NAS9-15196 Part II 
Report, Vol. 4 
(D 180-22876-4) 
rip 135-150, p 160 

None 
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1.0 WBS DICTIONARY 

CONDUCTORS TO 

./..,...""" 
NOTE: 
PPUTHERMAL 
CONlROL RADIATORS 
NOT SHOWN 

This element includes the circuit breakers and disconnect switches required for 
power control, fault protection, and circuit isolation required for power system 
protection, isoiation for maintenance purposes, and operation for the power system 
located on the power transmission structure. 

2.0 DESCRIPTION 

The switchgear for the MPTS power distribution and control system are vacuum 
circuit breakers with associated communication circuitry. The switchgear for both 
the power sources are as follows: 

Power So...irce 

A 
B 

Voltc-ge 

40.8 KV 
38.7 

Current 

620 AMPS 
290 AMPS 

Quantity 

456 
456 

Redundant switchgear are provided at each location to improve system reliability 
and reduce power Joss due to failures. System disconnect switches are provided at 
the input of each set of redundant circuitbreakers. Disconnect switches are opened 
only when no current is flowing and are used only for isolation and not for fault 
protection. The switchgear in this element are mounted at the power sector 
substation~. 
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was 1.1.2.3.2 SWITCH GEAR 

3.0 DESIGN BASIS 

iv\PTS antenna contains over 101,000 dc/rf converters and 228 power sector control 
substations. During the conceptual design of the klystron, an effort to minimize the 
mass of the individual tube elements resulted in an overall lightweight tube. 
However, removing mass from the tube imposes the requirement that the probabil­
ity of internal arcing must be minimized and, in the event that arcing should occur, 
rapid removal of the power sources is required. Preliminary requirements placed on 
the MPTS switchgear were extremely stringent-IO microseconds current inter­
ruption time. The development of switchgear to perform this task wi11 require an 
improvement of two orders of magnitude in current interruption time over present 
switchgear capabilities (milliseconds to hundredths of milliseconds). 

An additional circuit breaker is required which clamps the anode to the cathode at 
the klystron. Microsecond switching is required at 40KV and no current. A solid 
state circuit for the purpose is included in the subarray (WBS 1.1.2.2). 

The antenna power distribution system fault protection scheme is as follows: 

FAULT AREA 

Main Bus 
Antenna Sub-Distribution Bus 

Antenna DC/DC Converter 
Klystron Internal Arcing 

Output Waveguide Arcing 

4.0 MASS ANO MASS BASIS 

PROTECTION SCHEME 

Remcve AU SatelHte Power Sources 
Open Appropriate Main Antenna 

Circuit Breaker 
Open Converter Circuit Breaker 
Take Klystron Modulating 

Anode To Cathode Potential 
Remove Klystron Input RF Drive 

MASS 
ITEM QTY ESTIMATE RATIONALE REFERENCE 

Switchgear 468 52.5MT CiE Estimate Contract NAS9-15196 
38.7KV, 290A 10 grams/kw Part II Report 

(0180-24071-1) p 69 

Switchgear 456 l 14.2MT GE Estimate Contract NAS9-15196 
40.8K V, 620A l 0 grams/kw Part III Report 

(DJ 80-24071-l) p i;9 

Disconnects 924 55.4MT Estimate None 
60kg/switch 

TOTAL 222. IMT SUM 

5.0 COST 

Element cost included in WBS I. I .2.3 
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WBS 1.1.2.3.3 DCJDC CONVERTERS 

1.0 W8S DICTIONARY 

This elem~nt includes the MPTS antenna mounted de/de converters which supply 
My power processing required for power consuming equipment mounted on the 
MPTS antenna structure. 

2.0 DESCRIPTION 

The MPTS power COl"trol and distribution subsystem provides conditioned power for 
aU ~.1PTS elements. The five c'~ressed collector klystron requires conditioned 
power on all inputs except ttl\. two collectors which utilize power directly from the 
SPS CoHector A supplies and Co!Jector 8 solar panel supplies. The power 
conditioning subsystem to provide these voltages is shown an block diagram at the 
left. The estimated input power to each de/de converter is about 5400 Kw. The 
selection of the particular switching circuit device has not yet been made but an 
analysis has shown that a switching speed of 20 KHz w~th SCR's or power 
transistors can yield a de/de conversion efficiency of about 95CJ6. 

lJ) DESIGN BASIS 

The primary design driv~ for the de/de. converters are as follows: 

o Klystron power requirements (Ref. NAS9-15196, Part II Final Report, Vol. 4, 
0180-22876-4, pp 121-126) (includes power and regulation) 

o No more than I% ground power output loss from failure of a converter 

o Use of derated components to improve system reliability 

o Converter chopping frequency selected to optimize overall satellite mass 
(15 KHz). 

o Evaluation of semiconductor technology related to power switching (Ref. 
NAS9-15196, Part II Final Report, Vol. 4, Appendix B) 

o Ability to control the voltage supplied to tile klystron modulating anode to 
regulate the total power output of the combined SPS/rectenna. 

•.O MASS AND MASS BASIS 

The mass of de/de converter is based on an estimate by GE (Ref. N~S9-15J9f;, Part 
II Final Report, Vol. 4, D 180-22876-4, Appendix B) modified for a liquid cooled 
transformer and derated dielectrics (Ref. NAS9-l 5636, Part I Final Report, Vol. 2, 
0180-25037-2, pp 200-206) the unit mass is 4,750 kilograms. The total mass is 234 
(228 for klystron power + 6 for other system power) converters times 4,150 
kilograms = 1,111.5 metric tons. 

5.0 COST 

Element cost included in WBS J.1.2.3. 
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was 1.1.2.3.4 PROCESSOR THERMAL CONT. 

1.0 WM DICTIONARY 

Tais element includes the hardware required to collect and d•ssipate the waste heat 
flux from the power processing equipment installed on the MPTS structure. 

2.0 DESCRIPTION 

The basic system is composed of a heat exchanger, pump, thermal control/bypass 
valve, and thermal radiator. The heat exchanger uses finned heat pipes, with the 
condenser sections in contact with the working fluid of the active loop. The 
evaporator section is in the power converters, for better heat rejection from the 
m01 e sensitive solid stat~ components. The fluid pump was sized at 4.1 Kw. The 
power consumption of all the processors thermal control systems was estimated at 
928 Kw. 

l.O DESIGN BASIS 

Tne power processors (de-de converters) have a waste heat of approximately 218 
Kw per unit. The thermaJ limitation of the power processors is 70°c (for high 
reliability) so it was necessary to baseline an active thermal control system for this 
equipment. 

Tht active thermal control system was sized, for the MPTS system, using a heat 
1low of IOOO watts per square centimeter. Redundancy was built into the system 
(pumps, valves, and control equipment) for higher reliability. 

t.O MASS AND MASS BASIS 

The mass of the thermal control system is estimated to be 2.290 kilograms per 
de/de converter based on the results of a study by Vought using a two radiator 
system-one for the converter electronics (70%) and one for transformer and fiJters 
(200°C) with a total heat rejection of 280 Kw. Total mass is the product of 234 
units times 2,290 Kg/unit weight = 535.9 MT. 

j.0 COST 

Element cost included in WBS 1.1.2.3 
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WBS 1.1.2.3.5 ENERGY STORAGE 

1.0 WBS DICTIONARY 

This element includes the equipment required to stxe energy required for 
consumption, by equipment installed on the \!PTS antenna structure, during periods 
of occultation. 

2.6 DESCRIPTION 

Tile MPTS energy storage system consists of nickel-hydrogen batteries instaded <st 
each power sector substation. The energy storage system provides power tc keep 
the heaters in the klystrons on durin~ occultation and to provide power to critical 
systems during this period. 

l.O DESIGN BASIS 

Klystron life is impacted by cathode heat.!r power on-off cycles. In order to 
inc:-ease the MTBF of the klystron, heater power is maintained G1..1ring the period of 
time when occultation (caused either by the earth or other solar power Scltellites) is 
encountered. 

It is anticipated that significant increase in the MTBF of klystrvns can be achieved 
if thermal cycling of the klystron cathode heater can be minimized. There ar~ 
101,552 klystrons per antenna each requiring heater power of 50 watts at 30 voe. 
T.tus, a total of 5.08 megawatts of power is used for klystron heaters. If a 
distribution loss of 20% (because of the low voluge) and a period of 2 hQurs 
!"equired for operation from stored energy are assun1ed. then 12.186 megaw~tt 
hours of stored energy are required. 

Gas electrode (i.e., nickel 'lydrogen) battery systems offer the advantage of 
numerous recharge cycles and high en~rgy densities. A nickel hydrogen battery 
system is selected for the reference configuration and should provide at least four 
times the service life of conventional nickel cadmium battery systems. 

IJ.O MASS ANO MASS BASIS 

\\'ith an energy stcrage systern of this siu. an energy density of '>7. '3 watt-hours/k1 
(26 WHr/lb) including tankage was cferived. \\ ith a depth of discharge \>f ().7 ouring 
a normal 2 hour operation, a density of 41J.1 \\'Hl~/kg is used to ck.•termtne the mass 
of the required ensgy storage syste:n. The estimated "Tla5S far th<.> rnergy storage 
system is 313.2xl0 kilograrns (313.2 metric tons) • 

.S.O COST 

.S. l Cost Summary 

0 
0 

0 
,) 

0 

Research 
Engineering Ev .iluation 
Demonstration 
Investment 
Production 
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WBS 1.1.2.3.6 ENERGY STORAGE (cont'd) 

j.2 Cost Details 

COST, $-.ULLICNS 

o Research 

0 

0 

0 

o Covered under subarray control circuits 

Engineering Evaluation 

o System developed at 100% of DDT&E 
o Test units are enough to install on EVTA 

Demonstration 

o ODT&E updated 100% (27.8M) 
o Demo unit cost about equal to 

5 G W system (12.'jM) 

Investment 

o DOT&E updated 100% 

o Production 

Item TFU* #RQD Factor 

Master Ref 424K 3 None 
Rcvr &: ref 
phase xmtr 

Cables 17K 60 60th@ 80'l> 
(.268) 

Slave Repeater ll4K 400 400 cum (~ 80% 
( =.22) 

Level 2 cables 17.5K 380 automated 
(g $100/lq~ 

27.'j 

ll0.3. 

27.8 

Ave 
Cost/Unit Per SPS (M) 

924K 1.272 

4.6K 0.276 

25.1 $:OM. 

$2.5K $0.95M 

$12.5M 

Level 3 caoles are common with area-subarray data harness (see W~S 1.1.3) 

*Raw TFU + 10% for mgmt. 
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1.0 

,,; 
NJLDOUT FRA \fE 

WBS DICTIONARY 

WBS 1.1.2.5.1 REFERENCE PHASE 
DISTRIBUTION SYSTEM 

The reference phase distribution system includes all the elements involved in receiving 
the reference phase signaJ and distributing it to the subarray, except for the cabling, 
which is a separate WBS item. 

2.0 DESCRIPTION 

Transmitting antenna coordinates are denoted by (X, Y) where X is the direction parallel 
to the elevation axis of the anteooa/yoke system and Y is perpendicular to X. X x Y = Z 
points aJong the direction of power transmission. When Z is facing the same direction as 
the solar array the direction -Y is towards the solar array. The point (O,O) is at the center 
of the array. Subarrays are numbered by their count from the array center in the fashion 
(X, Y) as iUustrated on Figure A. Note that 0 is not an acceptable vaJue for a subarray 
coordinate. 

for purposes of reference phase distribution as transmitting antenna is divided into 20 
sectors. Each sector is in tum divided into 20 groups with 19 subarrays each. (See 
figure B) 

Three Level One reference phase receivers on subarrays (-.5, -2), (.5, -2), and (-1, .5) each 
receive the Lincom derived spread spectrum reference phase signal from the pilot beam 
transmitter on the ground, demodulate it to the 980 MHz if frequency and transmit it to 
all 20 level two reference phase slave repeater units via actively delay-compensated 
twoway fiber optic cable links. (See Figure C) 

Each Level Two reference phase slave repeater unit receives all three Level One input 
phase signals and selects from among them by automatic gain control (AGC) signal level 
weighted averaging (if they are all coherent with each other) or by two out of three rating 
logic (if they are incoher€"nt). The resulting signal is then transmitted to 19 equivalent 
Level Three reference phase slave repeater units via actively delay-compensated two-way 
fiber optic links with doubly redundant electronics but non-redundant fiber5. 

The Level Three (Sector Group) reference phase slave repeater units take the AGC 
weighted aver age of the input signal if the two inputs are coherent and select the input 
with correct operating characteristics if they are incoherent. After amplification the 
signal is distributed to the Level Four reference phase slave repeater units that constitute 
the input to the nineteen subarrays in their group via a single two-way fiber optic link. 

The reference phase receivers decom..>lute basic satellite control commands from the 
spre.Jd spectrum reference signal as part of tile receiving process. These commands are 
superposed on the fiber optic reference phase signals to the slave units and may override 
normal modes of operation. Any Level One reference phase signal may be explicitly 
ignored or enabled as true reference phase signal for Level Two slave units by explicit 
ground command, even though normal operating mode is to take the AGC weighted 
average. 

Similarly, Level Two reference phase signal channels may be explicitly selected or 
disabled in an override of the normal automatic selection mode. 
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JilJLDOUT. FR .. -\.M~ 

l.O DESIGN BASIS 

was 1.1.2.5.1 REFERENCE PHASE 

DISTRIBUTION SYSTEMS fcont'd) 

The hdrdware design basis is advanced aerospace electronic design practice. 

The function of the reference phase ciistribution system is to receive the spread spectrum 
pilot beam reference phase signal from the ground and distribute it to all subarrays with 
as little relative phase shift as possible. In addition, the system is to receive, 
deconvolute, and distribute the p;1ase control commanos which have been securely 
incorporated into the uplink signal. These commands are necessary to assure a well 
defined reference phase distribution system configuration. They must also be passed 
through all the slave units along with the reference phas-e signal, as they contain a 
subarray power amplifier emergency disable signal to be used as a tJackup to the normally 
used separate spacetenna/subarray control system. Reliabilities of greater than .99999, 
.9998 and .998 for levels One through Three are desired over the thirty year lifetime, 
respectively, in order to assure safe and economical microwave power transmission. 

The basic princi!>le of operation of the active delaycompensated twoway fiber optic links 
is to return the transmitted signal along an equivalent link and compensate so that the 
total phase delay is a multiple of 2 • Note that in the scheme shown a half frequercy 
(490 MHz) signal is also transmitted to pro\ide compensation for the cabling phase shift 
ambiguities that the 980 !\:Hz line length compensation circuit alone does not provide. 

4.0 MASS AND MASS BASIS 

4.1 Mass Summary 

Item 

Level One 
!Iii aster Reference 

Receivers 
Reference Phase 

Transmitter 
(Slave Repeater Units) 
Fiber Optic Cables 

Level Two 
Slave Repeater t:nits 
Fiber Optic Cabler 

Level Three 
Slave Repeater l!nits 
Fiber Optic Cables 

Total Mass 

Total Mass exluding cables 

Single 
Unit Mass 

24.0 kg 

3.0kg 
• lkg/m 

3.0kg 
• lkgim 

3.0kg 
. lkg/m 

Number 
of Units 

3 

3 
60 x 250m 

20 
380 x 250m 

380 
7220 x IOOm 

Total Mass 
(kg) 

. 't 

72.0 

9.0 
1500.0 

60.0 
9.500.0 

1140.0 
72,200.0 

84,481.0 Kg 

1,281.0 Kg 
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WBS 1.1.2.5.1 REFERENCE PHASE 
DISTRIBUTION SYSTEM (cont'd) 

4.2 MASS DETAILS 

Item 

~faster Reference Receiver 

front End 
Signal Processor 
Command ldentif ier /Controller 
Emergency Power Battery 
Box and Mour.t 
Connectors, Swit.::hes, Controller 

etc. 
Multi Layer Insulation 

Total 

Slave Repeater Units 

Fiber Optic Receivers 
Line Length Compensating 

Fiber Optic Transmitters 
Controller 
Box 
Multi Layer Insulation 
Connectors, Pilot Light, 

Misc. 

Total 

j.0 COST 

5.1 Cost Summary 

Co\ umber 
of units 

2 
2 
1 
1 
1 

-
2M

2 

3 

40 
1 
1 

.2M
2 

Research - included under subarray control circuits 

Engineering Verification - $27 .8 million 

Demonstration - $40.3 milJion 

Investment - $28 million 

Production - $12.5 million per SPS 

(Cost Details) 

DDT &E included the following test hardware: 

6 master reference receivers 
6 batteries 

20 level I cables 
120 ~lave receiver5 
120 level 2 cables 

l\tass {kg) 

2 x .5 
2x 1.5 

2.0 
10.0 
5.0 

2.0 
1.0 

24.0 

2x 0.5 

40 x .04 
.2 
.5 
.1 

.2 

3.0 
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ITt::\i TFU 

Master Ref erenc.~ 424K 
l{eceiver 

level 1 Cables 17'< 

Slave Repeaters 114K 

level 2 Cables 17 • .5K 

DIS0.25461·2 

WBS1.1.2.6.1 REFERENCE PHASE 
DISTRIBUTION SYSTEMS 
(cont'd) 

1>;~ .)i")UCTloN ESTtv•A re 

FACTORS AVG PER 
UNIT SPS 

($M) 

3 None 424K $ 1.272 

60 60th s 80% 4.6K 0.276 

400 400 cum (? 80% 25.lK 10.0 

380 Automated 2.5K 0.95 
@ $100/kg 

12 • .5 

Note: Level 3 cables are common with area-subarray data harness (see WBS 1.1.3) 

j.2 Cost Details 

M 

Only two unique electronic components ("boxes") need to be developed. However, one of 
these units, the reference phase repeater unit, should be hard-wire configurable to Level 
One, Two, and Three configurations, which are all slightly different from each other. 

Designing in this generality cuts cost compared to custom units for each level and also 
greatly simplifies maintenance, repair and logistics. 

It is anticipated that three electronic integrated circuits will be designed for use on the 
reference phase control system, at an estimated development cost of $250,000 each. The 
rnost widely used of these wiJl be for tile line length compensating fiber optics transmitter 
circuit. The ether two w1ll be the slave repeater unit controller and the spread spectrum 
signal processor. 

The remainder of the electronics is anticipated to be standard cornmercial components 
upgraded for spacerating. 
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Figure A. Level of Replacement Selection 
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WBS 1.1.2.8 MAINTENANCE SYSTEMS 

1.0 WBS DICTIONARY 

This element includes the built-in MPTS mainter.a11u.: 1.•q1Jipment that is used by the 
visiting maintenance crew. 

2.0 DESCRIPTION 

The MPTS maintenance operations re~uire 'Tlaintenance equipment to operate at 
both faces of the antenna. 

Antenna Front-Face Maintenance Provisions 

The level of replacement selec:ted for the radiating ~urfac:e of the MPTS is that of 
the klystron tube module plus its thermal control systern as shown in Figure A. 
Actual removal of the tube module involves access thro<Jgh holes in the radiator to 
reach the distribution wave guide attachment bracket which secures the module to 
tl'le Listribution wave guide. Once this attachment is released the module is free to 
be removed. 

The selected klystron tube rnodule replacement concept uses vertical acce;;s 
through the cubic secondary structure which is attached to the A-frame primary 
structure. 

The overall concept is il!u•.tr-.1 :~d in Figure B. The primary structure is an 
A-frame design forming ridges that allow free unobstructed movement of the 
maintenance gantry moving horizontaJJy across the antenna. 

The antenna will have a total of l 0 channels in \:hich maintenance gantries can be 
mounted (sec Figure C). Attached to each of the gantries are the maintenance 
vehicles whi-:h re,:1:h up through the secondary structure to reach the failed 
klystron tubes as shown in rigure D. 

Additional detail of the cubic secondary structure and the maintenance vehicle is 
presented in Figure E u.:ith a maintenance vehicle shown moving along in the 
direction of the channel. The gantry itself is designed to tran5port all of the spdre 
klystron tubes necessary for d (;iven shift. The maintenance v:?hicle consists of a 
hinged boom and a two-rnan crew cabin with manipulators. A small klystron rack 
is also attached to the boom tc ~liminate the need for the manipulator~ f. reach 
back down tc the gantry for eacn tube that must be repairer!. In the ca~·· ·f a 36 
tube subarray as in·-lnY as three tubes may require replacemenc. 

The phase control system and some of the power distribution system elements are 
also accessed and replaced using the gantry and cherrypicker systems. 

To enable the docking of the various maintenance system elc:'•ments and to transfer 
cargo around the antenna, the a11lt>rma structure has been designed to incoiporate a 
cargo distribution system and ha5 structural ddditions to allow maintenance 
gantries to be positioned so they can be maintained and supplied with new kly5tron 
tube modules. The systems are shown .:1 .. they relatl to one side of one antenna in 
Figures F and G. Since two 1!t t.>ws work or. each satellite, these same system!> are 
present on both sides of the antenna. 

The actual distribution of the cargo around ~he antenna is accomplished through 
use of cargo transporters opera tint; · ,, • the track syste1:1 on two sides of the 
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WBS 1.1.2.6 HAINTENAttCE SYSTEMS ICOli 
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Figiue E. Vertical Access Maintenance VBhicle 
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Figure F. Antenna Maintenance SystemS 
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WBS 1.1.2.6 MAINTENANCE SYSTEMS (CONT'!· 

antenna. The cargo transporter system consists of three separc1te units attached 
together LO {onn a "train." The middle unit is a control uait that has a crew cabin, 
power systems dll<l crane/;nanipul.ttor tildt moves the cargo b~twf?en the train and 
the maintenance gantries. Units 0r1 either side of the control unit are essentially 
trailers that carry either new klystron tube modules or those that have failed and 
have been removed. Pae tr~in ~ystem moves down to each gantry and delivers to it 
the number of klystron tubes required in ti.at particular antenna channel during one 
shift or one day of operatioc1 d•!p~nding on the channel. 

Antenna Back Surfa·..:.e and \tid-Plane Maintenance Access Provision 

The antenna back S!..lrfd•;'! is where the main power busses will be routed to 
electrical substations located at various primary structure nodal points. The 
maintenance access system selected for f1is application is iUustrated in Figure 8. 
Only one of these gantry/flying cherrypicker systems is warranted by the expected 
faili..1re rates of the components located on the antenna back face. This system is 
also employed to replace the power conductors that are routed between the 
substations and the secondary structure. 

Summary 

The maintenance systems are summarized in Table A. 

3.0 DESICH BASIS 

Refer to Section 13 of the Operations and Systems Synthesis document 
(0180-25461-3). 

TABLE A 
WBS l.l.2.6 MAINTENANCE SYSTEMS 

ITE.\t 

o FRONT FACE 1~AINTENANCE EQUIPMENT 

o Cargo Distribution Tracks 

0 

0 

0 

0 

0 

0 

Cargo Transporter/OTV Docking System 

Cargo Transfer Cherrypicker 

24-Man Crew Bus 

'.,laintenance Gantry Tracks 

Maintenance Gantries 

Mair.tenance Vehicles 

o 6ACK-5UkFA~E MAINTEN ·, ·..;, ::.: C~UIP\\ENT 

0 iviaintenance Gantry Tracks 

o :.-tJ:1lt•~11 .. :mce liantry with Flying 
Cherrypicker Carriage 

;-:"i;i.1g Cherrypicker 
(4'J¥- Wk' I ? 1 I ?\ 

QTY 

4 

2 

.., 

TBD 

22 

22 

TBD 
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WBS 1.1.2.8 MAINTENANCE SYSTEMS (CONM>t 
DIB0-25461-2 Rev A 

lt.O M~ AND MASS BASIS 

Mass was estimted by estimating mass of the components as summarized below. 

TRANSMITTER MAINTENANCE SUMMARY 

ITEM No. RQD Unit Mass Total Mass 
(KG) (TONS) 

GANTRY 22 1650 36.3 

MRWS 22 2500 55 

DOCKING PORTS 66 250 16 .5 

CREW BUS 2 15000 30 

COMPONENT TRANSPORTER 4 1000 4 

CARGO HANDLING 2 2500 5 
CHERRYPICKER 

GROWTH &: CONTING. (20%) 29.4 2CJ.4 

TRACKS 22.4 km 2.42 kg/m 54 

TOTAL 230.2 
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W8S 1.1.2.7 ANTENNA MECHANICAL POINTING Ccont'd) 

J.O COST 

J.1 COST SUMMARY 

0 Research 
Cost1 ~Millions 

0 Engineering Evaluation 
0 Demonstration lflf6.j 
0 Investment 
0 Production j03.9 

J.2 <:cfiT DETAB.S 
o Research 

o Covered wder space construction 
o Engineering Evaluation 

o Covered in LDL 
o Demonstration lflf6.5 

o Use 100% of DDT&E $159.6M 
o Demo unit 

8 gantries @ $8M 
8 MWRS's @ 162.W 
21f docking ports @ 800K = $J 9.2M 
I crew bus @ S'IM 
l transporter @ $1.7M 
1 cargo H. @ 3.64M 
Tracks S'l_lM _ 

~ 
o Investment 
o Productioo 

Item 
Gantry 

MRWS 

Docking Ports 

Crew Bus 

Component x port 

Cargo Handling 
Cherrypicker 

Growth & Cont. 

Tracks 

TFU I RQD Factors 
1. 03 22 22nd @ S.5% 

(.48) 

22 

1.09 66 

51 2 

1.712 ,, 
3.64 2 

( 16% of above) 

$76/kg 

22nd @ 90"6 & 
.7 f rs tripping 
(.44) 

66th@S5% 
= .37 

l0th@90% 
= .7 

4th@S5% 

10th@ 85% 
= .5& 
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Prod 
Unit 

491;K 

12.76 

408K 

35.7 

1.24 

2.11 

Per 
SPS 
l0.9M 

2so.n 

26.9 

71.4 

4.95 

4.22 

63.8 

41.0 
$.503.89M 



ANTENNA BACK SURFACE PLANE 
(PLANAR MEMBERS ONL V SHOWN) 

ANTENNA MECHANICAL POINTING CMG 
INSTALLATION LOCATIONS 

1.0 WBS DICTIONARY 

This element includes the system of control moment gyros located on the power 
trarismission structure and used to accomplish mechanical pointing of the antenna 
transmitting face toward the earth receiving antenna. Subarray pointing or 
positioning provisions are included in the subarray WBS I.1.2.2. 

2.0 DESCRIPTION 

The Power Transmission System Attitude Control System provides fine control of 
antenna mechanical aiming. Control Momc:;nt Gyros (CMG's) are used to generate 
torques required for this fine control. Control of the CMG's is accomplished using 
the signals derived from pointing errors determined from the phase control system. 
Rough pointing to acquire the phase control signal is accomplished using star 
scanners to control the CMG's. 



0180-25461-2 

WBS 1.1.2.7 ANTENNA MECHANICAL POINTING 
R.:.if A 

The CMG's located on the back side of the Primary Structure and are 12 in number 
for each transmitting antenna. A feedback loop from the Antenna Attitude 
Control System to the SPS mechanical rotary j~int allows the rotary joint to apply 
torque to the antenna to continuously desaturate the antenna CMG's. This torque 
is supplied through a hihgly compliant mechanical joint SQ that the natural 
frequency of the antenna in its mechanical supports is below the control frequency 
bands for the CMG's controlling antenna attitude. 

3.0 ELEMENT DESIGN BASIS 

Antenna pointing is required to point the SPS antenna toward the ground rectenna 
to maximize the transfer of microwave energy from the SPS to earth. Three 
options were investigated: 

o Propulsive systems - rejected because of possible exhaust plume interference 
of the RF beam, exhaust contamination of the power transmission system 
elements, and life cycle costs for propellant resupply. 

o Mechanical drive - rejected because of achievable accuracy 

o Control moment gyro's - selected based on achievable accuracy, life, costs, 
freedom from contamination 

The CMG's were located on the outer perimeter of the antenna because of the 
higher temperatures near the antenna center. 

lf.0 MASS AND MASS BASIS 

MASS SUMMARY 

Item No. Req'd Unit Mass 
(KG) 

CMG's 
Star Tracers 
Inst. Structure 

12 
3 

12 

10,657 
5 

533.3 

Total Mass 
(MTI 

127.9 
.015 

6.4 

134.3MT 

f(Jl.00UT .fRA. 

A 

I 
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s.o 
5.1 

5.2 

was 1.1.2.1 ArJTENr~A ;,1ecaAiJtCAL POtrJTUJG (cont' J) 
0180-25461-2 

COST AND COST BASIS 

COST SUMMARY 

COST, $MILLIONS 

0 Research 2.8 
0 Engineering Evaluation 25 
0 Demonstration 27.6 
0 Investment 137 
0 Production 

COST DETAILS 

0 RESEARCH 2.8 

0 Sensors UOK + 920K 
0 CMG Design 326K 
0 Wheels, bearings, motors 816K 
0 Other actuators 615K 

$2827K 

0 ENG1NEERING EVALUATION 25 

0 EVTA will use smaller wheels, 
probably state-of-the-art, 
cost approximately $lOM 

0 lab work on test hardware 
for larger wheels @ $15M 

0 DEMONSTRATION 84.5 

0 Incurs DDT&:E of $.5:34M 
0 3 prototypes @ $311 M 

0 INVESTMENT 

0 None 

0 PRODUCTION 137 

Q $11.l~M each for total of $137M 
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WBS 1.1.3 INFORMATION MANAGEMENT AND CONTROL 

1.0 WBS DICTIONARY 

The Information Management and Control System (lMCS) includes all computers 
and centralized and decentralized data processing required for overall onboard 
management of the satellite configuration operation, flight control, and power 
transmission systems. 

2.0 DESCRIPTION 

The Central Processor Unit (CPU) manages data traffic to and from the ground, 
formats telemetry for transmission and checks commands for bit errors. Other 
functions of the CPU include maintaining stored commands for operating and 
testing the data subsystem in the absence of ground control and control of 
telemetry data storage for lat~r transmission. Critical computers are triple­
redundant and cost-strapped. 

Each tier monitors operation of the tier below, instigates check on subordinate 
units and establishes priority for upward communication. The lowest tier inter­
faces the IMCS to other subsystems through sensor readings, digital data transfers 
and command outputs. An upper tier may also override a command by a lower tier 
in order to restore operation or diagnose apparent failures if its information on the 
status of the Remote Technical Unit (R TU) involved, or information from another 
RTU, warrants such action. 

Fiber optics were select~d for harnesses because such a system is of lighter weight, 
is more fault tolerant, (because it is a non-conductor it does not propogate faults), 
has a wide-band multiplexing capability, is inherently immune to EMI and arc 
discharges, and the raw materials required are in ready supply and inexpensive. It 
is recognized, however, that a considerable amount of development in fiber optics 
will be required. 

A code format which contains the clock has been selected because the long 
distances over which the data must be transmitted not only make synchroni 7 ation 
witt. a separate clock signal very difficult, but also results in an apprt!dlble 
increase in complexity ar.d cost. 

3.0 DESIGN BASIS 

The large numbers of telemetry points and commands required by each satellite 
made it apparent that if all telemetry data were transmitted to the ground, either 
very large numbers of ground personnel would be required to monitor the data and 
generate commands, or the equivalent work would have to be accomplished by 
automatic processing It also became apparent that if automatic processing had to 
be used, it could be done by a distributed processing ssystem in the satellite with 
processors located near the equipment bemg monitored and commanded. This 
system provides two other advantages, the amount of data transmitted throughout 
the satellite and to the ground would be reduced, and the delay time between 
detection of an anomaly and receipt of a correcting command would be reduced. In 
view of these considerations the hierarchical on-board processing system was 
selected. 

In order to process tele:Tietry data and generate commands locally within the 
satellite, numerous microprocessors and memories are required, distributed 
throughout the satellite. These processors are organized into groups, each of which 
is monitored by a processor that is one of another tier or processors. This tiering 
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was 1.1.3 INFORMATION MANAGEMENT AND CONTROL 
(cont'd) 

process contint.es up to a Central Processor Unit which ma11ages the data traffice 
to and from the ground. 

The recommended a?proach is essentially two systems connected by a limited data 
link. The reasons for this approach are: 

a. The large amount of information which must be handled 

b. Transmission of large amounts of data at high rates across the slip rings may 
be difficult 

c. A redundant link with the ground is provided 

•.O MASS AND MASS BASIS 

Total Mass= 96 Metric Tons 

Antenna Mounted 

Computers 
Main 
Sector Control 
Area Control 
Struc. R TU's 

Cables 
Main - Sector 
Main - CMG 
Main - COM 
Sector - PPU 
Sector - Area 
Area - Subarrays 
Area - Struc R TU's 

Array Mounted 

Comput~rs 
Main 
FH Con 
Sector 
Area 
RTU's 

Cables 
Spine Bus 
Trans Bus 
Area - RTU 
Main - FCC 
Main ·FCC 
Main - Com 

IJ 
3 

114 
.380 

2000 

II 
76 
12 
2 

234 
380 

7220 
2000 

II 
3 

12 
17 

136 
2720 

II 
1 

17 
2720 

4 
4 
2 

kg ea Total 
50 150 
8 912 
2 760 
0.5 1000 

2822 

Length kg/m 
500 0.1 
500 0.1 

1000 0.1 
10 0.1 

250 0.1 
100 0.05 
100 0.05 

kg ea Total 
25 75 
8 96 
2 34 
1 136 
0.5 1360 

1701 

Length kg/m 
l7000 0 .1 
5500 0 .1 

50 0.1 
3000 0.1 

12000 0.1 
10 0 .1 

90 

kg ea kg Total 
50 3,800 
50 600 

100 200 
1 234 

25 9,500 
5 36' 100 
5 10 2000 

60,434 

kg ea kg Total 
1700 1,700 
550 9,350 

5 3,600 
300 1 ,200 

1200 4,800 
1 2 

30,652 



5.0 COST 

5.1 COST SUMMARY 

Research $6.82M 

0180.25461-2 

WBS 1.1.3 INFORMATION MANAGEMENT AND CONTROL 
(cont'd) 

Engineering Verification $25M for EVTA FCC 

Demonstration 

5.2 COST DETAILS 

Research program covers flif ht control and system control. 

No engineering ver:fication is planned. $25 million is allocated for a flig~t control 
computer for the engineering verification test article (EVTA). This will be a 
conventional system. 

Demonstration 

DDT&:E 
Corr.:iuters & Data Acq. 
Harnesses 
SE&:I & Software 
Test Hdwe 
Prog Mgmt, etc. 

Production 

Computers & ~ata Acq. 
Harnesse~ 
Prog Mgmt, etc. 

Cost ($M) 

35.2 
37.9 

164.2 
82 •. 5 
48.5 

368.4 

Cost ($.\I) 

27.9 
15.7 
4.4 

48.0 

5.3 MATERIALS AND-ENERGY REQUIREMENTS 

Demo Unit 
$156M investment 
Delta DDT&:E $110M 

A detailed estimate cannot be made without detailed designr, of the hard\vare. The 
predominant material will be aluminum. The remainder will bt: mainly solid state 
components, plastic, and copper. 

· 5.c; MANUFACTURING 

This hardware will be produced by normal electronics manufacturing methods. 

5J LAB<!R 

Production of this hardware will employ approximately 300 people • 

.5.6 QC&QA 

Parts and completed unit:> wilt undergo manuai and autorr.ated testing d1Jdt1g 
production. 
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jJ PACKAGING AND SHIP?ING 

DIS0.25461-? 

WBS 1.1.3 INFORMATION MANAGEMENT AND CONTROL 
(cont9d) 

Normal electronics practice; the antenna mounted units will be instaUed on 
subarrays for shipment to space, and the array mounted units will be installed in 
space separately. 

'·O TECHNOLOGY AND DESIGN STATUS 

These syste1ns have been designed to the block diagram level. The computers are 
expected to be available industrial technology but not space-rated hardware. The 
fiber optic cable will be of the same technology as the phase distrib•Jtion of the 
SPS wiring harness. It is expected tha: most developmental effort will be to 
achieving the high degree of reliability and redundance required for commercial 
utilities. Similar problems are often solved in the chemical engineering industry. 
The bulk of the development will adapt existing equipment to support flight 
projects with flight qualified hardware. 

7.0 SUITABWTY FOR SERVICE 

This hardware is not expected to contribute significantly to overall failure rates. 
It can be made redundant as needed with some extra co->t. 
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WBS 1.1A ATTITUDE CONTROL AND STATIONKEEPING 

1.0 WBS DICTIONARY 

This element indudes the components required to orient and maintain the 
sateUite's position and attitude in geosynchronous orbit. Included are sensors, 
reaction wheeJs, chemicaJ and electric propulsion hardware and propellants. 

2.0 DESCRIPTION 

The attitude control system includes attitude sensing and an electric propulsion 
system with four installations, one at each comer of the SPS energy conversion 
system. A typical comer constallation is ilustrated in Figure 1.1.4-1. The attitude 
control system indudes thrusters, power processors, structure, propellant feed and 
control systems and instrumentation and control. Chemical propulsion is provided 
for control during equinoctal occultations or unexpected loss of electric power. 

The approach for collector control makes use of multiple thrusters providing a 
total force equal to the solar pressure. Individual thrusters are modulated above or 
below thei.- bias leveJ to provide the control torques needed to offset gravity­
gradient disturbance torques. In essence, there is no additional propellant penalty 
for coUector attitude control. Single axis (pitch) rigid body control only is shown. 
Thruster location will be at the nodal points of one of the lower modes to minimize 
excitation of that particular flexbile mode. Active damping of other modes will be 
achieved by superimposing additional thrust modulation signals on the attitude 
control thrust level commands. These signals are derived from the outputs of 
multiple rate sensors which are processed to isolate the rigid body and lower 
bending mode components of motion. 

Thrusters include the primary electric thrusters for maintenance of attitude 
control, and auxiliary chemical thrusters required for establishment of attitude 
control when electric power is not generated by the SPS. The electric thrusters 
are 120 centimeter diameter ion thrusters operated on argon as primary propeUant. 
Approximately 50,000 kg per year is required, as established by the need to 
eliminate orbit perturbations introduced by solar pressure. All other flight control 
can be accomplished by modulation of the solar pressure counter-thrust. The 
chemical propulsion system employs liquid hydrogen and liquid oxygen. The 
propellant containers are spherical aluminum tanks located near each thruster 
installation and are sized to hold a one year propellant supply plus a 20% margin. 
The oxygen and hydrogen tanks tankage includes 20,000 kilograms of maneuvering 
reserve propellants in addition to the normal control propellant. 

The propellant feedlines are uninsulated aluminum lines. Propellant pressure is 
controlled to the pressure required for the thrusters by regulators. A shutoff valve 
is included in each line for each thruster so that any malfunctioning thruster can be 
isolated from propellant feed. The feedlines include flexible elements and gimbals 
to cross the thruster panel gimbal joint. Electric thrust control is provided by 
startup and shutdown of individual thrusters. Oxygen/hydrogen thruster control is 
provided by operating the thrusters in pulse mode. 

The structure consists of a cable stayed 7.5 meter beam with the necessary support 
structure for system installations. The gimbal system is a two-axis, motor-driven, 
slow-rate gimbal system whose commands are derived from the instrumentation 
and control system. 
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W8S 1.1A ATTITUDE CONTROL AND STATIONKEEPING 
(cont9d) 

The power processors are solid state and convert the .0,000 V from the SPS to 
lower voltages required by thrusters and other subsystems. 

J.O El EMENT DESIGN BASIS 

Velocity control is required to maintain orbit station by offsetting solar pressure 
and orbital drift toward the neutral point. Attitude control is required to provide 
Sun orientation of the collector and high accuracy Earth rectema pointing of the 
two antemas. In additionm to countering the gravity-gradient disturbance torques, 
the control concept must avoid unstable interaction of the antenna and collector 
control loops and structural flexibility effects. 

Attitude control requirements are at CEO dominated by gravity gradient effects. 
Orbit trim requirements are dominated by solar pressure. A good flight control 
strategy combines the corrections, using unbalanced couples to provide translation 
corrections for solar pressure while applying torque to counter gravity gradients. 

The mass penalty for gravity gradient control indudes: I) thrust production 
hardware; thrusters plus power processing; 2) generating capacity required to 
power the thrusters; 3) propellant required. The correct propellant quantity 
penalty reflects the time value of the cost of propellant resupply; the penalty 
should be the net present value (in economic terms) of the lifetime propellant 
requirement. The penalty value ranges from 10 years' annual supply (10% discount 
for 30 years) to 14 years' annual supply (7-1/2% discount, infinite life). 

Propulsion system lsp is a variable, assuming electric propulsion. As lsp is 
increased, propellant mass penalty decreases but hardware penalty increases. 
Accordingly, an optimlBTl occurs and 20,000 seconds lsp is selected as a representa­
tive value. Chemical propulsion will be needed to provide control during equinoctal 
occultations. Despite the low lsp (400 sec), only I to 1-1/2 tons of propellant is 
needed annually due to the small duty cyde. Complete reliance on chemical 
propulsion would result in a propellant requirement of about 2100 ton~ per year. 
Thus electric propulsion is nearly mandatory for flight control at GEO. 
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•• o MASS ANO MASS BASIS 

WBS MASS RATIONALE REFERENCE 
ESTIMATE 

1.1.4.1 Sensor Systems (1,000 Kg) Guess None 

1.1.4.2 Electric Proeutsion (178,811 Kg) .sum 

Thrusters ( 112) 5,600 Kg Scale from 30 cm thruster NAS9-l,196, Part I 
Vol • .5 P 17.5 

Propellant 50,00 Kg Consumption + Reserve NAS9-1S636, Phase l 
Vol 3. P 708 

Propellant Tanks (8) 3,7.50 Kg 7 -1 /2% of propellant mass None 

Propellant Feed (4) 1,000 Kg 2% of propellant mass None 

Power Processors ( 12) 112,327 Kg 1.3 Kg/kw estimate See was 1.1.2.3.4-.4 

lnstaUation Hardware (4) 6,133 Kg 5% of above(-) propelJants None 

l.J.4 • .3 Chemical Propulsion (26,143 Kg) Sum I j 
'° ::: i VI Thrusters (30) 102 Kg Estimate OTV Study • t 

Propellant 22,000 Kg Consumption & Reserve NAS9-1S636, Phase ;I> 
Vol 3., P 11! ~ 

Propellant Tanks (4) 3,960 Kg 18% of propellant mass FSTSA Study 5~ 
& Feed System (pressure fed thrusters) 

Installation Hardware (4) 81 Kg 296 of tank+thrusters+feed None § 
1.1.4.4 Structure and (6,1.56 Kg) Sum ! 

Installation Hardware r-
Beams (4) .5,343 Kg (4.11)(32.5)(4) See WBS 1.1.1.1.1 ~ 

CJ 
Cables (12) 8 Kg (.571 + 742 + 879) (.0031) See WBS 1.1.6.1 

~ Installation & Assy (4) 2.55 Kg .5% of the above None ::t 
Gimbals (4) "O Kg Guess None i 

" m 
TOTAL ((212,110 Kg)) 

m 
Sum :I 
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J.1 

was 1.1.4 AnlTUDE CONTROL AND 
STATIONKEEPING (con.-d) 

COST SUMMARY 

o Research 

o Engineering Verification 

o Demonstration 

o Investment 

o Production 

COST DETAll.S 

o Research 

o Electric propulsion carried as 

part of space transp. 

o Engineering Verification 

DDT&E $S l.5M 

Flight hardware $7 .SM 

o Demonstration 

DDT&E $414M 

FJight hardware 80M 

COST, $ MILLIONS 

S9 ,,,. 
2.S 

160 

494 

o Investment 248 

Delta DDT&E 60% of that 

for demonstration program 
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o Production 

o Thrusters 160 x $10,000* 

o Processors $3.57M Each x 12 

o Installation 

o TANKS 

o Control 

o Chemical Propulsion 

o Tank Insulation 

o Feed Systems 

o Computer 

o Power Distribution 

WBS 1.1.4 ATTITUDE CONTROL AND 
STATIONKEEPING (~d) 

COST $ MILLIONS 

160 

= $1.6 Millions 

= $42.84 MILLION 

= $25.0 MILLION 

= $ .5.8 MILLION 

= $12.6 MILLION 

= $12.0 MILLION 

= $10.0 MILLION 

= $16.0 MILLION 

= $ 8.0 MILLION 

= $ 8.0 MILLION 

$139.0 MILLION 

1 • .5 Inflation Factor 

$160.0 MILLION 

*Low cost results from commonality with GOTV thrusters. They are the same except for 

acceleration voltage optics. 
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Dl80-2S461·2 lDLvuur_ FRAAfE 

WBS 1.1.4.5 MAINTENANCE SYSTEMS 

1.0 WBS DICTIONARY 

This element includes the flying cherrypicker docking platform on the attitude 
control system. 

2.0 DESCRIPTION 

The satellite attitude control system is a complex of electric and chenical 
thrusters, propellant tanks, power processors, and thermal control system com­
ponents located on the tip of beams that extend outboard of the satellite body (see 
Figure A). To access these components, a flying cherrypicker docking platform is 
located amidst the complex as shown in the figure. 

l.O DESIGN BASIS 

Refer to Section 13 of the Oper3t1ons and Systems Synthesis document 
(0180-25461-3). 
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f~'LUUU'f.. FRAME 

1.0 WBS DICTIONARY 

WBS 1.1.5 COMMUNICATIONS 

This element includes the hardware to transmit and receive intelligence among the 
various SPS elements. This includes communication of both data and voice 
between the SPS and the control center as well as among the various cargo and 
personnel vehicles. Excluded is intravehicular and intrasatellite communications. 

2.0 DESCRIPTION 

The communication system configuration consists of a spacecraft system and an 
MPTS antenna system which have a limited data link by the data bus through the 
slip rings. The IMC system is such that approximately one megabit/sec. rate is 
required for both the command uplink and the telemetry downlink. Both sub­
systems have a two foot parabolic antenna each providing an earth coverage gain 
of 18 dB at S-band. An omni-antenna is located on the spacecraft to provide for 
command reception in the event of a major error in spacecraft attitude control. 
The configuration with a 20 watt transmitter will transmit up to 20 Mbps and 
receive up to 10 Mbps. 

With the proposed frequency plan, uplink command information will be received by 
the satellite in the 2.050 to 2.150 GHz band. Telemetry data will be transmitted in 
the 2.200 to 2.300 GHz band. 

3.0 DESIGN BASIS 

The design of the communication subsystem must take into consideration not only 
normal but also contingency operations. In developing the recommended system 
two of the first alternatives considered were use of the uplink pilot signal from the 
rectenna for transmittal of commands and modulation of one of the MPTS antenna 
klystrons for transmission of telemetry. ~th of these techniques have the 
disadvantage that the MPTS antenna beam is deliberately despoiled in the event of 
loss of attitude control, thus severely degrading the communication link at a 
critical period of operation. 

A concern in the frequency plan is that of noise transmitted from the MPTS power 
transmission klystrons falling within the 2.050 to 2.150 GHz reception band. A 
typical klystron transmits AM and FM noise in the vicinity of the RF carrier. At 
about one megahertz from the carrier, the noise characteristic is relatively 
constant at a value of 130 dB/KHz below the carrier component. Beyond the 
klystron's passband (typically 10 MHz) the noise characteristic is further atten­
uated by the rolloff characteristic of the klystron cavities. For a six cavity 
klystron, approximately 400 MHz away from the carrier (at the uplink command 
reception band), the rolloff characteristic of the klystron is approximately 220 dB 
(six octaves). The output noise from the 100,000,70 KW klystrons at the edge of 
the klystron passband is 10 dBW, while within the command reception band it is 220 
dB below this value or -210 dB (-180 dBM). A typical phase-lock loop command 
receiver has a sensitivity or threshold of -140 dBM. Under the above assumptions, 
then, the wideband klystron noise is approximately 40 dB below the command 
receiver threshold. Had this not been the case, some other frequency band, such as 
the 11.0 to 14.0 GHz band could have been selected. Higher frequencies may be 
desircble to minimize band crowding and interference in the SPS time frame. 
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WBS 1.1.6 COMMUNICATIONS (~d) 

•.o MASS AND MASS BASIS 

MASS 
ITEM ESTl~.1ATE RATIONALE REFERENCE 

Receivers (6) 24 K~ Scaled Estimate IUS Avionics 
Receiver Mass 

Transmitters <•> 47 Kg Scaled Estimate IUS Avionics 
Transmitter Mass 

0\1NI Antenna (2) 3 K~ Scaled Estimate IUS Antenna 

Dish Antenna (4) 9 K~ Scaled Estimate Lunar Rover 
Dish Antenna 

Oiplexer (4) 7 K~ Estimate IUS Diplexer 

Command (4) 1.5 Kg Scaled Estiamte IUS Corr.mand 
Decoder 

Demodulator 

Baseband (4) 45 Kg Estimate Guess 
Assembly Unit 

Cabling 30 Kg Guess None 

lnstaUa tion & 18 Kg Guess None 
Assembly (10%) 

Total 180 Kg Sum 
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).0 COST 

J.1 COST SUMMARY 

0 Research 
0 Engineering Evaluation 
0 Demonstration 
0 Investment 
0 Production 

.S.2 COST DETAILS 

0 RESEARCH 

0 None 

0 ENGINEERING EVALUATION 

0 Modify existing system@ $10M 
0 Add $8M for flight article 

0 DEMONSTRATION 

0 Use 10096 of DDT&E@ $19.6M 
0 Add 1 unit cost (.Q $8M 

0 INVESTMENT 

0 Use delta DDT&E of $12M 

0 PRODUCTION 

o From PCM 
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1.1.j 

COST,$ MILLIONS 

18 
27.6 
12 
8 

18 

27.6 

12 
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1.0 WBS DICTIONARY 

WBS 1.1.6 INTERFACE (ENERGY CONVERSION/ 
/POWER TRANSMISSION) 

This element provides the movable interface between the energy conversion 
subsystem and the power transmission subsystem. A 360° rotary joint and an 
antenna elevation mechanism are required to maintain proper alignment of the 
transmitter with the ground receiving station. Included are structure, mechanisms, 
power distribution, thermal control, and maintenance hardware. 

2.0 DESCRIPTION 

The interface element is composed of the yoke support structure, which provides 
for translation from the mo..:ular energy conversion structure to the support 
structure for the circular mechanical drive ring and the electrical slipring 
assembly, the yoke str•JCture, th£ mechanical turntable, the electrical rotary joint, 
and the antenna elevation joint. All structural members used in the yoke support 
structure are 12.7~: beams. The antenna yoke structure is a 135M truss 
constructed using 7 .5M beams with Kevlar tension cables. The mechanical rotary 
joint is a 350 meter diameter drive ring with twelve roller drive assemblies and 36 
idler assemblies. The electrical slip-ring assemt-ly is 16 meters in diameter and 
contains twenty slip-rings. 

3.0 DESIGN BASIS 

The MPT3 antenna-to-satellite interface requires 360° rotation about the space­
craft central axis with limited motion for elevation steering while maintaining 
structural and ele~trical integrity between the satellite and the antenna. The 
concept was se:_-cted based on the ability to meet its intended function, construct­
ability within the height constraints of the construction base. maintaining a clear 
area for access to the rear surface of the antenna for maintenance purposes, and 
placement of the mechanisms in a more benign thermal environment than located 
directly behind the antenna. 

•.o MASS AND MASS BASIS 

MASS 
ITEM ESTIMATE RATIONALE REFERENCE 

Structures 17.5.4 MT See WBS 1.1.6.l See WBS 1.1.6.1 

Mechanisms 38.4 MT See WBS 1.1.6.2 See WBS 1.1.6.2 

Power 21.8 MT See WBS 1.1.6.3 See WBS 1.1.6.3 
Distribution 

Total 23.5.6 MT Sum 

:JI., 
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WIS 1.1.8 INTERFACE (ENERGY CONVERSION/ 
POWER TRANSMISSION) (~a) 

'·o cosr 
j.J cosr SUllMARY 

0 

0 
~ 

<. 
0 

Research 
Engineering Evaluation 
Detn00$tration 
Jr; ·1e5tment 
Production 

j.2 COST DETAR.5 

o RESEARCH 

0 

0 

0 

0 

ENGINEERING EVALUATION 

o Interface for EVTA will have no 
commonality (except technology) 
with full size SPS 

o By scaling, DDTctE, and unit 
for EVTA, est. $20M 

DEMONSTRATION 

o Yoke 80%, TTD - 50%, Ring - 20% 
o By scaling, DDT ctE = $260M 
o Unit = $.50M 

INVESTMENT 

o Delta DDT&E = $419M 
(20% off for commonality 
with demonstrators) 

PRODUCTION 

COST, $ l\41LLIONS 

20 
310 .. , 
101.6 

20 

310 

419 

101.6 

Structure Feedstock is $76/kg x 17.5000KG = $13.JM 

Double for fittings and connectors 

TTD 

Rotary Joint 

Add 

Total (1 sps) 
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= $46M (cost model output) 

= $20M (cost model output) 

$9M for assy & c/o of 
TTD & R/J 

= $101.6~ 
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WBS 1.1.8..1 STRUCTURES 

1.0 DICTIONARY 

This element includes all members neceSSclry to provide a mechanical interface 
between the primary structures of the energy conversion subsystem and the power 
trdl'smission subsystem. It includes beams, beam couplers, cables, tensioning 
devices, and secondary structures. Excluded are elements of the drive assembly 
which are inch;ded in mechanisms (\V8S No. 1.1.6.2). 

2.r. DESCRIPTION 

The structural members used between the energy conversion structure dnd the 
mechanical rotary joint and the octagonal structure which supports the mechanical 
and electrical rotary joint are 12.7 meter beams. AU beams used in the yoke 
structure are 7.5 meter beams. Tension cables used in the yoke structure are 
Kevlar and are 6.3 millimeters in diameter • 

.>..O DESIGN BASIS 

The energy conversion/power transmission interface requires 360° rotation about 
the spacecraft central axis with limited motion for elevation steering while 
mai9taining structural integrity. The mechanical interface which provides for the 
360 rotation is a 3.50 meter diamet~ turntable. When the antenna is operated at 
the maximum elevation angle of 7" the interface unit must provide sufficient 
standoff such that the microwave power beam from the antenna is not blocked by 
any portion of the energy conversion system. Material selection is discussed in 
WBS 1.1.1.1. 

•.o MASS AND MASS BASIS 

Lengths 

J 2. 7 Meter Beams. 

Yoke Support structure - Beam Length. 
2 (4) (363.8) + 4 (639.7) + 4 (701.1) + 687.1 = 8,192.6 Meters. 

Ring Support Structure - Seam Length 
2 (8) (134) + (2) (350) = 3,544 Meters 

Total Length= 11,736.6 Meters@ 7.48 Kg/Meter 

7.5 Meter Beams. 

Yoke to Ring structure - Beam Length 
(8) (210) + 4 (180) + ~ (60) + 2 (112 • .5): 2.745 Meters 
Yoke Structure - Beam Length 

Longitudinals 
( 19) (3) (135) + (2) (67.5) = 7830 
End Transition Beams 
2 (2)(90) + 135 = 630 
Battens 
(24) O> (140) = IO,C80 

Total Length =- 21,28.5@ 4.11 Kg/Meter 
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DRIVE RING 
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(EVERY 30 DEGREES) 

19..1 cu 

\! 
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A ROLLER/DRIVE ASSEMBLY IS LOCATED AT 12 PLACES (EVERY TENSION CABLE) 
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ASSEMBL( IS )IMILAR TO THAT SHOWN EXCEPT THAT THE WHEELS INDICATED 
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LOADED ACROSS THE ASSEMBLY. 

Drive Ring and Roller Assembly Location Relative Base 
Chords of Circular Ring Beams 



WBS 1.1.6.2 e.1ECHANISMS 

1.0 "8S DICTIONARY 

This e!ement includes the components required to rotate and elevate the power 
transmission subsystem. Included are the drive ring, bearings, gear drives, and 
drive motors. 

2.0 DESCRIPTION 

The mechanical drive ring provides 'J60° rotation between the energy conversion 
and the power transmission portion of the SPS. The mechanical rotary joint is 
composed of two segmented circular beams (one on the satellite side and one on 
the yoke side). Each circular beam is supported at eight points, every 45 degrees, 
to its adjacent support structure. The inner and outer base chords of each circular 
beam are arranged adjacent to each other. Between each set of base chords, a 
drive ring and roller assembly is attached to provide relative movement between 
the satellite and MPTS system. The antema yoke attaches to its circular beam in 
a similar method as described for the yoke support structure. Elevation control is 
~vided at each of the two yoke to antenna gimbal attadvnent points. 

J.O DESIGN BASIS 

The mechanical rotary joint concept was developed to be compatible with the yoke 
concept selected for the energy conversion/power transmission interface. The size 
was selected in part to provide sufficient room for access to the eJectrical slipring 
assembly for maintenance and for routing of the aluminum sheet power busses to 
the slipring assembly. The materials for the drive ring were selected for strength 
and the required life. 

•.o MASS AND MASS BASIS 

MASS 
ELEMENT ESTIMATE 

Circular Ring 9,64G kg 
Beams (2) 

Drive Ring 18,380 kg 

Roller Assemblies (48) 670 kg 

Roller /Drive 950 kg 
Assemb 1• ..... s (12) 

Support .'ittings (120) 600 kg 

Assembly and lnstal- 160 kg 
lation Hardware 

Contingency (10%) 3,000 kg 

Elevation Joint 5.000 ~ 

Total 38,40 k~ 

RATIONALE 

Detailed Estimate 

Detailed Estimate 

Detailed Estimate 

Detailed Estimate 

Detailed Estimate 

Guess 

Guess 

Guess 

Sum 

REFERENCE 

NAS9 -15196, Part 

11, Vol. VI, 
D180-22876-f.. 

pp. 23-28 

None 

None 

None 
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WBS 1.1.6.3 POWER DISTRIBuTION SYSTEM 

1.0 WBS DICTIONARY 

This element provides for the transfer of electrical power thro\Jgh the mterface. It 
includes slip rings, brush assemblies, feeders and insulation. It excludes main power 
busses. 

2.0 DESCRIPTION J.A~JLDOl1T FRA~1E 

The selection of the multiple bus system for SPS power distribution requires that a 
mulitple slip-ring electrical rotary joint to transfer power between the power generation 
and power transmission portion of the SPS. Twenty slip-rings accomplish power transfer 
for the 10 pairs of power busses. Coin silver (90% silver and 10% copper) was selected for 
the slip-ring material and a silvermolybdenum disulfide brust. with 3% graphite was 
selected. The characteristics of this combination yield lo~ brush/slip-ring voltage drops. 
With a design using a brush current density of 20 amps/cm only about 40 kW of power is 
dissipated in the rotar)' joint. Brush assemblies are designed for symmetrical loading of 
the shpping due to brush pre-load. Insulators for brush assemblies, slip-rings, and feeders 
are alumina. 

3.0 DESIGN BASIS 

The concept was developd based on the foUowing requirements: 

I. Twenty separate slip-ring assemblies. 
2. Normal slip-ring current capabilities. 
3. Maximum brush current density of 20 amperes per square centimeter. 
4. Brush feeder current density of 400 amperes per square centimeter. 
5. Brush pressure of 25. 9 Kpa ( 4 psi). 
6. Coin silver slip-ring (90% silver and 10% copper). 
7. Silver-molybdenum disulfide-graphite (85% Ag, 12% MOS2, and 3% Graphite) 

brushes. 
8. Maximum outside diameter of 16 meters (fits inside HLLV payload bay). 
9. Earth assembled. 
IO. Minimum spacing between different conductor systems of 0.7 meters. 
l I. Positive retraction of the brush assembly from the slip-ring contact surface. 
12. All feeder conductors to have maximum surface exposure to free space for thermal 

dissipation purpcc;es. 

If .O MASS AND MASS BASIS 

Mass 
Item Estimate Rationale Reference 

Slip-rings (20) 11,810:·~ Detailed Estimate NAS 9-15196, Part fl 
Brushes (832) 540kg Detailed Estimate Vol VI, 111S0-22S76-6, 
Brush "'ire 270kg Detailed Estimate PP 45-50 except for 
Brush Holder (80) 2, 160kg Oetailed Estimate Brush holders used 
Feeders 3,S40kg Detailed Estimate 27kg/Holder Ref. p 48. 
Structure l ,862kg ( 10% of Above) None 
Assembly and 

lnstJllation 372kg (2'b of Above ~one 

Contingency 931 (5% of Above) None 
1 ot.il ~I, 7S 5r-1: 5u:n 
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was 1.1.6.4 MAINTENANCE SYSTEMS 

1.0 WBS DICTIONARY 

This element includes the interface structure main power bus, mect1dnical rotary 
joint/slipring assembly, and yoke maintenance access provjsions. 

2.0 DESCRIPTION 

Interface Structure Main Bus Access 

The main power divides into two sets at the end of the power coUectjon module 
mid-line. These two power bus sets are suspended from beams which run down to 
the structure surrounding the mechanical rotary joint. Access to these stacks of 
power busses is provided by putting tracks on the upper beams and mounting a 
flying cherrypicker carriage on each track (see Figure A). Dedica1'~ ' .. __ nance 
cherrypickers are not warranted. 

Mechanical Rotary Joint and Slipring Assembly Access 

After examining several alternative access concepts, the concept that was chosen 
was one that employs a built-in rotating boom and flying cherrypicker (see Figure 
B). This configuration provides the capability for accessing alJ of the power bus~es, 
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 to the low failure rates of these components. 

Yoke Access 

The power busses and elevation joint assembly components wilJ be accessed by a 
flying cherrypicker that mates with a carriage mou11te<i on built-in tracks on the 
yoke (see Figure C). 

3.0 DESIGN BASIS 

See Section 13 of the Operations and Systems Synthesis document (0180-25461-3). 

•----MAINTENANCE 
TRACK 

FLYING CHEARYPICl(fR 

Figure Yoke Maintenance Access System 
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1.0 W8S DICTIONARY 

VJBS 1.2 SPACE CONSTRUCTION AND SUPPOlf 

,J_,. ~Y .... DO VT l'l~A~il:: 

Tiu:. element includes aJI hardware and activities required to assemble, checkout, 
operate, and maintain the satellite system. Included are space stations, construc­
tion facilities, support facilities and equipment, and manpower operations. 

2.0 DESCRIPTION 

The baseline construction concept entails constructing a 5 G W photovoltaic SPS at 
geosynchronous orbit (GEO) using electric orbital transfer vehicles (EOTV's) to haul 
cargo between a low Earth orbit (LEO) base and a GEO base. 

Cargo is delivered to the LEO base by heavy Hft launch vehicles (HLLV's). There 
would be eight HLL V flights every week. Seventy five crewmembers are 
transferred between Earth and the l EO base by the Personnel launch vehicle (PL V) 
fourteen times ~very 90 days. 

The LEO base is used to construct the EOTV's and is also used as a staging depot 
for transferring cargo and crews to the vehicles which will deliver them to GEO. 
During the EOTV construction operations there would be about 200 people at the 
LEO base. During the on-going cargo handling phase there would be about 135 
people. 

Cargo is transferred between the LEO base and the GEO base in approximately 180 
days !..sing the EOTV's. Crews and crew supplies are transferred to the GEO base in 
approximately 6 hours using chemical (L0

2
/LH2) orbital transfer vehicles (OTV's). 

The SPS's are constructed at GEO using a 4-bay-wide end builder construction 
base. The GEO construction base will construct one 5 GW SPS in approximatel} 6 
months employing a crew of approximately 400 people. 

The GEO base is also used as a place to refurbish failed SPS hardware and is the 
home base of maintenance crews and their mobile maintenance systems that travel 
to operational SPS's. 

3.0 DESIGN BASIS 

The baseline space construction and support system, is designed to provide the 
capability of constructing 2 of the 5 GW SPS's per year and 8 EOTV's per year. SPS 
construction at GEO was specified by NASA. EOTV construction at LEO was 
selecteci based on cost (see Sec. 1.3.2 in Roeing document 0180-25037-2). 

4.0/5.0 MASS AND COST 

Refer to Table A for mass and cost summary. See the subelernent descriptions for 
mass and cost basis. 
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WBS 

1.2.1 

1.?.2 

1.2.3 

Annual 

1.2.1 

1.2.2 

1.2.3 

0180.254'1-2 

was 1.2 SPACE CONSTRUCTION AND SUPPORT (cont'd) 

TABLE A 

WBS 1.2 SPACE CONSTRUCTION AND SUPPORT 
COMPREHENSIVE MASS & COST SUMMARY 

DDT&E Cost 
Element Mass, MT $ Millions 

GEO Base 6656.5 3816 

LEO Base 1832.4 5005.1 

Totals 8488.9 MT $8821 M 

Mobile Ma1nt. System 522 MT TBD 

GEO Base 1125 MT/Yr 

LEO Base 533.5 MT/Yr 

Totals 1658.5 MT/Yr 

Mobile Ma1nt. Sys. 103.8 MT/Yr 
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Unit Cost 
$Millions 

9008.2 

3419.5 

$12,427.7 M 

426.6M 

$1,297 M/Yr 

625.2 M/Yr 

$1,~ ·., .! • 2 M/Yr 

$118.5 M/Yr 
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WIS 1.2. t GEO BASE 
Rev A 

1.0 "8S DICTIONARY 

This element includes the facilities, equipment, and operations required to assemble and 
check out the satelli\e system. Included are fabrication and assembly facilit:es, cargo 
depots, and operations. 

2.0 DESCRIPTION 

Construction of the 5000 MW reference satellite takes place in GEO. Consequently, the 
personnel needed to activate the 4 Bay End Builder Constructior. Base must travel first by 
means of the Shuttle to LEO and finally by means of an orbital transfer vehicle (OTV) 
wt-jch operates from the LEO base. 

The 4 bay end buildf!r assembles the SPS sateUite in two successive passes as shown by the 
construction sequence iUustrated on the facing page. During the first pass, the GEO 
construction base builds a 4 boy wide strip by 16 bays long. Construction of the sateUite 
antenna !s performed in parallel. When one-half of the satelli'!e energy conversion system 
has been assembled, the base is indexed to the side and then back along the edge of the 
satellite. The base is realigned with the end frame of the satellite to start the second 
c_onstruction pass. The remaining 4 Lay wide strip is attached directly to the assembleJ 
satellite systems as the base moves toward the other end. Large electric orbital transfer 
vehicles (EOTV) will deliver SPS materials and components throughout the assembly 
process. GEO base crews will also be rotated as needed. The satellite antenna is 
completed in parallel with the construction of the 8 x 16 bay energy conversion system. 
At the end of the second pass, the base is indexed sideward to mate the antenna with the 
centerline of the energy conversion system. Following the satellite final test and 
checkout, the base will be separated from the satellite and transferred to the next SPS 
GEO construction location. 

The GEO base is ."'ISO the location of SPS component refurbishment facilities and is a 
staging base for mo •• le maintenance crews a11d transport vehicles. 

3.0 El.F..MENT DESIGN PASIS 

The GEO construction base is designed to construct 5 G\V SPS's at a rate oi ? satellites 
per year. The 4-bay end builder construction base concept was selected from several 
options (see trade study in Boeing document Dl8'J-25037-2, Section 1.2) because of ib 
production rate growth capability. 

11.0/'j.0 MASS AND COST 

Refer to Table A for mass and -:ost summary. See subelement descriptionJ for mass and 
cost basis. 

I JO 



0180-25461-2 
WBS 1.2.1 GEO BASE COMPREHENSIVE 

MASS AND COST SUMMARY 

TABLE A 

Mass. ll>T&E Cost Unit Cost 
WBS No._ Element Tons SM79 SM79 

1.2.1 GEO Base 6656.5 3816 9008.2 

1.2.1.1 Work Support Fae. 5028** 999 3574** 

1.2.1.1.1 Structure 2927 107 337 

1.2.1.1.2 Construction Equ1pm't 460 396 1800 

1.2.1.1.3 Cargo Handling & 399 207 430 
Distrib. System 

1.2.1.1.4 Subass •y Factories 38 54 323 

1.2.1.1.5 Test & Checkout Facil. 20 25 170 

1.2.1.1.6 Transportation Vehicle 3 No unique 9.5 
Maint. Facilities equipment 

1.2.1.1.7 SPS Maintenance 63.5* 148 243* 
Support Facil. 

1.2.1. 1.8 Base Subsystems ~38 60 322 

1.2.1.1.9 Base Facilities 242 (SS) No unique 182 (SS) 
& Equipmt. Maint. 

1.2.1.1.10 COlllllilnd & Control Sys. 1 2 1 
(antennas only) 

1.2.I.2 Crew Support Fac11. 1628.5 681 2SS4 

1.2.1.2.1 Crew Quarters Modules 1215.5 227 1923 

1.2.1.2.2 Work Modules 413 454 631 

(Cont'd) 

* With 20 SPS in orbit 
** Does not include 1.2.1.1.7 

111 



0180-25461-2 

WBS 1.2.1 GEO BASE COMPREHENSIVE MASS 
AND COSf SUMMARY (~d) 

WBS No. 

TABLE A 

( Continued ) 

Element 

Wrap-Around Factors 

Spares 

Instl., A5sy, & C/0 

SE&I 

System Test (Delta Test) 

GSE (added to LEO Base) 

Software 

Logistics 

Liaison 

Project Management 

Annual 

Mass, 
Tons 

OOT&E Cost 
$M79 

2136 

(l> 548 (151) 

(161) 

ll> 548 ( 71) 

378 ( JS) 

189 ( 41) 

fl> 330 

Ii>- 99 

6:> 44 

( 2S) 

. Resupply 1125 MT/Yr 

• Salaries & Training 

~ (GEO Base . l?"Apply 2.9 LEO Base Un1t Cost Factor) to 
corresponding LEO Base DDT&E wrap-around cost. 
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Unit Cost 
$M79 

2880.2 

919.2 

980.5 

429 

183.8 

245.1 

122.6 

$636.2 M/Yr 

661 

$1297 M/Yr 



.......... ANTENNA 
...... CONSTR FACILITY 

'· -~- .......... "'Ii 

.... 
' -- -.., 

............ ·-. 

•. • . .. 
.... .......... 

• ,, 
'-.., 

• 
-~ SOLAR ARRAY 

• CONSTR FACILITY 

~ • 
~ .. 
-~ 

'' ... - -~ 

,J 
177S-OISW 4 BAY END BUILDER 

1.0 WBS DICTIONARY 

This element includes the facilities and equipment required for satellite assembly and 
check out. Included are beam fabricators. manipulators, assembly jigs, installation 
and deployment equipment, and cargo storage depots. Facilities for transportation 
vehicle maintenance and SPS maintenance support are also included. Excluded are 
the facilities related to crew support. 

2.0 DESCRIPTION 

The GEC b'lse has contiguous facilities for concurrent assembly and subsequent mating 
of the satellite energy conversion system and its power transmission antenna. To 
implement these construction operations, the base structure serves as an assembly jig 
which also supports the construction equipment, cargo handling- and distribution sys­
tem, subassembly factories, test and checkout facilities, transportation vehicle main­
tenance and base subsystems. When SPS Power Transmission Operations begin, the 
GEO bas~ will also support SPS maintenance facilities. Crew support facilities, which 
are included on t11e GEO base, are described in Section I. 2.1. 2. 



WBS 1.2.1.1 WORK SUPPORT FACILITIES 

3. 0 DESIGN BASIS 

The major construction facilities of the GEO base are tailored to the structural cross 
section and support requirements for 'lSsembling their respective SPS systems. The 
energy conversion assembly facility is designed to provide a fully assembled 8x6 bay 
reference system after two 4-bay wide longitudinal construction passes. The power 
transmission assembly facility in turn. is arranged for progressive build-up of the 
microwave antenna. i.e. assembling one row at a time until the 11 row planform is 
fully constructed. See the Boeing/Grumman Phase I Systems Analysis • Tradeoffs 
(Doc D 180-25037-2). 

SUBELEMENT 

WBS 1.2.1.1.1 STRUCTURE 

1.2.1.1.2 CONSTRUCTION EQUIPMENT 

1.2.1.1.3 CARGO HANDLING/DISTRIBUTION 
SYSTEM 

1.2.1.1.4 SUBASSEMBLY FACTORIES 

1.2.1.1.5 TEST /CHECKOUT FACILITIES 

1.2.1.1.6 TRANSPORTATlON VEHICLE 
MAINTENANCE 

1.2.1.1.7 SPS MAINTENANCE SUPPORT 
FACILITIES 

1.2.1.1.8 BASE SUBSYSTEMS 

1.2.1.1.9 BASE FACILITIES & EQUIPMENT 
MAINTENANCE 

1. 2.1.1.10 COMMAND & CONTROL SYSTEMS 

WBS 1.2.1.1 WORK SUPPORT FACILITIES 

17 7'i-OOIW 

* With ~o SPS's IN ORBIT 
**DOES NOT ~NCLUDE 1.::!.1.1.7 

4.0 MASS & COST BASIS 

Referto\\IBS 1.2.1.1.1, 1.2.1.1.2, 1.2.1.1.3, etc. 

COST-SM 

MASS-MT DEV PROD 

2927 107 337 

460 396 1800 

399 207 430 

38 S4 323 

20 2S 170 

3 - 9.5 

63.5* 148 
I 

243* 

938 60 322 

242 - 182 

I .., I 

5028** 999 3574** 
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1775-0Jt:W 

1.0 WBS DICTIONARY 

ANTENNA ASSEMBLY 
FACILITY 

This element includes the primary and secondary structure of the GEO !lase. 

2.0 DESCRIPTION 

The GEO base structure supports the emerging satellite during all phases of construc­
tion. The SPS energy conversion system is assembled during two successive passes 
by the L-shaped framework shown above. The width of this framework (3. 42 km) en­
compasses 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 open truss 
is sufficient to house beam fabrication stations, solar blanket inshllation equipment, 
bus installation mechanisms, crew facilities, docking, storage, intra-t.ase transport, 
etc. The other leg of the facility (900 m 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 attach­
ment of the antenna and rotary joint interface. This open truss platform (2. 72 km 
x 1. 65 km) also supports the antenna/yoke assembly during the lateral index and mat-



WBS 1.2.1.1. l STRUCTURE 

ing operations wi~h the assembled 8 x 16 bay energy conversion system. The frame­
work provided ~or the rotary joint facility, yoke as:;embly facility and antenna assembly 
facility is sufficient to hoase the construction equipment and machines as needed. 

3. 0 DESIGN BASIS 

The primary structure of the GEO base is nominally assembled with a 100 m sq..1are 
framework which includes diagonal shear members on each face. The small assembly 
facilities, which are used to build the yoke and antenna, are assembled with a 50 m 
laitice. All structural members used in these frameworks are fabricated by automatic 
beam machines develo~ to build the vperational SPS. It is assumed that both '1.5m 
and 12. 'lm triangular section, closed-chord composite beams are used. Ground fabri­
cated fittings and deployable members are also expected to be used on the base struc­
ture. 

~WLDOVT FRA~1E 

4. 0 MASS AND MASS BASIS 

MASS 
ITEM ESTIMATE RATIONALE REFERENCE 

Solar Collector 1239xl03Kg ESTIMATE IP DlS0-25037-3 

Assy Facility (247800m) 

Rotary Joint Facility TBD 

Antenna Assy Platiorm 12oox103icg ESTIMATE IP DlS0-25037-3 
(240000m) 

1

20% ALLOWANCE 488 UNDEFINED ITEMS DlS0-25037-3 

2927x103Kg (j> ASSUMES 5Kg /m 

1775-002N 

5.0 COSTS 

The parametrically derived DDT&E cost for structure is $107 M. The t:'roduction cost 
of $337 M was derived by escalating the previously used 1977 co~! of $lll0/Kg (Ref. 
DlS0-22876-3) to 1979 dollars. 

5. 4/5. 7 MANUFACTURING PROCESS AND PRODUCTIC J !-t ~TES; CAPITAL 
FACILITIES/LABOR /QC & QA/PACKAGING t\?-iD SH1Vi'ING 

This element can be manufactured for the GEO construction base by norr.1al aerospace 
production practices. No unusual requirements are envision'-.:d for the manufacturing 
facility or the work ~\)rec. Standard methods of quality control and quality assurance 
will bl' utilized. Prc~cnt methods of packaging for shipment to orbit will be used. 
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BEAM BUILDER 

FRAMI 

90mCRANE 

1775-017W 

1. 0 WllS DICTIONARY 

BUS DISPENSER 

CHERRY PICKER 

FRAME JOINT ATTACHMENT 
ROTATING JOINT 

~FACILITY BEAMS-_......_ 

INDEXER 

This clement includes all e<1uipment items dedicated to construction of the SPS with 
the exception of equipment utilized in subassembly operations (the latt ~r are included 
in WBS 1.2.1.1.4). 

2.0 DESCHIPTION 

SPS constru.:!tion equipment includes automatic machinery for fabricating large struc­
tural beams in spnce. These beam machines build three sided open truss beams from 
tightly rolled strips of composite materini to avoid the higher costs incurred in trans­
porting low c.lcm;ity structures to GEO. General purpose manned cherry pickers, pro­
vided with dextrous manipulators. are used to assemble these light weight beams and 
install the required subsystem components in the energy conversion and power trans­
mission systems. During construction, the major elements of the satellite are sup­
ported l>y indexers which can be moved across the base as needed. Additional equip­
ment is nlso provided to facilitate the deployment of h.t"ge sheet metal power buses, 
anchoring solar array blanket contniners, and installing :mtenna systems. 

3. 0 DESIGN BASIS 

The GEO base construction equipment concepts arc derived to support all stages of 
SPS assembly operations. The following table provides a summary listing of the major 
equipment types and where they arc used. 
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I 

\VBS 1.2.1.1.2 CONSTRUCTION EQUIPl\IENT 
• I.' l t":..\:.U: 

CONSTRUCTION EQUIPl\1ENT MASS AND COST SU'.\ll\IARY 

QTY (t> !\IASS. lO~g COST $106 

SUB AVE SUB 
ITEl\I l\1 A YT EA. TOTAL TFU EA. TOTAi~ DDT&E 

WBS 1.2.1.1.2.1 
BEA!\I MACHINES 

• 7 .5 mSYNCH TRAV~L 10 10 11 110 40.3 32.2 32?. 

} 159.6 
• 7.5 m GI!\1.MOBILE • 

MANNED 2 2 2 6 15 90 74.8 61.4 368 

• 12. 7 m GIM. MOBILE • 
MANNED 1 1 21 21 86.3 86.3 86 

WBS 1.2.1.1.2.2 [p 
CHERRYPICKERS 

} 115.7 
• 30 m 8 2 10 2.5 25 29.9 21. 9 219 

• 9C :.1 4 2 6 5 30 41. 4 32.3 194 

• 120 m 2 1 3 7 21 43.7 40.0 120 

• 250 m 1 l 9 9 47. 2 44.9 45 

W.!:JS 1.2.1.1.2.3 
· !t~DEXERS 

} • 15-45m 5 5 1.3 6.5 4.4 3.5 ?'" _, 
• 130 m 6 8 14 3.0 42 6 " . ., 5.3 74 

• 230 m 2 2 5.5 11 12.1 11.5 23 

WBS !..2.1.1.2.4 
BU.:; DEPLOYER 

• 90 m (ALSO 80 m) 1 1 1 3 8.0 24 28.8 25.5 77 

WBS 1.2.1.1.2.5 
SOLAR ARRAY 
DEPLOYMENT EQUIPMENT 

• PROXIMAL ANCHORS 176 176 TBD TBD TBD 

WBS 1.2.1.1.2.6 
ANTENNA DEPLOYl\IENT 
PLATFORl\! I I 28 28 92 92 92 
-· 
ADD lO'o ALLOWANCE I FOR liNDl:.FINED I rnJ EQUIPMENT 42 . l. 

[j> USED ON 

460xI~3kg _J I 
~ AVE. UNIT COSTS 

BASED ON TOTAL 
QTY OF EA SIZE 
USED TllHOllGll­
Ol1T THE BASE 

I ~~~m, 
:\I - SOLAR AHH:\ Y 

SYSTE'il 
:\ - ,\~TENNA 

Y · YOKE &. 

TOTAL CO:\ST 
EQl'IP\IE\T 
'.\l:\SS 

96.0 

110. 7 

TBD 

178 

-

I [!:> $396M 

TOT:\L 
CO\ST. 
l:CH'IP.COST 

HOT:\RY 
.JOINT 

T TOT:\L 
1775 003V\I 

1 i -TOT·\I OF '\(•60\f \ffll flPLIFD BY 60'; tFSTIMATED 
COMMON.A LITY WITH LEO BASE EQUIPMENT). 
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I ~LDOUT FRAME 

DOCKING PAD/FLAT CAR RAILROAD 
177S-018W 

1. 0 WBS DICTIONARY 

This element includes the hardware used for docking the various cargo and crew 
vehicles, the systems used to offload /reload these vehicle:::., the cargo and crew trans­
porters, the cargo sorting and storage systems, and the track network used to move 
the cargo, crews, and equipment around the base. 

2. 0 DESCRIPTION 

A rail guided transportation system is used on the GEO base to transfer materials 
and personnel from one work station to the next and between the various levels of 
the base as needed. Docking facilities are provided on the upper deck of the base, 
at level J, for EOTV cargo transfer and GEO crew rotation. Pressurized crew buses 
are used to move base personnel throughout the base in shirt-sleeved conditions. The 
dual rail system includes a redundant elevator network on each stanchion to facilitate 
inter level transfer operations. EOTV cargo pallets are berthed to rail guided remote 
controlled transporters, which move the pallets to the unloading area. SPS construc­
tion materials, base supplies and OTV supplies are off-loaded by man operated cranes 
for temporary storage and subsequent distribution by other remote controlled trans­
porters. When SPS operations begin, this system can be expanded to handle the de­
livery of SPS maintenance components and equipments. The empty cargo pallets are 
returned to the berthing area for transfer back to the EOTV. 



Dltl0.25461-2 WW> l.~.l.1.3 CARGO HANDLI~G 'DISTRIBUTION SYSTE:\J 

~LDOUT FRA'M~ 

4.0/5.0 MASS AND COST SUMMARY 

MASS PROD COST ( 1979$) 

MASS TOTAL 
SUBELEMENT QYT EST.MT RATIONALE $M RATIONALE 

WBS 1.2.1.1.3.1 
VEHICLE DOCKING 
SYS. 
• POTV DOCKING 4 4 GUESS 10.4 GUESS 
e CARGO TUG 

DOCKING 2 1 PROPORTIONAL 3.1 PROPORTIONAL 
TO POTV TO POTV 

• IOTV DOCKING 8 8 SAME AS POTV 20.8 SAME AS POTV 
e PROPELLANT 35 SAME AS LEO 11. 3 SAME AS LEO 

STORAGE/ BASE 
DISTRIBUTION 

WBS 1.2.1.1.3.2 
VEHICLE LOADING I 
UNLOADING 
• CARGO PALLET 2 1 GUESS 2.0 GUESS 

HANDLING JIG 
WBS 1.2.1.1.3.3 
•TRANSPORTERS 20 20 PROP TO 45 M 45. 8 PROP TO 45m 
•30M CHERRYPICKER 3 1.5 INDEXER 65.7 INDEXER 

WBS 1.2.1.1.3.4 
CARGO SORTING 
SYSTEM 3 75 PROP TO 30m 79.8 PROP TO 30m 

C.P. C.F. 
WBS 1.2.1.1.3.5 
CARGO STORAGE 
SYSTEM 6 30 GUESS 5.7 GUESS 

WBS 1.2.1.1.3.6 
CARGO 
DISTRIBUTION 87KM 174 2Kg/m- 40.0 $230/Kg-

ESTIMATE BOEING EST. 

WBS 1. 2. 1. 1. 3. 7 
CREW TRANS-
PORTERS 
• 10 MAN BUS 3 15 PROP TO PASS 58.7 SCALED TO PASS 

MOD MOD 
e 24 MAN BUS 3 36 PROP TO PASS 146.7 SCALED TO PASS 

MOD MOD 

WBS 1. 2. 1. 1. 3 
CARGO HANDLING & 407 MT $496M _______J 
DISTRIBUTION 

- - --- - -- - ---- ---- - ------- ------~---- - - ----
1775·004W DOT&E = 4Q<Y, OF LEO BASE CARGO HANDLING EQUIPMENT DOT&E = S207M 
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... ------ LEVEL Jl900ml ... r_--"1 • 

Kl400ml 

LEVEL A(O.m) 

THRUST I: A 
COMP. 
STORAGE 
RACK i 

1. 0 WBS DICTIONARY 

I I 
THRUSTER! I 
COMP. i 1 

STORAGE ; I 
RACk l 

' . 

TOOL 
STORAGE 
BUSBAR 
FORMING 
AREA 

r 
COMPONENT 60 
STORAGE 
RACK 

::JO RAMP 

FRAME 
ASSY 
AREA 

STRUT 
SUBASSY 
__,-., 

STRUT 
ASSY 
MACHINE 
16 PLCSI 

TRACKS 

LEVEL K SUBASSEMBLY FACTORY 

This element includes the facilities and equipment dedicated to preassembly of SPS 
subassemblies prior to delivery to the final installation facilities. 

2. 0 DESCRIPTION 

Subassembly factories at"e included on GEO base levels "K" and "J" in order to sup­
port the mi1in assembly operations for the antenna and solar array collector, re­
spectively. The antenna subassembly factory on level K, for example, is equipped 
with componen~ storage racks, manned chert"y pickers and various subassembly jigs. 
This factory pr~assembles beam end fittings, switch gear set ups and power bus sup­
port structures for the antenna and its rotary joint/yoke interface. The level J fac­
tory provides similar subassemblies which are tailored to be installed in the energy 
conversion system. The level J factory is also used to presassemble major components 
of the attitude control thrusters and major elements of required satellite maintenance 
equipment (e.g. solar array blanket annealing gantries). 



D180.2S461-2 
WBS 1.2.1.1.4 SUBASSEMBLY FACTORIES 

4. 0 MASS AND MASS BASIS 

MASS - MT I 
ELEMENTS LEVEL J K REF. 

COMPONENT STORAGE RACKS TBD TBD 

30M CHERRY PICKERS (6 & 9) 15. 22.5 

BUS BAR WELDERS TBD 'rBD I DlS0-25037-3 

BEAM END FITTING JIG TBD TBD 

STRUT ASSEMBLY MACHINES TBD -

TOTAL 15. 27.5 
-

1775-00SW 

5.0 COSTS 

The subassembly factory cost of $323 M was derived by escalating the previously used 
1977 cost of $281 M, shown in Ref. D180-22876-3, to 1979 dollars. 

DDT&E SAME AS LEO BASE SUBASSEMBLY FACTORY DDT&E = $54M 

117 



DIS0.25461·2 

W8S 1.2.1.1.5 TEST/CHE~KOUT fACILITIES. 

1.0 WBS DICTIONARY 

This element includes aU facilities and equipment 1.- • t'.~ GEO base that are 
dedicated to test and checkout of SPS components or subassembHes. 

2.0 DESCRIPTION 

The major tt:st and checkout facilities/eC)loipment that have been identified are the 
following: 

o Subarrays Test System 

Use base power off-peak 

1-20 m c/p @ 2.5 tons 

2 ppu @ 6 tons each: J 2 tons 

Test station und support equipment - 5 tons 

o Thruster Test 

Test on SPS after instaJJation 

o Slipring Test 

Test on SPS, otherwise rely on .;arefuly inspection. 
NOTE: If slipring is assembled in space, then 

must provide test stations fixtures. 

o Solar Array Test 

Test on installation 

lf.0/5.0 MA~S AND COST 

Mass 
Unit Cost 
DDT&E Co.c.t 

= 20 MT 
= $170 M 
= 25 M 

Cest.) 
(est.) 
(est.) 
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TABLE A 

TRANSPORTATION VEHICLE MAINTENANCE 

AT CEO BASE 

VEHICLE [!:::> MAINTENANCE ACTIVITY 

EOTV 0 Solar array an"ealing 

o Minor and unplanned mail"tenance 

POTV 0 

IOTV 0 

CARGO TUG 0 

------ ------·---

(LEO Base is prime locatior. for sc1te-c'fuled 
mi!inteflance) 

Minor and unp!anned maintenance 
(LEO Base is prime location for scheduled 
maintenance) 

All scheduled and unscheduled maintenance 

All scheduled and unsdieduled maintenance 

[!::> Mobile construction equipment and intrabase cargo transporter maintenance 
!ncluded in WBS 1.2.1.1.9 

TABLEB 

SPACE VEHICLE M~ANCE SUPPORT EQUIPMENT 

90M Cherrypici<er [!:::>. 
Elec.trical ::>uwer Test Set 
Electracal loaJ Banks 
Communicatioo~ Test & Checkout Equipment 
Guidaw.:e de Navigation T ~st & Checkout Equipment 
Control & l'ata '\cquisition ~onsole 
EMI Test Equipment 
Memory Load de Verify Unit 
Elr.:.:tronics Calibration Equipment 
F.n~ine Hand!ing Kit 
Engine Alignment Fixture 
Engine t\ct•Jator Support Fixture 
Engine Actuator Adjustment Kit 
Insulation Handlirg Kit 
APS Pressure Instrumentation Kit 
Main Propulsion Syst..:m Chec'<out Accessories Kit 
APS Checkout f.ccessories Ki_t 
Inspection f:f 1i;-nmt 
Ultrasonic '( ''l Unit 
Radiograph, ,r.at 
~.11ss 5pectrornP.ter Leak IJ~tection Unit 
Ac•1ustit. Leak Oetectior :: t 
l\,~r<•:.cnpc• .. md Fibre ;)ptiLS 
Th~odllli le 
Ground ~ervicmg Umbilic,t! ~et 

fl - r··."rryp1d er is includeo i:i the total q11antity ider.tified in WBS J.2.!.1.2.2. 
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1.0 WBS DICTIONARY 

WBS 1.2.1.1.6 TRANSPORTATION VEHICLE 
l\tAINTENANCE SYSTEMS 

This elc-mcnt includt.'S the equipment and facilities dedicated to transportation 
velucle maintenance operations. The maintenance operations are included in WBS 
1.2.1.3. 

2.0 DESCRIPTION 

The '~icles to be maintained at the GEO Base and the nature of the maintenance 
is "'hown in Table A. 

There are no dedic"1 .ed vehicle maintenance facilities as the vehicles are 
maintained on their docking pads. Access is provided for cherrypickers both for 
maintenance and operational purposes. Vehicle compon£"lts that are removed for 
refurbishment are taken to the Mc:tintenance Module (Ste WBS 1.2.1.1.7). This 
Maintenance Module is jointly used by the vehicle maintenance, base equipment 
maintenance, and "PS component mainter.ance op~rations. 

The equipment identified in Table Bis required to support the vehicle maintenance 
operations. 

The EOTV .. olar array annealing is remotely controlled from the GEO Base 
Operations Center. The annealing control subsystems are accounted for therein. 

3.0 DESIGN BASIS 

The requirements for vehicle maintenance facilities, equipment. crew. and operati..>ns 
were established by the operations analysi.::. given in Section II of the Operativns and 
Systems 5ynthesis document (Boeing doc. no. 0180-25461-3). 

lf.O MASS AND MASS BASIS 

Item 

90m Cherr~picker 

Misc. T00ls/Fixtures/ 
Jigs/Etc 

Quantity 

I set 
in 

Total 

5.0 COST ANO COST BASIS 

Mass 

3 

3MT 

Basis 

Not dedicated 
to this 
ope-ration, 
shared with 
other operations. 

See Table C 
WBS i .2.2.1.6 

lnvestrnc-nt cost of the tool.~/fixtures/j1~s/etc.. w.is estimated to be $9. '>m (5eP Table C Hl 

\lBS 1.2.2.1 .• ,J. 
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Figure A-Satellite Main~ Support l'Tovilions at the GEO Base 
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WBS 1.2.1.1.7 SPS MAINTENANCE SUPPORT FACILITIE 

1.0 WBS DICTIONARY 

This element includes the facilities, systems, and support equipment dedicated to 
SPS maintenance support operations. The SPS maintenance support operations are 
included in WBS 1.2.1.3. 

2.0 DESCRIPTION 

Figure A shows the maintenance support provisions at the GEO base. There are 
three major maintenance support operational areas: I) OTV operations area, 
2) pallet loading/offloading and storage operations area, ~nd 3) refurbishment 
operations area. 

In the OTV operations area (this is integral with the OTV operations required to 
support the construction operations), the POlV's are docked and the crews trans­
ferred to their assigned habitat via a crew bus. During the time between the 
maintenance visits to the SPS's, ther' will be four maintenance IOTV's located in 
the OTV operations area. The vffik~cc: include a crew module transporter OTV, a 
flying cherrypicker transpOl"ter OTV, ,. ,• two component transporter OTV's. There 
are cherrypickers located in the OTV Operations Area that are used to stack 
payloads onto vehicles and to mai 1tain the vehicles. 

In the PaHet Loading/Offloading and Sto!'"age Operations Area, the replacement 
parts cargo pallets arriving from the EOTV cargo tug handling area, the defective 
components arrivi!lg from the OTV operations area, and the reconditioned compo­
nents arriving from the refurbishment facilities are processed. Incoming goods are 
off loaded from pallets onto storage racks. Tta""Se 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 dei:,,ered to the OTV operations area foc loading onto IOTV's which will 
deliver the goods to the satellites being visited by the traveling maintenance crew. 

In the Refurbishment Operations Area, the de .ective corrponents are processed to 
recondition them for use. The major refurbishment operation is that associated 
with processing 6612 klystron tube modules (KTM's) each month. The defe..:tive 
K TM's are off loaded 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 re­
furbishment production line wher~ they are torn down to the extent necessary to 
replace the defective components. After the KTM's are repaired. each one is run 
thro11J?h an active operational test to verify the fix. Figt.rf' B shows the production 
iine integrated into the KTM Refurbishment Module. T-ible A describes the 
stations. support equipment, etc. for this facility. Table B summarizes the support 
equipment required. When they have passed inspection, the KTM's are loaded onto 
a transporter to be returned to the storage area. 

Other miscellar:eous component5 (e.g., switchgear, ..:isconnect switches, power 
processors, etc.) are reconditioned m a second module, see Figure C. This module 
and its support ec;uipment is also used to refurbish GEO Base equipment and 
transportation vehicle components. 

The maintenance operations and new sizing are described in WBS i .2.1.3. 
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WBS 1.2.1.1.7 SPS MAINTENANCE 
SUPPORT FACILITIES (Continued~ 

3.0 DESIGN BASIS Y-·' ;' 
The SPS maintenance support facilities, systems, and support equipment require­

ments are based on maintaining 20 operational satellites. The derivation of these 

requirements are detailed in Section 13 of the Operations and Systems Synthesis 

document (Boeing doc. no. 0180-25461-3). 

TABLEB 

BASELINE KTr.t REFURBISHMENT SUPPORT EQUIPMENT 

ITEM QTY 

0 Gantry-mounted cherrypickers 6 

0 Test Stands & Systems 13 

0 Fluid purge/refiU system 7 

0 Welders - Radiator 2 

0 Klystron bakeout/vacuum system 18 

0 Misc. hand and power tools TBO 

0 Stl.)rage provisions TBD 

0 Conveyors 3 
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WIS 1.2.1.1.7 SPS MAINTENANCE SUPPORT FACILITIES 
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W8S 1.2.1.1.7 SPS MAINTENANCE SUPPORT FACILITIES 

•.O MASS AND ~ BASIS fl> 
ITEM QTY B;> MASS, MT BASIS 

o IOTV docking ports, 
cherrypickers, and 
tracks have been 
included in WBS 
1.2.1.1.3 

o Maint modules and 
maint crew habitats 
have been included 
in wBS 1.2.2 

o Storage racks 2 10 See Table C in 
WBS J.2.2.J.3 

o 20M cherrypickers 2 4 See Tabie ,\ ::nd C 
in WBS 1.2.2.1.2 

o Gantry mounted 7 14 Estimated to be 
cherrypickers same as 20M CP's 

o Test stands &: systems 28 14 Guess - .5 MT ea 

o Fluid purge/refiH 8 4 Guess - • .5 MT ea 
system 

o Weloers 3 1 • .5 Guess - • .5 MT ea 

o Klystron bakeout/ 18 9 Guess - • .5 MT ea 
vacuum ~ystem 

o Mis..:, Hand and TBD I Guess 
power tools 

o Storage provisions TBD 2 Guess 

o Conveyors 4 4 Guess 

TOTAL 63.5 MT 
MASS 
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was 1.2.1.1.7 SPS MAINTENANCE SUPPORT FACILITIES 

j.0 COST AND COST BASIS [!> 
ITEM QTY ~ COST, $M BASIS 

o IOTV docking ports, 
cherrypickers, and 
tracks have been 
included in WBS 
1.2.1.1.3 

o Maint modules and 
maint crew habitats 
have been included 
ir. \VBS 1.2.2 

o Storage racks 2 1.6 See Table C in 
WBS 1.2.2.1.3 

o 20M cherrypickers 2 39.2 See Table A and C 
in WBS 1.2.2.1.2 

o Gantry mounted 7 1.37 .2 Estimated to be 
cherrypickers same as 20M CP's 

o Test stands & systems 28 28 Est. $2000/kg 

o Fluid purge/refill 8 8 Est. $2000/kg 
system 

o Welders 3 3 Est. $2000/kg 

o Klystron bakeout/ 18 18 Est. $2000/kg 
vacuum system 

o Misc, Hand and TBD Neg 
power tools 

o Storage provisions TBD Neg 

o Conveyors 4 ___!_ Est. $2000/kg 

TOTAL $243 M 
COST 

[!::'> Based on 20 SPS's in orbit. 

B> Includes items usea in or around both the K T!\i maintenance module and the 
miscellaneous maintenance module. 
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1775-020W 

1.0 WBS DICTI, AARY 

ATTITUDE CTL 
THRUSTERS (6) 

This element includes the base electrical power and flight control systems. 

2.0 DESCRIPTION 

Electrical power and flight control systems are provided on the f]EO base so that all 
work facilities and crew support facilities can operate as needed. Both subsystems 
are required to function while the SPS solar array blankets are maintained in an off­
sun attitude during construction, and also in the on-sun attitude for final checkout 
and separation. Preliminary analyses show that it is feasible to meet this requirement 
by orienting the satellite /GEO base configuration perpendicular to the orbital plane 
{POP). The operational SPS also uses this flight attitude. However, even though 
the POP attitude hns been selected for th.? reference GEO base &ystem, other flight 
attitude concepts should be examined in the future to assess their impact on base sys­
tem design and operational interfaces {e.g. earth oriented gravity gradient stabi­
lized modes) . 
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,2_,, lt--;L'. .... ULJT FRA:\IE 

WBS 1.2.1.1. 8 BASE SUBSYSTEMS 

The base electrical power system provides 1500KW for operative crew modules, con­
struction equipment and external lighting. This system also provides 14,400KW to 
operate the low thrust ion propulsion flight control system. Fixed body mounted 
solar array blankets, which are similar to those on the satellite, are used for electri­
cal power generation. To accommodate SPS off-sun/on-sun construction attitudes, 
base solar arrays are located underneath the antenna construction platform an-:1 also 
on the top and outer side of the antenna assembly facility. It also has a nickel hydro­
gen battery energy storage system, which is used for brief periods during equinoc­
tial occultation. 

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

3. 0 DESIGN BASIS 

The GEO base electrical power requirements are derived from the previous Boeing 
study which defined SPS LEO construction methods (Report DlS0-24071-1). Estimated 
power requirement for operating construction equipment (150KW) and providing asso­
ciated external lighting ( 320KW) are used directly from that report . Po-.~er require­
ments for crew modules, however, have been revised ( 1030KW) to reflect 15 modules 
(vs 10) due to added crews for SPS operational maintenance support. ~t also reflects 
a proportional reduction in ECLS power commensurate with the updated weight esti­
mate for a 100 man system (22. 8 vs 60 kg). The 14, 400KW requirement for flight 
control assumes that no more than four ion thruster modules would be fired simulta­
neously. Hence, depending upon whether chemical or ion thrusters are used, the 
average base load varies from 1500 KW to 15, 900 KW, respectively. When secondary 
power recharging loads and system losses are included, the total base power genera­
tion requirement becomes 2440KW for chemical thruster control modes (SPS on-sun) 
and 24, 820 KW for ion thruster control modes (SPS off-sun). 

The GEO base flight control system was analyzed for the SPS off-sun ~OP attitude. 
during the first and second construction pass. Seven phases of satellite ~nstruct1on 
are defined, whieh include the effects of wide mass property changes during the 6 
month build up s'!enario. EOTV ion propulsion modules provide sufficient thrust 
(838N) for the GEO base to control c<..mbined disturbances due to gravity gradient 
and solar pressure forces. These thrusters are also used to perform station keeping 
and base transfer maneuvers. This system uses about 50000kg of propellant during 
the 6 month construction cycle. 
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WBS 1.2.1.l.& BASB SUBSYSTEMS 

4. 0 MASS AND MASS BASIS 
-

Electric Power Mass 
Element kg Rationale Reference 

Solar Arrays 102200 Estimated .426Kg/m2 D 180-25037-3 

Niff 2 Batteries 34600 Estimated 52WH /Kg Contract NASB-31993 
Part III Rept Vol 5 

Power Conditioning 4000 Scaled to SPS Mass Dl80-25037-3 

Power Distribution 53600 Scaled to SPS Mass DlB0-25037-3 

TOTAL 194400Kg 

Flight Control 
Element 

6 Thruster Modules 74.-tOOOKg Same size as EOTV DlB0-25037-3 

TOTAL 744000Kg 
I 

Combined Suboystem 

1775-006W TOTAL 938400Kg 

5.0 COST 
--

PRODUCTION 
CO~T IN 

SUB SYSTEM 1979 $ M REMARKS 

• ELECTRIC POWER (79.4) 

- SOLAR ARRAYS 9.7 BASED ON $40. 25/m2 

- NiH 2 BATTERIES 33.7 PARAMETRIC 
- POWER CONDITIONING 7.2 PARAMETRIC 
- POWER DISTRIBUTION 28.8 PARAMETRIC 

• FLIGHT CONTROL (243. 0) 

- 6 ION THRUSTER 243.0 BASED ON BOEING ION 
ASS Y'S THRUSTER COST ESTIMATE 

TOTAL $322 M DDT &E = I /2 LEO BASE 
1775-007W SUBSYSTEMS DDT &E = 60M 

5. 4/5. 7 MANUFACTURING PROCESS AND PROI'UCTION RATES; ,~APITAL 
FACILITIES/LABOR/QC & QA/PACKAGING AND SHIPPING 

This element can be manufactured for the GEO construction base by normal aerospace 
production practices. No unmmal requirements are envisioned for the manufacturing 
facility or the work force. St. 1dard methods of quality control and quality assurance 
will be utilfa.3d. Present methods of packaging for shipment to orbit will be used. 
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WBS 1.2.1.1.9 BASE FACILITIES • EQUI1?MENT MAINTENANCE 

1.0 WBS DICTIONARY 

This element will include all systems and faciUties necessary to conduct maintenance on 
all elements permanently associated with the GEO base. 

2. 0 DESCRIPTION 

The base facilities and equipment maintenance element will provide a capability to moni­
tor the condit~on the work support facllities, crew support facilities and their equip­
ments and to proY ... de maintenance, repairs and/or replacement of base facllity compo­
nents, as required. No work has been done on this element to date. 
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WBS 1.2.1.1.10 COMMAND •CONTROL SYSTBMS 

1.8 WBS DICTIONARY 

This element is Umttecl to the communication antennas located on the base. Other Com­
mand and Control functions, such as Data Processing • Communications, are included 
in WBS 1.2.1.2.2. No work has been done on this element to date. 

4.0/S.O MASS AND COST 
Estimate mass= 1 MT (antennas only) 

Unit cost= SIM 
DDTAE=S2M 
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1. 0 WBS DICTIONARY 

CONNECTING 
TRACK 

This element includes the facilities and equipment required for the life support and 
well-being of the crew members. Included are living quarters, central control facilities, 
recreation facilities, and health facilities needed to perform satellite construction. It 
also includes crew facilities added to support SPS operational maintenance. 

2. 0 DESCRIPTION 

The GEO base crew support facilities are provided on level J which is also the focal 
point for cargo handling and distribution, OTV docking and servicing, and SPS opera­
tional maintenance support. Eight pressurized crew modules ( 23m x 17m dia) are pro­
vided for SPS constructi~n operations. These modules are used to house 444 crewmen, 
accommodate transient crew rotation situations, and support essential functions for 
base command and control, base maintenance and training. These modules are clustered 
in the middle of level ,T and interconnected with pressurized transfer tunnels where 
ever practical. Pressurized air locks are also provided for IVA transfer to awaiting 
crew buses for further intra base travel. When SPS maintenance operations begin, 



DIS0.15461·1 
\\ti:.i l.~.:.:.! tit.U't. H.:PPORT FACILITIES 

aJ l-1JLDvl'T FRAME 

additional crew habitats, transient crew q·.J.arters, and required SPS component repair 
modules will be added. For ex.unple, six additional modules will be needed to maintain 
20 operational satellites , twelv~ additional aoodules for 40 satellites and eighteen extra 
modules for 60 satellites. Once 60 reference sat.~llites are built, dedicated construction 
crew modules will become available to also support the SPS maintenance operations. 

3. 0 DESIGN BASIS 

All GEO base crew quarter modules and work modules&.....~ designed to fit within the 
HLLV payload bay (23m x 17m dia). Each module is to be designed for at least 30 years 
life, provide meteoroid and solar storm radiation protection, and be compatible with 
zero gravity operations. To prevent crew disorientation, all interiors will be designed 
to a common reference. A normal one-g arrangement is preferred for ground opera­
tions and is also satisfactory for space activities. Based on the Navy projection for 
support ships, GEO base crew accommodations are planned to include '15% male and 25% 
female. 

MASS - MT COST $M 

MAINT MAINT 
SUBELEMENT INITIAL DELTA DDT•E PROD DELTA 

WBS 1.2.1.2.1 
Crew Quarters Modules 1215.5 9'12.4 to 22'11 (!::> 1923 1538 to 

2917.2 4615.2 

WBS 1.2.1.2.2 
Work Modules 413 354 to 454[!> 631 646 to 

1062 1938 

WBS 1.2.1.2 
Crew Support Facilities 1628 1326 to 681 2554 2184 to 

39'19 6553 
177S-4>08W 

[!::> 10% DELTA TO LEO BASE CREW QUARTERS DDT&E FOR SHIELDING 
@:> ::!O'k DELTA TO LEO BASE WORK MODULES ODT&E FOR ARRANGEMENT DELTAS 

4. 0 MASS AND COST BASIS 

Refer to WBS 1.2.1.2.1and1.2.1.2.2 
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1. 0 WBS DICTIONARY 

t ___ S~ 

DECK4 

GALLEY/DINING AREA/STORM SHELTER 

This element includes the crew modules designated as crew living quarters. 

2.0 DESCRIPTION 

A. 
B. 

c. 
0. 
E. 

F. 

G. 
H. 
,_ 
J. 
K. 
L 

M. 
N. 
0. 
P. 

Q. 

R. 
s. 
T. 

u. 
V. 

w. 
x. 
Y. 
z. 
z. 

Z1. 

Z2. 

23. 

ONE.PERSON STATEROOM 

TWO-PERSON STATEROOM 

ONE.PERSOIY CREW QUARTER 

TWO-PERSON CREW QUARTER 

WASTE MANAGEMENT 

PERSONAL HYGIENE 

CENTRAL PASSAGEWAY 

TORUS AISLEWAY 

THRU-OECK ACCESS 

INTERDECK ACCESS 

CABIN WINDOWS 

VIEW WINDOWS 

EMU/EVA PREP ROOM 

COMPUTER RACKS 

CONTROL CENTER 

CONFERENCE ROOM 

DINING AREA C56 PERSONSt 

FOOD STORAGE 

LOUNGE 

LAUNDRY/SUPPLIES 

RECREATION/GYN GYMN 

BARBER SHOPIPOST OFFICE 

LIBRARY/STUDY 

THEATER/CHAPEL 

SICK BAY/DENTIST 

EP EX 

EXPENDABLES 

SUBSYSTEMS 

AGRICULTURAL STUDY 

COMPACTED WASTE 

Four habitats and 1 transient crew quarter are provided to house all members of the 
two shift GEO construction crew C 444). When 20 satellites must be maintained, the 
GEO support crew (383) will require three more habitats and another transient crew 
quarter. These supporting crew modules will eventually increase to nine habitats and 
three transient crew quarters when 1149 people are needed to maintain 60 satellites. 
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Each module is sized to accommodate about 100 people depending upon the number of 
single and double occupancy staterooms provided. The 23m x 17m diameter domed end 
cylinder is arranged with seven d~ks, each having a 2.2m floor to ceiling height. 
Three decks are allocated to living quarters for male and female personnel. Galley and 
dining greas are provided on another deck which also serves as a radiation storm shelt 
f~r 100 to 110 people. The other decks can be arranged to include backup control 
center I subsystem functioning /recreational/physical fitness/ services areas, and subsys­
tem equipment rooms as needed. Each deck is accessible to the adjacent decks via 
three 1. 5 in. diameter openings. Alternate decks are provided with external hatches 
that can either lead to interconnected crew modules, berthed crew transfer vehicles, 
or attached airlocks. 

3. 0 DESIGN BASIS 

Each crew module operates almost independently except for primary electrical power and 
orbital attitude which are provided by the base. Emergency power, environmental con­
trol, life support and information subsysteres are self contained within each module. 
The 100 man module described in DlS0-25037-3 had been scaled from prior study on 12 
man unitary space stations. The internal crew arrangement, environmental control/ 
life support, and radiation protection requirements were re-examined and updated in 
phase 2. Crew area allocation studies indicate that accommodations for 100 people in a 
7 deck module compare favorably with U.S. Navy current ship design practice and re­
quirerr.?nts from prior studies. A regenerative ECLS subsystem, which includes closed 
water and oxygen loops, is defined to provide life support and thermal control for 100 
men. ':!'he subsystem is able to maintain sea levf pressure conditions with minimal ex­
pendibles. A multi-layer cabin wall (2.6 gm/cm aluminum) protects the crew against mi 
crometeorites and trapped electron radiation. Protection against solar flares is provide 
by a storm shelter using 20gm/cm2 shielding. 

I.~ l 
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WBS 1.2.1.2.l CREW QUARTERS MODULE 

4. 0 MASS • MASS BASIS 

ELEMENT MASS MT RATION ALB REFERENCE 

STRUCTURE 69.7 GRUMMAN PRBL EST Dl80-25402-1 

ENVmON PROTECTION 68.3 ~RUMMAN PREL EST Dl80-25402-l 

ELECTRICAL POWER SUPPLY 5.0 BOEING SCALED EST D180-25037-3 

ECLS 22.8 GRUMMAN ANAL PH-2 MPR-NO 6 

ATMOS REVITAL (9.8) DETAIL ESTIMATE 
WATER MGT (2.6) DETAIL ESTIMATE 
WASTE MGT (4.3) DETAIL ESTIMATE 
THERMAL CTL (6.1) PART EST• GUESS 

CREW ACCOMMODATIONS 11.0 BOEING SCALED EST D180-25037-3 

COMM/DATA HDLG 6.0 BOEING SCALED EST D180-25037-3 

GROWTH/CONTINGENCY 60.3 33% 

TOTAL 243.l MT 
117S-009W 

5.0 COST DETAILS 

COST $M SOURCE 

INVBSTMB~T 

MANUFACTURING PLANT ( 800) GRUMMAN ESTIMATE 

DELTA DDT•E (1204) GRUMMAN PCM 

- STRUCTURE 252 
- ENVIR. PROTECT 124 
- CCMM/DATA HDL 529 
- EC.LS 215 
- CREW ACCOM 52 
- FUEL CELL PWR 32 

TEST UNITS c 267) FACTOR FROM 
PRODUCTION 

PRODUCTION HABITATS 

CONSTR MODULES ( 5) 1923 GRUMMAN PCM 

MAINT MODULES ( 4 to 12) 1538 GRUMMAN PCM 
TO 

4615 
1775-0lOW 132 
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WBS 1.2.1.2.1 CREW QUARTERS MODULE 

5.4 MANUFACTURING PROCESSES AND PRODUCTION RATES; CAPITAL FACILITIES 

The floorspace requirements for assembling the 100 men crew module are estimated to be 
177, 200m2. This consists of an eight story high bay assembly: area of 4800m2, a two 
story high bay subassembly area of 22,40om2, and a 150,000m2 single story area for 
detail fabrication and processing. The estimated cost is $92M for the buildings and 
$708M for machinery and equipment adding to a total facility cost of $800M. 

5. 5/5. 7 LABOR/QC • QA/PACKAGING AND SHIPPING 

This element can be manufactured for the GEO construction base by normal aerospace 
production practices. No unusual skill requirements are envisioned for the manufactur­
ing work fo]'Ce. Standard methods of quality control and quality assurance will be 
utilized. Present methods of packaging for shipment wlD also be used. 
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1. 0 WBS DEFINITION 

This clement includes the crew support facilities used for base command and co;:+l'Ol 
operations, maintenance and other support functions. 

2. 0 DESCRIPTION 

The GEO base includes three work modules to support satellite construction operations. 
GEO base command and control operations are centered within one module, base main­
tenance and test are within another; and one extra module is included to cover training, 
storage and other undefined activities. Special maintenance modules for satellite com­
ponent repair will be added when SPS operational maintenance support begins. For ex­
ample, two special maintenance modules will be included on level J when 20 SPS are 
operating. When 60 reference satellites become operational, six special modules will be 
needed. 
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3. 0 DESIGN BASIS 

_l/ WBS 1.2.1.2.2 WORK MODULES 

WJ...l.?OUT 1'~RAME 

All work modules have the same general configuration and subsystems described for the 
crew modules. For example, each work module will protect the crew from micromete­
orites and trapoed electron radiation. Protection from solar flares, however, is only 
provided in the crew habitats. The mass breakdown for these modules has been ad­
justed to reflect the results of the latest weight estimate for the crew quarters modules. 

4. 0 MASS AND MASS SUPPORT 

OPS BASE MISC SPEC 
CTR MAINT SUPT MAINT REFERENCE/SOURCE 

STRUCTURE 70 70 70 70 GRUMMAN ESTIMATE 
D 180-25402-1 

ELEC. POWER 7 3 7 10 DlB0-25037-3 

ECLS 18 10 4 30 SCALED TO HABITAT 

CREW ACCOMM 4 3 3 5 

INFORMATION 30 5 8 

GUID & CONTROL 1 DlB0-25037-3 

SPECIAL EQUIP 5 10 

GROWTH CONTINGENCY 43 32 28 44 33% 

TOTAL MASS-Ml': 173 128 112 177 

1775-0UW 

5. 0 COST DETAILS 

PRODUCTION COST $M 1979 $ 

e CONSTR MODULES (631) 

- OPERATIONS CENTER 316 BOEING PCM 

- BASE MAINTENANCE 173 

- MISC. SUPPORT CENTER 142 

e MAINT MODULES ( 646 to 1938) 

- 2 SPEC MAINT 646 BOEING PCM 
OR OR 

- 6 SPEC l\1AINT 1938 
l 775-012W 
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WBS 1. 2.1. 3 OPERATIONS 

1. 0 WBS DICTIONARY 

TRAVEL ! 
TO NEXT 
SPS 

OTV 
RETURNS TO 
GEO BASE WITH 
DEFECTIVE 
COMPONENTS 

This element includes the planning, development, and conduct of operations at the 
GEO construction facility. It includes direct personnel, support personnel, base con­
sumables, and expendable maintenance supplies required for satellite assembly opera­
tions and subsequent SPS maintenance support. 
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2. 0 DESCRIPTION 

The GEO base is staffed with 444 people to assemble and checkout one 5GW reference 
satellite every six months. The construction base operates on two 10 hour shifts per 
day for six days each week. The 4 bay wide construction base uses two passes to 
build the 8 x 16 bay energy conversion system; each pass provides a 4 x 16 bay mod­
ule which contains the appropriate subsystems. Assembly of the energy conversion 
system is timed for simultaneous completion ~nd mating with the power transmission 
system. Approximately 131 people are required to {>erform the construction "'Ctivities 
on each shift. In addition to construction, other personnel are needed to perform base 
support system operations, maintain operations safdy, provide flight transportation 
maintenance support, and implement base management. Up to 213 people may work on 
a single shift; multi-shift coverage is also provided around-the-clock for mission safety 
functions. 

When SPS operational maintenance support is included, the GEO base crew complement 
will be increased to perform satellite component refurbishment and related crew support 
services. The number of personnel required for SPS maintenance and repair varies 
with the size of the operational fleet and the maintenance schedule adopted. It is pres­
ently 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 
included in the mobile maintenance crew which operates from the GEO base. Another 
300 people are needed to perform year around supporting component repair operations 
at the base. For a 60 SPS fleet, this complement will grow to 249 people on mobile 
maintenance and 900 people repairing equipment at the base. 

3. 0 DESIGN BASIS 

The crew size defined for building two 5 GW satellites per year is derived from analyz­
ing the major operational activities at the GEO base. These operations include con­
struction and assembly operations related to the satellite systems (energy conversion, 
power transmission and interface), base command and control, cargo handling and 
distribution, base systems operations, base maintenance and transportation vehicle 

I ... -
·' =-



maintenanc~ support. The two shift-6 day day per week construction crew defined in 
Dl80-25037-3 has been updated in Dl80-25402--1 to encompass multi-shift requirements 
for essential daily crew support functions (e.g., food service) and round-the-clock 
flight safety functions (i.e. , flight control, paramedics, etc.) . 

During Phase II, the requirements for supporting EOTV maintenance and servicing 
GEO based OTV were defined. In addition, SPS support maintenance operations 
were defined for a fleet of 20 satellites. 

GEO base com;umable rates and expendable hardware requirements were established 
by analyzing the food and crew habitat ECLS to sustain 100 crew men for 90 days with 
10% contingency. ECLS requirements for remote work stations were derived from the 
MRWS final reports (NAS9-15507). Resupply requirements for other subsystems and 
equipment were assumed to be equivalent to 2% of its dry weight every 90 days. Base 
flight control propellant usage was determined by analyzing a range of flight mode 
conditions during the 6 month satellite buildup scenario. 

4.0 MASS & MASS BASIS 

ANNUAL RESUPPLY 

CONSTR OPS 
Resupply Item 444 CREW 

• Crew Supplies (418) 
- Food 313 
- Housekeeping & Other Items 105 

• Crew Module Supplies (190) 
- ECLS 02, N2 & H20 99 
- ECLS Life Limited Parts 80 
- Other Subsys Parts 11 

• Work Module Supplies (126) 
- OPNL CTR (02, N2 & Parts) 36 
- Maint Mod. 54 
- Misc. Mod. 36 

• Work Facility Supplies (398) 
- Constr Equip Parts 37 
- Cargo ff dlg /Dist. Parts 32 
- Crew Bus (02, N2) 7 
- SubAssy Factory, Parts 3 
- Remote Work Sta. (02, N2 & Parts) 145 
- Base Subsys Parts 75 
- Base Flt CTL Propellants 99 
- Base Maint & Test Parts TBD 
- Transport Veh Maint Parts TBD 
- SPS Maint Supt Parts -----

TOTAL 1125 

177~-014W 
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WBS 1.2.1. 3 OPERATIONS 

5.2 CREW SIZE & COST DETAILS 

MEN/ COST 
OPERATION YR RATIONALE $M RATIONALE 

e GEO CONSTRUCTION (661) 
- ORBIT AL CREW 888 2 X BASE CREW 107 $120K /MAN-YR 
- GROUND CREW 8880 10 X ORB CREW 444 $ SOK/MAN-YR 
- TRAINING 110 20% SALARIES 

• GEO MAINTENANCE SUPT (570 TO '191) 
- ORB CREW (20 SPS) 766 l AS ABOVE 

92 
} AS ABOVt TO TO TO 

(60 SPS) 2298 276 
- GRND CREW 7660 10X20 SPS CREW 383 AS ABOVE 

(20 & 60 SPS) 
- TRAINING 95 TO 132 20% SALARIES 

1775-0l3W 

. (Wl0% CONT)-MT 

SPS MAINT OPS 
383 to 1149 CREW RATIONALE REF. 

(361) to ( 1081) 
270 809 Detail Est PH-II MPR No. 6 

91 272 Prior Studies PH-II MPR No. 7 

(151) to ( 454) 
79 237 Estimate PH-II MPR No. 6 
64 193 Estimate PH-II MPR No. 6 
8 24 Guess ( 2%/QTR) 

(108) to (323) 
----- ----- Scaled to Habitat PH-II MPR No. 7 

108 323 Scaled to Habitat PH-II MPR No. 7 
----- ----- Scaled to Habitat PH-JI MPR No. 7 

(TBD) (TBD) 
Guess ( 2%/QTR) PH-JI MPR No. 7 

----- ----- Guess (2%/QTR) PH-11 MPR No. 7 
---- - ----- Shuttle Leakage PH-II MPR No. 7 
----- ----- Guess ( 2%/QTR) PH-II MPR No. 7 
TBD TBD MRWS EST PH-II MPR No. 7 

----- ----- GUP.SS ( 2%/QTR) PH-II MPR No. 7 
----- ----- Estimate PH-II MPR No. 7 
----- -----
----- -----
TBD TBD 

620 to 2478 



WBS 1. 2.1. ~ RESUPPLY ITEMS 

ANNUAL RESUPPLY 
ITEM cos:t iMILLIONS RATIONALE REFERENCE 

CONS MA!NT. 
o CREW SUPPLIES 

- Food 1.4 1.2 to 3. 7 $10/lb ~$.54/kg) Est. 
- Housekeeping & others .2 .2 to .6 $5/lb $2.27/kg) Est. 

o CREW MODULE SUPPLIES 
.. ECLS N2, H20 neg. neg N2: $.05/kg Factored from 

neg. neg. H20: $.01/kg propellant co~ts 
- ECLS Life L1m1ted Parts 126.4 101 to 305 $1580/kg Smeared avg. of total 
- Other Subsystem Parts 17.4 1. 2 So 3.8 $1580/kg module cost + total 

module mass 1:1 -
w o WORK MODULE SUPPLIES I ...... - Ops Center {02, N2, Parts) neg neg 02: $.1/kg Factored from -neg neg Ni: $.05/kg propella"t costs w 

2.8 P rts: $1500/kg 
- Maint. Module neg neg 02: $.J./kg 

(02, N2, Parts) neg neg Ni: $.05/kg 
4.2 8.5 to 25.4 P rts: $1580/kg 

Misc. Modules (", It It t) neg neg 02: $.1/kg I t 

neg neg N2: $0.5/kg • 2.8 Parts: $1580/kg ~ • 
o WORK FACILITY SUPPLIES w 

:D 
- Const. Equip. Parts 144.8 $3913/kg Smeared avg. of tota' I 

equipment cost • 
total equipment mass ,.. 

- cargo Handling/Dist. Parts 34.5 $1077/kg Smeared average < -
i (Cont1nuedj 
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WBS 1.2.1.3. RESUPPLY ITE~ 
---AN-NUAL -R£SUPPLV 

ITEM COSTf "'"1I LL IONS 
CONS . MAIR'r. 

o WORK FACILITY SUPPLIES 
- Crew Bus (H20. N2) 

- Subassy factory parts 

- Remote Work Stations 
H2o, N2, Parts 

- Base Subsystem Parts 

- Base flight const. 
propellants 

- Vehicle Sup~ly Parts 

neg -neg .. 
2.6 -

neg neg 
neg neg 

283.7 

6.4 .. 
neg .. 

9 

$636.2 M/YR 

RATIONALE REFERENCE 

H20: $.01/kg 
N2: $.05/kg 

$8500/kg Smea~·.:d average 

H20: $.01/kg 
Ni: $.05/kg 
P rts: $3913/kg 

= 2% of unit cost 

A .. 5¢/kg 

-
I -N 

$3000/kg Smeared average 

I .. 
~ .. w 

i 
-< -i 
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WBS 1.2.2 LEO BASE Rev A 

1.0 WBS DICTIONARY 

This element includes the hardware, software and operations required in LEO to 
support the construction, operation and maintenance of the satellite system. 
Included are crew lifa support facilities, cargo and propellant depots, and vehicle 
servicing facilities necessary for the receiving, storage, and transfer of cargo and 
personnel destined for a construction base or operational satellite located in GEO. 
This element also includes hardware, software, and operations required to con­
struct electrical orbital transfer vehicles (EOTV's). 

The LEO Base is shown in Figure A. It is used to construct EOTV's and it serves as 
a staging depot for cargo and crews destined for GEO. 

The base gets its planform configuration from the requirements imposed by the 
EOTV construction operations. The main deck size is approximately the size of one 
EOTV bay. The outr~ggers prO\ide the capability for indexing the EOTV structure 
in one-bay increments in three different directions during the construction process. 
The construction gantry and an assortment of construction equipment operate from 
the upper surface of the base. 

The LEO base serves as a staging depot for cargo being transferred from HLL V's to 
EOTV's. The EOTV's will stationkeep with the LEO base during the cargo transfer 
operations conducted by cargo tugs. 

The LEO base also serves a staging depot for the crews on their way between Earth 
and the GEO base. This requires transient crew quarters and the docking facilities 
and support equipment for the Earth-to-LEO crew vehicles (PLV's) and the 
interorbital cr ... w transfer vehicles (POTV's). 

J.O DESIGN BASIS 

The LEO Base facility, systems, equipment, and operations, are based on the 
following: 

o EOTV construction elements - based on constructing the EOTV configuration 
described in WBS 1.3.2 at the rate of one unit every U days. Refer to 
Operations anei Systems Synthesis document (Boeing doc.. no. 0180-25"61-3, 
Section~). · 

o Vehicle staging system elements - RefPr to the following sections in the 
Operations and Systems Synthesis docum~t: Sections 5, 7, 8, 9, I 0, 11, and 
u. 

11.0/S.0 MASS AND COST 

Refer to Table A for comprehensive mass and cost summary. Refer to subelement 
descriptions for mass and cost basis. 

-.. 

JQlll(iUf t-BA~ /_ 
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WBS 1.2.2 LEO BASE (CONT1>) 

WBS No. 

L2.2 

1.2.2.1 

1.2.2.1.1 

1.2.2.1.2 

1.2.2.1.3 

1.2.2.1.4 
1.2.2.1.5 
1.2.2.1.6 
1.2.2.1. 7 
1.2.2.l.8 
1.2.2.1.9 

1.2.2.2 

TABLE A 

WBS 1.2.~ LEO BASE 
COMPREHENSIVE MASS AND COST SU"4ARY 

Mass, DOTIE Cost, 
Element MT $ Millions 

LEO Base 1832.4 5005.1 

Work Support Facil. 1023 1515.1 

Structure 380 145.4 

Const. Equip. 266 420.3 

Cargo Handling/Dist. 165.5 517.1 
Equip. 
Subassy's Factories 10 54.0 
Test & C/O Facil. 
Space Transp. Support 73 257.3 
Base Maint. 48.7 
Base Subsyst. 69.8 117 
C&C 10 2 

Crew Support Facilities 809.4 2271 

Wrap-Around Factors 
Spares (SS) 189 
Inst., Assy, C/0 
SE!rE (SS) 189 
Proj. Mgmt. (IOI of others) 111 
Syst. Test (lOS) 378 
GSE (SS) 189 
Software (JS) 114 
Logistics 34 
Liaison 15 

1219 

Annual 

o Resupply 533.5 MT/YR 

o Salaries & Training 

140 

Unit Cost, 
$Million 

3419.5 

1306.6 

43.7 

582.6 

342.8 

4 

158.3 
62.2 
63 
50 

1499 

(15S) 196 
(161) 209 
(71l 91.5 
(ZS 26 
(JS) 39.2 
(4S) 52.2 

6613.9 

$284 M/Yr 

$341.2 MlYr 
$625.2 M/Yr 



I S)LDOUT FRAME. 

TABLE A 

WBS 1.2.2.1 SU8ELEMENTS 

WBS 1.2.2.1.1 Structure 

WBS 1.2.2.1.2 Construction Equipment 

\VBS 1.2.2.1.2.l Beam Machine System 

\VBS 1.2.2.1.2.2 

WBS 1.2.2.1.2.3 

WBS 1.2.2.1.2.4 

WBS 1.2.2.1.2 • .5 

Cherry Pickers 

Bus Deployment Machines 

Indexers 

Solar Array Deployment System 

\VBS 1.2.2.1.2.6 Construction Gantry 

\VBS 1.2.2.1.3 Cargo Handling/Distribution Systems 

\VBS 1.2.2.1.3.1 Cargo Loading/Unloading Systems 

\VBS 1.2.2.1.3.2 Cargo Transporters 

WBS 1.2.2.l.3.3 

WBS 1.2.2.1.3.4 

WBS 1.2.2.1.J • .5 

\VBS 1.2.2.I.3.6 

Cargo Sorting Systems 

Cargo Storage Systems 

Cargo Distribution System 

Crew Transporters 

W3S 1.2.2.1.4 Subassembly Factories 

WBS 1.2.2.1 • .5 Test/Checkout Facilities 

WBS 1.2.2.1.6 Space Transportation Support Systems 

WBS 1.2.2.1.6.1 Vehide Docking Systems 

\VBS 1.2.2.1.6.2 Assembly System 

WBS J.2.2.1.6.3 Propellant Storage and Distribution System 

WBS 1.2.2.J.6.4 Maintenance Systems 

WBS 1.2.2.1.7 Base Maintenance Systems 

WBS 1.2.2.1.s Base Subsystems 

WBS 1.2.2.1.8.1 Electrical Power System 

WBS 1.2.2.1.S.2 Flight Control Systems 

WBS 1.2.2.1.9 Command and Control Systems 



Dl80-2S461-2 

was 1.2.2.1 WORK SUPPORT FACILITIES 

1.0 WBS DICTIONARY 

This e1ernent includes the facilities and equipment required to provide construction 
and logistics support in LEO. Included are EOTV construction facilities and 
equipment, HLLV/PLV/POT~/CARGO TUG docking stations, payloads handling 
equipment, cargo and propellant storage depots and vehicle maintenance support 
systems. Excluded are facilities related to crew element support. 

2.0 DESCRIPTION 

The subelements of the Work Support Facilities are listed in Table A. Refer to the 
description sheets for these elements for details. 

1..0 DESIGN BASIS 

The LEO Base was designed to meet the requirements and ground rules listed in 
Table B. 

11.0 MASS AND MASS BASIS 

Mass summarized in WBS 1.2.2. 

).0 COST 

Cost summarized in WBS 1.2.2. 
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was 1.2.2.1 WORK SUPPORT FACILITIES (cont'd) 

TABLEB 
LEO BASE REQUIREMENTS AND GROUND RULES 

1. Provide Electric Orbit Transfer Vehicle (EOTV) construction facilities equip­
ment, and operations that enable EOTV's to be constructed at the rate of one 
vehicle every 4.5 days. 

2. EOTV construction operations to be performed: 

a. Frame assembly 
b. Solar Array deployment 
c. Power bus system installation 
d. Thruster system installation 
e. Cargo platform assembly 
f. Avionics system installation 
g. Annealing machine assembly and installation 
h. Test and checkout 
i. Subassembly operations 

1) Thruster subassembly 
2) Swit1ilgear subassembly 
3) Power bus support structure subassembly 
4) Structural fitting subassembly 

3. Provide docking and payload handling systems for the following space 
vehicles: 

a. Heavy Lift Launch Vehicles (HLLV's) 
b. Personnel Launch Vehicles (PL V's) 
c. Cargo Tugs 
d. Personnel Orbital Transfer Vehicles (POTV's) 

4. Provide equipment and systems for maintaining the Cargo Tugs, POTV's, and 
EOTV's • 

.5. Provide propellant transfer and storge systems for the base attitude control 
system. 

6. Provide cargo sorting, storage, and transfer systems and equipment. 

7. Provide the following types of crew modules: 

a. Crew Living Quarters Modules 
b. Maintenance Module 
c. Operations Module 
d. Transient Crew Quarters Module 
e. Training Module 

8. Free-flying of assemblies or construction and logistics equipment is to be 
avoided. 

9. Provide a common base logistics track network for moving cargos, crew, and 
construction equipment. The logistics track will have a gauge compatible 
with the size of the base framework beams. Provide alternate pathways to 
every facility location. Ensure that there will not be competition for a 
specific track location. All vehicles self-powered and operator driven. 
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was 1.2.2.1 WORK SUPPORT FACILITCES (com-d) 

TABLEB 
LEO BASE REQUIREMENTS AND GROUND RULES (CONT'D) 

10. Ensure that relative motion between the iacility/constructio:1 equipment and 
the parts being assembled are compatible with the accuracy and time 
constraints involved in the construction operations. 

11. Provide for base attitude control and station keeping. Thruster installation 
and thrust level to accommodate mass and CG excurr.ions during construction 
operations. Thrust level not to exceed 5 x 10-5g. Thrust will be constant 
thus allowing burn time to vary. 

12. EVA construction tasks should not be required, except for infrequent 
maintenance and inspection tasks. 

13. Mobile beam machines operating autonomously are to be used to produce the 
various lateral, vertical and diagonal beams as needed to complete the EOTV 
structure. 

14. Structural beam segments are to be transported and installed by cherq• 
pickers (elbow type cranes with Manned Remote Work Stations) at each end. 
These cherry pickers are: 

controlled by one operator in the MRWS 
self propelled by onboard power supply 
Operated from a rail track system on the construction facility. 

15. Construction operations wilJ be performed during two ten hour shifts per day 
and at 75% efficiency. 

16. The GEO construction base interfaces with the energy conversion system 
structure via indexing/support machines that provide the capability to index 
in orthogonal directions. Those indexers are: 

Mobile towers with mechanisms for attachment to hard points on 
the energy conversion system structure • 

.:-~If powered with onboard power supply 

Remotely controlled/monitored from base command and control 
center and can be slaved 

Operated from a rail track system on the construction facility. 

17. Construction equipment rates ranging from 0.5 to 20 mpm, shown in 
Table A-1, are assumed to be reasonable. low equipment utilization should 
be avoided. 

18. Provide systems and equipment for command and control operations. 
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was 1.2.2.1 WORK SUPPORT FACILITIES (cont'd) 

TABLE A-1 - EQUIPMENT OPERATING TIMES 6: RATES 

BEAM MACHINE 

Aim Beam Machine 

- rotate in yaw 90° 
- elevate 45° or 90° 

Average Beam Fabrkation Rate 

lnstaU End Fittings 

Inspect 

Handoff 

Travel 

CHERRY PICKERS 

Ir. ~tall Beam 

Travel 

INDEXER/SUPPORT 

Attach 

Index/Travel 

144 

'min 

5 m/min 

10 min 

.5 min 

20m/min 

10 min 

50 m/min 

TBO 

10 m/min 

* Included in beam fabrication 
time 
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was 1.2.2.1.1 STRUCTURE 

1.0 W8S DICTIONARY 

This element inch.des the primary and secondary structure of the LEO Base. 

2.0 DESCRIPTION 

The LEO Base str11ctural configuration has not bee.1 defined below the level of 
detail shown in Figure A. The structural beam size and type is TBD. 

3.0 DESIGN BASIS 

The planform was established by track pattern required to facilitate the EOTV and 
construction gantry indexing operations during EOTV construction. Ref er to 
WBS 1.2.2.3 for the indexing maneuver description and to WJS 1.2.2.I.3 • .5 for the 
track pattern. 

The .50 meter vertical dimension and the .50 meter wide outrigger dimensions were 
arbitrariJy specified. 

When the base structure is detailed in the future, in addition to providing the 
necessary structure for the track network, the structural design should be based on 
both static and dynamic stiffness criteria (see ground rule 10 in Table B in 
WBS 1.2.2.1) and on providing structural interfaces for all facility-attached 
systems. 

4.0 MASS 

The structural mass is estimated to be .5 kg/M x 76000 M = 380 MT. 

5.0 COST 

0 

Unit Cost 

$11.5/kg x 380 MT = 
DDT&:E 

Based on repetitive unit 50x.50x.50M 
0400 cells total) 

0 Design 
0 System Engin. and Integ. 
0 Software 
0 Unit (10%) 
0 Logistics and Data 
0 Ground Test 
0 Sustaining Engin. 

0 10% for program 
Mgmt and Integ 

By-phase costing done at base level 

$43.7 M 

$10 M 
34 
3.5 Scaled from 

4.4 Antenna 
10 Structures 
24 DDT&E 
17 

134.4 M 

13 
147.7 M 
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Table A-Construction Equipment Mass and Cost Summary 

MASS, MT COST, $Millions 
Item Quantity Each Subtotal Average. Subtotal 

0 7 • .5m Gimballed, Mobile, Manned 2 1.5 10 53.4 106.8 
Beam l\llachines 

0 20M Cherrypicker 
~ 

10 2 20 17.0 170 
0 50m Cherrypicker 5 3.5 17 .5 26.4 132 
0 90m Cherrypicker l 5 5 28. l 28. l 
0 230m Cherrypicker 1 9 9 39.4 39.4 
0 45m Indexer 6 1.3 7.8 3 18 
0 Bus Deployer 1 8 8 22.2 22.2 
0 Solar Array Deployment System 1 11 11 40 40 
0 Construction Gantry I 169 169 22 22 

Totals 266mt $578.5m 

Q::> Total no. of cherrypickers include those required for construction, subassembly, cargo 
handling, and maintenance ope1 ations. 

CONSTRUCTION &OM CHERRYPICKER 

GANTRY ~~~~~-,...~~..._.~-w~--..:---~ 
20 M CHERRVPICKER 

200 M CHERRVPICKER 

60 M CHEARYPICKER SOLAR ARRAY DEPLOVER 60M INDEXER 

Figure A-Constniction Equipment Locations 
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WBS 1.2.2.1.2 CONSTRUCTION EQUIPMENT 

1.0 WBS DICTIONARY 

This element includes all equipment items dedicated to constraction of the EOTV with the 
exception of equipment utilized in subassembly operations (the latter are included in 
WBS 1.2.2.1.4). 

2.0 DESCRIPTION 

Table A provides a summary of tfl'! equipment types, quanti1 ies, mass, and cost. 

The general location of the construction equipment is shown in Figure A. The integrated 
construction operation encompasses solar arr:iy deployment, power bus installa. Lion, 
thruster system installation and payload pa.:.let assembly. Refer to WBS 1.2.2.3.1 for 
descripti:>n of the operations that use the ci:>nstruction equipment. 

The beam machines, cherry pickers, indexers and bus deployers are essentially identical to 
those described for the GEO Base (see WBS 1.2.1.1.2) so they are not described on the 
following pages. Detailed descriptions of the solar array deployment equipment and 
construction gantry are found in the Operations and Systems Synthesis document 
(0180-2.5461-3), Section 9.1. 

3.0 DESIGN BASIS 

The construction equipment concepts were adapted for the EOTV construction operation 
from concepts defined for various SPS construction concepts. It is highly desirable to use 
SPS construction equipment wherever feasible in order to minimize development costs. 
Using the same types of construction equipme:nt also will provide a means to test and 
Verify the equipment and procedures prior to the SPS C.0'1Stroction operations. 

4.0 MASS AND MASS lll\SJS 

See Table A 

j.0 COST 

Unit Cost 

Refer t:> Table A $.582.6 M 

DDT&E 

DDT&E = 3.67.583 kg .3794 = $420.3 M 

o By-phase costing development hase level 
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WBS 
NO. 

1.2.2.1.2.1 

1.2.2.1.2.2 

1.2.2.1.2.3 

1.2.2.1.2.3 

1.2.2.1.2 • .5 

1.2.1.1.2.6 

lJ> 
!}_"'"> 

0/Kl91 

TABLE 8: \V8S 1.2.2.1.2 CONSTRUC' 
MASS AND COST ESTIMA TII 

QTY (!::>. MASS, METRIC: TONS 
ITEM L G T MASS, RATIONALE 

MT 

BEAM MACHINES 
o 7. '1n Sync. Travel - 10 10 11 Proportional to 

GIM. MOO. MAN 

o 7.5m Cimballed, 2 ' 8 u o Control CAB 
Mobil, Manned MWRS 

o BEAM Machine 
Scaled from SFDS 

o Carriage/Yoke/ 
Etc. Estimate by BAC 

o 12..5 CIM.MOB. l l 21 Scaled from above 
MAN. 

OIERRYPICKERS 
o 30M 10 10 20 2 • .5 o Control Cab 

From M\VRS 

o Carriage/Boom-/ 
etc. Estimate by 

0 90m 6 6 12 .5 Proportional to 
30mCP 

0120m - 3 3 7 Proportional to 
30mCP 

0 2.50 1 1 2 9 Proportional to 
.30m CF 

INDEXERS 
o 4.5m 6 .5 11 1.3 ROPI est 
o 130m - 14 14 3 Proportional to 

4SM Ind. 
o 23Cm - 2 2 .5 • .5 Proportional to 

4SM Ind. 
BUS DEPLOYER - 90m 

I 3 4 8 Proportional to 
beam machine 

SOLAR ARRAY DEPLOYMENT SYSTEM 
1 - I 12 Proportional to 

beam machme 
ANTENNA DEPLOYMENT SYSTEM 

- I 1 28 Proportional to 
beam machine 

Use 90% learning curve 

L = Total required at LEO Base 
G = Total required at ~r 1 Base 
T = Combined total used for co;~ estimate. 
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:TION EQUIPMENT 
ING DATA 

ol.A'OLDOUT FRAME 

VIBS 1.2.2.1.2 CONSTRUCTION EQUIPMENT (CONT'D) 

COST, $ MILLION.,, 

REF. TFU AVE RATIONALE REF [}:::::> 

BAC/ Proportional to 
GAC 35 28 GJM.MOB.MAN. BAC/GAC 

BAC/ 65 53.4 o Control CAB 
GAC Scaled from MWRS 8AC/GAC 

o BEAM Machine 
Scaled from SFDS 

o Carriage/Yoke/ 
Etc. Estimate by BAC 

BAC/ 75 75 Scaled from above BACiGAC 
GAC 

BAC/ 26 !9 o Control Cab BAC/GAC 
GAC From MWRS 

o Carriage/Boom-/ 
BAC etc. Estimate by BAC 

BAC/ 36 28.1 Proportional to BAC/GAC 
GAC 30m CP 
BAC/ 38 34.5 Proportional to BAC/GAC 
GAC 30m CP 
BAC/ 41 39 Proportional to BAC/GAC 
GAC 30m CP 

BAC 3.8 3 ROM est SAC 
BAC 6 4.6 Proportional to BAC 

4SM Ind. 
BAC Proportional to BAC 

4SM Ind. 

SAC 25 22.2 Proportional to BAC 
beam machine. 

BAC 45 Proportional to SAC 
beam machine 

SAC 80 Proportional to BAC 
lzam machine 
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TABLE A - SU8ELEllENTS 

WBS 1.2.2.1.3.l Cargo Loac:ing/Unload 
Systems 

o WBS 1.2.2.1.3.1.1 Cargo Pallet Handling 
Machine 

o WBS 1.2.2.1.2.2 Cherrypiclcers - 20M 

Cherrypickers - .OM 

o WBS 1.2.2.1.3.1.2 Pallet Handling Jig 

WBS 1.2.2.1.3.2 Cargo Transporters 

WBS 1.2.2.1.3.3 Cargo Sorting Systems 

WBS 1.2.2.1.3.IJ Cargo Storage Systems 

WBS 1.2.2.1.3.5 Cargo Distribution 
System 

WBS 1.2.2.1.3.6 

WBS 1.2.2.1.3.6.1 

WBS 1.2.2.1.3.6.2 

Crew Transporters 

Crew Transfer 
Tunnel Systems 

Crew Bus - 10 man 

Crew Bus - 24 man 

QTY RATIONALE 

J o I per HLLY 
Docking system 

<•> I!> o 2 per cargo sorting 
System + 2 for 
cargo tug OPS 

(2) [!:::> o I+ 1 spare for 
supply module 
handling 

2 o I per cargo tug 

20 o 10 for cargo staging 
o 10 for construction 

I o Only llJ Pallets of 
EOTV components 
per year 

2 o Storage for contents 
of 2 Cargo pallets 

18085 M o See Level A and 
Level 8 track 
Patterns 
(Gantry-Attached 
Tracks accounted for 
in WBS 1.2.2.1.2.6) 

o 1 per each Pl V and 
HLLV docking system 

o 2 on base, 1 on 

o 3 required to offload 
PL V's and POTV's 
expeditiously 

[!:::::> Cherrypickers have been accounted for in WBS 1.2.2.1.2 
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1.0 WBS DICTIONARY 

WBS 1.2.2.1.3 CARGO AND PERSONNEL 
HANDLING/DISTRIBUTION SYSTEMS 

This element includes the hardware used to offload/load transportation vehides 
(the HLLV, cargo tug, EOTV, and POTV), transport cargo about the base, 
offload/load cargo pallets, store cargo, and transport crew about the base. 
Excluded are the docking systems associated with the transportation vehicles 
\.:hese are covered in WBS 1.2.2.1.6.1) 

The cargo and personnel handling and distribution operations take place primarily 
on the lower level (level 8) of the LEO base, see Figure A. 

The cargo handling operations are depicted in Figure 8. Cargo pallets are removed 
from and loaded into the HLL V cargo bay using the cargo pal.let handling machine 
(WBS 1.2.2.1.3.1.1), shown in Figure C. The cargo pallets are placed onto cargo 
transporters (WBS 1.2.2.1.3.2), shown in Figure D, for transportation around the 
facility track network (W8S 1.2.2.1.3 • .5), shown in Figwe A and E. Some of the 
cargo pallets are delivered to the cargo sorting/storage area (WBS 1.2.2.1.3.3 and 
1.2.2.1.3.4). shown in Figure F. The EOTV construction components and other 
materials consummed at the LEO base, are then delivered to the construction 
equipment, subassembly factories, or other locations via cargo transporters. The 
transporters are offloaded by cherrypickers. The cargo pal.lets db-tined for GEO 
are transported to the cargo tug operations area. A cargo tug equipped with a 
pallet handling jig (WBS 1.2.2.1.3.1.2) removes the pallet from the transporter, see 
Figure G. The pallet is tra.'lSferred to an EOTV (that is stationkeeping with the 
LEO base) z.fld is installed onto the EOTV's cargo platform, see Figure H. 

The spacecrews transfer from the PLY to a crew bus (WBS 1.2.2.1.3.6.2) via a crew 
transfer tunnel system (WBS 1.2.2.1.3.6.1), see Figure I. The crew bus deUvers the 
crew to crew habitats. The GEO crewmembers are taken to the POTV operations 
area, see Figure J, where they are tranferred to the passenger module. The supply 
modules to be transported by the POTV were delivered to the LEO base by HLLV 
enclosed in a cargo pallet. They were removed at the cargo sorting area and 
transported to the POTV OPS area where they get installed onto the POTV via 
cherrypickers (see Figure J). 

1.0 DESIGN BASIS 

The requirements for the cargo and personnel handling and distribution system 
hardware elements were derived by operations analyses, see Table 8. 
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WBS 1.2.2.1.3.1.1 

WBS 1.2.2.1.3.1.2 

WBS 1.2.2.1.2.2 

WBS 1.2.2.1.3.2 

WBS 1.2.2.l.3.3 

WBS 1.2.2.1.3.4 

WBS 1.2.2.1.3.5 

WBS 1.2.2.1.3.6 

TABLE 8 - SUBELEMENT DESIGN BASIS 

SU BELEM ENT 

Cargo Pallet 
Handling Machine 

Pallet Handling Jig 

Cherrypickers 

Cargo Transporters 

Cargo Sorting Systems 

Cargo Storage Systems 

Cargo Distribution System 
(Track Network) 

Crew Transporters 

REQUIREMENTS DEFINED 
IN DOCUMENT 

Vol. Ill - Operations and Systems 
Synthesis, sections .5 and 6 

Ibid, Sections .5 and 10 

Ibid, Sections .5, 7, 8, 9, 10 

Ibid, Sections .5, 7, 8, 9, 10 

Ibid, Sections 5, 9 

Ibid, Sections 5, 9 

Ibid, Section 5, 7, 8, 9, 10 

Ibid, Section 7, 9 
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lf.O MASS AND MASS BASIS 

WBS 1.2.2.1.3 CARGO AND PERSOl',NEL HANDLINC 
DISTRIBUTION SYSTEMS (CONT'D) . 

The equipment mass is shown in TabJe C. The mass basis is given in Table o . 

.S.O COST AND COST BASIS 

.S.I COST SUMMARY 

0 
0 
0 
0 

0 

Research 
Engineering Verification 
Demonstration 
Investment 
Production 

.5.2 COST BASIS 

0 

0 

0 

0 

Research 
Engineering Verification 
Demonstration 
Investment 

Cost,$ Millions 

31f2.8 (See Table C) 

Cost, $ Millions Reference/Rationale 

342.8 See Table 0 

ISO 



0180-25461-2 

was 1.2.2.1.3 CARGO AND PERSONNEL HANDLING/ 
DISTRIBUTION SYSTEMS (CONT'D) 

TABLEC 

WBS 1.2.2.1.3 CARGO AND PERSONNEL HANDLING/DISTRIBUTION SYSTEM 
MASS AND COST SUMMARY 

MASS, 1'/T COST,$ M 

--------
ITEM CTY EA. TOTAL EA 

WBS 1.2.2.1.3.1.1 Cargo Pallet 3 1.5 45 J0.2 
Handling Machine 

WBS 1.2.2.1.3.1.2 Cherrypickers 6 [!: .. > 

WBS 1.2.2.l.J.1.J Pallet 2 •. 5 1 .9 
Handling Jig 

\\
1BS 1.2.2.1.3.2 Cargo 20 1 20 2 

Transporters 

~·as 1.2.2.1.3.3 Cargo 1 2 • .5 2 • .5 23.1 
Sorting Systems 

WBS 1.2.2.1.3.4 Cargo 2 .5 10 .8 
Storage Syst ~ms 

WBS 1.2.2.1.3 • .5 Tracks 18000 M 2 KG/~t 36 $200/KG 

WBS 1.2.2.1.3.6.l 10-Man Crew 3 .5 15 17 
Bus 

WBS 1.2.2.1.3.6.2 24-Man Cre\\' 3 12 36 42.5 
Bus 

TOTALS 16.5.5 

1J::> The cherrypickers have been included in the total cherrypicker count in 
WBS 1.2.2.1.2 - Construction Equipment 

ISi 

TOTAL 

90.6 

[!::::=.. 

1.8 

40 

23.1 

1.6 

7.2 

51 

127 • .5 

342.8 
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WBS 
NO. 

1.2.2.1.3.1.1 

1.2.2.1.3.1.3 

1.2.2.1.3.2 

1.2.2.1.3.3 

1.2.2.1.3.IJ 

1.2.2. l.3 • .5 

1.2.2.1.3.6.l 

1.2.2.1.3.6.2 

[!> 

(]::> 

TABLED: WBS 1.2.2.1.3 CARGO AND PERSONNEL HJ 
MASS AND COST ESTIMA' 

QTY I}:>- MASS, METRIC TONS 
L G T MASS, RATIONALE 

MT 
ITEM 

CARGO PALLET 3 - 3 1.5 Proportional to 
HANDLING MACHINE cherrypicker 

CARGO PALLET 2 2 4 Guess 
HANDLING JIG 

CARGO 20 20 40 1 Proportional to 
TRANSPORTERS 4.5m Indexes 

CARGO SORTING l 3 4 2 • .5 Proportional to 
SYSTEMS 30m CP 

CARGO STORAGE 2 6 8 .5 Guess 
SYSTEMS 

TRACK SYSTEM 18 2 KG/M ROM est. 

10-MAN CREW BUS 3 3 6 .5 Proportional to 
const. equip. 

24-MAN CREW BUS 3 3 6 12 Proportional to 
const. equip. 

Use 90% learning curve 

L = Total required at LEO Base 
G = Total required at GEO Base 
T = Combined total used for cost estimate 
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0180.25461-2 

WBS 1.2.2.1.3 (cont'd) 

l\NDLING AND DISTRIBUTION SYSTEMS 
TING DATA 

COST, $ MILLIONS 

REF. TFU AVE RATIONALE 
D:> REF 

BAC 33 30.2 Proportional to BAC 
est. cherrypicker est. 

BAC 1 .9 Guess BAC 

BAC 3 2 Proportional to BAC 
4 .5m Indexes 

BAC 26 23.1 Proportional to BAC 
30m CP 

BAC 1 .8 Guess BAC 

BAC $200/KG ROM ""St. BAC 

BAC 20 17.0 Scaled to PM BAC 

BAC 50 42.5 Scaled to PM SAC 

15~ 
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~LDOUT FRAME 

WBS 1.2.2.1.4 SUBASSEMBLY FACTORIES 

1.0 WBS DICTIONARY 

This element includes the facilities and equipment dedicated to preassembly of 
EOTV subassemblies prior to delivery to the final installation facilities. 

2.0 DESCRIPTION 

Figure A shows the location of the subassembly factory area on level A of the LEO 
Base. The EOTV subassemb!ies that are fabricated in this factory area are 
identified in Table A. This table also shows the configurations, identifies the 
quantity required per EOTV, and specifies the equipment and crew required to 
assembly the items. 

3.0 DESIGN BASIS 

The subassembly factory is located on level A so that the transportation of the 
very large subassemblies (thrusters, radiators) does not have to contend with a 
level B-to-level A transition. 

The subassembJies to be fabricated in the subassembly factory are those that are 1) 
too romplicated {i.e. too many types of components) to assembly in place on the 
EOTV, or 2) components that cannot iJe assembled by the beam machines or other 
mobile construction equipment. 

The subassembly operations are co-located in one subassembly factory area to 
enable construction equipment and crew to be shared. 

lf.O MASS AND MASS BASIS 

The mass of the subassembly factory equipment is estimated to be 10 MT 
(Cherrypickers excluded). 

,.0 COST 

The unit cost of the ;ubassembly factory equipment is estimated to be $4:0~ 
(Cherrypickers excluded). 

DDT&E = 3.67583kg .3794 = $54M 
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1.3.2.3 

1.3.2.2 

1.3.2.3 

1.3.2.1 
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I 

I 

I 

SU8ASS£MBLV NAME 

DHAILA 

ELECTRIC THRUSTER/YOKEi 
ROTARY JOINT/CHEM 
THRUSTER sutlASSEMBL Y 

PPUIDOCKING PLATFORM 
PALLET SUBASSEM8L Y 

RADIATOR SUBASSEMBLY 

BEAM END FITIINflS I 

TABLE A SUBASSEM'SLV FACTORIES DATA 

CONFIGURATION -- --- - --- ~--~J~ I -- _A88EMB ___ L_V_EOU ___ ..... -ENT-----.... ,-~-lOOR-ACE---.l,.---P':;..°t l 
ITEM I QUANTITY MXM SHIFT 

'=' -: 
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I -w .. 
i--> 
~ .. 
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CSEE DETAIL A) 4 • ASSV JIG/TRANSPORTER 1 &OX&O 2 
• 2GM CHERRYPICKER 2 IPARTTIMEJ 
• ltlSC. TOOLS -

laEE DETAIL B) 4 • AS8Y Jl~TER ' 16X30 2 
• 2GtA CHERRYPICKER 2 CPARTTIME) 

! 

i 
• MISC. TOOLS m 

i: 
tslf L>ETAIL C) 4 • ASSV JIG/TRANSPORTER I ' I &OXliO I 2 

p,··· • 20NI CHERRYPICKER 2 
• TUBE W£LDERS 1 2 
• MISC. TOOLS 

Ill • STRUT FORMING MACH. ' I 16X30 
• ASSYJIO ' • CHERRYPICKER , 
•MAGAZINE 4 
• TRANSPORTER , 

m 
~ 

< 
'Tl 

~ 
d 
::D 
< 

I I --- i 
~ -
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was 1.2.2.1.5 TEST/CHECKOUT FACILmES 

1.0 WBS DICTIONARY 

This element includes the facilities and equipment on the LEO base that are dedicated 
to test and checkout of EOTV components or subassemblies. 

2.0 DESCRIPTION 

No dedicated test and checkout facilities and equipment have been identified 
at this time. 
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W8S 1..2.2..1.8 

1.0 ns DICllONARY 

SPACE TRANSPORTATION 
SUPPORT SYSTEHS 

This element includes facilities and eq:.Jipment dedicated to support space transpor­
tation vehicles that interface with the LEO base. These items included are doc~ g 
systems, assembly systems, propellant storage and distribution system and main­
t:.nance systems. 

2.0 DESCRIPTION 

The space transportation vehicles that interface with the LEO base are the HLLV, 
PLY, EOTY, POTY, and Cargo Tug. Figure A shows the operational interface 
locations for each vehicle. 

W'8S 1.2.2.1.6.1 Docking Systems 

The ~ docking system is shown in Figure 8 (J are required). Figure C explains 
the operational concept. This type of docking system is also used by the PLY (2 are 
required) (the PLY docking system is scaled down approximately SO% from that 
shown in Figure 8). The POTV docking/launching system is shown in figure D (If 
are required). When the cargo ~ is not shuttling cargo pallet between the base 
and an EOTY, it is docked to the base as shown in Figure E (2 docking systems ace 
required). 

WBS 1.2.2.1.6.2 Vehicle Assembly Systems 

The only vehicles that will require stage stacking and assernbly are the PoTV and 
Cargo Tug. However, the stacking of the variocs stages of these vehicles is done 
only t.,on initial delivery of the vehicle or for major overhaul- Cherrypickers will 
be used when necessary for vehiclP assembly. 

W8S 1.2.2..1.6.J Propellant Storage and Distribution Systems 

The EOTY and Cargo Tugs, are the only vehicles to be refueled at the LEO base. 
The Car&Y Tug propellant delivery systems are shown in Figure E. The EOTV 
refueling concept entails a propellant pallet, (shown in Figure F), that is delh ere-d 
to LEO via the HLL V. Figure G illustrates the propellant pallet handling 
operations at the base and Figure H shows the operations at the EOTV. 

W8S 1.2.2.1.6.• Vehicle Maintenance Systems 
The space vehicle maintenance support equipment that is used on the LEO Base are 
summarized in Table A. There is also a flying cherrypicker, shown in Figure I, that 
is used to tunsport the EOTV thruster refurbishment machine, shown in Figure J. 
The cherrypicker installs the refurb mach!r.e on the EOTV thruster yoke as shown 
in Figure K. 
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DIS0.25461-2 

1.0 DESIGN BASIS 

SUB ELEMENTS 

HLLV Support Systems 

PLV Support Syst~s 

Cargo Tug Support Systems 

POTV Support Systems 

Vehide Maintenance Support Systems 

•.O MASS AND MASS BASIS 

WBS 1.2.2.1.6 SPACE TRANSPORTATION 
SUPPORT SYSTEMS (CONT'D) 

REFERENCE 

Operations and Systems Synthesis 
Document (0180-2.5461-2) 
Section 8 

Ibid., Section 7 

Ibid., Section 10 

Ibid., Section 7 

Ibid., Section 11 

The equipment and systems mass i~ given in Table 8. The mass basis is given in Table C. 

'90 COST 

o Unit Cost 

See table B $1.58.3M 

o DDT&E 

DDT&E = 3.67.583 KG .3794 = $2.57.3M 
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WBS 1.2.2.1.6 

c}.J JlJLOOUT FRAM£ 

SPACE TRANSPORTATION 
SUPPORT SYSTEMS (CONT'D) 

CINRATIONAL 
CARGO TUG 

DCICICING 
ft>AT 
CZPLCSI 

\ :EFUILPIG IOClll \_ ........ .._ 

J ---
~E 11£UGUIFMmall 

UllHT 

Figure E-Cargo Tug Docking and Propellant Loading Provisions 
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Figure F-EOTV Propellant Pallet Concept 
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WBS 1.2.2.1.6 SPACE TRANSPORTATION 
SUPPORT S't STEMS (CONT'D) 

, 

, ' , 
i· 

' REACH 1 
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Figure I-Flying Cherrypicker 

26 

NOTES 

" THIS MACHINE TRANSPO~TEO 
TO THE EOTV YOKE ANO ATTACHED 
TO THE YOKE av A FL YllJG CHERRYPICKER 

• ONCE INSTALLED ON THE YOKE, 
THE GRID CHANGEOUT OPERATIONS 
ARE CONDUCTED AUTOMATICALLY 
UNDER MICROPROCESSOR CONTROL 

,..-GRID STORAGE MAGAZINE • 289 ACCELERATOR GRIDS 
/ (289 UNIT CAPACITY) REPLACED IN 4 DAYS 

A·A 

• 4 OF THESE MACHINES AFIE REQUIRED 

YOKE DOCKING 
MECHANISM 
C4PLCSI 

Figure J-EOTV Electric Thruster Refurbishment Machine 
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WBS 1.2.2.1.8 (CONT'D) 

Table A-Space Vehicle Maintenance Support Equipment 

NAME 

90M Cherrypicker 
Electrical Power Test Set 
Electrical Load Banks 
Communications Test & Checkout Equipment 
Guidance & Navigation Test & Checkout 

Equipment 
Control & Data Acquisition Console 
EMI Test Equipment 
Memory Load & Verify Unit 
Electronics Calibration Equipment 
Engine Handling Kit 
Engine Alignment Fixture 
Engine Actuator Support Fixture 
Engine Actuator Adjustment Kit 
Insulation Handling Kit 
APS Pressure lnstrnmentation K•t 
Main Propulsion System Checkout Accessories 

Kit 
APS Checkout Accessories Kit 
Inspection Equipment 
Ultrasonic Scan Unit 
Radiography Unit 
Mass Spectrometer Leak Detection Unit 
Acoustic leak Detection Unit 
Borescope and Fibre Optics 
Theodolite 
Ground Servicing Umbilical Set 

ORIGINAL PAGE IS 
OF l'OOR OUAIJTY 

THE FL YING CHERRVPICt<ER ••• 

INSTALLS THRUSTER RE FURS MACHINES 

• PERFORMS MISCELI ANEOUS ACS 
MAINTENANO:E OPERATIONS 
(RADIATOR REPLACE, PPU REPLACE, 
ETC.I 

Figure K-EOTV Attitude Control System Maintenance Equipment 
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WBS 1.2.2.1.6 (CONT'D) 

TABLE 8 

WBS 1.2.2.1.6 SPACE TRANSPORATION SUPPORT SYSTEMS 
MASS AND COST SUMMARY 

MASS, MT COST,$ M 

----------
ITEM QTY EACH TOTAL EACH TOTAL 

------- ------------
WBS 1.2.2.1.6.1 Docking Systems 

0 HLLV 3 4 12 9.2 27.6 
0 PLV 2 3 6 7.6 15.2 
0 POTV 4 1 4 2.5 10 
0 Cargo Tug 2 .5 1 1. 3 2.6 

WBS 1.2.2.1.6.2 Vehicle Assy Sys None Identified 

WBS 1.2.2.1.6.3 Propellant 1 35 35 15 15 
Storage/Delivery System 

WBS 1.2.2.1.6.4 Vehicle ~.1aint 
Support Systems/Equip 

0 Flying Cherrypicker 2 5 10 35.6 71.2 
0 Thruster Refurb Mach 4 • 5 2 1.8 7.2 
0 Misc. Tools/Fixtures/ 1 3 .3 9.5 9.5 

etc. 

TOTALS 73 158.3 
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TABLE C: WBS l.2.2.1.6 SPACE TRANSPORTATION SUPPORT SYSTEMS 

WBS 
NO. ITEM 

- I---

1.2.2.1.6.1 Docking Systems 

o HLLV 

o PLV 

o POTV 

o Cargo Tug 

o IOTV 

1.2.2.l.6.3 Propellant Storage 
and Distribution 
System 

o LEO Base System 

o GEO Base System 

1.2.2.1.6.4 Vehicle Maintenance 
Support Systems 

o Flying Cherry-
picker 

o Thruster Refurc. 
Mach. 

o Misc. Tools/ 
J.•~s/Etc. 

[!:::> U~.! 90% Learning Curve 

[!::> L = Total at L~O Base 
G = Total at GEO Base 

-
0 TY (3::::::.. 

L G T 

3 - 3 

2 - 2 

4 4 8 

2 2 4 

- 8 8 

I - 1 

- 1 1 

I 
2 2 4 

4 - 4 

I 
1 l 2 

T =Combined total used for cost est. 

MASS AND COST ESTitviA TING DAT A 

MASS, METRIC TONS COST. S MILLIONS 
MASS, RATIONALE REF. TFU AVE RATIONALE MT [].:> 

-

4 ROM Est. BAC 10 9.2 ROM est. 

3 Proportional to BAC 8 7.6 Proportiona! to hr LV 
HLLV system System 

1 Guess BAC 3 2.5 Guess 

.5 Proportional to BAC 1.5 1.3 Proportional to 
POTV system POTV system 

1 ProportionaJ to BAC 3 2.5 Proportional to 
POTV system POTV system 

35 BAC Estimate BAC 15 I BAC Estimate 

35 Same as LEO BAC 15 I !:Jame as LEO 
system system 

5 Proportional to BAC 40 35.6 I Proportional to 
90M CP 90M CP 

.5 Proportional to BAC 2 1.8 Proportional to 
cargo pallet cargo pallet 
handling jig handling jig 

3 Guess BAC 10 ~-, .5 Gu.?ss 

REF 

BAC 
I BAC 

I 
BAC 

BAC 

BAC 

1:1 -I 

I i 
I BAC 

-w 

I BAC 

I 
BAC 

I I I BAC 

BAC 
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WBS 1.2.2.1.7 BASE MAINTENANCE SYSTEMS 

1.0 ns DICTIONARY 

This element will include all systems and facilities necessary to conduct maintenance on all 
elements permanently associated with the base. 

2.0 ELEMENT DESCRIPTION 

This element has not been defined at this time. 

t.O MASS 

Estimates to be .5% of all other 1.2.2.1 items 4d.7&aT • 

.5J> COST 

Unit Cost - Estimated to be .5% of ···1 other 1.2.2.1 items= $62.2M 

OOT&:E - Included at LEO Base level. 
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WBS 1.2.2.1.8 BASE SUBSYSTEMS 

1.0 WBS DICTIONARY 

This element includes the base electrical power .ind f Jight control systems. 

2.0 DESCRIPTION 

The LEO base subsystem elements are described in the following subsections. 

YIBS 1.~ l.1.8..l Electrical Power System 

flBS Dictk,wsry 
TI.is element includes all systems necessary to generate and distribute electric 
rower to be used by the LEO base. 

Element Description 
Pri •• tc.ry power is provided by body mounted solar array blankets. Nickel hydrogen 
~tteries provide power d1.:ring occultations. Power requirements for the presently 
defined LEO base have been estimated as shown below: 

o Use SPS nardware 

o from GEO base eJec power analysis 
JKW x 230 men= 690 kw 
Man 

o Batteries 
690 kw = 460 kwh of storage 
40 min (use SPS batteries) 

o Solar Array 
766 khr + 690 cwh = 1460 kwh 
for charging TOT Al 

W8S 1.2.2.1.8.2 Flight Control Systems 
WBS Dictionary 
This element includes all systems necessary to determine, m.:tintain and change the 
orbital position and attitude of the base. 

Element Deso iption 
Included unaer the category of flight control are; the guidance/navigation/attitude 
type sensors such as IRU, star trackers and horizon sensors and an L02/LH 
propulsion system to perform attitude and orbit maintenance mane 1vers. The orbii 
altitude to be maintained is 477 .:!. 1 Km. Sizing of t!ie propulsion system for the 
present base has been estimated as shown below: 

.:> Use same system as SPS (small, fired, pressure-fed thrusters; propellant 
storage and feed systems) 

3.0 ELEMENT DESIGN BASIS-TBD 
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WBS 1.2.2.1.8 6ASE SUBSVf, TEMS (~d) 

t.O MASS AND MASS BASIS 

Electric Power System 

(from SPS) 1460 kwh 
kg 

66 mt batteries 

9000 m2 x .41ikg 
m 
TOTAL 

3.8 mt array 

69.8 mt 

5J) COST AND COST 8ASfi 

Unit Cost 

Electric Power 

ACS 

Batteries - use SPS factors 
Power processors - use SPS factors 
Solar array - use SPS factors 

Factores from SPS 

TOT AL UNIT COST 

DDT&E 

o Batteries - no DDT&E 
- use SPS batteries 

0 Power processors - use SPS factors 

o Solar array - no DDT&E 
- use SPS array 

0 ACS - u.c;e SPS factors 

TOTAL DDT&E 

1(l7 

$1.05M 
6.2M 
I.SM 

$9.05M 

$54M 

$63M 

$63M 

$54M 

$1 l7M 
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WBS 1..2.2.1.9 COMMAND AND CONTROL SYSTEWI 

1.0 1'BS DICTIONARY 

This element includes the intra-base and extra-base communication systems and 
the data management systems. Included are computers, voice/video/data commun­
ications networks and antennas. Excluded are those elements installed within crew 
modules (habitats, work modules, work stations, crew buses) which are accounted 
for within each of the elements. 

2.0 DESCRIPTION 

The execution of the LEO base command and control operations will require the 
voice, video, and data comm~ication links between system elements shown in 
Table A. In al!llost all cases, the comm link will be accomplished by wireless 
tr .msmission/reception. The only hardline links will be between the various crew 
modules that are colocated. 

3.0 DESIGN BASIS 

The command and control requirements for the various LEO base operations are 
identified in Section IJ of the Oper.itions and Systems Synthesis document (DIS0-
25461-3). The voice/video/data commmications systems requirements were identi­
fied from the ca:c requirements. 

•.O MASS AND MASS BASIS 

The Hardware elements have not been identified. Mass will be assumed to be I 0 
mt. 

j.0 COST AND COST BASIS 

o Cost will be estimated to be $.50 million. 

o DDT&:E est. to be $2 M 
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CREW MODULES 

1.0 WBS DIC11VNARY 
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This element includes the facilities and equipment required for the life support and 
well-being of the crew members. Included are the living quarters and work 
modules. 
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WBS 1.22.2 CREV'# SUPPORT SYSTEMS 

2.0 DESCRIPTION 

A total of ; crew modules wiJJ be required at the LEO Base: 

o 3 crew quarters modules 
o These 3 100-man capacity habitats house the 230 LEO base crew 

and serve as a transient crew quarters 
o 1 operations and maintenance module 
o 1 training module 

These .5 modules will be clustered as shown in Figure A on the LEO base level B 
near the cargo sorting/storage area, as shown in Figure B. 

3.0 DESIGN BASIS 

These modules will be identical to the corresponding GEO base crew modules with 
the exception that the storm shelter shielding has been deleted from the crew 
habitats. 

•.O MASS AND MASS BASIS 

WBS MODULE QTY 

1.2.2.2.1 Crew Quarters 3 
Module 

1.2.2.2.2 OPS & Main Module 1 

1.2.2.2.3 Training Module 1 

j.0 COST AND COST BASIS 

MASS EA, MT BASIS TOTAL 
MASS 

MT 

174.8 See WBS .524.4 
1.2.1.2.1 
(storm shelter 

deleted) 

173 See WBS 173 
1.2.1.2.1 

112 See WBS 112 
1.2.1.2.1 

TOTAL 809.4 MT 

PRODUCTION PRODUCTION 
COST,EA TOTAL COST 

WBS MODULE QTY $M BASIS SM 

1.2.2.2.1 Crew Quarters 3 347 See WBS 1041 
Module 1.2.1.2.1 

(storm shelter 
delt.ced) 

1.2.2.2.2 OPS &. Main Module 1 316 See WBS 316 
1.2.1.2.1 

1.2.2.2.3 Training Module l 142 See WBS 142 
1.2.1.2.1 

TOTAL $1499M 
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was 1.2.2.3 OPERATIONS 

1.0 WBS DICTIONARY 

This element includes the conduct of operations at the LEO base. It includes both 
the direct and support personnel and the consumable supplies required for the 
conduct of the operations. 

2.0 DESCRIPTION 

The LEO base operations are grouped into the 3 categories shown in Figure A. 
Each of these operations are described in detail in the sub-element descriptions 
that follow. 

The total LEO base crew size and crew organization concept is shown in Figure B. 

was t.2.1..3. 1 

LEO 1.0 

UllE CONDUCT E01V 
Ol'ERATKMIS CONSTRUCTION 

OPERATIONS 

WllS1.2.2.3.2 

2.1 - CONDUCT 
LOGISllCS 
OPERATIONS 

W8S 1.2.2.3..3 

u - CONDUCT 
BASE 
OPERATIONS 

Figure A: LEO Base Operations 
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4.0 MASS AND MASS. BASIS 

Annual 
Resupply 

Resupply Item WI 1096 Cont Rationale Reference 

o Crew Supplies 

o Food (216.5) Based on 230 People WBS 1.2.1.3 

o Housekeeping & Other Items 162. l Proportioned from GE.O Base Figures 

54.4 

o Crew t\~odule Supplies (98.4) 

o ECLS N2, & H20 51.3 

o ECLS Lite Limited Pacts 41.4 c 
o Other Subsystem Parts 5.7 -

' w 
-.] "' 

(90) Same as for GEO Base WBS 1.2.1.3 
t 

o Work r\'lodule Supplies -• w 
o OPNL CTR (0

2
, N2 & Parts) 36 Modules of same type 

o Training f\lod. 54 :E 
~ ... 

o Work Facility Supplies TBO WBS 1.2.1.3 N 
~ o Constr. Equip. Parts 20.6 Scaled from GEO Base w 

o Cargo Hdlg/Oist. Parts 13.2 Estimates 0 
o Crew Bus (02, N2) 7 

-0 m 
::D 

o SubAssy Factory, Parts 1 !i -o Remote Work Sta. (02, N2 & Parts) 75 0 ::z 
o P.ase Subsys Parts 4 en -
o Base Flt CTL Propellents 

n 
0 z 

o Base Maint &: Test Parts .... . 
0 

o Transport Veh ~1aint Parts 5.8 -
TOTAL 533.5 MT/YR 



S.O COST AND COST BASIS 

o Crew Salaries 

Operation 

o LEO Base Orbital Crew 
o Construction OPS 
o Logistics OPS 
o Base OPS 

o Ground Crew 

o Training 

Hen/Yr 

(452) 
70 

168 
214 

(4520) 

0180.25461-2 

WBS 1.2.2.3 OPERATIONS (CONT'D) 

Rationale 

2 x Base Crew 

10 x Orbital 
Crew 

Total 

172 

Annual 
Cost 
$M Rationale 

(58.3) $129K/Man year 

(226) $50K/M, ... , 

( 56. 9) 20% of Salaries 

$ 341.2M 



o RESUPPLY ITEMS 

Item 

o Crew Supplies 

o Food 

o Housekeeping & Other Items 

o Crew Module Supplies 

o C.CLS N2, & H20 

-..1 o ECLS Life Limited Parts 
w 

o Other Subsystem Parts 

o Work Module Supplies 

o OPNL CTR (o2, N2 & Parts) 

o Training Module 

o2, N2, Parts 

Annual 
Cost 

$M/Yr 

.74 

.12 

Neg 

Neg 

65.4 

9 

Neg 

Neg 

2.8 

Neg 

42.7 

Rationale Reference 

$10/lb ($4.54/kg) x 162.1 MT/yr Estimate 

$5/lb ($2.27 /kg) x 54.4 MT /yr Estimate 

N2: $.05/kg x 17 .4 MT /yr Factored from propellant 
Cl 

H20: $.01/kg x 33.9 MT /yr costs/Guess -~ 
~ 

$1580/kg x 41.4 MT/yr Sineored average of N 

"' * $1580/kg x 5.7 f\iT/yr Total module cosb -w 
Total module mass 

~ 
I 

o2: $.1/kg x 13 MT/yr -Factored from propellant N 
N2: $.05/kg x 5 MT /yr costs t: 
Parts: $1580/kg x 18 MT/yr 0 
Or: $.1/kg x 19.5 MT/yr 

.,, 
m 
::D 

Parts: $1.580/kg x 27 MT/yr )> .... 
0 z 
(I) -0 
0 z 
-4 
d -



Resupply Items - (cont'd) 
o Work Facility Supplies 

o Constr. Equip. Parts 

o Cargo HdJg/Dist. Parts 

o SubAssy Factory Parts 

-.I 
~ o Remote Work Stations 

H2o, N2, Parts 

o Base Subsystem Parts 

o Base Flt Control PropeUent 

o Transport Veh Supp. Parts 

45.1 

27.4 

Neg 

Neg 

.4 

Neg 

Neg 

76.7 

TBO 
12.5 

$2190/kg x 20.6 MT/yr 

$2072/kg x 13.2 MT /yr 

H20: $.01/kg x 2 MT /yr 

N2: $.05/kg x 5 MT /yr 

$400/kg x 1 MT/yr 

H2o: $.01/kg x 10.5 MT/yr 

N2: $.05/kg x 27 MT /yr 

Parts: $2190/kg x 35 MT/yr 

$2160/kg x 5.8 MT/yr 

Smeared average of 

total equipment cost • 

total equipment mass 

Smeared average of 

total equipment cost • 

total equ~pment mass 

Smeared average of 

total equipment cost • 

total equipment mass 

Cl -Qll 
0 

~ 
t -w 

=: 
I -io..> 
~ 
w 

~ m = )> ... 
~ 
fl) -n 
~ 
-I 
d -
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WBS 1.2.2.3.1 EOTV CONSTRUCTION OffRATIONS 

1.0 WBS DICTIONARY 

This element includes the direct const:-uction operations requirP-i to assemble the 
EOTV's. Included are descriptions ot the sub-operations, per:,.Jnnel requirements, 
and consumables requirements. 

2.0 DESCRIPTION 

The EOTV construction systam is designed to construct EOTV's at thE:. rate of 1 
EOTV every 45 days (8 EOTV's per year). Figure A shows the construction 
functional flow. Figure B illustrates the construction sequence. Figure C shows the 
corresponding timeline. 

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 D shows the functional flow 
chart and Figure E shows the timeJine for the .. ssembly operations. 

While the solar array and structure clre being assembled, the cargo platf· .-. 
assembled on the construction gantry. Figure F shows the functional flow di' 
The cargo platform is installed after Bay 3 is completed. 

The subassembly open.tions proceed in parallel with the assembly of Bays l, .1c. 
3. (WBS 1.2.2.1.4 describes the subassemblies.) Figure G shows the subassembly 
operation's f .lnctional flow. 

Figure H shows the final test/ checkout/ activation functional flow chart. 

The detailed descriptions of the construction operations are founct in t 11e operations 
and systems synthesis document (D180-25t;.61-3), Section 9. 

Crew Requirements - The EOTV construction crew size and organization are shown 
in Figure I. 
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WBS 1.2.2.3.1 EOTV CONSTRUCTION OPERATIONS (CONT.D) 
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Figure E: Typical Construction Timeline for Each EOTV Bay 
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W8S 1.2.2.3.1 EOTV CONSTRUCTl'1N OPERATIONS (CONTD) 
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WBS 1.2.2.3.2 LOGISTICS OPERATIONS 

1.0 WBS DICTIONARY 

This element includes the space vehide support operations, cargo handling/distribution 
operations, and crew/crew supplies intra-base transportation operations at the LEO base. 
Included are the descriptions of the operations, perso1mel requirements, and consum­
mables requirements. 

2.0 DESCRIPTION 

The tt.ree major logistics operations categories are shown in Figure A. These operations 
and their subelement operations are described below. The detailed operational descrip­
tions are f<Qld in the Operations and Systems Synthesis document (0180-25461-3). 

Space Vehicle Support Operations 

The If major suboperational categories are shown in Figure 8. 

Vehicle Docking Operations-The HLLV and PLV docking operations are depicted in Figure 
C. The decking systems (•'BS 1.2.2.1.6.1.1) are operated from a control station at each 
docking area. There will be 1 or 2 HLLV's arriving each day of the week (8 per week). 
There will be 1 PLY arrival per week. The rendezvous traffic control is provided by an 
operator at the LEO base OPS center. 

The POTV flies into a nose-first docking. Figure D shows the POTV docked to the base. 
The on-board POTV flight crew controls the docking maneuvers. 

The cargo tug also is flown into a nose-figre docking (see Figure E) under rontrol of the 
on-board pilot. 

The EOTV <fees n.'.>t dock to the LEO base. It is placed into a stationkeeping attitude I or 
2 km away from the base. The EOTV stationkeeping is remotely controlled from the LEO 
base operations center. 

Vehide Maintenance Operations-The transportation vehides that will be maintained in 
space indude th~ EOTV, POTV, Cargo Tug, and SPS Maintenance Support Vehides (see 
Figure F). The fleet sizes the base(s) where the various vehicles are to be maintained, and 
their maintenance frequencies are sh"wn in the Figure. Note that the HLLV and PLV 
orbiters are not to be maintained in-space. 

In general, the vehides will be subject to "On-condition" or "Condition Monitored'' 
maintenance. On-condition maintenance relies on the determination of the condition of a 
component or subsystem at specified intervals via measurement or test without removal 
or disassembly. Condition monitored maintenance relies on the maintenance requirements 
being determined by the monitoring of operational flight instrumentation, analysis of in­
flight data for trends, and the detection of statistically significant recurring problems on 
a fleet-wide basis. These two concepts are oriented towartis detecting existing or 
incipient failures using the least amo~t of test and checkout. Actual operational 
experience would be used to provide the hmctional check or measurement of perfor­
mance. This nia.!ntenance approach is contingent on the existence of necessary instru­
mentation for obtaining maintenance significant data. 
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\lBS 1.2.2.3.2 LOGISTICS OPERATIONS (CONT'D) 
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Figure E- Cargo Tug Docking and Propellant Loading Provisions 

VEHICLE 

I CD 

NO.OF 
VEHICLES 
INFUET 

EOTV 

•SOLAR ARRAY ANNEALED 
WHERE AT GEO BASE 
MAINllill'ED • EVERYTHING ELSE 

MAINTAINED AT LEO BASE 

MAINT 
FREOUEN 

• AT LEO BASE EVERY TRIP 
• AT GEO BASE EVERY TRIP 

POTV 

• 2 11 + 1 SPARE) 

•LEO BASE 

•AFTER EVERY 
ROUNOTAIP 

CARGO TUG 

~ I 

• 2 AT LEO BASE 
• 2 AT GEO BASE 

•LEO BASE 
•GED BASE 

5'S MAINT SUPPORT 
VEHICLES 

• 5 (4 · Sl'A"':El 

•rl~OS~~ 
•AFTER 15-20 FL TS • ~~~~ ~ ~~ 

---
CC> THE HLLV ANO PLV ORBITERS ARE MAINTAINED ON EARTH· NO IN-SPACE MAINTENAlll"E. IS PLANNED 

Figure F- Space Vehicles and In-Space Maintenance Locations 

)79 



/ 

EOIV 
•AfTEA TR• 10 LEO 

' •AFTER TRIP TO GEO 
POIV 

•AFTER &OUNOTIUP 
• TI>GEO 
CAAGOTUQ 

•AFT£1l15-X 
R.IGHTS 

SPSMAWI' 
~TVEHICl.£1 

•UTE89DDAY 
10UAOFDUIY 

r-------------, 
I 
I fUGMT DlVEUW I 

' 

MTA MAWTIRUA18 I-Ii----' 

ANAL.YSll PUN I 
I 
I 

REMOVE 
ft.IGHT 

I 
I 

I DATA I L ______________ _J 

GROUia>.aASEO A*CTIOrlS 

ffTUflN VE HIClf 
...---------------- lO kRVICf 

YES 

• STRl.CTURES 
SCHEO/lJl'fSCHf.0 ~-'~ 
MA.INT 

Figute G- Spacl Vflbicltl ln-S/Jlll;tl Main,_.,,,. Functional Flow 

--

CD PROPELLANT PALLET 
EXTIIACTEO FROll HLLV 
CARGO PALLET ANO 

@ CARGO TUG OOCUTO 
PROPELLANT PALLET 

NOR: AN EMPTY PROPELLANT 
PALLET IS RETURNED FROM THE 
EOTVFIRSr 

@ PROPELLANT PALLET 
TRANSFERRED TO 
CARGO TUG OPS AREA 

Pt.ACED ONTO A TRMSPORT£A 

{!) PROPELL.AHTPALLET 
REMOVED Fi.OM TRAr~SPORTEA 
AND TAKEN TO EOTV 

Figure H- EOTV Propflllant Pallet Handling Operations at the LEO Base 



D180.2S461-2 

WBS 1.2.2.3.2 
ti._,Li,,;L f ri~.\:\'.!_ 

LOGISTICS OPERATIONS (CONT'D) 

Figure G shows the general maintenance funct! .. 11al flow. After the specified 
number of flights, the vehicles receive a visual inspection and fault isolation 
checkout. The preprocessed flight data is telemetered back to Earth and analyzed. 
From these inputs, it will be possible to determine whether or not the vehicle can 
be 11nmediately returned to service. If there is some maintenance required, a 
detailed maintenance plan is prepared by the Transport Vehicle Maintenance Group 
in t.1e Transportation Vehicle Command and Control Center on Earth and this plan 
is ihen transmitted to the or!:>ital base. 

Vehicie maintenance crews stationed at each of the bases will perform the 
r.ecessary maintenance. If the required maintenance jobs require more manpower, 
maintenance techni~ians and mechanics can be borrowed from other maintenance 
crews at the base (e.g., from the base systems maintenance crew). If the problem 
is very complex, specialists will be sent to the base from Earth. With the 
exception of the EOTV, the vehicle stages could be slipped back to Earth for major 
refurbishment if it becomes unfeasible to repair it in-space. 

The lfehidt maintenance support equiprr.ent has been identified in WBS 1.2.2.1.6.4. 
This set of equipment would be required at each base. In addition to this 
equipment, at the LEO Base 2 flying cherrypickers and 4 thruster refurbishment 
machines are required. 

With the exception of the EOTV, maintenance will be performed on the vehic1es at 
their launch and docking pads so no dedicated working area is required. Adequate 
working area must be provided on the launching and docking area for the 
maintenance operations. Components that can be removed for refurbishment will 
be taken to the Maintenance Module located at each base. 

Ven.de Refueling Operations - The only vehicles to be refueled at the LEO Base 
are the cargo tugs and EOTV's. 

The EOTV must be resupplied with propellant while at the LEO Base. A total of 
469 MT of argon, 39.4 MT of L02, -md b.6 MT of LH2 must be resupplied. It was 
ground ruJed that each of the propellants be packaged in 2 tanks to provide 
redundancy. The concept calls for placing the 3 loaded propellant tanks into a 
pallet that would be carried within a HLLV cargo pallet. The propellant pallet 
would be extracted from the cargo pallet and placed onto a cargo transporter. 
Figure H illustrates how this pallet is picked up by the cargo tug and flown to the 
EOTV. N·""te that an empty propellant pallet is returned from the EOTV first. 
Figure I illustrates how the propellant pallet is installed on the EOTV cargo 
platform. it takes 2 roundtrips to changeout the propellant pallets. 

The Cargo Tug propellant is also delivered to LEO by HLLV's using propellant 
pallets. Figure E shows the propellant delivery concept. 

Vehicle Launching Operations - The HLLV and PL V a:-e launched away from the 
LEO Base using a reverse of the docking operation, shewn in Figure C. The POTV 
and Cargo Tug b:ck away from the dockil"lg fixture using on-board retro-thrusters 
and/or by a "push-away" by the docking fixture. 

Car o Hanc:ilin Distribution 0 erations - The functional flow of the cargo 
handlin distribution o!)erations at theLEO Base are shown in Figure J. These 
operations are depicted in Figure K. 
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WBS 1.2.2.3.2 LOGISTICS OPERATIONS (CONT'D) 

The HLL V is offloaded/reloaded '>y the pallet handling machine (described in WBS 
1.2.2.4.3.1) and loaded onto cargo transporters (WBS 1.2.2.1.3.2). If the cargo 
within the pallet is to be used at the LEO Base, it is transported to the cargo 
sorting/storage area for processing (see WBS ~.2.2.1.3.3 and -.4). The components 
are tnen delivered to construction equipment, subassembly factories, the POTV's, 
or to the crew modules. 

If the pallets are destined for GEO, the cargo handling operations are as described 
below. 

Figure L illustrates the overall EOTV cargo transportation systems and operations. 

At the LEO Base, an Electric Orbital Transfer Vehicle (EOTV) that has just 
returned from GEO is placed ir.to a statior. keeping position approximately l km 
away from the base. .'\ cargo tug flies over to the EOTV and picks up an empty 
cargo pallet and returns it to the LEO Base. (These empty pallets will eventuaJJy 
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 are loaded onto 
the EOTV. 

After the cargo pallets are loaded, the cargo tug picks up empty EOTV propellant 
pallets and returns them to the base. Two loaded propeJJant pallets will have been 
delivered to the LEO Base within HLL V cargo pallets. These 2 loaded propellant 
pallets are installed on the EOTV. 

Figure M shows the timeline for the EOTV operations conducted at the LEO Base. 

Figure N shows the integrated EOTV flight schedule. A total of 28 EOTV flights 
are required during a one year period in order to deliver the satellite component~ 
necessary to construct two 5gw satellites per year. This requires th:.1t an EOTV be 
launched to GEO every 13 days. A total of 22 vehicles are required to maintain an 
average :>f 28 deliveries per year when taking into account EOTV performance due 
to solar array degradation. One additional vehicle is added to the fleet as a spare 
giving a total of 23 vehicles. 

Crew/Crew Supplies lntrabase Transportation Operations 

The subfunctions of this operational category are shown in Figure O. 

Intra-Base Crew Trans ortation The crews travel between habitable 
facilities/equipment vehicles via either 10-rnan or 24-man crew bosses (\\'55 
l.2.2.1.3.6.2). These vehicles are driven by an on-board driver. They are equipped 
with a hatch on one end that interfaces directly with a crew habitat air!ock port. 

The other end of the crew bus is equipped with a manipulator/transfer capsule. 
This is used to transfer l or 2 crew memt,ers to construction equipment control 
cabs that cannot interface with the main crew bus access hatch. 

PL V Crew Transfer Operations - The PL V passengers are transferred to the crew 
busses via a crew transfer tunnel system (WBS l.2.2.1.3.6.l) located at each PLV 
docking system. 

POTV Crew Transfer Opentions - ri~ure /J ~ro.,,\ <; h\'\\ the P0TV nassenf.Pr~ arC' 
transferred between the POTV and crew bus via .i crew transfer tunnel attached to 
the crew bus. 
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WBS 1.2.2.3.2 LOGISTICS OPERATIONS (CONT'D) 
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~l~JLDOUT 

FR.nrT.: 
was 1.2.2.3.2 LOGlmCS OPERATIONS (CONT"Dt 

Cre,,.,· Supplv Mooule Transfer Operations - The crew supply modules are trans­
pc,rted to the LEO Base as an element within a cargo pallet. The crew sups:!y 
moJule is processe<l as descrioed in a previous section. When it is delivered to the 
POfV. it ~s rer.10ved from the transporter and moved to its attachment fixture or. 
the POTV via a cherr~ picker (see Figure [J). 

Crew Rc.-quirements 

The logistics ~ations crew and crew organization are shown in Figure P. A total 
of 84 people are required for these operations. 
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1.0 WBS DICTIONARY 

~{_,Jt• 
. -L J F,7_ \ '['" -1_, .c. 

~ 1.2.2.3.3 BASE OPERATIONS 

This element includes the operations that are not direct S:vTV construction or 
logistics operations. Included are descriptions of the operations, the personnel 
requirements and consumables requirements. 

2.0 DESCRIPTION 

The 8 sub-element operations are shown in Figure A. These operatior.s and their 
sub-elements are described below. 

Habitation Operations - The habitation operations inchJde the operation of the 
environmental control/life support and food service systems, and conduction of the 
housekeeping and recreation provisioos. These operations are conducted 24 
hrs/day, 7 days/week at each crew habitat, including transient crew quarters when 
occupied. 

system WBS 1.2.2.1.8.1 

Base Attitude Control/Stationkee in S stem 0 ations - The LEO base flight 
control system {WBS 1.2.2.1.8.2 is controlled/monitored 7 days per- week, 2~ hours 
per day. 

Base Maintenance Operations - These maintenance operations include maintenance 
of everything at the LEO base except for space vehicles (maintenance for these 
were included in WBS 1.2.2.3.2). Most elements are maintained in place. 
Components that can be refurbished will be taken to the maintenance mod•Jle for 
processing. Maintenance will be scheduled during equipment idle times. Major 
maintenance re-iuiring extended downtime will require spare equipment or redun­
dant systems to be brought on-line. 

Crew Training Operations - The LEO base will be used extensively as a zeru-g 
training base for all of the GEO base as well as LEO base crewmembers. This 
training will includE- training for construction tasks, habitation tasks, operations 
tasks, and maintenance tasks. The training Ct>t?rations have not been defined in any 
detail. 

Crew Health and Safety Cperations - These operations will include the operation 
of the following: clinics, surgical facilities, X-ray equipment, dental facilities. 
medical laboratory, pharmacy, paramedic equipment, health monitoring systems, 
environmental safety hazard monitoring equipment, etc. 

Communication Systems Opera!ions - The voice, video, and data communication 
sys•ems will be operate,. 24 hours per day, 7 days per week. 

Data Management System Operations - The LEO base computer sy.:i.tem will be 
operated 24 hours per day, 7 days per week so that base flight control a:-id critical 
subsystems can be continuousl) monitored and controlled. Other ddta management 
system users will impose intermittent, scheduled demands. 
Crew Requirements 

The .crf'N size and organization rc'luired to perform the base operations are shown 
m Fagu:-c B. 
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WBS 12.3 MOBILE MAINTENANCE SUPPORT SYSTEMS 

1.0 WBS DICTIONARY 

This element includes the mobile maintenance systems that are flown between the 
GEO Base and the operational satellites. Included are the mobile work support 
systems, crew support systems, and the maintenance operations at the satelJite. 
Other SPS maintenance-related elements and operations are described in the 
following WBS descriptions: 

\\'BS l.1.1.6 Energy Conversion System Maintenance Systems 

\\'BS I.1.2.6 Power Transmission System Maintenance Systems 

WBS 1.1.6.5 Interface System Maintenance Systems 

WBS 1.2.1.1.7 GEO Base SPS Maintenance Support Facilities 

WBS 1.2.1.3 SPS Maintenance Support Operations 

WBS 1.3.6 lnterorbit Transfer Vehicle (IOTV) 

2.0 DESCRIPTION 

The mobile maintenance work support and crew support elements are shown in 
Figure A. The crew habitat is described in WBS 1.2.3.2. The KTM pallets, flying 
cherrypicker, and free-flyer MRWS are described in WBS 1.2.3.1. The OTV is 
described in WBS 1.3.6. The mobile maintenance systems will be based at the GEO 
Base between maintenance sorties. These system elements will shuttle between 
satellites and the GEO Base. The maintenance operations are described in \\'BS 
1.2.3.3. 

3.0 DESIGN BASIS 

The mobile maintenance systems and operations were defined for a 20-SPS's-in­
orbit sce03rio. The original maintenance systems and operations concepts are 
found in the Part DI Final Briefing, March 1978, Boeing Doc. No. 0180-24071-3. 
These concepts we.-e updated and amplified in the analysis presented in section 13 
of the Operations and Systems Synthesis Oocur.ient, 0180-25461-3. 

'-0/'-" MASS AND COST 

Refer to Table A for comprehensive mass and .:ost summary. Refer to subelement 
descriptions for mass and cost basis. 
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\VBS No. 

1.2.3 

1.2.3. l 

1.2.3.2 

DIS0-25461-2 

WBS 1.2.3 MOBILE MAINTENANCE SUPPORT 
SYSTEMS (cont"d) 

TABLE A 

ns 1.2.3 MOBILE MAINTENANCE SYSTEM 

COMPREHENSIVE MASS COST SUMMARY 

Mass, DDT&ECost, 
Element MT $Millions 

\V ork Support System 269 TBD 

Crew Support Syst. 253 TBO 

Unit Cost, 
$Millions 

64.6 

362 

Wrae-Aro1.r1d Factors 

Spares 

Inst. Assy, C/O 

SE&I 

Proj. Mgmt 

C\yste ns Test TBO 

GSE 

Software 

Logistics 

Liaison 

Annual 

Resupply 103.8 MT/Yr 

Salaries & Trainin~ 58 
60.5 

~118. 5 M/Yr 

18() 
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WBS 1.2.3.1 WORK SUPPORT SYSTEMS 

t.O WB.5 DICTIONARY 
~LDJL'}' I'.r: ... 

This element mcJudes the klystron tube module pallet fixture assembly, flying 
cherrypicker, and free-flyer mobile remote work station used by the mobile 
maintenance crew. The orbital transfer vehicle used to transport these elements is 
described in WBS 1.3.6. 

2..0 DESCRIPTION 

WBS 1.2.3.1.l-Klystron Tube Module (KTM) Pallet Fixture AssefTlbly-Figure A 
shows the KTM pallet concept. These pallets are used to transport KTM's between 
the satcUites and the GEO Base. 

The K TM pallet is composed of 3 main elements: WBS 1.2.3.1. l. l - The K TM pallet 
fixturt:, WBS 1.2.3.1.l.2-the klystron tube module pallets, and WBS 1.2.3.l.l.3-the 
klystron tube module racks. There are 38 KTM racks per pallet. Each KTM rack 
can be loaded with 25 KTM's (WBS 1.J.2.2.1). There will be 20 of the pallets per 
OTV. This combination provides for transporting 1900 KT~i's to and from each of 
10 satellites (the projected number of failed KTM's per 6 months). 

The KTM pallets fixture can be docked to other similar units, to the OTV, and to 
the cargo transporters located on the sateJlite's antenna. The KTM racks can be 
detached from the pallet/docking fixture, now carried by the cargo transporter, by 
a cherrypicker. These racks can then be attached to the satellite-mounted 
maintenance cherrypickers. These maintenance cherrypickers can then rerno~e and 
store KTM's in the KTM racks. 

A total of 2 pallet fixtures are required (l at a SPS + 1 at GEO Base being 
offloaded/reloaded). 

i\ minimum of 800 K TM racks will be required (approximately 3 month's of 
defective KTM's-20,000 units-will be in storage.) 

WBS 1.2.3.1.2-The Flying Cherrypicker-The maintenance access concepts all use 
a machine that has been dubbed "the flying cherrypicker ." Figure B ilbstrates the 
concept. The primary reason that this machine concept was created was that the 
predicted failure rdtes of the components to be serviced was much too low to 
warrant dedicated maintenance cherrypickers located pe:rmanently on the satellite. 
Also, due to the complexities of the various locations in which cherrypicl:ers would 
be required, it was not feasible to create an integrated track network that would 
allow a track-mounted cherrypicker to get to all of the locations. Hence, a flying 
.-herrypicker and a set of track-mounted carriages were crt>at~d. 

The flying cherrypicker carries aiong a power supply which would be connected to 
the carriage after docking. The platform on the flying cherrypicker is used to 
t; dnsport the replacement components, the components that were removed irom 
the satellite, and the maintenance tools. A docking port for a free-flyer (to be 
descril·~d bel.Jw) is also provided on the platform. This provides a location for 
transport in& the free-flyer on the inter-satellite f: iJi1ts. 

The read1 ~nvelope of thP flying cherrypid;er wa· lc.'r ived by c :-nsideration of the 
various maintenance jobs that it would be used for. 
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~ 
WBS 1.2.3.1 \YORK SUPPORT SYSTEMS (CONT'D) 

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 to 3 antenna switchgear, a DC-DC 
converter, a disconnect switch, and a DC-DC converter thermal control system). 
During the 52.5 hours of available work time there would be sufficient time 
available for one flying cherrypicker to perform the changeout of these devices. 

W13S 1.2.3.l.3-Free-Flyer Maintenance Vehicle-During the analysi; of the main­
tenance operations required for the various components, requirements for a free­
flyer maintenance vehicle were established. This vehicle would be used for the 
following tasks: (1) used to make a fly-over of the entire satellite to spot solar 
array tensioning device a,d catenary failures; (2) used to assist the flying 
cherrypicker in main power bus repairs; and (3) used to perform maintenance tasks 
a'i: locations inaccessible to the flying cherrypi-.:ker, e.g., the power busses running 
between the solar array and the attitude control system. 

The free-flyer mobile remote work station defined by Grumman in Contract 
NAS9-15507 is a suitable candidate for this requirement, see Figure C. One of 
these would be required. 

J.O DESIGN BASIS 

The Klystron Tube Module Pallet Assembly (WBS 1.2.J.1.l) was configured taking 
into account the K TM handling operations, the maintenance mission schedule, and 
the optimal size of the OTV. 

The Flying Cherrypicker (WBS 1.2.3.1.2) design basis is defined in Section 13 of the 
Operations and Systems Synthesis report (0180-25461-3). 

The rationale for the Free-Flyer Maintenance Vehicle (WBS 1.2.3.1.3) is defined in 
the same report. 

•.o MASS AND MASS BASIS 

WBS 

1.2.3.1.l 

1.2.3.l .2 

I.2.3.1.3 

ltem 

KTM Palley Assembly 

Flying Cherrypicker 

Free-Flyer 

5.0 COST AND COST BA51S 

WBS 

1.2.3.1.l 

1.2.3.l.2 

1.2.3.1.3 

Item 

K TM Palley Assembly 

Flying Cherrypicker 

Free-Flyer 

Mass,MT 

2bl 

1 5 

l 3 

Productic,,1 
Q!r Cost,$!\.~ 

2 10 

35.6 

19 

TOTAL ~64.e' 

Basis 

10% of payload 

See Table C in 
WBS 1.2.2.1.6 

Scaled from 
1-Man MWRS 

DDT&E 
Basis Cost 

Guess 

See Table 
C in WBS 
1.2.2.l .6 

Scaled 
from 
30M CP 
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ECK3 
lUARTERS 

r:CK 1 
lUARTER~ 
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was 1.2.3.2 CREW SUPPORT SYSTEMS 

1.0 WBS DICTIONARY 

This element includes the facilities and equipment required for the life support and 
well being of the mobile maintenance crew members. Included are the crew 
habitat and the resupply modules. 

2.0 DESCRIPTION 

The mobile maintenance crew support systems are shown in Figure A. 

WBS 1.2.3.2.1-Crew Habitat Module-This crew habitat module is identical to that 
described in WBS 1.2.1.2.1. One of these habitats is required. 

WBS 1.2.3.2.2-Crew Supply Module-This supply module is identical to those used 
at the LEO and GEO Bases. 

Q • 

DEt:K4 
GALLEY/DINING AAEA/STqRM SHEL TEA 

Figure 8. Crew Habitat Module 

HABIT AREAS: 

A. ONE~ERSONSTATEROOM 

a. ·rwo-PERSON STATEROOM 

c. ONE-PERSON CREW QUARTER 

D. TWO-PERSON CREW QUARTER 

E. WASTE MANAGEMENT 

F. PERSONAL HYGIENE 

G. CENTRALPASSAGEWA~ 

H. TORUS AISLEWAY 

I. THRU-DECK ACCESS 

J. INTERDECK ACCESS 

K. CABIN WINDOWS 

L. VIEW WINDOWS 

M. EMU/EVA PREP ROOM 

N. COMPUTER RACKS 

o. CONTROL CENTER 

P. CONFERENCE ROOM 

a. DINING AREA (60 PERSONS) 

R. FOOD S"fCRAGE 

s. LOUNGE 

T. LAUNDRY/SUPPLIES 

u. RECREATION/GYMN 

v. BARBER SHOP/POST OFFICE 

W. LI BRA RY /STUDY 

x. THEATER/CHAPEL 

Y. SICK BAY /DENTIST 

z. EXPENDABLES 

Z1.· SUBSYSTEMS 

Z2. COMPACTED WASTE 
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3.0 DESIGN BASIS 

D180.2S461·2 

WBS 1.2.3.2 CREW SUPPORT SYSTEMS 
(cont'd) 

The crew module provides livir.g quarters for the 83 crewmernbers and also 
provides additional in-door wor:_ area for maintenance of small parts. This module 
will be provided with enough supplies for 83 people for 90 days+ 10% contingency. 

•.o MASS AND MASS BASIS 

WBS Item Q!r Mass Basis 
1.2.3.2.1 Crew Module 1 243.1 Mt See WBS 1.2.1.2.l 
1.2.3.2.2 Crew Supply Module TBD TBD 

j.0 COST AND COST BASIS 
Production 

WBS Item Q!r Cost DDT&E Basis 
1.2.J.2.1 Crew Module 1 S347M TBD See WBS 

1.2.1.2.l 
1.2.3.2.2 Crew Supply Module TBD TBD 
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WBS 1.2.3.3 OPERATIONS 

1.0 V/BS DICTIONARY 

This element includes the at-satellite maintenance operations. lnci.uded are 
descriptions of the sub-operations, personnel requirement~, and consummables 
requirements. 

2.0 DESCRIPTION 

The integrated SPS m~ "tenance operations concept is depicted in Figure A. The 
top-level timeline, sho• ~in Figure B, shows that there are two types of operations: 
I) maintenance oper:, •vns at the sateUite, and 2) refurbishment of deiective 
components at the Gl. '") base (the refurbishment ooerations are described in WBS 
1.2.1.3). . 

1 ne at-satellite mainteno..1ce occurs over a 90 day period when each satellite is 
visited by a mobile maintenance crew and equipment for a 3.5 day staytime. 
Twenty operational 5 GW SPS's are assumed in the mission model. At the end ot 
the 90 day period, the traveling maintenance crews are returned to Earth. They 
return to orbit after 90 days on Earth and then repeat the maintenance visit 
routine. Hence, each sateJlite is visited twice a year for maintenance. The 
refurbishment operations are conducted continuously with a crew changeout every 
90 d:iys. 

Mobile Maintenance Operations-A crew of 83 people are loaded at the GEO base 
into a mobile crew habitat and are transported to the operational SPS's using an 
OTV. Traveling with t:--e crew is a flying cherrypicke::-, and an OTV loaded with 
replacement parts. 

The crew habitat docks to a docking port on the sateJlite's antenna, see Figure C. 
The satellite w11l have been deactivated from the ground just prior to the arrival of 
the crew. The mission control center on the ground will have accumulated a 
detailed listing of most of the faulty satellite components. A detailed operating 
plan will have been concocted to plot the maintenance crew's activities while at 
the satellite so that a minimum of w~sted motion is incurred. Upon arrival, a two­
man free-flyer vehicle will be dispatched to make a flyover of the satellite to 
detect non-annunciated failures, e.g., solar array tensioning device failures. 

The replacement component car~c OTV docks to a transporter located on the 
.trltenna and drops off a pallet oi K TM's. It will then fly to another antenna­
attached transporter to drop off another load of KTM's. There are two places to do 
this. 

The maintenance crews are taken from their crew habitat to maintenance ~antries 
located on the antenna using a crew bus that is stationed on the antenna. There 
are 22 maintenance gantries on the antenna, see Figure D. The K T:\'i pallet 
transporter is moved about to locat1ons where racks of K TM's can b~ offloaded 
onto the maintenance gantries. 

The maintenance gantries move to predesigr.ated locations where the cherrypicker 
then removes defective K TM's and replaces them with good ones as shown in 
Figures E and F. 

Meanwhile, the flyin~ cherrypicker is manned, the replacement comoonents loaded 
onto it, and then it flies to cockmg carriages located in various locations on the 
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Resupply Item 

o Crew Supplies 

o Food 

l~LDOlJT FR.\.!\IE 

WBS 1.2.3.3 OPERATIONS (Continued) 

satellite. Figures G, H, and I show some typical locations. The cherrypicker 
removes defective components and replaces them with good ones. 

These operations continue for two shifts a day for 3Yz days. The crew habitat and 
flying c'1~• rypicker then moves on to the next satellite where they will be met with 
an OTV loaded with replacement parts. T~e defective components are returned to 
the GEO base where they will be refurbi~hed. 

After 20 satellites have been visited, 90 days are up and the crew returns to the 
G ·-I base for return to Earth. 

Personnel Requirements- The mobile maintenance crew is composed of 83 people, 
Figure J shows the crew jobs and organization. 

•.O MASS AND MASS BASIS 

Annual 
Resupply 
W/10% Cont. Rationale 

All elements 

computed for 

Reference 

Scaled from values 

derived for 

o Housekeeping & Other Items 

(39) 

29.3 

9.8 (83 men x 90 DTays 
np 

GEO Base Crew, 

o Cr"'w Module Supplies 

o ECLS 0 2, N2, & H20 

o ECLS Life Limited Parts 

o Other Subsystem Parts 

c Work Facility Supplies 

o Equipment Parts 

o Cargo Hdlr/Oist. Parts 

o Crew Bus (02, N2) 

(17.8) 

9.3 

7.5 

1.0 

(47) 

3 

3 

o Remote Work Sta. (02, N2, & Parts) 40 

TOTAL 103.8 MT 

X 2 T~~s) + 10% 

Guess 

Guess 

Scaled from GEO Base crew Busses 

'\caled from GEO Base crew Susses 

See WBS 1.2.l.3 
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S.O COST AND COST BASIS 

Operation 

o Orbital Crew 

o Ground Crew 

o Training 

Men/Yr Rational 

83 1 crew of 83 
makes 2 trips 
per year 

830 10 x or bi tat 
crew 

Total 

t 95 

WBS 1.2.3.3 OPERATION (cont'd) 

Amual 
Cost 
~ 

10.7 

41 • .5 

8.3 
"S6o:5 

Rationale 

$129K/Man-Yr 

$.50K/Man-Yr 

20% Salaries 



0180-2.5461-2 

o RESUPPLY ITEMS 

Annual 
Cost 

Item $M/Yr Rationale Reference 

o Crew Supplies 

o Fct>d .13 $4 • .54/KG x 29.3 MT /YR Estimate 

o Housekeeping & Other Items .02 $2.22/KG x 9.8 MT /YR Estimate 

o Crew Module Supplies 

o ECLS N
2

, H20 neg N2: $.0.5/KG x 3.07 MT /YR l Use same factors 

r1cg H20: $.01/KG x MT/YR as used for 

J = o ELLS Life Limited Parts 11. 9 $1.580/KG x 7 • .5 MT/YR LEO Base Ops. -QO 
~ 

\0 
o Other Subsystem Parts 1.6 $1580/KG x 1 MT /YR ~ 

°' ~ -w 

o Work Facility Supplies 

o Equipment Parts 6.6 $2190/KG x 3 MT/YR 

o Cargo Handling Equipment 6.2 $2072/KG x 3 MT /YR I o Crew Buses (H2o, N
2
) neg H20: $0.1/KG x .3 MT/YR Use same factors .. 

on satellites neg N2: $.0.5/KG x .7 MT/YR as used for N 

o Remote Work Stations neg H20: $.01/KG x .5.6 MT/YR LEO Base Ops. t: 
on Satellite (H2o, N2, Parts) neg N2: $.0.5/KG x 14.4 MT /YR 0 

~ m 
31.6 Pacts: $1.580/KG x 20 MT /YR :D ,.. 

TOT AL ANNUAL COST $58 M/YR ... -0 
2 
fl) -8 
:I 

K191/WBS 1.2.3.3 
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W8S 1.3 SPACE TRANSPORTATION 

This WBS section wiJl discuss the overall transportation scenario and be foJJowed by 
system descriptions, mass and cost characteristics associated with each transportation 
element. 

TRANSPORTATION SCENA.RIO OVERVIEW 

The transp0rtation scenario describe:; the overaJJ flight act1v1ty associated with SPS 
Transportation. The overaJl goal is to provide "traceability" with the specific objectives 
being as follows: 

a. Identify the payloads to be transported by each transportation element. 

b. Identify the schedule associated with the transportation. 

c. Identify the number of fJights flown by each by transportation element. This output 
directly contributes to establishing cost per flight. 

d. Provide visibility to distinguish between transportation associated with construction 
of satellites and that related to maintenance. 

The data developed covers the first 13 years of the commercial program and the 23rd and 
33rd years. Up through the first 13 years is sufficient to include construction of the 
second fleet of EOTV's and the maintenance of 20 satelJites in orbit. The 23rd and 33rd 
years are since they correspond to 40 and 60 sateUites respectively being in orbit which 
allows the impact of tl-e additional maintenance activity to be assessed. It should also be 
noted that once satellite construction begins, the rate is always two 5 GWe (ground 
output) sateUites per year. 

Should there be the need to know the number of flights for a year not analyzed, a straight 
line extrapolation between the analyzed years can be used while realizing that some 
interim years will have higher values because of construction of another EOTV fleet. 

The remainder of the transpor.:ation scenario includes discussion concerning the following: 

o Traceability Approach 
o Payloads 
o Vehicle Characteristics 
o Program Schedule 
o Transportation Analysis 
o Transportation Cost Summary 

Traceability Approach 

The method or approach used in establishing traceability is shown in Figure 1.3-1. Each 
transportation elernent (HLLV, POTV, EOTV, PLV) has two divisions. One division 
identifies the "payloads" to be transported by the element. The other division "fleet" 
identifies the number of flights, propellant and number of vehicles. It should be noted 
that the POTV, EOTV and HLLV are interrelated while the PLV is completely independ­
ent. The transportation analysis section of the scenario will quantity the payload and 
fleet characteristics of each transportation element. 
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was 1.3 SPACE TRANSPORTATION (cont'd) 

Payloads 

Payloads associated with the transportation can be categori2'.ed as either crew or cargo 
(includes components, supplies, facilities and orbit-to-orbit transportation elements). 

Crew - The crew complement in orbit as a function of time (commercial phase) is shown 
in Figure 1.3-2. The first several years reflect a gradual buildup to achieve operational 
status. Once achieved, the LEO Base nominally has 200 except when EOTVs are to be 
constructed (23S), the GEO Base construction crew is 440 and satellite maintenance is 
shown as increasing by 40 per year. The total maintenance requirement for each 20-year 
in~rement is 380. The total crew in orbit when 20 satellites are installed is 1000, when 40 
satellites (yr 23) are present a crew of 1400 is required while 60 satellites (yr 33) in orbit 
in conjunction with construction two satellites requires 1800 people. 

Cargo - The cargo payloads to be transported are shown in Table 1.3-1. It should be 
noted that the payload mass constitutes one time expenditure or annual requirements. 
Total annual requirements are discussed later. The majority of the items are self­
explanatory but several require some explanation for more clarity. 

Crew facility supplies relate to the spares, atmosphere gases and water expendables 
associated with all the large crew modules (crew quarters, operations module and 
maintenance module). Direct crew supplies including food and crew accommodation items 
are accounted separately. Work facility supplies cover the same items as listed for the 
crew modules but in this case they are associated with s 1all manned systems such as the 
cherrypickers (MR WS), crew bll5es, etc., in addition to base type spares and expendables 
such as flight control propellant. A breakdown of the crew and work facility supplies for 
the LEO and GEO bases are presented in Tables 1.3-2 and 1.3-3 respective!). 

In the case of the GEO base work facility supplies, the value includes an allocation of .500 
MT for flight control propellant based on using LO /LH propeUant and the base with 
satellite under construction flying in a gravity gra~ient2 attitude. This propulsion and 
attitude approach is different from that which is described in the GEO base diseussion 
where electric propulsion and a POP attitude are indicated as the ref ere nee. The 
L02/LH2 and gra~ity gradient approach has been used for transportation analysis since it 
is worst case in terms of mass but also because when safety and operational factors are 
considered this approach may be the most practical. 

In the area of SPS maintenance, the supplies include spares (new parts) as well as f Jight 
control prope!Jant. A breakdown of the satelJite maintenance supplies brought to the GEO 
base and then to the satellites is presented in Table 1.3-4 and 1.3-S respectively. Crew 
and work facilities is the mass required for each 20 satellites which covers three crew 
modules and one maintenance module at the GEO base and one mobile crew module that 
goes out to the satellite. A breakdown of the maintenance facilities and supplies is 
prec;ented in Table 1.3-6 and 1.3-7. 

Cargo tug propellant relates to that required to move paylodds between the LEO base and 
EOTV. 

Crew supplies include food and crew accommodation items constituting 0.9 MT /manyear 
including packaging. The supply module contribution is 0.8 MT /man year. 

Vehicle Characteristics 

A summary of the key characteristics of each transportation element is shown in Table 
1.3-8. Details can be found in the following WBS sections: 
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WBS 1.3 SPACE TRANSPORTATION (cont'd) 

TABLE 1.3-1 PAYLOAD CHARACTERISTICS 
(All Weights in Metric Tons) 

SPS 
Satellite 
Allowance for Breakage (2%) 
Total per Satellite 

LEO Base 
Base 
Crew Facilities Supplies/Yr 
Work Facilities Supplies/Yr 

GEO Base 
Base 

EOTV 

Crew Facilities Supplies/Yr 
Work Facilities Supplies/Yr 

Vehicle 
Propeilant/Flight 
Ref ur bishm ent/F light 

POTV-CREW ROTATION/SUPPLY 
Vehicle (Stage) 
Propellant/Flight (Up/On) 
Refurbishment/Flight 
Personnel Module 

SPS MAINTENANCE 
SPS Supplies/Satellite/Yr (to GEO Base) 
Crew & Work Facilities/20 Satellites 
Crew & Work Supplies/Yr/20 Satellites 
POTV Maintenance Sortie Prop/Satellite/Yr 
Maintenance Sortie Satellite Supplies/Yr 

CARGO TUG 
Vehicle 
Propellant/EOTV Flight 

CREW SUPPLIES/MAN YEAR 
(Incl. supply module contribution of 0.8 MT) 

199 

50,984 
1,020 

52,004 

1,603 
313 

87 

6,656 
568 
683 

1,462 
515 

40 

14 
200/185 

0.1 
59 

236 
1,154 

206 
25 

410 

2.4 
37 

1.7 

Reference 

WBS 1.1 
Guess 

WBS 1.2.2 
Table 1.3-2 
Table 1.3-2 

WBS 1.2.1 
Table 1.3-3 
Table 1.3-3 

WBS 1.3.2 

WBS 1.3.4 

WBS 1.3.5 

Table 1.3-4 
Table 1.3-6 
Table 1.3-7 
WBS !.3.4 
Table 1.3-5 
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WBS 1.3 SPACE TRANSPORTATION (cont'd) 

TABLE 1.3-2 LEO BASE CREW/WORK FACILITY SUPPLIES 

Annual Mass (MT) 1 

Crew Facilities {313) 
Crew Quarters 3 18' 
'Nork Modules 3 128 

Work Facilities (87) 
MRWS 16 38 
Crew Buses 6 19 
Const Equip 4 
Misc 11 
Fl~ght Cont Prop 1.5 

1 Includes ECLS atm supplies and spares, spares for other subsystems and packaging. 

TABLE 1.3-3 GEO BASE CREW/WORK FACILITY SUPPLIES 

Annual Mass (MT) 1 

Crew Facilit~es (568) 
Crew Quarters 6 406 
Work Modules 4 162 

Work Facilities (683) 
MRWS 52 146 
Crew Buses 5 1.5 
Const Equip 10 
Misc 12 
Flight Cont Prop 500 

l Includes ECL ~ atm supplies and spares, spares for other subsystems and packaging. 
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WBS 1.3 SPACE TRANSPORTATION (contd) 

TABLE l.3-4 SPS MAINTENANCE SUPPLIES TO GEO BASE 

Item 

Hardware 
Klystron Tul>E" Components 
DC/DC Switchgear Comp. 
Misc Components 
Pallet 

Propellant 
Argon and Tanks 
L02/LH2 and Tanks 

TOTAL 

Amual Mass (MT) PP.r Satellite 

(169) 
103 
30 
20 
16 

(66) 
61 

5 

236 

TABLE 1.3-5 MAINTENANCE SORTIE SATELLITE SUPPLIES 

Item 

Hardware 
Klystron Tube Modules 
DC/DC Switchgear Comp. 
Miscellaneous 
Pallet 

Propellant 
Argon and Tanks 
LO/LH2 a'ld Tanks 

TOTAL 

Annual Mass (MT) Per Satellite 

201 

044) 
.l78 

30 
20 
16 

(66) 
61 

.5 

410 
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WBS 1.3 SPACE TRANSPORTATION (cont'd) 

TABLE l.J-6 MAINTENANCE CREW/WORK FACILITIES FOR 20 SATELLITES 

Mass (MT) 

Q!I Ea Total 

Base Crew Quarters 1 3 243 729 
Base Maint Module 1 182 182 
Mobile Crew Module 1 243 243 
Total 1154 

1 One added per 7 to TAL Satellites in orbit 

TABLE 1.3-7 MAINTENANCE CREW/WORK SUPPLIES FOR 20 SATELLITES 

Mass Per Year (MT) 

Base Crew Module 
Base Maint. Module 
Mobile Crew Module 
Total 

Other Items that were overlooked 

Satellite MRWS 
Crew Buses on Sat 
Total 

Q!r 

) 

1 
1 

22/Sat 
2/Sat 

Ea 

38 
54 
38 

.05 

.06 

1 Includes ECLS atm supplies and spares, spares for other subsystems 
and packaging 

202 

Total 

114 
54 
38 

206 

22 
2 

24 

1 



TABLE 1.3-8 TR."NSPORTATION VEHICt..E CHARACTERISTICS 

(All Mass Metric Tons) 

!!ill EOTV PLV POTV 

Gross Payload 424 4000 89 90 
Net Payload .360 3600 1 80 people 80 people 

. 16 MT Car.Jo 

Design Life (Flights) 300 10 300 ,0 

Turnaround Time (days) 

Booster 4 4 = - - -
·~ Orbiter 5.3 10 I 0 - -
""" Stage - zu - - -.., 

Dry Weight (Vehicle) 1170 1462 394 14 I ... 
PropeUant/Flight w 

L02 7102 36 1605 171 ~ 
LH2 320 0 78 29 n m ... LCH4 1709 - 424 -

I Argon - 470 - -
RP-1 8' - 26 -

.... 
1 Actual Cargo (components or propell"'"lt) i 

I -
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WBS 1.3.1 HLL V 
WBS 1.3.2 EOTV 
WBS 1.3.3 PL V 
WBS 1.3.4 POTV 

Program Schedule 

WBS 1.3 SPACE TRANSPORTATION (cont'd) 

The scenMio a'lalysis deals only with the commercial phase of t'1e program. The program 
schedule for the initial portion of the commercial phase is shown in Figure 1.3-3. The 
schedule also indicates the key tasks associated \\i!h the commercial phase. Placement of 
comrr:ercial phase hardware is initiated after 6 months of operation of the Demo Satellite. 
At that time the construction of the EOTV fleet is begun using the LEO Base. 
Construction of the full size GEO construction base is also initiated at this time with the 
components delivered from LEO to GEO using the first production EOTV. Construction of 
the first 5 GW satellite begins about 2'2 years into the commercial phase and due to being 
the first, one year is allocated. Subsequent satellites are produced every 6 months. 
Although not shown, maintenance is performed two times a year on each satellite. As 
indicated earlier, a total of 60 satellites are constructed over a 33 year time period. 

TRANSPORTATION SCENARIO ANALYSIS 

The payloads to be transported by each system and the system's fleet characteristics are 
present ea. The POTV, EOTV (sometimes referred to as COTV) and HLLV are discussed 
first and in the indicated order since each successive element contributes to the payload 
of the next (see Traceability C~r+, Figure 1.3-1). The PLV is discussed last and is not 
directly related to the other elemer.ts. 

POTV Analysis 

The POTV is used to transport crews and direct crew supplies between the LEO and GEO 
bases. The vehide has been sized to deliver 90 MT from LEO to GEO and return 80 MT to 
LEO. Refueling of the POTV at GE.::> is required for its return to LEO. Propellant for 
retl.l"n is delivered to the GEO base by the EOTV. A detailed description of the POTV can 
be found in WBS 1.3.4. 

POTV Payloads - The annual payloads and flights associated with the POTV as well as 
t:ontribution to the HLLV payloads is shown in Table 1.3-9. The principal factor in 
establishing the number of flights is that of crew rotation. The crew size indicates the 
average number of people stationed at GEO at any one time, including the division 
!>etween those associated with satellite construction and satellite maintenance. The basis 
for this data was previously shown and discussed in Figure 1.3-2. Since crew stay time in 
orbit is limited to 90 days per tour of duty the total number of people which must be 
transported to GEO in a ye~r is four times the average crew size. This value is identified 
as man-trips. The number of flights is then determined by dividing the man-trips by the 
80 passengers transported per POTV flight. 

The annual payload associated with the POT\: is obtained by multiplying the number of 
flights by the previously identified 90 MT per flight. The breakdown of the POTV 90 MT 
payload is as follows: 
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TABLE 1.3-9 POTV PAYLOADS TO GEO 

PAYLOAD CONTRIB. TO: 
YR SAT CREW SIZE MANTRIPS FLIGHTS POTV(MT) HLLV(MT) 

QTY CONST MAINT CONST MAINT CONST MAJNT CONST +MAJNT CONST MAINT 

1 45 180 4(Min) 360 167 
2 140 640 8 720 232 
3 28J 1120 14 1260 406 
4 2 440 40 1 1760 160 22 2 1 2160 638 58 = ; 4 440 40 1760 160 22 2 2160 638 58 -

I t~ 6 6 440 80 1760 320 22 4 2340 638 58 
0 
V\ 

7 8 440 120 1760 480 22 6 2,20 638 174 -w 
8 10 440 160 1760 640 22 8 2700 638 232 

I 9 12 440 200 1760 800 22 20 2880 6.38 290 .. 
10 14 440 240 1760 960 22 12 .3060 6.38 .348 w 
11 16 440 280 1760 1120 22 14 .3240 6.38 406 ~ 12 18 44n 320 1760 1440 22 18 3420 6.38 522 m 
13 20 440 360 1760 1440 22 18 .3600 6.38 ,22 -I 

I 23 40 440 720 1760 2880 22 36 5220 638 1044 
33 60 4'•0 1160 1760 4640 22 58 7200 638 1682 

~ ... -
1 No direct maintenance out relates to activating maintenance equipment. i -l ca; -
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was 1.3 SPACE TRANSPORTATION (cont'd) 

MT 

Orbital Personnel Module (Dry) 51 
Crew (80 + 6) 8.6 
Supplies (0.9 MT /M Yr) 13.1 
Supply Module (0.8 MT/M Yr) 12.3 
Priority Cargo 3. 5 
Structural Frame 1.5 

TOTAL 90 

The down payload per flight is the same as the up payload except the supply value is J MT 
of waste products for a total of 80 MT. 

The POTV per flight payload contribution to the HLLV payload does not indude the 
following: 

0 

0 

OPM Dry and Struct. Frame 
Required only once per 500 flights 
or when more than 52 flights per year 
occur (exduding spares) 

Crew 

(52.5 MT) 

(8.6 MT) 

The resulting contribution to rlLLV payloads is 28.9 MT per POTV flight. 

POTV Fleet - POTV fleet charac.teristics are shown in Table 1.3-l!l. The primary output 
of this data is the fleet mass which contributes to the HLLV payload. 

The number of fljghts associated with the POTV are again repeated with additional 
resolution in terms of the maintenance sorties to be flown by a stage similar to that of 
the POTV. This stage, however, is permanently based at the GEO base. Maintenance 
sorties are those flights between the GEO base and the satellites in which satellites 
servicing provisions are transported as well as the servicing crew. Further description of 
the maintenance operations can be found in Volume III, 0180-25461-3, Section 13. The 
vehicles required are based on round trip and servicing time of 7 days except for the 
sortie vehicle quantity which is based on one vehicle per four sorties. 

The time period when new vehicles are required is based on 50 flights design life. It 
should be noted, however, that the quantities are only approximate (do not indude 
equivalent units for refurb and replenishment). The actual estimated total is presented in 
the cost per flight analysis of the POTV under WBS 1.3.4. 

Propellant quantities for the construction and maintenance crew rotation are based on th£: 
total for the up and down trips. It should be noted~ however, that the EOTV transports the 
down propellant to the GEO base. Sortie propellant is determined by the number of 
satellites visited with an average of 25 MT /satellite assumed. 

A vehicle mass is indicated at those points in the program where new vehicles are 
required due to life limits. The fleet mass is the sum of the propellant and vehicle mass 
as relating to construction and maintenance activities. 
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TABLE 1.3-10 POTV FLEET 

YR SAT FLIGHTS VEHICLE REQ'D NEW VEHICLES ' EHICLE MASS(MT) 

MAINTENANCE 

QTY CONST MAINT SORTIE CONST REFURB SORTIE CONST MAINT CONST MAINT 

1 4 1 1 14 
2 8 1 
3 14 1 
4 2 22 2 1 1 2 
5 4 22 2 4 1 2 1 1 1 14 14 

6 6 22 4 4 I 2 1 1 1 14 14 
7 8 22 6 4 1 2 1 = -

t-' 8 10 22 8 4 1 2 1 ; 0 
-> 9 12 22 10 4 1 2 1 1 1 14 14 -10 14 22 12 4 1 2 1 w 

11 16 22 14 4 1 2 1 1 14 I 
12 18 22 16 4 1 2 1 -w 
13 20 22 18 8 1 3 2 1 2 14 28 J 23 40 22 36 12 1 1 3 1 3 14 42 n m 
33 60 22 58 12 1 2 3 1 3 14 42 .... 

:a 
~ 
~ 
:a .... 

1 To activate maintenance equipment !4 -2 POTV Turnaround sufficient for both const. and ref urbs 0 z -I 
~ -



TABLE 1.3-10 POTV FLEET (Continued) 

YR SAT FLIGHTS PROPELLANT(MT) FLEET MASS(MT) 

TOTAL TOTAL MAINTENANCE 

QTY CONST MAINT SORTIE CONST MAINT SORTIE CONST REBURB AND SORTIE 

l 4 1540 1.544 
2 8 3080 3080 
3 14 5390 5390 

4 2 22 2 8470 770 8470 770 
.5 4 22 2 4 8470 770 50 8484 834 
6 6 22 4 4 8470 1540 100 8470 1640 c -
7 8 22 6 4 8470 2310 150 8484 834 ; 

t.J 

~ 0 8 10 22 8 4 8470 3080 200 8470 3280 00 -9 12 22 10 4 8470 38.50 250 8484 4114 w 
=E 

10 14 22 12 4 8470 4620 300 8470 4920 m 
fl) 

11 16 22 14 4 8470 5390 350 8484 5754 ... 
w 

12 18 22 16 4 8470 6160 .J.00 8470 6560 ' 13 20 22 18 8 8470 6930 4.50 8484 7408 ~ 
m 

23 40 22 36 12 8470 13860 950 8484 14852 -t 
:::D 

33 60 22 58 12 8470 22330 1450 8484 23808 ~ 
~ 
:::D ... 
~ -0 z 

1 Fo1 2 iess satellites than indicated since they operate 6 months before maintenance. -I 
~ -
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was 1.3 SPACE TRANSPORTATION (cont'd) 

EOTV Analysis 

The EOTV is used to transport all cargo to GEO except crews and direct crew supplies 
which are transported by the POTV. A description of this vehicle can be found in WBS 
1.3.2. 

EOTV Payloads - EOTV payloads that relate to sateJJite construction are shown in Table 
1.3-11. The mass of these payloads were previously discussed in conjunction with Table 
1.3-1. The mass indicated for the SPS payloads reflect one-half of the first satellite to be 
constructed in Year 3, the remainder of the first satellite as well as the second satellite 
in Year 4 and then two satellites per year thereafter. l'le tug propellant is a function of 
the number of EOTV flights and consequently is estimated after the number of EOTV 
flights is established and then reflected back as EOTV payload. Although some .:>f the 
payloads to be transported by the tug are for maintenance, the value is small and 
consequently alt the value is book kept under construction. As previously discussed, the 
EOTV delivers POTV down propellant to GEO. The value indicated is only for the flights 
associated with construction crews. (The total payload per year to be transported by the 
EOTV and eventually transported by the HLLV is indicated. The HLLV value is lower by 
the amount equal to the POTV down propellant. This POTV down propellant is not 
included since it is being "book kept" or charged against the POTV contribution to HLLV 
payloads - see Traceability Chart.) 

EOTV payloads associated with satellite maintenance are shown in Table 1.3-12. Again, 
the basic values for the payload were shown in Table 1.3-1. The POTV down propellant 
indicated is that required by the maintenance crews. The crew/work values were 
previously expressed in Table 1.3-1 as a function of 20 satellites in orbit. The equipment 
and supplies required however are actually a function of the number of personnel present 
at a given point in time. The initial facility value at Year 4 reflects the need of one crew 
module at the GEO base, one maintenance module at the base and one mobile crew 
module. During Year 7, another base crew module is required due to crew size 
requirements and the same occurs in Year 10. In Year 13, another crew module is 
required as well as a maintenance module since more than 20 satellites are in orbit. The 
supply mass is based on the addition of 40 people per year. 

The payload contributed to the EOTV is the sum of payloads for satellite maintenance. 
The contribution to HLLV is less by the amount of the POTV down propellant since this is 
charged to the POTV. 

EOTV Fleet - The fleet characteristics associated with the EOTV are shown in Figure 1.3-
13. Using a net delivery capability of 3600 MT per EOTV flight, the number of flights is 
established. (Fractions of flights are indicated although in reality the fraction would be 
eliminated by using more propellant per flight for fixed trip time.) The vehicles required 
are based on a 235 day tu!"naround (flight + refurb) for two successive flights of a given 
EOTV. This results in 1.5 flights per year per EOTV and with the total flights, the number 
of vehicles can be determined. 

The number of vehicles constructed is also indicated with construction of a new tJeet of 
vehicles based on a 7 year (IO flight) design life. from the quantity of vehicles, the 
vehicle mass can be determined based on a dry mass of 1462 MT/vehicle. Propellant and 
spares are 515 MT and 40 MT per flight (note: totals are based on fractions of flight). 
Fleet mass is the sum of the vehicle mass and propeJJant and spares mass. 
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TABLE 1.3-11 EOTV PAYLOADS TO GEO FOR CONSTRUCTION 

TOTAL PAYLOAD 
YEAR SAT GEO GEO BASE TUG POTV CONTRIBUTED TO: 

QTY SPS BASE SUPPLIES PROP DOWN PROP EOTV HLLV 

1 3328 127 48 740 4243 3.503 

2 3328 455 63 1480 5326 3846 

3 26002 796 296 2590 29684 27094 

4 2 78006 1251 851 4070 84178 80108 

5 4 104008 1251 1147 4070 110476 106406 

6 6 104008 1251 1151 4070 110480 106410 

7 8 104008 1251 ll6l 4070 110490 10620 

106429 
0 

8 10 104008 1251 1170 4070 110499 -; 
t>J 9 12 104008 1251 1180 4070 110509 106439 N 

0 t 10 14 104008 1251 1195 4070 110.524 1064.54 -w 
11 16 104008 1251 1199 4070 110528 1064.58 :! 

m 
12 18 104008 1251 1210 4070 110539 106468 (I) ... 
13 20 104008 1251 1224 4070 110553 106481 w 

23 40 104008 12.51 1300 
~ n 

4070 110629 1065.59 m 
.... 
:D 
l> 

33 60 104008 12.51 1406 4070 110735 10666.5 2 
(I) 

(! 
:D .... 

1 Not incl. in EOTV contribution to HLLV P/L since all POTV prop. is charged to POTV fleet. 
!4 
0 

ALL MASS IN METRIC TONS z -I 
~ -
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TABLE 1.3-12 EOTV PAYLOADS TO GEO 

SATELLITE MAINTENANCE 
SAT 
QTY 

SAT 
COMPONENTS 

POTV CREW/WORK PAYLOAD CONTRIBUTED TO: 
YR 

1 

2 

3 
4 2 

5 4 

6 6 

7 8 

8 10 

9 12 

10 14 

11 16 

12 18 

13 20 

23 40 

33 60 

118 

708 

1180 

16.52 

2124 

2.596 

3068 

3.540 

4012 

4484 

9204 

13924 

PROP F ACIL SUPPLIES 

420 

840 

1260 

1680 

2100 

2.52v 

2940 

3360 

3780 

4200 

7610 

12180 

668 

287 

287 

42.5 

425 

425 

130 

130 

130 

168 

168 

168 

206 

206 

206 

336 

504 

1008 

2 For 1 Jess SAT. than indicated due to schedule of coming on-line. 

EOTV HLLV 

1336 916 

1678 838 

2.570 1310 

3787 2107 

4392 2292 

5284 2764 

6.501 3.561 

7101; 3746 

7998 4218 

944.5 .524.5 

17743 10133 

27537 1.53.57 

1 Not incl EOTV contribution to HLLV P/L since all POTV prop is charged to POTV Fleet, the indicated values s~e only 

the down prop. 

:E m 
(n .. 
w 
Cl.> 

~ n m 
-t 
:::u 
)> 
z 
Cl.> 

~ :::u 
-I 
!; 
s z -§ 
~ -

= -~ 
~ 
t -w 



TABLE 1.3-13 EOTV FLEET 

FLIGHTS VEH 2 VEH NEW VEH VEH. MASS (MT) PROP &. SPARES (MT) FLEET MASS (MT) 
YR CONST MAINT REQD AVAIL. CONST MAINT CONST MAINT CONST MAINT CONST MAINT 

l 0.9 4 6 6 8772 508 9280 

2 1.2 4 12 6 8772 678 9450 

3 8.2 8.3 18 6 8772 4633 13405 

4 23.4 0 ;, . -. 18.3 21 3 4386 13221 226 17607 226 

5 30.7 O.'.'i 23.1 24 2 2924 1462 173'!·5 282 21731 1744 

6 30.7 0.7 28.3 24 17345 396 17345 396 c -7 30.7 1.1 23.5 24 17345 622 17345 622 ~ 

I J ~ 
~8 30.7 1.2 23.6 24 17345 678 17345 678 I.II 

t -9 30.7 1.5 23.8 24 J 734.5 847 17345 847 N 

10 30.7 1.8 24.0 24 8 l1696 1734.5 1017 29041 1017 
~ m 
(I) 

11 30.7 2.u 24 .1 24 8 l J696 1734.5 1130 29041 1130 -w 
12 30.7 2.2 24.2 25 7 .2 10234 2924 1734.5 1243 27579 4167 (I) 

13 30.7 2.6 24.5 25 17345 1469 17345 1469 ~ n 
m 
-4 
:D 

23 30.7 4.9 26 26 l 17345 2769 17345 2769 )> 
2 

33 30.7 7.6 27.7 28 l 
~ 

l 73L.j 429'+ 1734.5 4294 2J 

~ 
-4 

1 These years miss the time period when new EO fV's are constructed. 0 z 
2 Includes vehicl~s for turnaround plus 2 for trip time degradation plus one spare. -~ 

::::s .. a: -
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WBS 1.3 SPACE TRANSPORTATION (cont'dt 

LEO Base Payloads 

The annual supplies for the LEO base are presented in TabJe 1.3-Jll. Crew size is based or. 
data in Figure 1.3-2. Crew supplies are the food and crew accommodations plus supply 
module based on 1.7 MT /MYr. 

HLLV Analysis 

The HLLV is :.ased to transport all payloads from Earth to the LEO base accept the crews. 
A description of this vehide can be found in W8S 1.3.l. 

HLLV Pay!oads - The annuaJ payloads to be transported to LEO by the HLLV are indicated 
in Table 1.3-15. This data amomts to a summary of the payload contributions to the 
HLLV from the POTV, EOTV and LEO base discussions. 

HL.;..V Fleet - The fleet characteristics of the HLLV are shown in Table 1.3-16. The 
Payload values are the Sllll of aH the payloads to be transported by the HLLV. The 
mmher of flights is dt.termined by dividing the pay!oads by )60 MT net capability for the 
HLLV. ibe number of vehid !S required only reflects those necessary for tumaromd (plus 
one spare) and are b.--ied or• 4 days for the booster (90 flights/year) and 5.3 days ( 70 
flights/year) for the orbiter. The total number of vehides required must also include the 
equivalent units for ref trb a00 replenistment. The total can be found in the cost per 
flight analysis of tile t-fLLV in \VBS 1.3.1. The prope!•ant quantity indicated is the amomt 
required for ·~ nu.nbc:r of flights to be flown by the HLLV. 

PLY Analtsis 

The Personnel Lau.--:ch Vehide (PLV) is used to transport all crews to the LEO base. A 
description of this vehide can be found in WBS 1.3.3. 

?LY Payloads and Fleet - The payloads and fleet chari"~eristics associate<! with the PLV 
are presented in Table 1.3-17. The indicated crew size is based on the data previously 
shown in Figure 1.3-2. The number of man-trips is based on crew duty cycles 90 days thus 
requiring four changes per year. The number of flights is based on 80 passengers per 
flight. The vehides required are those necessary for turnaround (plus one spare) and 
result in 90 flights per year for the booster and 36 fJight.c per year for the orbiter. The 
external tank required for the PLV is expendable thus requiring on-e per flight. The total 
m.mber of vehides required must include those equivalent units associated with refurb 
and replenishment. The totals can be founo in the cost per flight analysis of the PLV in 
"1'85 1.3.3. 

Propellant values include that assoriated with ET and reflect the number of flights per 
year. 

TRANSPORTATION SUMMARY 

A summary of SPS transportation is presented in terms of number of flights, number of 
vet-Jcles and recurring cost. The data is presented for year~ corresponcf:ng to there being 
2, 20, 4u and '::O satellites in orbit and, in all cases, two 5 GWe satellites are being 
construct Pd per year. 

Number of flights - The number of flights for the POTV, EOTV, HLLV and PLV are 
summarized in Figures 1.3-4, 1.3-5, 1.3-6 and 1.3-5 respectively. 
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TABLE 1.3-14. LEO BASE PAYLOADS 

(AU mass in metric tons) 

Crew Crew Work 
Supplies Facility Facility 

Yr. Avg. Crew + Module Supplies Supplies Total 

1 150 255 250 50 '" 2 235 400 313 87 800 
3 235 400 313 87 800 
4 200 340 313 87 740 
5 200 31/.0 313 87 740 
6 200 340 313 87 740 
7 200 340 313 87 740 IC' -

f.j 8 200 340 3J.3 87 7110 • ~ 
9 200 340 313 87 740 i -10 23.5 400 313 87 800 N 

I 11 2.3.5 400 .31.3 87 800 
12 235 400 313 87 800 -w 
13 200 340 313 87 740 ~ 23 200 340 313 87 740 n 

m 
3.3 200 31~0 313 87 740 -4 

I 
=I 
!4 -i -I -



TABLE 1.3-1.5. HLLV PAYLOAD5 TO LEO 

(All mass in metric tons) 

LEO Base 
Sat. and EOTV Fleet EOTV Payloads POTV Fleet POTV Payload 

Yr ..Qt.l!_ Supp Hes Const Maint c;onst Maint Cons.! Maint ~ Maint 

1 .5 .5' 9280 3.503 1.5.54 167 

2 800 9450 3846 3080 232 

3 800 1340.5 27094 .5390 406 

4 2 740 17607 226 80108 916 ll470 770 638 .58 

5 4 740 18807 J 744 106406 838 8484 834 638 .58 
6 6 740 17345 396 106410 1310 8470 1640 638 116 

7 8 740 17345 622 106420 2107 81+84 2460 638 174 " -
N 8 10 740 1734.5 678 1~429 2292 8470 3280 638 232 I -VI 

9 12 740 1734.5 847 106439 2764 8484 4114 638 290 -
14 800 29041 1017 1064.54 3.561 8470 4920 638 348 

t.. 
10 

I 11 16 800 t>9041 1130 1064.58 3746 8484 .57.54 638 406 .. 
12 18 800 27.579 4167 106468 4218 8470 6.569 638 464 w 
13 20 740 1734.5 1469 106481 524.5 8484 7408 638 .522 ~ 

m 
23 40 740 1734.5 2769 106'59 10133 8484 llf8'2 638 1044 

33 60 740 1734.5 1£294 10666.5 1.53.57 4.584 23808 638 1682 

~ 
i 
I -



TABLE l.3-16. HLLV FLEET 

(AU ma§s in metric tons) 

Payload FHghts Vehicle Req'd Propellant ( lOOO's MT) 
Yr Const Maint Const Maint Total ~ .fil&l. LCH4 J:&2... ...bt!.2.. RP-1. 

15059 42 42 2 2 .,, 312 14 3 
~ 17408 49 49 2 2 88 36S 17 4 ~ 

3 47095 131 131 3 3 23S '117 4, 11 

4 107563 70 :?~ 3 302 4 .5 .542 22.52 104 26 
; 13.507.5 3474 37.5 10 38.5 ' 6 691 2871 133 33 

6 133603 3462 371 10 381 ' 6 684 2841 131 33 
7 133627 5363 371 1.5 386 ' 6 692 2878 133 34 

= 8 133622 6482 371 18 389 .5 6 698 2901 134 34 -
I r,J 9 133646 8015 371 22 393 .5 6 70.5 2930 136 34 -a 

10 14.5403 9846 404 27 431 6 7 773 3214 149 37 -N 
l l 14.5421 l 1036 404 31 43.5 6 7 780 3244 1.50 38 I 12 143.395 l.5409 400 4.3 44.3 6 7 79.5 3303 1.53 39 .. 
13 13.3688 14664 371 41 412 6 7 739 3073 142 36 w 

23 133766 28798 372 80 4.52 6 7 811 3.371 1'6 39 ~ 
"' 

33 133872 4.5141 372 125 497 7 8 892 3706 17 l 43 



TABLE 1.3-17. PLY PAYLOADS AND FLEET 

(AU mass in metric tons) 

Crew Size Mantrips Flights Vehlcl~s Req'd Propellant (1000 11 MT) 
Yr _f.9f1St Maint Const Maint Con,! Malnt Boosters Orbiters LCHif J:~ .LH2 

1 225 900 11 2 2 5 19 
2 400 1600 20 2 2 9 34 J .6 

3 560 2240 28 2 2 12 47 2.3 
4 650 40 2600 160 33 2 2 2 16 S9 2.9 
5 640 40 2.560 160 32 2 2 2 15 .57 2.8 
6 640 80 2.560 320 32 4 2 2 16 61 2.9 
7 640 120 2.560 480 32 6 2 3 17 61f 3.1 

32 
~ 

8 640 160 2.560 640 8 2 3 18 67 3.3 -I t~ 9 640 700 2.560 800 32 10 2 3 19 70 3.4 
...J 

10 67.5 240 2700 960 34 12 2 3 20 78 3.8 -w 
11 67.5 280 2700 1120 34 14 2 3 21 81 3.9 I 12 67.5 320 2700 1280 34 16 2 3 22 81f 4 .1 .. 
13 640 360 21'"\ JVw 1440 32 18 2 3 22 81f 4 .1 w 

23 640 760 2.560 3040 32 38 2 3 31 1J8 .5.7 
~ m 
-t 

33 640 1160 2.560 .,;40 32 .58 3 4 40 1.52 7.4 I 
i -I -
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WBS 1.3 SPACE TRANSPORTATION (contd) 
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Figure 1.3-8- Transportation Vehicle Quantities 
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WBS 1.3 SPACE TRANSPORTATION (cont'd) 

Number of Vehicles - The total number of vehicles required in the 60 satellite (33 yPar) 
program is presented in Figure 1.3-8. 

Cost - Detail cost data is presented for each transportation system in the WBS 
description. A summary is presented in Figure 1.3-9 through 1.3-10. 

The $21 billior. DOT&E and $23 ' billion initial investment cost for the transportation 
system is presented in Figure 1.3-9. The initial investment data relates to the number of 
vehicles necessary to satisfy the fHght turnaround requirements and the facilities 
necessary to support the flights. 

The cost per flight for each transportation element is presented in Figure 1.3~0. The 
recurring transportation cost is shown in Figure 1.3-11 and indicates annual cost ranging 
from $6.4 billion to $8.8 billion. The split in recurring cost between construction and 
satellite maintenance activity is presented in Figure 1.3-12 and indicates maintenance 
constitutes approximately 3% of the transportation cost with two satellites in orbit and 
30% when 60 satellites are in orbit. 

COSTS ARE IN MIWM OF 1818 110U.ARS 
K.L.V 

Ct291KG> 

FLT tlJllE 
<&1> 

GRWCJ SYS 
TOTAL• 11. 7 H & OPS <. 7> 

EOTV 
csu. 3/KG) 

TOTAL• 45.2 H 

PLY · 
CS1371KG> 

TOTAL• 12. 1 H 

POTV 
Cfl7/KG) 

TOTAL.• 1. s.t II 

Figure 1.3-10- Cost Per Flight 



YEAR 5 
2 SATELLITES 

YEAR 2S 
48 SATELLITES 

TOTAL• 7.89 

DlS0.25461·2 

was 1.3 SPACE TRANSPORTATION (cont'd) 

(COST II 81LLIO_NS (1979$) 

YEAR 18 
28 SATELLITES 

TOTAL• 7 •• 

YEAR SS 
88 SATELLITES 

PLY 
<1.1> 

P01V 
-=::::aca.1> 

TOTAL• 8.8 

Figure 1.3-11 - Transportation Recu"ing Cost 

YEAR 5 
2 ~TELLITES 

TOTAL• 8.48 

YEAR 2S 
41 SATELLITES 

TOTAL• 7. 88 
COSTS IN 11171 DOLLARS 

YEAR 18 
21' SATELLITES 

TOTAL• 7.18 

YEAR 33 
81 SATELLITES 

TOTAL• 8. 8 B 

Figure 1.3-12-· Transportation Recurring Cost 
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PAYLOAD BAY 

79..9nt 
(262 ft) 

1 
.[ 
(135 ft) 

____ 80.6m 

(264 hJ 

ORBITER 

I· BOOSTER 73.8 m,__ __ ..,. 
(242 ftJ 

Figure 1.3.1-1 Two-Stage Winged SPS Launch Vehic1e (F=u/ly Reusable Cargo Carrier) 

Table 1.3.1-1 Two-Stage Winged Vehicle Design Characteristics 

ORBITER BOOSTER 
-

GLOW 10.978,400 

BLOW . - 7)113,700 

BOOSTER FUEL (LC"41 - 1,708,900 

BOOSTER OXIDIZER fl02) - 6,126,700 

BOOSTER INERTS - 978,100 

OLOW-LESS PAYLOAD 2.740,700 -
ORBITIER FUEL (LH2) 329,400} ·-
ORIBITER OXIDIZER fl021 1,.976,200 • -
ORBITER 'tJE~TS 435,100 -
ASCEN°1 PA'r LOAD 424.000 -
RETURN PAYLOAD - Ui" 63,.500 -
MASS FRACTION 0.841 0.876 

ENTRY \'/EIGHT-NO PAYLOAD 395.200 936,CiOO 
.:..WITH RETURN PIL 456,000 -

START CRUISE WEIGHT-l'JO P/l - 1132,900 
-WITH RETURN P/L - -

LANDING WEIGHT-NO PAYLO.",D 391.800 Mli,700 
-WITH r.ETURN P/L 452.600 -

ORIGINAL PAGE IS (ALL MASS DATA IN kg) 

OF POOR QUALITY .MAINSTAGE +FLIGHT PERFORMANCE RESERVE 
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WBS 1.3.1 HEAVY LIFT LAUNCH VEHICLE 

1.0 WBS DICTIONARY 

The Heavy Lift Launch Vehicle (HLLV) is used to transport all SPS flight hardware 
and supplies to iow earth orbit during the commercial phase of the program. 

2.0 DESCRIPTION 

The HLLV is a tw ,-stage winged fulJy reusable vehicle. The launch configuration 
ar · integrated performance/design characteristks are shown in Figure 1.3.1-1 and 
Table 1.3.1-1 respectively. The series burn concept uses 16 LCH4/L02 engines on 
the booster and 14 standard SSME's on the orbiter. The LCH4/L02 boostgr engines 
employ a gas generator cyde and provide a vacuum thrust of 'J.79 x 10 gewtons 
each. The SSME's on the orbiter provide a vacuum thrust of 2.09 x 10 (100% 
power level). The nominal 100% power level for the SSME's was selected based on 
engine life considerations which indicated about a 3 factor reduction in life if the 
109% power level is used. An airbreather propulsion system has been provided on 
the booster for flyback capability to simplify the booster operational mode. The 
reference wing area for both stages is: 

SW (Orbiter) 

SW (Robiter) 

= 1446m2 (15,560 tt2) 

= 2330m 2 (25,080 tt2) 

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

The payload capability of the HLLV is based on a "3g" maximum acceleration 
thrust profile with launch from KSC to a 477 km/31 deg inclination orbit. The 
payload characteristics are as follows: 

Gross Payload 

Provisions for Payload Installation 

Provisions for Payload Rack and 
Contain~rs (Packaging) 

Net Payload 

424 MT 

24 MT 

40 MT 

360 MT 

The turnaround time (launch to launch) of the booster is 97 hours and the orbiter 
127 hours. 

A more detailed description of the vehicle and it performance can be fm.1 .. d in 
0180-25037-3 (pp 255-267) while further definition of the operations is on 
pp 272-277. 

3.0 DESIGN BASIS 

Both two stage winged and two stage balJistic vehicles were investigated. The 
balJistic concept employed ocean recovery of both stages. The comparison of thl!se 
vehicles was done early in the SPS study when the overaJJ scenario included 
construction of sateUJtes at \,EO, producing 40 GWe of ground power per year and 
transportation between LEO and GEO provided by L02/LH2 OTV's resulting in 1600 
HLLV flight per year. The winged concept had a lower gross liftoff weight (9566 
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Table 1.3. 1-2- Booster Mass Statement 

LANDING AND 
AUXILIARY SYSTEMS 

4% 

STRUCTIJRE 
46% 

INDUCED 
ENVIRONMENTAL 
PROTECTION 

6% 

DRY MASS BREAKDOWN 

STRUCTURE 
INDUCED ENVIRONMENTAL PROTECTION 
LANDING AND AUXILIARY SYSTEMS 
MCENT PROPULSION 

MASS(kg) 

360800 
48400 

34600 
204600 
80000 
4300 

AUXILIARY PROPULSION 
PRIME POWER 
ELECTRICAL CONVERSION AND DISTRIBUTION 4 200 
HYDRAULIC CONVERSION AND DISTRIBUTION 10 900 
SURFACE CONTROLS 10 300 
6'1fl0NICS 1 600 
ENVIRONMENT AL CONTROL 200 

GROWTH ~ 

DR'\' MASS• 198 900 
RESIDUALS AND RESERVES ~ 

LANDING MASS• 848 700 
LOSSES DURING FLYBACK- ~~ 

START FL YBACK MASS• 832 900 
ENTRY IN-FLIGHT LOSSES ~ 

START ENTRY MASS.. 936 600 
IN·FLIGHT LOSSES PRIOR TO ENTRY 27 000 

STAGINGMASS• 8636W 
THRUSTDECAYPPOPELLANT ~ 

INERT MASS• 878 100 

Table 1.3.1-3 - Orbiter Mass Statement 

~IRUCTURE 
4K 

INDUCED 
ENVIRONMENTAL 
PROTECTION 

13" 

DRY MASS BREAKDOWN 

STRUCTIJRE 
INDUCED ENVIRONMENTAL PROTECTION 
LANDING AND AUX SYSTEMS 
ASCENT PROPULSION 
AUXILIARY PROPULSION 
PRIME POWER 
ELECTRICAL CONVEffSION AND DISTRll'UTION 
HYDRAULIC CONVERSION AND DISTRIBUTION 
SURFACE CONTROLS 
AVIONICS 
ECLSS AND PERSONNEL PROV 
GROWTH 

MAss(kg) 

112800 
48300 
1&800 
80800 

8600 
2600 
4800 
3600 
6800 
2400 
2900 

~ 
DAV MASS.. 373 200 

PERSONtJEL AND PAYLOAD ACCOMMODATIONS 4100 
RESIDUAL Ar.ID 11ESERVES 14 500 

~~DING MASS• 391 800 
ENTRY lrJ·FLIGHT LOSSES 3400 

START ENTRY MASS• 396 200 
IN-FLIGHT LOSSES PRIOR TO ENTRY 39 900 

INERT MASS• i351iii) 
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WBS 1.3.1 HEAVY LIFT LAUNCH VEHICLE (cont'd) 

MT vs 10,472 MT) but higher DDT&E ($9.IB vs $7.lB) and higher cost per fHght 
($8.5 vs $8.3B). The winged concept was sekcted as the reference HLLV, however, 
since recovery of the stages in a manner similar to an aircraft was judged to be 
less risky than water recovery and a more extensive analysis of the cost per flight 
and turnaround with water recovery would result in the winged system being 
comparable in cost. In addition, the winged vehicle does provide the opportunity to 
also use it for personnel transportation and thu~ eliminate the neeci for the more 
costly PLV (dolJars/kg). 

Further description of these two vehicles at the time of compari.;;on can be found in 
0180-22876-5, pp 219-224. 

4.0 MASS 

The dry and inert mass of the booster and orbiter are shown in Table J.3.1-2 and 
1.3.1-3 respectively. 

5.0 COST 

A cost summary of the HLLV for the various phases is presented in Section 5.1 with 
details presented in 5.2. 

5.1 COST SUMMARY 

Research 
Erlgfnt:erlng Verification 

Demonstration 
Shuttle Derived HLLV 

Commercialization 
DOTE 
Ini tia1 Investment 
Cost/Flight 

5.2 COST DETAILS 

Research 
Engineering V~rification 
Demonstration 
Commercialization 

o DDTE and TFU 

Millions ( 1979 $) 

TBO 
TBD 

TBD 

$12,880 M 
$ 6,893 M 
$ 11.7 M 

TBD 
TBD 
TBD 

Detcils for the booster and orbiter ,,~~ sho\\.n in Table 1.3.1-4. The 
system test portion of the DDTE includes test labor as well as an 
equivalent of 2.5 ground test and 2.0 flight test units. The DDTE and 
TFU cost were developed using the Boeing PCM. 

223 



0180-25461-2 

WBS 1.3.1 HEAVY LIFT LAUNCH VEHICU: (~d) 

TABLE t.J.1-t HU •• JOtt & TFU COST (COST IN MILLIONS) 

DOTE TFU 

HLLV (t9nS> (11040) (1748) 

Booster (6367) (933) 

Prog lnteg & Mgt 161 44 

Vehide 19.SJ n.s 
Structure .S)O 169 

Thermal Prot Sys u 6 

landing ct Aux Sys 193 110 

'4ain Propul. 803 199 
Aux. Propul. 23.S 107 
Prime Power 14 31 

Elec Conv ct Dist 26 20 

Hyd Conv ct Dist. 49 28 

Surf. Cootrols 16 29 
Avionics 49 2.S 
Envir Cont 3 1 

Assy & Checkout 61 
SE ct I 7.S 
Software Engr 27 

GSE 31' 153 
GSE SIS 306 
Tooling 397 
System Test 3294 

Orbiter (See Next Page) (4673) (76.S) 
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WBS 1.3.1 HEAVY LIFT LAUNCH VEHICLE (cont"d) 

TABLE 1.3.1-' HLLV DOTE le TFU COST (COST IN MILLIONS) (Continued) 

DOTE TFU 

Orbiter (4673) (765) 

Prog Integ & Mgt 133 33 

Vehicle 1114 567 

Structure 325 104 

Thermal Prot Sys 164 65 

Landing & Aux Sys 92 56 

Main Propul 41 182 

Aux Propul 280 24 

Prime Power 9 19 

Elec Conv 29 22 

Hyd Conv 21 11 

~urf Cont 12 21 

Avionics 100 50 

Envir Cont 36 11 

Pero Provisions 5 2 

Assy & checkout 46 

Tooling 273 

Sy.;tPm Test 2569 

SE & I 65 

Software 24 

GSE 258 119 

GSE S/S 237 
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W8S 1.3.1 HEAVY LIFT LAUNCH VEHICLE (GDRC9dl 

o Initial investment 

The initial investment costs shown in Table 1.3.1-5 CO\'er au flight 
hardware necessary to satisfy a 400 flight per year requirement and the 
tooH:ig and GSE necessary to produce and handJe the vehides. The 
costs do not cover ground support facilities. Although the costs are 
described as initial investment, the values are based on the average 
rost of units that result from the total program. 

o Cost per flight 

The cost per flight of $11.7 M is s1.J11marized in Table 1.3.1-6. Further 
detail on each of the major elements is presented in Tables 1.3.1-7 
through 1.3.1-11. 

Key factors and assumptions associated with the CC'St per flight are as 
follows: 

o An aYerage of 400 flights per year during each of the 33 years of the 
program (until 60 satellites are in orbit). 

o 360 days per year are used for launching. 

o Tooling and GSE con"ributions are based on sustaining engineering and 
spares requirements 

0 Flight hardware 

EJement Uses Refurb Replenish 

Airframe .300 30% of Unit Cost 0.18% per flight 
for I 00 flights 

Rocket Engines Indefinite 30% of Unit Cost 0. 5% per flight 
per 50 flights 

A/B Engines Indefinite 15% of Unit Cost 0.1 % per flight 
per 500 flights 
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Vehicle 

Stg 1 
Airframe 
Rocket Engines 
A/8 Engines 

Stg 2 
Airframe 
Rocket Engines 
OMS Engines 

DIS0.25461-2 

WBS 1.3.1 HEAVY LIFT LAUNCH VEHICLE {cont'd) 

TABLE 1.11-j HLLY INITIAL INVESTMENT 

Avg Initial 
Units Cost htvest 

6 258 1.548 2j()7 
96 6.1 .585 
n 5.2 37• 

7 223 U61 22"'6 
98 6.6 647 
28 1.35 38 

Sub Total 47'3 

Tooling 50S 

GSE 813 

227 

Total (1977$) $ 6072 M 

Total (1979$) $ 6893 M 
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WBS 1.3.1 HEAVY LIFT LAUNCH VEHICLE (cont'dJ 

TABLE l.J.14 HLLY COST PER FLIGHT SUMMARY 

Program Support (T l .3. t-11) 0.397 

Flight Hardware (T 1.3.1-7) j.279 

Stage 1 2.ns 

Stage 2 2.~ 

Gromd Systems a: Ops 0.628 

Gromd Ops (T 1.3.1-8) 0.188 

Gromd Sys Maint (T 1.3.1-8) 0.21f3 

GSE Hardware (T 1.3.1-9) 0.135 

Other (T 1.3.1-11) 0.062 

Tooling (T 1.3.1-9) 0.235 

Propellant (T 1.3.1-lOj 1.523 

Manpower (T 1.3.I-11) 2.138 

Direct 1.165 

Indirect 0.973 

Total (1977 $) 10.2 M 

Total ( 1979 $) 11.7 M 



TABLES 1.3.1-7 HLLV PLIGHT HARDWARE COST 

N w 
0 

-,... 
~ 
fT'I 
(') 

"' c 
2 
" 
~ 

Flight 

Hardware 

Elements 

Stage 1 

Airframe & Subsys 

Rocket Engines 

A/B Engines 

Stage 2 

Airframe 

Rocket Engines 

OMS Engines 

Equivalent Units 

-Q 
(!I z 

:::> ~ >o 0.. :::> a: m< a: 
-' a? 0 ..... cz:=> 
- I- > ,_ a: :::> LU '° L&. -o z ..... <I :; --

6 38 
96 N/A 

72 N/A 

7 37 
98 N/A 

28 N/A 

,_ 
z 
LU V'I 

~ 
,_ -V'> z 

~ - :::::> z 
:::> LU 

~ I ...J L&. 0.. ,_ 
L&J LU 

~ er:: a:: 

26 24 94 
1238 10.56 2390 

37 1.58 267 

26 24 94 
1080 924 2102 

308 264 600 

f;, Q:::> Excludes cost of initial buy since this is included in initial investment 
t1I 

i 
§ 
"'T' 

~ 
fg 

5 
cr! 
I-

.586 
16.8 
10 • .5 

.507 
17 • .5 

3 

,_ 
V'I 
0 
u 
3 

5 
~ 
:::c ,_ 

~ 
,_ 

-' VI L&. 

~ .... 8 
! -' cc 

" 5 ;:c 5 _, ,_ 

(3663,) 

8.5 2,8 21689 
90 6.1 13933 
90 .5. 2 1013 

(33067) 
8, 223 19409 
90 6.64 12886 
90 1. 3.5 772 

~ 
:E 
~ -IA ,_ 

~ 

~ ,... ..... -...J 8 "'-
;::::-
V) N 

M 
0 .... u -
(2.77,) 

1.643 
1.oss 
0.077 

(2.504) 

1.470 
0.976 
0.0.58 

t::::i -
I 1 _ 

.. w 
~ .. 
:.t 

§ ,.. 
~ 
i 
~ 
< m :c 
n 
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WBS 

1.3.7 

1.3.7.1 
l. 3. 7 .1.1 
1.3.7.1.2 

1.3.7.2 

1.3.7.2. l 
1.3.7.2.2 
1.3.7.2.3 

~ 1.3.7.2.4 
1.3.7.2.5 
1.3.7.2.6 
1. 3.7.2.7 
1.3.7.2.8 
1.3.7.2.9 
1.3.7.2. lO 

1.3.7.3 

l.3.7,t, 

TABLE 1.3.1-8 GROUND OPERATIONS AND SYSTEM MAINTENANCE 

FACILITY 

Ground Support Facilities 

Launch Facilities 
HLLV Launch Facilities 
PLV Launch Facilities 

Recovery Facilities 

Landing Site IL--· 
HLLV Orbiter and Payload Processing Facility 
HLLV Booster Processing Facility 
Engine "11aintenance Facility 
Hypergolic \faintenance Facility 
Passenger Offloading Facility 
PLY Booster Processing Facility 
PLV Oruiter Processing Facility 
Vertical Assembly Building 
Mobile Launcher Platform 

Fuel Facilities > -~ 
Logistic Support f~- -· 

TOTAL ANNUAL 
MAN-HOURS 

OPERATIONS MAINTENANCE 

(5,174,832) 
[}> 

476,800 
79, 196 

14.5,920 
906,400 
492,800 

0::---> 
CT--> 

2,240 
67,.520 
75,656 
35,840 

r---?.--;;. 

727,080 

1,314,000 

(7,676,7l4) 
G::> 

862,500 
133,616 

218,880 
1,3.59,600 

739, 200 
[ 1 ·:...---
[i:;-

3,360 
101,280 

1,134,984 
36,854 

[l:> 

823,440 

1, 971, 000 

Cl -
:E ~ 

"' m ~ en -.... w 
~ .... 
% 

£: 
< < 
!:: ,, ... 
§; 
c: 
~ :c 
< m 
% -n ,.. 
m -! -
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TABLE 1.3.1-8 GROUND OPERATIONS AND SYSTEM MAINTENANCE {Continued) 

WBS 

1.3.7.5 

FACILITY 

Operations ~ 

[J:> Included in 1.3.7.2.2 and 1.3.7.2.3 
[}::::.::.. Included in 1.3.7.1.2 
!}:::::>Total Annual Operations Man-Hours= 2,.587 Man-Years 
G:> Total Annual Maintenance Man-Hours= 3,838 Man-Years 

HLLV Related Man-Hours 
HLLV Related Cost 
PLV Related Man-Hours 
PLV Related Cost 

~'=-> HLLV and PLV Man-Hours each assume a portion of these items 

TOTAL ANNUAL 
MAN-HOURS 

OPERATIONS MAINTENANCE 

851,280 

4,710,.500 
0.188B 

464,300 
0.0188 

292,000 

6,07.5,700 
0.2438 ($40/MHr) 

1,601,000 
0.0648 ($40/MHr) 

c -
I I .. -~ N .. 
:c 

§ 
,.. -~ 
i 
~ 
< m :c -n ,.. 
m 
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TAGJ..E l.3.1-9 HLLV TOOLING AND GSE COST 

PRODUCT. TFU 
LINES $M 
(UNITS) ~ 

Tooling CT:> 

GSE 

Stage 1 
Stage 2 

Stage 1 
Stage 2 

[..:_ :.--- 94 Stage l's 
94 Stage 2's 

2 
2 

IT:> 
3 
3 

25 years for production 
0.5 year per stg 

397 
273 

153 
119 

~1 · ~ Assumes no more than 3 uni ts 
of each stg in fin al 
assembly and C/O at one time 

b See TFU Details 

LEARNING AVG COST 
$M 

PRODUCT 

85 
85 

85 
85 

367 
253 

133 
104 

COST $M 

( 1240) 
734 
506 

(711) 
399 
312 

[ 4:_;_.. Covers Spares and Engr 
1096 of Product. cost for 

SUSTAIN 
COST $M 

~.> 

(3100) 
183.5 
1265 

(1778) 
998 
780 

each year of 24 year production cycle 

[!.-Sustaining + 13200 f 1 ts 

COST/FLT 
$M 
~ 

(0.23.5) 
0.139 
0.096 

(0.135) 

:c 
~ 
< < 
r--:!I 
~ 
~ :c 
< m 
:c n 
r­m 

f 
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was 1.3.1 HEAVY LIFT LAUNCH VEHICLE (cont'd) 
Rev A 

TABLE 1.3.1-10 HLL V PROPELLANT COST 

Stage I 

L02 
RP-I 

LCH4 

Stage 2 

L02 
LH 2 

Loaded 
Mass (KG) 

5' 126 ,700 

85,000 

1,708 ,900 

I, 976 ,200 

329,400 

Burden 
Factor 

l .05 

1.02 

l.05 

l .05 

1.05 

Prop. Cost 
($/KG) 

0.037 

0.21 

0.39 

0.037 

1.53 

TOTAL 

(1977$) 

(1979$) 

TA8LE 1.3.1-11 HLLV MISC COST 

Items Covered 

Program Support 

Other Ground Sys and Ops 

Direct Manpower 

Indirect Manpower 

Cost Basis 

Cost/Flight 
($) 

199,172 

18,207 

699,794 

76,775 

529,181 

$ 1,523,129 

= 1,751,600 

= l.751M 

Scaled to the cost developed in theShuttleOerivativeVehicleStudy 
(NASB-32395) which in turn was scaled to cost for the Space Shuttle 

The key fac:.tors are the number of flights and learning factor of 88%. 
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WBS 1.3.2 CARGO ORBIT TRANSFER VEHICLE 

1.0 W8S DICl'IONARY 

The cargo Orbit Transfer Vehicle is used to transport satelJite components and 
selected crew and base surpHes from the LEO staging depot to the GEO 
constru .... tion base. This vehicle uses electric propulsion and is hertafter referred 
to as the electric orbit transfer vehicle (EOTV). A total .:>f 21 vehicles are required 
for construction of two 5 G WE sateUites in one year. 

2.0 DESCRIPTION 

The selected EOTV t:onfiguration for cargo transportation is shown in Figure 
1.3.2-1. The vehicle is sized to deliver 4000 metric tons and return 200 metric 
t(lns with an uptrip time of 180 days and down time of 40 days, with a specific 
impulse of 8,000 seconds. 

The vehicle structure consists of graphite thermoplastic material formed on -·.>rbit. 
Electric power is provided by four separate solar arrays. The solar array blc.nkets 
have essentially the same make-up as for the sateJHte which includes a 3 mil 
cover, 2 mil silicon cell and 2 mil substrate. The only significant difference is that 
a 5 x 10 cm cell is used rather than 6.48 x 7.44 cm in order to optimize the overall 
configuration. The arrays are configured to generate 2685 volts. Sheet busses 
collect power in ea~h bay. Propuision is provided by 120 cm diameter ion thr~ters 
using argon propellant. Solid state processors are used to condition the power prior 
to use by the thrL'Sters. Thermal control of the processors is accomplished using 
active radiators. Additional detail can be found in 0180-25037-3, pp 278-2.56. 

3.0 DESIGN BASIS 

The payload capability of the vehicle was somewhat arbitrarily ~elected although it 
is judged that little effect would occur in terms of cost for rather signif1·.:ant 
variations in delivery capability. The selecte:f value is made up of 10 HLLV 
deliveries. This value is judged to be a reasonable compromise con$' ·~ring smaUer 
vehicles would result in a larger quantity of vehicles while more pa).Vdd capability 
would make a larger vehicle which affects the LEO base size and vehicle flight 
control. The down payload to up payload ratio (5%) is judged sufficient to return 
the component containers, payload racks and waste products. The selected lsp and 
trip time is the result of extensive cost optimization studies involving a wide range 
of both lsp and trip times. This data is presented in Boeing document 
0180-25037-2, pp 373-376. Vehicles using silicon solar t.ells \\ere found to be 
more cost effective than those using GaAs when a silicon ceJJ satellite is used (al"o 
see 0180-25037-2, pp 376-384). Processing of power prior to use by the thruster 
was found necessarv due to the wide swings in both power and voltage of the array 
as a result of the radiation degradation that occurs during the transfer through tJ.e 
VanAllen belts (also see 0180-25037-2, pp 393). 

4.0 MASS AND MASS BASIS 

The total dry mass of the vehicle is 1462 MT while the total propellant is 
awroximately 500 MT. The breakdown is shown in Table 1.3.2-1. The estimates 
indicated are based on a mass estimating subrr.0del described in D 180-25037-2, pp 
359-361. This model takes the propellant quc:ntities and p.1wrcr requirements and 
through the use of various specific masses and mass fractions calculates the mass 
for all major system elements. A detail mass breakdown can be found in 
0180-25037-3, pp 287. 
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WBS 1.3.2 CARGO ORBIT TRANSFER vl~&latACC~T'D) 

Table 1.3.2-1. EOTV Mass Summary 

ITEM o EMPTY MASS (MT) o START!lURN MASS (MT) 

Power Gen. and (951) P~yloac liOOO 
Distribution 

Solar Array 
Structure 

780 
122 

1 Empty 1462 
.. Propellant 

Distribution 42 Argon 469 
Energy Storage 7 L02tH2 46 

Electric Propulsion (496) 5977 
Thrusters 79 
Power 219 
Conditioning 
Thermal Cont. 88 
Struct/Mech 61 
Propellant Feed 49 

Auxiliary Systems (15) 

TOTAL 1462 

.5.0 COST 

A cost summary of the EOTV for the various program phases is presented in 
Section 5.1. Details are presented in Section .5.2. 

j.J COST SUMMARY 

0 

0 

0 

0 

Research 

Engineering Verification 
(component testing) 

Demonstration 
o Vehicle DOTE 
o Propulsion hardware for 

demo satellite transfer 
o TFU 

Commercializat:on 
o Average Unit 
o Investment 

Construction (21 vehicles) 
For maintenance (per 20 
sateJlite ••• 8 vehicles) 

o Production--cost/flight 

5.2 COST DETAILS 

Research 

TBD 

Millions ( 1979 $) 
TBD 

TBD 

2584 
TBD 

2444 

327 

68.58 
2612 

68.2 
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'NBS 1.3.2 CARGO ORBIT TRANSFER VEHICLf (cont'd) 

Engineering Verification 

180 

Demonstration 

o DOTE and TFU 

The Boeing Parcametric Cost Model was used to develop the vehicle DOTE and 
TFU estimates. A breakdown is shown in Table 1.3.2-2. Key elements of the 
DOTE include a tooling estimate based on a vehicle- production rate up to .5 
pe • year and ground and flight test hardware each equivalent to 0.3 of the 
TFU. 

TFU costs reflect learning when multiple lllits of a given element are 
required to achieve the initial EOTV. The key elements in this cate~ -.ry 
include thrusters, power conditioning and solar array. Additional DOTE and 
TFU cost detail can be found in the Cost Notebook. 

o Initial Investment 

TBD 
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W8S 1.3.2 CARGO ORBIT TRANSFER VEHICLE (cont•d) 

DOTE Tf U 

0 Flight Hardware (119.9) (1715) 

0 PO\ver Gen. & Db ·ribution (10.9) (924) 
Solar /'.iray 0.4 878 
Structure ~ Q 

"""'·'-' 39 
Distribution 0.6 .'> 
Energy Storage 4.1 2 

Electric Propulsion (89.1) (777) 
Thrusters 8.3 168 
Power Conditioning 2J.4 528 
Thermal Control 7.2 51 
Structure/Mech 22.5 21 
Propellant System 27.7 9 

0 Avionics (19.9) ( 14) 
Data Management 12.6 8 
Communication 7.3 6 

0 Assembly & Checkout (96) 

0 Tooling (858.~) 

0 Systems Test (1164.1) 
0 labor (77.9) 
0 Ground Test (54J. l) 
0 Flight Tesc (54J. I) 

0 System Engr. &. Integration ( 12.0) 

0 Software Engr. ( 18.3) 

0 Ground Support Equipment ( 23. l) 228 

0 Sustaining Engineering 12 

0 Program lnteg. & Management { 51.3) 75 

TOT AL ( 1977 $) $2247 $2126 

TOTAL ( 1979 $) $2584 $2444 

~J8 
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WBS 1.3.2 CARGO ORBIT TRANSFER VEHICLE (~d) 

Commercialization 

o Average Cost 

0 

0 

Average mit costs were developed u<iing the TFU cost in conjunction 
with the annual production rate of the components for the entire EOTV 
fleet. The annual production rate assumed was equivalent to four 
EOTV's. This quantity of EOTV's results in components such as 
thrusters and solar cells having sufficient production rates that mature 
industry costing can be used (cost equals two times material cost). 
Power conditioning components such as processors, switchgear and 
interrupters have production rates sufficient to merit learning values of 
70%. Other EOTV components have lower production rates and have 
been costed at 8.5% learning. 

A breakdown of the average mit cost is shown in Table 1.3.2-3. 
Additional detail concerning costing of each component can be found in 
the Cost Notebook. 

Table 1.3.2-3 EOTV Average Unit Cost 

Cost in 
Millions 

Flight Unit (247) 

0 Power Gen. & Distrib. (99.7) 
Solar Array 79.6 
~tructure 12.1 
Distribution 1.6 
Energy Storage t:..4 

0 Electric Propulsion (141) 
Thrusters 15.4 
Power Cond. 87.2 
Thermal Control 22.1 
Struct/Mech 11.3 
Propellant Sys. 5.0 

0 Avionics ( 6.5) 

Programmatic (36.6) 

TOTAL (1977 $) 283.6 

TOTAL (1979 $) 327 
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WBS 1..3-2 CARGO ORBIT TRANSFER VEHICLE (cont'd) 

Commercialization (cont.) 

o Cost Per Flight 

A summary of the $70M cost per EOTV flight is shown in Table 1.3.2-4. 
Details are shown in Table 1.3.2-.5. It should be noted that the 
indicated costs are lower than the value presented in 0180-25037-3, pp 
291, since amortization, contributions from construction base, trip time 
delay (inurest cost) and payload launch are included ..:1sewhere in the 
cost anal ;sis. 

Table 1.3.2-4. EOTV COST PER FLIGHT 

Flight Hardware 
Refurb 
Refueling 
Program Support & Misc. 

(1977$) 

(1979$) 

Tooling and GSE have been 
included in the LEO base cost 

$32.5 M 
11.3 
15.0 
0.5 

$59.3 M 

$68.2 M 
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WBS 1.3.2 CARGO ORBIT TRANSFER VEHICLE (cont'd) 

TABLE 1.3.2-.5 COST PER FLIGHT DETAILS 

Flight Hardware 

o Average Unit Cost = 
o Launch Cost 

1462 MT /EOTV 
360 MT /Launch 

4.06 Launches@ $10.2 M = 
o Total Cost -

o Cost Per Flight@ 10 Flights/EOTV = 
Refurbishment 

o Primarily relates to thruster grids and Cathodes 

o Thruster Spares 

Equal SO% Avg. Cost (.5)(15.4) -

o Launch of Thruster Spares 

Mass = .50% initial mass 
= (.5)(80 Mn = 40 MT 

Launches= .Ill@ 10.2 M/Launch 

o Misc. Spares and Launch 

• Estimate 
• 1% of Unit Cost less Thrusters= $2. 7 M 
• Launch = 0.3 M 

o Total Refurb/L ight 

Refueling 

o Propellant Cost = 
Item 

Argon 
L0

2 LH2 
o Launch Cost 

• 515 MT 
• 360 MT ilaunch 

Mass 

470MT 
36MT 
9MT 

• 1.43 launches@ 10.2 M = $14.5 M 

o Total Refueling/Flight = $15 M 

Burden 
Factor 

1.05 
1.05 
1.05 

241 

~ 
1.00 

.037 
1.53 

(1977$) 

$ 2MM 

41.4 M 

$ 32.5.4 M 

32.5 M 

$ 

7.2M 

I.IM 

3.0M 

!1.3 M 

Cost (~M) 

.493 

.001 

.014 

.508 ~ 
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WBS 1.3.3 PERSONNEL LAUNCH VEHICLE 

J.O WBS DICTIONARY 

The Personnel Launch Vehicle is ~ed to transport cargo and personnel to low earth 
orbit during the demonstration phase of the program and only personnel during the 
commercial phase. 

2.0 DESCRIPTION 

The PLV is derived from the current space shuttle system. The vehicle consists of 
a winged liquid propellant fly-back booster than employs four 02/CH4 engines 
similar to the HLL V booster, a resized, smaller version of the space shuttle 
external tank and the space shuttle orbiter. The payload capability to the LEO 
base in a 477 km/31 degree orbit is approximately 89 MT. The configuration, 
vehicle characteristics and engine characteristics are shown in Figure 1.3.3-1. 

3.0 DESIGN BASIS 

Studies conducted early in the SPS contract analyzed a PLY employing a ballistic 
recoverable booster, modilied ET and orbiter. However, once a decision was made 
to ~ea two stage winged HLLV it appeared reasonable to develop a PLV that also 
employed a winged booster in order to provide an evolutionary path. The reference 
configuration described above is the result • 

._O MASS 

The mass statement for the flyback booster is shown in Table 1.3.3-1. The mass 
statement for the ET which has a propellant load of 547 MT (rather than 703 MT 
when used with the space shuttle) is shown in Table 1.3.1-2. 
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W8S 1.3.3 PERSONNEL LAUNCH VEHICLE (cont'd) 

TABLE 1.3.3-1 FLYBACK BOOSTER MASS SUMMARY 

ELEMENT KG 

Wing 31,940 

Tail 4,930 

Body 68,490 

Induced Environ. Protection 9,0.50 

Landing and Aux. Systems 9,710 

Propulsion-Ascent .51,320 

Propulsion-RCS 960 

Propulsion-Flyback 13,800 

Prime Power 1,190 

Elec. Conv. and Distribution 960 

Hyd. Conv. and Distribution 4,230 

Surf ace Controls 2,020 
Avionics 1,4.50 

Environmental Control 210 

Growth Allowance 16,200 

Dry Mass (216,460) 

Residuals and Reserves 12,700 

Landing Mass (229,160) 

Flyback Fuel 26,260 

lnflight Losses 3,300 

--
Inert Mass (259,320) 
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was 1.3.3 PERSONNEL LAUNCH VEHICLE (com-d) 

TABLE 1.3 • .3-2 ET MASS SUMMARY 

ELEMENTS KG 

Structures 21, 146 

L02 Tank 4,446 

lntertank 3,276 

LH2 Tank 13,424 

Thermal Protection 1,631 

Propulsion and Mech. Sys. 1,710 

Electrical Sys. 66 

ORB Attachments 1,492 

Change Uncertainty 686 

ET Inert Mass 26,731 

Unsuables 1,530 

ET Meco Mass 28,261 

~44 
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was 1.3.3 PERSONNEL LAUNCH VEHICLE (cont'd) 

5.0 COST 

A cost summary of the PLV for the various phases is presented in Section .5.1 with 
details presented in 5.2. 

5.1 COST SUMMARY 

Research 

Engineering Verification 

Demonstration 

DOTE 
Initial Investment 
Cost Per Flight 

Commercialization 

DOTE 
Initial Investment 
Cost Per Flight 

5.2 COST DETAILS 

Research 

Engineering Verification 

Demonstration 

0 DOTE and TFU 

Since the PLY i~ used initially to support the 
demon satellite its DOTE is included in this 
phase. Detail DOTE and TFU costs were not 
developed for the flyback PLV. The method used 
to obtain the cost is as follows: 

o Detail cost were developed for the ballistic 
PLV. 

o Detail costs were also developed for flyback 
and ballistic HLL V's. 

o The cost ratio of the booster stage of the 
fJyback HLLV to ballistic HLLV was applied 
to the ballistic PLV to get the flyback 
booster cost. 

:?45 

Millions ( 1979$) 

TBD 

TBO 

$ 3,008 
TBD 
TBD 

0 
$2,297 M 
$12.33 M 

( 1979$) 

TBD 

TBO 

$ 3,008 M 
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WBS 1.3.3 PERSONNEL LAUNCH VEHICLE (cont'd) 

The DOTE and TFU cost of the major elements of PLV are shown in Table 1.3.3-3. 

TABLE 1.3.3-3 PLV DOTE AND TFU COST 

DOTE TFU 

Booster 2,479 207 

External Tank 60 15 

OrbitE:r 0 

Prog. Mgt. anc' Integ. 77 18 
(1977$) $ 2,616 M s 140 M 
( 1979$) $ 3,008 M $ 276 M 

0 Initial Investment TBD 

Commercialization 

o DDTE 

None, charged to Demonstration Phase 

o Initial Investment 

The initial investment cost, shown in Table 1.3.3-4, covers all flight 
hardware !1,duding expendable external tanks necessary to complete the construc­
tion of the GEO construction base as well as the vehicle tooling and GSE to satisfy 
the initial requirements of the commercial phase. 

TABLE 1.3.3-4 PLV INITIAL INVESTMENT 

ELEMENT UNITS AVG COST (M) TOTAL COST (M) 

Booster Airframe 2 115 130 
Booster Engines 8 4.8 38 
Orbiters 2 550 110& 
External Tanks 47 3.2 150 

(thru GEO Base const) 
Tooling 1 300 300 
GSE 2 22 44 

Total (1977 $) $1860 M 
Total ( 1979$) $2139 M 
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WBS 1.3.3 PERSONNEL LAUNCH VEHICLE (cont'd) 

o Cost per Flight 

The PLV cost per flight of $12.33 M is summarize:' :n Table 1.3.3-5 
Additional detail is provided in Tables 1.3.3-6and1.3.3-7. 

The method used to determine the PLV cost per flight was generally 
the same as used for the HLLV. The indicated costs are based on 
a tottl of 2,579 flights during the 33 years required to place 60 satel­
lites. The average number of flights per year for SPS program 58. 
An additiooal 20 flights per year has also been assumed for non SPS 
activity and is induded in the total number of flights indicated above. 

TABLE 1.3.3-5 PLV COST /FLIGHT 

Program Support (Table 1.3.1-7) (0.623) 

Flight Hardware (Table 1.3.3-6) ( 6. 814) 

Orbiter Production l. 95 
o~·biter Spares 0.30 
SSME Spares 0.236 
Booster Airframe 0.758 
Booster Engines 0.205 
Crew Related GFE 0.165 
Expendable ET 3.20 

Tooling (Table 1.3.3-7) (0.116) 

Ground Ops/Sys (Table 1.3.3-7) (0.517} 

Ground Ops 0.018 
Ground Sys. l\.1aint. 0.064 
GSE 0.345 
Other 0.090 

PropeJJant (Table 1.3.3-7) (0.356) 

Ma'lpower (Table 1.3.3-7) (2.3 ) 

Direct 1. 8 
Indirect 1.5 

Total ( 1977$) $10.725 M 

Total (1979$) $12.33 M 
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TABLE 1.3.3-6 PLV FLIGHT HARDWARE 
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was 1.3.3 PERSONNEL LAUNCH VEHICLE (cont'd) 

TABLE 1.3.3-7 PLV OTHER COST/FLIGHT ELEMENTS 

Tooling - Booster 

Sustaining only 
1 production line ($300 M) 
2 Vehicles/yr rate 
10 yr production line sustaining 

= 1096 of prod. cost for each of 10 year:; 

GSE 

Scaled to STS since same yearly flight rate 

Burden 
Propellant MT Factor --
L0

2 
1605 1.05 

LCH4 424 1.02 

LH
2 78 1.05 

Other Elements 

~ 

.037 

.39 

l.53 

Prog Support } 
Other Ground Cost 
Direct Manpower 
Indirect Manpower 

Scaled to Shuttle Derivative study 
M manner similar to HLLV 
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Total$ 

$ 62,350 

1~8, 866 

125,307 

$356,523 

$ 0.356 M 
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WBS 1.3.4 PERSONNEL ORBITAL TRANSFER 
VEHICLE 

1.0 W8S IACTIONARY 

The Personnel Orbit Transfer Vehice (POTV) is defined as the transportation 
system that will be used to transfer personnel and crew supplies between the LEO 
base and C.EO base. The POTV wiU also be used to transport crews and cargo 
between the GEO base and the satellites when maintenance is required. The 
integrated flight configuration for a crew rotation/resupply mission is shown in 
Figure A. 

2.0 DESCRIPTION 

The POTV is a single stage LO.../LH ve-hide which in the normal mode has the 
capability of transporting 90 MT~f p.:fy1oad !>etween LEO and GEO. Return of the 
vehide and payload requires refueling at GEO. The POTV can be flown in a 
rou.11trip mode without refueling if necessary but with a reduction in payload 
capability. An inboard profile vf tne POTV is shown in Figure 8. 

Main propellant containers are welded aluminum with integral stiffening as 
required to carry ilight loads. lntertank, forward and aft skirts, and thrust 
structures employ graphite/epoxy composites. An Apollo/Soyuz type docking 
system is pr.>vided at the front end of the stage for docking with payloads and 
orbital bases. 

Five ASE type engines (staged combustion) are used for main propulsion. A thrust 
level per engine of 88 KN (88,000 lbf) is assumed along with an extension expansion 
area ratio of 400 and a specific impUJse of 470 sec. 

Auxiliary propulsion is used for attitude control and low delta V maneuvers during 
coast periods and for tenninal docking maneuve~. An independent LO.JLH

2 system is used and provides an lsp of 375 seconds averaged '>Ver pulsing and ~eady 
state operating modes. 

Primary electric Pf'Wer is provided ~y fuel cells based on shuttle techr.ology, 
tailored to the OTV requirement. Reactants are stor~ in vacuum-jacketed 
pressurP vessels. Ni-Cad batteries are employed for peaking and smoothing. 
2Jl BOC power is rough. 

Avionics functions include onboard autonomous guidanc.e and ndvigation, data 
management, and S-band telemetry and command communications. Navigation 
em:;iloys Earth horizon, star and Sun sensors with an advanced high performance 
inertial measurement system. Cross-strapped LSI computers provide required 
computational capability including data management, control and configuration 
control. The command and telemetry system empl\lys remote-addreSlklble data 
busing and its own multiplexing. 

Main propellant tanks are insulated by aluminized mylar mult;!ayer insulations 
contained within a purge bag. Environmental control of the avio~1ics systems is 
accomplished using s~mi-active louvered radiators and cold plates. Active fluid 
loops and radiators are required for the f uei cell systems. Super alloy net al base 
heat sl,ields are employed to pr·. tect the base areas frorn re~ .rculating engine 
plume gas. Further information on the subsystems can be found in 0180-25037-3, 
pp. 298-2-9. 
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WBS 1.3.4 PERSONNEL ORBITAL TRANSFER 
VEHICLE (cont"d) 

The nominal transfer time beginning with separation from the LEO base and 
doc!d'lg at the GEO base is approximately 11 hours. Orbit phasing requirements 
C01Jla add an additional 12 hours. 

3.0 DESIGN 81\Sti 

Previous POTV desi~ have used a two stage vehicle that provides round-trip 
capability without refueling at GEO. The pre<ient single stage vehicle requiring 
ref11~ling at GEO was selected to reduce the total POTV propellant per flight since 
the highly efficient EOTV could be used to deliver the POTV return propellant to 
GEO. The POTV savings per flight is approximately 265 MT with the net savings 
induding EOTV penalty of 175 MT per POTV flight. 

The ~ MT ~yload capability was the result of sizing the vehicle to be delivered by 
tne shuttle .lerivative HLL V (without propellant). This capability is sufficient to 
deliver up to 80 GEO workman and food aild aew accommodations for 6600 man 
days. 

'-0 MASS AND MASS BASIS 

The total dry mass is 13420 Kg while the main impulse propellant is 200,000 Kg. 
The breakdown is shown below. The estimate is based on mass parametrics 
developed in the Fut~--e Space Transporcation Study NAS9-14323 Document 
0180-20243-3. 

POTV MASS (kg) 

Structure & Mechanisms 6900 Unusable L02''LH2 1130 

Main Propulsion 2500 Unusable & Reserve 

APS Prop 500 

APS 500 

Avionics 300 Fuel Cell Reactant 150 

Boil-off 100 

Electric Power 450 

Thermal Control 1030 t:\urnout 

Contingency (15%) 1750 Main Im.xdse Prop 200000 

APS 1200 

Dry 13430 Stage Startbum 216510 
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5.0COST 

WBS 1.3.4 PERSONNEL ORBITAL TRANSFER 
VEHICLE (cont"d) 

A cost summary of the various phases is presented in Section 5.2 with details 
presented in 5.2. 

j.1 COST SUMMARY 

Research 

Engineering Verification 

Demonstration 

0 

0 

0 

DOTE 
TFU 
Investment (2 vehides) 

Commeraalization 

0 

0 

Investment (2 vehides) 
Cost per Flight 

j.2 COST DETAILS 

Research 

Engineering Verification 

Demonstration 

o DOTE&: TFU 

Millions (1979 $) 

TBD 

TBD 

$1,012 M 
100 M 
101 M 

$ 129 M 
1.54 M 

TBD 

TBD 

The UDTL and TFU costs are shown in Table 1.3.4.1. The system tes-: 
value is based on an equivalent of 1~ ground units and 1 flight test unit. 
These costs have been determined using detail mass statements and the 
Boeing PC'~. 

o Investment 

The investment cost of $101 M is based on requiring two vehicles to 
support the Demo satellite program and an average cost per vehicle 
based on the total number of units required including the commerciali­
zation phase of the program. 

Commercialization 

o Investment 

The initial in\lestment cost of $129 M is based on the need of two 
vehicles, tooling and GSE. The cost breakdown is shown in Table 
1.3.4-2. 

o Cost per Flight 

The cost per flight is $1. 54 M and is summarized in TabJe 1.3.4-3. 
Details of the cost per flight are shown in Table 1.3.4-4. 
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TABLE 1.3.4-1 

POTV 

Vehicle 
Structure 39 
Thermal Control 23 
Avionics 45 
Elec. P~r. Sys. 16 
Main Propul 381 
Aux Propul .5 

Assembly and Checkout 
SI and I 
Software Engr. 
GSE 
System Test 
Tooling 
Cost of Mass Contingency 
Logistics 
Liaison 
Initial Spares 
Program Mgt. 

Q::::> Engines are $15 M 

DtS0.25461-2 

WBS 1.3.4 PERSONNEL ORBITAL TRANSFER 
VEHICLE (cont'd) 

POTV DOTE AND TFV COST 

DOTE TFU 

(1012) ( 100) 

50~ 53 
1.5 

1 
8 
4 

19 G.> 
6 

6 
22 
26 
48 21 

198 
14 7 

102 6 
9 
4 2 

10 
70 5 
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WBS 1.3.4 PERSONNEL ORBITAL TRANSFER 
VEHICLE (conf:-t) 

TABLE 1.3.4-2 POTV INITIAL INVESTMENT 

Vehide 
Airframe 86 

and subsys. 

Rocket Engines 15 

Tooling 

GSE 

Total 

Table 1.3.4-3. POTV COST PER FLIGHT 

Flight Hardware (Tl.3.4-4) 

Airframe & Subsystem 

Rocket Engines 

Tooling 

GSE 

Propellant 

Misc 

Program Support 

Manpower-Direct & Indirect 

TOTAL (1979$) 

154 

0.889 

0.234 

1.123 

0.004 

0.013 

0.063 

0.340 

$1. 54 M 

101 

7 

21 

$129 M 
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WBS 1.3.4 PERSONNEL ORBITAL TRANSFER 
VEHICLE (cont'd) 

TABLE 1.3.4-4. COST PER FLIGHT DETAILS 

Flight Hardware Cost 

Equivalent Units 

lnitia! Buy 

fl Buy for Life 

1500 fits in 33 yrs - Initial 
50 flts/veh 

Refurb 

Replenish 

Total Units 

TFU ($ M) 

Learning 

Avg Cost ($ M) 

Total Hardware 
Cost ($ M) [!::::::> 

Cc.st/Flight 
($ M) :;..:> 

Initial investment 

Airframe 
&: Subsys 

2 

23 

NIA 
(Expendable after 

50 flights) 

3 

33 

75 

85 

43 

1333 

0.889 

86 

Rocket 
Engines 

10 

155 

40 

(30%/unit cost/50 flts) 

39 
(.5%/flt) 

244 

3 

90 

l.5 

351 

0.234 

15 

CT::> Excludes cost of initial units since they are part oi initial investment. 
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was 1.3.4 PERSONNEL ORBITAL TRANSFER 
VEHICLE (cont'd) 

TABLE 1.3.4-4. COST PER FLIGHT DETAILS (Continued) 

Tooling 

GSE 

33 vehides in 33 years 

1 production line 

4 vehicles produced/year 

Assume line operates 10 years 

Productioo hardware cost = $6.9 M 

Sustaining cost = $6.9 M 

10% of production hardware 
during 10 years of productioo 

Cost/Flight = 0.004 

6.9 + 1.500 

1 set of equipment 

Productioo cost 

Sustaining cost 

10% of production 
cost for 10 years 

Cost/Flight 

$21 M + 1500 

= $21 M 

= $21 M 

= $0.013 M 
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WBS 1.3.4 PERSONNEL ORBITAL TRANSFER 
VEHICLE (cont'd) 

TABLE 1.3.4-4. COST PER FLIGHT DETAILS (Continued) 

Propellant 

Mass 
Prop JS&_ 

L02 170,000 

LH2 30,000 

Miscellaneous 

Program Support 

Direct Manpoer 

Indirect Manpower 

Burden 
Factor 

1.05 

1.05 

(1977 $) 

(1979 $) 

Total 
$/Key lost 

0.037 6604 

I. 53 48,195 

$.54,800 

$63,020 

$0.063M 

Used 30% of the other cost/flight elements-same as was used in Hll V 

Space Operations and System Maintenance 

Equivalent to Hll V ground operations and ground system maintenance 

These costs have been charged to the LEO base. 
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WBS 1.3.5 ORBITAL PERSONNEL MODULE 

1.0 WBS DICTIONARY 

The Orbit Personnel Module (OPM) is used to accommodate crews during the 
transfer between the LEO and GEO bases. The Launch Personnel Module (LPM) 
accommodates crews during transit be~ween Earth and the tEO Base. The OPM 
differs from the LPM in terms of the mission duration and associated needs as well 
as the environmental protection requirements. 

2.0 DESCRIPTION 

The configuration for the OPM is shown in Figure A. This design has the flight 
control deck integrated with the passenger crew cabin. The OPM has been sized to 
tra:isport 78 orbital workman in a single deck, 6-abreast arrangement in addition to 
a foght crew (pilots, flight engineer, flight attendants). 

Tl,e structural shell is aluminum with an inside layer of tantalum to improve 
radiation protection characteristics. An average electrical power requirement of 
15 kw has been estimated for the OPM. ·Advanced LO/LH2 fuel cells are the 
prir,:'iry power so11rce with batteries for peaking and emergency. The environ­
ment~ control/life support system i~ a scaled down version of the system used in 
the crew modules at the LEO and GEO bases. This closed loop system was selected 
due to the large crew size and frequent use. The system employs a sabatier 
reactor for co2 reduction, water recovery and electrolysis for oxygen production. 
Thermal control con:;ists of water loops inside the cabin and freon loops for the 
space radiator. 

Crew accommodations include pressure s:Jit garmets for all on-bard personnel, 
several EVA suits for emergencies, food storage and preparation, furnishings such 
as seats and mobility aids and limited recreation provisions. The inform.ition 
system includes data processing, displays and controls to operate the POTV as well 
as OPM, supplemental G&:N equipment to that incorporated on the POTV and 
communications equipment. Crew consumables are leased on a nominal transfer of 
1-day for both delivery and return flights and an additional day provided for 
emergency. 

3.0 DESIGN BASIS 

The mc>.jor issue considered thus far in the design of the OPM is that of defining the 
crew capacity. The principle considerations in selecting the crew capacity of the 
OPM are the payload capability of the POTV and the payload envelope of the 
launch vehic!e which will initially deliver the OPM to orbit. As previously 
de!>cribed, the POTV was sized for refueling at GEO and delivery to LEO by the. 
shuttle derivative HLLV. These conditions resulted in a paylod capability that 
allowed delivery of approximately 80 people. Using crew rotation cy::les of 90 days 
results in POTV flights approximately every 15 days. Previous analysis had a flight 
every 30 days but the more frequent flight arrangement is judged to provide more 
flexibility for the case of deliverying a small amount of priority cargo. 

4.0 MASS AND MASS BASIS 

The hardware mass of the OPM including growth is 43685 Kg with the total flight 
weight including crew is 53285 Kg. 

l\ muss summary and detail hardware breakdcwn is presented below. 



Hardware 

Structure 

Electrical Power 

Envir Cent/Lile Support 

Crew Accommodations 

Avionics System 

Consumables 

EPS - L02/LH2 
Afm Supply - L02/LN2 
Water - Crew 

Food & Pkg 

Fluids 

Thermal Cont 

(H
2
o & Freon) 

Payload 

Crew & Pers Eff .!Cts 

DIB0-25461·2 

WB:. 1.3.6 ORBITAL PERSONNEL MODULE (cont'd) 

OPM MASS SUMMARY 

(349 • .50) 

12,.560 

710 

18,300 

2,980 

400 

(1,4.50) 

400 

1.50 

.58.5 

315 

(1,060) 

(7,090) 

Sub Total PM 4-4, 500 Kg 

Growth (Contingency) - 2.5% on Hardware 8, 735 

PM Grand Total 53,285 Kg 
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WBS 1.3.5 ORBITAL PERSO~JNEl MODULE (cont'd) 

SUMMARY MASS STATEMENT 

OPM TOTAL 

Stn.cture (12' 560) 

Shell 8,760 

Other 3,505 

Thermal Prot 295 

Electrical Power (710) 

Fuel cells 220 

Tanks 370 

Distribution 120 

Reactant (See Consumable) 

Batteries 

ECLS (18,300) 

AFM & 7.4 

Water Mgt l. 9 

Waste l\'lgt 3.2 
Therm Cont 5.8 

H
2
0 + Freor1 Loops 

Crew Accommodations 

Pers Equip 1, 770 

General & Emergency 395 

Furnishings 530 

Recreation 70 
Food Mgt Z15 

Avionics Sy~ ~m ( 400) 

G&N 50 

Data Process 100 

Display /Control 150 

Ext. Comm. 50 

Int. Comm. 150 

TOTAL HARDWARE w/o GROWTH 34,950 Kg 
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W8S 1.J.5 ORBITAL PERSONNEL MODULE (cont"d) 

~.O COST 

A cost summary of the CP~.i for the ..-arious phases is presented in Section .5.1. 
"e!ails ~re presented in 5.2 • 

.S.1 Cost Summary 

Research 
Engineering Verification 
l)erJ\onstratior. 
Com.nercialization 

DOTE 

LDTE 
TFU 
Avg. Unit C.ost 

Milli0'1S 
( l 'j79 Dollars) 

TBD 
TBD 
TBD 

1,092 
222 
190 

The Boei~g Parametric Cost Model (PCM) was used to develop this dat'\. Ground 
and flig!"l\ test hardware is equivalent to 2-1 /2 operational units. A breakdown is 
shown below. 

TFU 

The Boeir.g PCM was also used to develo1- the Tfu cost. f, cost breakdown is also 
provided. 

Avg. Pnh Cost 

Thi.;; c~st is ba5e\.I on 4 units during the first t5 yEa:s \\ith a leam~ri3 factor of 0.9. 

HJ Structure 
H2 Elec Power 
HJ ECL:, 
H .. Crew Accomm 
H.5 Avh.>nics 

ASSEME>l.E AND C/O 

OPMCOST 

261 

DOTE TFU 

(278) 
68 
66 

8 
110 

(0) 

(139) 
17 
17 
8 

61 

(21) 
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WBS 1.3.5 ORBITAL PERSONNEL MODULE (cont'd) 

SUPPORT COST (298) (15) 

System Engineering & Integration 25 
Sof t\\·are Engineering 35 
Systems Ground Test Conduct 133 
SE Design 66 
SE Mfg 39 15 
Tooling & STE 
Systems Flight Test Conduct 

OTHER COST (516) (68) 

GRND/FLf T~st Hardware 320 
Logistics and Data 17 
Liaison/Sustain Engr 13 6 
Spares 32 42 
Program Management 134 20 

TOTAL ($M) 1092 221 
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W8S 1.3.6 CARGO TUG 

1.0 WBS DICTIONARY 

The cargo tug is used at both the LEO Base and the GEO Base to transfer cargo and 
propellant pallets between the bases and the EOTV's. 

2.0 DESCRIPTION 

The cargo tug consist of a single stage LO /LH2 OTV that is nonnaUy used with a 2 
ma.n fhght control module. Two of these ~ugs are required at each base. Also see 
WBS 1.2.2.3.2 for operational use of the system and WBS 1.2.2.1.5 and WBS 
1.2.2.1.6 for its support systems. 

3.0 DESIGN BASIS 

This preliminary concept is based on meeting the foJJowing requirements: 

1. 2-man flight contr'll module. 

2. Docking fixture on the control module (mates with the pallet handling 
fi>eture, WBS 1.2.2.1.3.l.3), the EOTV propellant pallet, and to a docking port 
at the bases) 

3. Electrical connector incorporated into the docking fixture that provides an 
interface with the crew controls and displays used for the following systems: 

a. Cargo pallet handling fixture gimbal 
b. Cargo pallet handling fixture attachment mechanisims 
c. Laser guidance syste~ 
d. EOTV pallet hcldown mechanisms 
e. Propellant tank fluid coupling mating mechanism 

4. Must have 6 OOF capability. 

5. Vehicle sizing criteria 

o 400,000 Kg payload (Max) 
o 1-3 Km trips (or.e way) 
o Refuel after 12 round trips 
o Transit time 5 to 30 minutes 

6. Ref~led from a propellant transfer system colocted wit; the docking port on 
the LEO and GEO bases. 

4.0/5.0 MASS AND COST 

This vehicle has not been weighed or costed. 
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\"IBS 1.3.7 GROUND SUPPORT FACILITIES 

1.0 WBS DICTIONARY 

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. 

2.0 ELEMENT DESCRIPTION 

Figure A shows the various ground support ·aciiities that have been identified and 
their functional interfaces. Each of these elements are described in following 
subsections. 

The reference launch and recovery site i~ the Kennedy Space Center. Maps of the 
SPS space transportation ground support facilities at this location are shown in 
Figures B, C, and D. 

The landing site is common to both the HLLV and PLV ground support operations. 

The HLLV facilities will be new. 

The PL V facilities wiU be shared with the Space Transportation System (STS) 
Shuttle-Growth vehicle ground facilities. 

3.0 DESIGN BASIS 

The launch and recovery site facilities, systems. and operations are based on the 
requirements imposed by the 2-stage winged HLLV (WBS 1.3.l) and the POTV (WBS 
1.3.~). The .;pecific requirements are disrussed in detail in Section 6 of the 
operations and systems synthesis cocument(Oici0-25461-3). The Kennedy Space 
Center was selected as the location only to serve as a reference case. 

4.0 MASS 

Not applicable • 

.5.0 COST 

The total cost for the ground support facilities is given in Table A. The rationale is 
found in the cost sections for the sub-elements. 
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WBS 1.3.7 GROUND SUPPORT FACILITIES (CONT'D) 

Figure C. SPS Ground Suppon Facilities 

Figure D. SPS Ground Support Faci/itiet Shared with 
r.,e Space Transportati1Jn System 
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VIBS 

1.3.7.1 
1.3.7.1.l 
1.3.7 .l.2 

1.3.7 .2 
1.3.7 .2.1 
l .1.7 .2.2 
1.3.7 .2.3 
1.3.7 .2.4 
1.3.7 .2.5 
1.3.7.2.t; 
t.3.7.2.7 
l. 3.1.2 .8 
1.3.7 .2.9 
1.3.7 .2.10 

l.3.7.3 

1.3.7.4 

1.3.7 .5 

TABLE:. 8 
WBS 1.3.7. GROUND SUPPORT FACILITIES COST SUMMARY 

FACILITIES 

Launch Facilities 
HLLV Launch Facilities 
PLV Launch Facilities 

Recovery Facilities 
Landing Site 
HLLV Orbiter and Payload Processing Facilit,· 
HLLV Booster Processing racility 
Engine Maintf!nance Facility 
Hypergolic Maintenance Facility 
P'i<>senger Offloading Facility 
PLV Booster Processing Facility 
PLV Orbiter Processing Facility 
Vertical t\r.sembly Building 
Mobile Launcher Platform 

Fuel F acili ti f's 

Logistic Support 

OpP.rations 

Crew Satar ies 
(5,174,832 + 4,548,290) ($40/Man hr) 

3,222 M 

20.53 M 
1114. M 
445.5 M 
120.8 M 

6.5 .O M 
4.0 M 
TBD 
TBD 
TBD 
TBD 

TBD 

40.1 M 

78.3 M 

TOTAL 

TOTAL 

COST 

($3,222 M) 

( $1769.83+ TBD) 

(TBD) 

(40.lM) 

(78.3 M) 

$ 5. llB+TBD 

$ .39B 
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VVBS 1.3.7.1 LAUNCH FACILITIES 

1.0 W8S DICTIONARY 

This element includes the design and constrJction of the actual launch facility and 
its associated equipment. 

2.0 ELEMENT DESCRII· alON 

This element includes both the HLLV and the PLV launch facilities and systems. 
Each of these are discussed in following sections. 
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was 1.3.7.1.1 HLLV LAUNCH FACILITIES 

t.r W8S Dictionary 

This element includes the HLLV launcher/erector and its associated subsystems. 

2.0 ELEMENT DESCRIPTION 

The reference Hl LV launcher/erector concept is illustrated in Figure 17. Three 
HLLV launch facilities are required. 

4.0 MASS 

Not applicable. 

5.0 COST 

Refer to Table A. 

155.4• 
(509.9') 

13711 
(450') 

Figure 17. Launcher /Erector Concept 
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TABLE A 

\VBS 1.3.7.1.1 HLLV LAUNCH FACILITIES 

Item No. Facilities/Equipment 

1 Causeways &: Taxiway 

2 Breakwater 

3 Launch P.ld 

4 Equipment/Utilities/Etc. 

Ground Rules, AS'Sumptions1 and Rationale 

3 

3 

Unit 
Cost -

$ 112M 

$ 162M 

1.0 CaJseways and Taxiways - The length of the taxiways and causeways were scaled from Figure 14. 

Pad 

1 

3 

Causeway X-Section 

Taxiway Length 

10,000 ft 

15,000 ft 

21,000 ft 

46,000 ft 

2od 

Causeway length 

14,000 ft 

1 l ,000 ft 

12,000 ft 

37 ,ooo ft 

= 12,500ft2 

$ 
$ 
$ 

Total 
Cost 

l ,727M 

673M 

336M 

$ 486M 

($ 3,222M) 

L \50' 
Area 

Volume = (37 ,000 ft)0 2,500ft2) = 462.5 x 106tt3 

30d 

::c ,.. ,.. 
< 

~ 
;s 
:c 

"" ~ 
r-
3 
m 

For the jetties we used the costs from "STS Ground Support System Study Extension" report for the Ocean Be.ich site (Table 8-1). -
6 8 For 4,950', cost estimate was $2.6 x 10 or $530/L.F. in 1971 dollars. Adjusting for 1977 dollars, the unit cost estimate per linear z 

foot is 530 x 1.48 = $785/L.F. d -
We obtained a rough estimate for a rubble-mound breakwater in place of $100/yd3 from local operation. 
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TABLE A (Con't) 

Groundrules, Assumptions, and Rationale - Con't 

Causeways cost ::: ($100/yd3)(462•5 x lO:ft3) 
27ft3/yd 

Paving '>f Causeway& and Taxiways 

46,000 ft + 37 ,000 ft 83,000 lineal ft 

x 200 ft wide 

= $1.7B 

16.6 x 106 tt2 of paving 

@ $1.64/f t2 

$27,224,00 

Total cost of causeways +paving = $1.727 B Item l 

2.0 Breakwater - The length of the breakwater scaled from Figure 14 is 33,l'JOO ft. 

60 

Breakwater X-Section ~ 50 

100 

2 A= 5,500 ft 

3 Volume::: 33,000 x 5,000 = 181,5CO,OOO ft 

= 6.72 x 106 yd3 

Cost = (6.72 x 106 yd3)($100/yd3) = $673 x 106 Item 2 

c 
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T ABLi:. A - Con't 

Groundrules, Assumptions, and Rationale - Con't 

3.0 Launch Pad - Each pad has an estimated area of 602,800 ft2 and is 50 ft deep. 

Volume= i.12 x 106 yd3 
~. 

Cost @ $100/~ $1\2,C00,000 Item 3 

__ .;;..;.X1_pads 

$336,000,000 tor pads 

'.;.3 23uipment/UtiJities/Etc. 

Service area, utilities, propellant instaJJations, instrumentation, fixed boom 

cranes, est. $50 M 

Vehicle erector $>.12M 

$162M each pad Item 4 
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DIS0.25461·2 
was 1.3.7.1.2 PLV LAUf~CH FACILITIES 

1.0 Wt'S DICTIONARY 

This element includes the Pl V launch pad and its associated subsystems. The 
Mobile Launcher Platform is not included. 

2.0 ELEMENT DESCRIPTION 

The referencer PLV launct- pads are considered to be those tr .... t would be built for 
a Shuttle-growth vehicle. The KSC pads 39A and 39B are the candidate locations 
for these facilities. The Shuttle-grnwth launch pad configuration has not been 
defined. 

The major Pl V-specific provision that will have to be included at these launch pads 
will be a means for boarding the 7 5 passengers into the Passenger Module that will 
be located within the Shuttle cargo bay. 

j.0 ELEMENT cc:~· 

For now, it w~ll be assurp~' t.h<it the cost of the PLV launch features will be 
absorbed by thE' ~'°'~i.-:-1~- ··t• ·· -.. -, vet:icle program. 

272 



DIS0.25461-2 

WBS 1.3.7.2 RECOVERY FACILITIES 

1.0 WBS mcnoNARY 

This element includes the design and construction of the recovery facilities. 

2.0 ELEMENT DESCRIPTION 

There are eleven sub-elements that have been identified: 

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 1.3.7.2.11 

Landing Site 
HLL V Orbiter and Payload Processing Facility 
HLLV Booster Processing Facility 
Engine Maintenance Facility 
Hypergolic Maintenance Facility 
Passenger Offloading Facility 
PLV Booster Processing Facility 
PL V Orbiter Processing Facility 
External Tank Processing Facility 
Vertical Assembly Building 
Mobile Launcher Platform 

These sub-elements are described in following description sheets. 
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V'IBS 1:J.7.2.1 LANDING SITE 

1.l W8S DICTIONARY 

This element includes the design and construction of the landing strip, the control 
tower and other landing site facilities. 

2.0 ELEMENT DESCRIPTION 

The landing strip provided for the STS wilJ have to be widened from 300 feet to 
600 feet to adapt tC' the HLLV booster and orbitM" landing and taxi requirements. 

The control tower, ~vigational aides, fire/rescue facilities, and ground support 
equipment required for the STS will be used for the HLL V vehicle landing support 
operations. 

j.0 ELEMENT COST 

The only cost to be considered here is the cost of widening the runway to 600 feet. 
The original landing field cost $17,700,000 (1974). Applying a 1.16 cost escalation, 
the additional runway modifications wiJJ cost $20 • .53M. 
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WBS 1.3.72.2 HLLV ORBITER AND PAYLOAD PROCESSING FACILITY 

1.0 WBS DICTIONARY 

This element includes the design and construction of the HLL V orbiter and payload 
processing facilities. 

2.0 ELEMENT DESCRIPTION 

The HLLV Orbiter and Payload Processing Facility is shown in Figure A. 

~.O COST 

The element cost and rationale is given in Table A. 

f _,HIGH 
I lll21 

I -llA') 

C OR81TIR IEllllG 
llAllllTAIHED 

0 PALI.IT 8EllOIG 
LOADED 

LOADED 
PAUETIEING 
PUCEDINTD 
ORllT£R CARGO 
BAY 

EMPTYPALUiT 
BElllCI IUIDVED 
~RDlll OR81TIR 

RAILRIMD 
FRllGMTCAM ..... 

i------------l14fl"l -----------
6> PM.LIT lllllG RIFUIMlllHEOIRECONFIGUlllD 
(i> PM.LIT IElllG LOADED 

Figure 4. HLL V Orbiter and Payload Processing Facility 
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Item No. 

1 

2 

3 

4 

TABLE A 

WBS 1.3.7.2.2 HLLV ORBITER AND PAYLOAD PROCESSING 

FACILITIES AND EQUIPMENT COST ESTIMATES 

Facilities/Equipment 

Facility 

.500 Ton Crane 

2.50 Ton Crane 

Communication/Instrumentation Interface 
Equipment 

Qty. 

.5 

6 

Unit Cost 

$ l.5M 

$ .5M 

Ground RuJes, Assumptions, and Rationale: 

TIQI Cost 

$989,298,000 
$7S,OOO,OOO 
$30,000,000 

19,886,000 

($ 1.1148) 

1. Dimensions of HOPPF scaled from Figure 20. Low Bay 853' x 1476' (use 850' x 1500' for computations). 

2. Base cost estimates on existing KSC LC-39 facilitie~. 

3. Maint. test stations located within maint/admin area. 

4. Maint. Planning & C,:mtrol function included in admin. spaces. 

5. Cranes to be prir::~d separately. 

'j. Communications & Instr. Interface Equip. = LPS Remote Station 

Continued on following page. 



TABLE A (Cont'd) 

Ground Rules, Assumptions, and Rationale (Cont'd) 

HLLV Orbiter and Payload Processing 
Facility Reguirernents 

Low Bay 8.50' x 1500' 

Rationale Approach 

1. Use original cost of LC-39 VAB (Ref NHB 8840.5A-II) 

2. Prorate costs high/low bays according to volume. 

3. Determine cost/ft2 for high and low bays. 

4. Estimate factor for height/strength req'ts. 

KSC Dimensions and Volume Ratio Determination 

Area (Ft2) 

Low Bay 117,600 

High/Low Bay Cost Determination 

LC-39 VAB Cost (1966) - $144,042,000 

Less cost of cranes I-175T 592,000 
2-250T - 1,526,742 

$141,923,258 

Continued on foJJowing page 

($76 3,37 J ea) 

(1966) 

Area 

(Ft2) 

142 ,000 

Volume (Ft3) 

l?.,282,000 

Height 
(Ft) 

260 

Volume Ratio% 

10 

Strength 
(Tons) 

500 

ht 

105' 
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TABLE A (Cont'd) 

Ground Rules, Assumptic:ins, and Rationale (Cont'd) 

LC-39 VAB 

Low Bay Cost /ft2 = 141,923,2.58 x .J -
117 ,nrm · 

Height/Strength Factor netermiration 

Comparative Data 

Low Bay 

Esdmated H/S Factor 

Low Bay 

Escalation f-.3ctor 1966 to 1977 = 1.88 

$120.68/f t 2 

LC-39 VAB 

210'/175T 

~eight 

l .2 

Estimated Cost/ft1 = or;6inal cost x H/S factor x escalation 

HOP PF 

260'/500T 

Strengtp 

2.8.5 

Low Bay = $120.68 x 3.42 ic 1.88 = $77">.92/ft2 x 1,27.5,000 ft2 = $989,298,000 Item No. I 

Overall 
3.42 

·-:':r:!r1es. A compar!son was •nade first with the existing LC-39 250 Ton crane'5 in an attempt to establish a ba~eline t:> 
scale up .v l • i ;. 

L <:- ~9 High Bay Crane 150 Ton, 150' span, 4621 lift. 
C•>·:.t ~7.53,000 (1966) escal-1ti,.'l'1 facto:- : l .&R 
Current Cost $7.51,000 x 1.88 = $1,4t 5,640 ear.h. 

.5'J~ T ,)I, Crane, 300' span, 200' Jift. 
250 Ion Crane, 30'J' span, 200' lift. 

Continued or. fo1Jo.v>·g p"lge 
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TABLE A. Cont'd) 

Ground Rules, ABJmptions, and Rationale (Cont'd) 

Since the span increase Wd' .,. 1 i:;reat for both cranes, we contacted Harnisliseger Corp., Milwaukee, Wbc. (4 r ·+) 67 l-4400. 
Mr. Jim Mock for an estimate. He stated that to his knowledge, a 500 Ton crane of that size has never been built. His 
estimates were: 

5'.)0 T - Crane 
25DT - Crane 

$15,000,000 
$ 5,000,000 

Item No. 2 
ltem No. 3 

Cornm11nic:ations :< l•~strumentation Inter fa1.:e i:.·1:.82:. 

Assume: 67 consoles in mdint. t-est stations 

Estimated consoJe cost $250,000 

$250,000 x 67 .::: $16,751,000 

1...1 '\ssu:ne: OIS cost 2096 total 
-.J 
·.0 

lJse cost LC-39 OIS cost as baseline 
($&,.'.JOO,O·YJ - I %5) 
(Escalation factor = 1.96) 

8,000,000 x t.96 x .20 = S3,t36zooo 

-.. w 
~ 
ii.> 
N 

x ,... 
I"' 
< C' 
0 -

:a ' ID N 

=i I 
m -:a ~ 

~ 
0 

s ,.. 
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was 1.3.7.2.3 HLLV BOOSTER PROCESSING FACILITY 

1.0 WBS DICTIONARY 

This element includes the design and construction of the HLL V Booster Processing 
Facility and its equipment. 

2.0 ELEMENT DESCRIPTION 

The HLLV Booster Processing Facility is shown in Figure A. 

5.0 ELEMENT COST 

The estimatea cost for this facility is summarized in TaiJle A. 

------------ -----_,....----·-r. • r-·-------
; (~ ~1\ ,? ~\ ;"""7:-;:\ 
! . I . i I f-11 -
! •r.-:11 -. . I 

6 140M 

~~ 
~l !, I IOMHI 

/ - I ' I: I 

I C°'2'' ' •I r""--' I : aaMTON ! • 

I 
~;'.r-' G ,CRANE .dJ 

GH 

I - -- . - ------ - - - - - - - - - I I -MA,~TENANCE s"'ito..S 
I AREA 

_) - -- - - ·- - - - - - - -- - - - -----·-. ____,___.~ - -- -
I RAIL CARS If .... ! 

-~----------Tilu::.. • ~--- ---.------"-\ 

Figure A- HLL V Booster Processing Facility 
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TABLE A 

WBS l.3.7.2.3 HLLV BOOSTER PROCESSING FACILITY AND 

EQUIPMENT COST ESTIMATES 

Item No. Facilities/Equipment Qty. 

Facility 

2 20\1 Ton Crane 4 

3 Communications/Instrumentation 

Gro1J1d Rules, Assumptions, and Rationale: 

1. Dimensions of Hl3PF scaled fro·n Figure 24. 460' X 1476' X 196' High (use 460x1475=678,500 ft 2) 

2. i>ase cost ec;tirnate'> on existing KSC LC-39 facilities. 

3. ,\1aint. te-;t stations located within maint/adrnin area. 

4. \1aint. Planning & Control f•Jnction included in admin. spaces. 

Continued on following page. 

Unit Cost 

$2.5M 

Total Cost 

$415,628,740 

$ 1O,000, 000 

$ 1 9, 886' 000 

= $445, 514, 000 j 
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TABLE A (Can't) 

Gromd Rules, Asswnptions, and Rationale (Cont'd) 

5. Cranes to be priced separately. 

6. Communications & Jnstr. Interface Equip. = LPS Remote Station. 

HLLV Orbiter Processing Facility Reguire-nents 

Low Bay 460 x 1475 

Rationale Approach 

1. Use original cost of LC-39 VAB ~Ref NHB 8840.5A-JI) 

2. Prorate costs high/low bays according to volume. 

3. Determine cost/ft2 for high and low bays. 

4. Estimate factor for height/strength req'ts. 

Continued on foJJowing page. 

Area 

(Ft2) 

678,500 

Height 

(Ft) 

200 

Strength 

(Tons) 

500 
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TABLE A (Con't) 

Gromd Rules, Assumptions, and Rationale (Cont'd) 

KSC Dimensions and VoJwne Ratio Determination 

Area (Ft2) Volume (Ft3) Volume ·~atio % Ht 

Low Bay 117,600 12,282,000 10 105' 

High/Low Bay Cost Determination 

LC-39 V.l\B Cost (1966) - $144,042,000 

Les5 cost of cranes 592,000 1-175T 

2-250T - 1,526,742 

$141,923,258 

($7 63, .371 ea) 

{l 966) 

LC-39 VAB 

Low Bay Cost/ft2 = 141,923,258 x .l = 
117,600 

'-i~i~'1t/Strength Factor Determination 

Comparative Data 

Low !Jay 

LC-39 VAB 

210'/l 75T 

C::intinucd on following page. 

$120.68/f t 2 

HLLV VAB 

200'/500T 
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TABLE A (Cont'd) 

Gromd Rules, Assumptions, and Rationale (Cont'd) 

EstimateC: H/S Factor 

Low Bay 

Height 

.95 

Strength 

2.85 

Escalation Factor 1966 to 1977 = 1.88 

ow~rall 

2. i 

Estimated Cost/ft2 = original cost x H/S factor x escalation 

Low Bay = $120.68 x 2.7 x 1.88 = $612.57 /ft
2 

x 678,500 ft
2 = $415,628,740 Item No. 1 

Cranes. A comparison was made first with the existing LC-39 250 Ton cranes in an attempt to establish a baseline to 

scale upwards. 

LC-39 High Bay Crane 250 Ton, 1501 span, 462' lift. 

Cost )753,00'.J (l 966) escalation factor = 1.88 

CurrentCos~$753,000 x 1.88 = $1,415,640eact.. 

21) Ton Crane, 360' ..-pan, J 50' lift. ~st. $2,500,000 each 

Continued on following page. 
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Ground Rules, Assumptions, and Rationale (Cont'd) 

Communications & Instr 1J1nentatLm Interface Equip. 

Assum~: 67 consoles in rnaint. test stations 

Esfrnat~d console cost $~50,000 

$250,0')0 x 67 = $16,750,000 

Assu:ne: 015 cost 20% totaJ 

u..,c cost LC-39 OIS cost as i:J.::i.c;eJine 

($8,0~)Q,000 - 1965) 

(Escalation factor = l. 96) 

8,000,IJOO x 1.96 x .20 = $3,136,000 

TABLE A (Cont'd) 

Estunat.~ri ~om/Inst. lf'\terfdce Equ!f.>. Cost ~ 16,750,1)00+3,146,000 = $19,886,000 Itern No. 3 
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WBS 1.3.7.2.4 ENGINE MAINTENANCE FACILITY 

1.0 WBS DICTIONARY 

This element includes the design and constructio'l of the engine maintenance 
facility and its equipment. 

2.0 ELEMENT DESCRIPTION 

The HLLV booster and orbiter main engines will be overhauled in this facility. 
1 nere will be separate work areas for each engine type. 

This facility has not been sized. 

5.0 ELEMENT COST 

The estimated cost of this facility is shown in Table A. 
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TABLE A 
WBS 1.3.7.2.4 ENGINE MAINTENANCE FACILITIES ANO 

EQUIPMENT COST ESTIMATES 

ltr·n No. Facilities/Equipment Qty. Unit Cost Total 

---------- ---------------------
Facilities 

2 Ground Support Equipment 

2A Orbiter Engines 

2R Booster Engines 

Ground Rules, Assumptions, and Rationale: 

CCJ!.t______ ---------

$ 2C.OM 

$100. SM 

~47.ll\~ 

$ 53. 7\1 

$120,8\i 

I. Facility Cost - The size of this facility has not been deter nined. An arbitrary r:ost of $20M was assigned • 

2. HLLV Orbiter Engines GSE - For th(' rderencc HLLV orbiter, it wus assurned that the engines are sirnilar to the 
Space <ih1Jttle "-1ain Engine (55\lE) arid that fo.Jrteen engines are rP.quirer. Therefore, the estimatP. of the cost of 
the Ground "upport E.qui?•nent (GSE.) for the HLLV orbiter el"gines was b<:lsed on cost data for the SSME G5E r"?qu:'":?d 
at Kc;;c, which was obtained from SP-FGS-A personnel. The quantities of GSC for thP. HLLV were estirr.~ted on the 
basis of (I) the quantities required at KSC for Shuttle, (2) threr. S5ME for Shuttle versus fourteen engines on HLLV 
sr~r:ori1 -.t.:Jge and (3) 4') launches per ye::&r for Shuttle versus 400 launches per year for HLLV. FinaJJy, the total esti:nated 
r:o">t o! listed G5E was fa(:tored by 1.5 to accou.r1t for probable O·Tiitted items, The calculations for the HLLV seconc 
stage engines are as follows: 

ltern of GSE Shut ti~ HLL\' HLLV 
~huttl~ f ')\lo. ~omcnrJature guantitl Cost/•Jnit Quant it~ E.~tirnatea Cost 

H70-0901 En~ine Handler 3 $ J 7.5K 30 $ 5.2.5M 
J-f70-09'J2 Sling 1 40K 10 0.40M 
H70-0903 Sling 1 50K 10 o. 50V. 

Continued on followinr- page. 
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TABLE A (Cont'd) 

Grolmd Rules, Assumptions, and Rationale: (Cont'd) 

Item of GSE Shuttle 
Shuttle ID No. Nomenclature QuantUi'. Cost/Unit 

H70-0904 Sling 1 30K 
H70-1)91) .5 Sling Set 1 22,K 
li70-0906 Load Fixture l 18,K 
H7'J-0907 Engine Stand 1 40K 
H70-0.528 Engine LRV Removal l 400K 
H70-0568 F.ngine Installer 1 .500K 
H70-0629 Actuator Support Set I l.5K 
~70-0902 Engine Covers 4 lOK 
570-09')3 Internal Protective Pads 7 IK 
S70-09';~ Sped al Tool Set 1 IOOK 
S70-091).5 Sped al Tool Set 3 62K 
. ~70-0.501 Actuator Locks l 70K 
.t..n-064.5 AHgnment Fixture l 40K 
C70-0901 Test Set 1 30K 
C70-0902 Test Set 6 40K 
C70-0903 FIO\V Tester 7 .5K 
C70-0904 Flow Tester 4 .5K 
C70-0906 Command &: nata Simulator l 22.5K 
C70-0907 Internal Inspection ~q11ipment 2 40K 
C7~-0908 DCU Memory Loader l 60K 

Total Estimated Cost 

Times 1.5 factor 

TotaJ Adjusted Estimated Cost 

HLLV 
Quantit~ 

10 
11) 

10 
10 
10 
10 
JO 
40 
70 
10 
30 
10 
JO 
JO 
60 
70 
40 
10 
20 
10 

HLLV 
Estimated Cost 

0.30M 
2,2,M 
1.8.5M 
0.40M 
4.00M 
5.00M 
O.J 'M 
0.40M 
0.07M 
l.OOM 
l.36M 
O.i'0~1 
0.40M 
0.3t')M 
2,lf •JM 
o. ~,~,1 
o. ::::J\1 
2 • .!5M 
0.80'vt 
0.60M 

$ 31.43M 

1 • .5 

$47.14.5M 

Item 2A 

3. HLLV BOO~TER ENGINE GSE - For the reference HLLV ~ooster, it was assumed that the HLLV first stage engines 
are sirnilar to the F-1 engine and that 4ii xtecn engines are required on the HLLV first stage. Since the F-1 enginP. and SSME 
are not significantly different in size or weight and the SSME i5 only slightly more complex, it was decided that estimated 

Continued on following page. 
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TABLE A (Cont'd) 

GroW\d Rules, Auumptions, and Rationale: (Cont'd) 

costs of the HLLV second stage GSE costs. Therefore, the HLLV first stage GSE costs were estimated by using a factor 
of 1.14 times the HLL V second stage GSE costs (sl xteen engines on first stage versus fourteen engines on second stage) 
as shown below. 

1.14 X $47.14.5M = $53. 74.5 Item 2B 
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WBS 1.3.7.2.5 HYPERGOLIC MAINTENANCE FACILITY 

1.0 WBS DICTIONARY 

This element includes the design and construction of the facilities used to maintain 
the hypergolic propulsion system and its equipment. 

2.0 ELEMENT DESCRIPTION 

This facility has not been configured. 

5.0 ELEMENT COST 

The estimated cost of this facility is $UM with an additional $50M for equipment. 
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WBS 1.3.7.2.8 PASSENGER OFFLOADING f ACILITV 

1.0 W8S DICTIONARY 

This element includes the design and construction of the PL V Passenger Offloading 
Facility and its equipment. 

2.0 ELEMENT DESCRIPTION 

A facility, such as shown in Figure A, will be required adjacent to the landing field. 
This facility is used to offload the 75 passengers c=-:ried within the passenger 
module in the PL V Orbiter cargo bay. 

5.0 ELEMENT COST 

The estimated cost of this facility is $2M plus an additional $21\4 for equipment. 

--

Figure A. Passenger Offloading Facility 
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WBS 1.3.7.2.7 PLV BOOSTER PROCESSING FACILITY 

1.0 WBS DICTIONARY 

This element includes the design and construction of the PL V Booster Processing 
Facility and its equipment and operations. 

2.0 ELEMENT DESCRIPTION 

It is assumed that the PLY will be the Shuttle-Growth vehicle. Therefore, the Pl V 
Booster Processing Facility will be the Shuttle-Growth Booster Processing Facility. 

The Shuttle-Gro\\'th Booster Processing FaciHty will be sized to accommodate l) 2 
vehicles dedicated to the PL V mission, 2) N vehicles dedicated to other missions, 
and 3) at least I vehicle undergoing major overhaul. It will be assumed that this 
processing facility will contain 5 bays and will be 340m long, lOOm wide, and 50m 
high. This facility will be equipped with 5 20m ton cranes. 

5.0 ELEMENT COST 

The cost of the PLY-dedicated portion of thi'> facility and equipment is TBD. 
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WBS 1.3.7.2.8 PLV ORBITER PROCESSING FACILITY 

1.0 WBS DICTIONARY 

This element includes the design and construction of the space Shuttle Orbiter 
Processing Facility (OPF) and its equipment that is dedicated to the PLV mission. 

2.0 ELEMENT DESCRIPTION 

It is assumed that the PL V orbiter will be a Shuttle Orbiter. Therefore, the Pl V 
Orbiter Processing Facility will be the Shuttle Orbiter Processing Facility (OPF). 

The OPF wiJJ have to be enlarged to accommodate 2 Orbiters dedicated to the PL V 
mission in addition to those required for other missions. 

5.0 ELEMENT COST 

The cost of the PLY-dedicated portion of this facHity and equipment is TBD. 



0180-25461-2 
V'IBS 1.3.7.2.9 VERTICAL ASSEMBLY BUILDINC 

1.0 WBS DICTIONARY 

This element includes the design and constrnction of the Vertical Assembly 
Building (VAB) and its equipment dedicated to the PLV mission. 

2.0 ELEMENT DESCRIPTION 

The PL V will be assembled in the V AB on the Mobil~ launcher Pia dorm (WBS 
1.3.7 .2.10). The Shuttle-growth booster will be towed from its processing facility 
to thE" VAS where it will be hoisted to its tail-down orientation and then attached 
to the MLP. The Orbiter will -be towed to the VAB from the OPF and it will be 
hoisted to its mating position on top of the Booster. 

No PL V dedicated modifications to the VAB have been identified. 

3.0 ELEMENT COST 

The cost of the PLY-dedicated portion of this facility and equipment is TBD. 

:!94 
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was 1.3.7.2.10 MOBILE LAUNCHER PLATFORM 

1.0 WBS DICTIONARY 

This element includes the design and construction of the Mobile launcher Platform 
(MLP) and its equipment dedicated to the PL V mission. 

2.0 ELEMENT DESCRIPTION 

It is assumed that the MLP will be modified to accom:nodate the Shuttle-growth 
vehicle. No PL V-dedicated changes have been identified. 

5.0 ELEMENT COST 

The cost of the PLY-dedicated MLP's is TBO. 

:!95 



0180-25461-2 

WBS 1.3.7.3 FUEL FACILITIES 

1.0 WBS DICTIONARY 

This element includes fuel production, facilities, storage ~d handling facilities, 
transportation, deliver) and safety facilities for both the fuel and the oxidizer. 
Also included are the facilities for fuels used in thP. various orbital transfer 
facilities. 

2.0 ELEMENT DESCRIPTION 

The fuel facHities, 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 FacUities-Tank farms and reliquifkation plants for 
L02! LH2' and Liquid Argon wiU be required. A tank farm for LCH4 wiJJ also be 
required. 

Fuel Transportation Systems-The fuel and oxidizers will be delivered to KSC via 
ship, barge, tank cars, and pipelines. 

Fuel Delivery Systems-The various propeHants will be delivered to the launch pads 
via pipelines from the various tank farms. The propellants (Liquid Argon, L02, 
LH2) to be loaded into the POTV and EOTV PropeHant Pallets will be delivered to 
the Hll V launch pads via pipeline. The propellants will be pumped into the ?allets 
via umbilical fluid lines from the launch servicing tower. 

5.0 ELEMENT COST 

The cost estimate for these fueling facilities is TBO. 
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WBS 1.3.7.4 LOGISTICS SUPPORT FACILITIES 

1.0 WBS DICTIONARY 

This element includes the land, buildings and handling equipment for the receiving, 
inspection, storage and packaging of all payloads to be launched except for fuels 
and oxidizers. 

2.0 ELEMENT D~CRIPTION 

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 HLL V Orbiter and 
Payload Processing Facility (WBS 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 asse:-nbly, antenna subarrays, etc.) will be delivered to KSC 
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 C in WBS 1.3.7). Some storage 
facilities may be located adjacent to the basic. The cargo would be delivered from 
the ship basin to the HLL V Orbiter and Payload Processing Facility via the railroad 
system or via surface roads using large wheeled or crawler-type vehicles. 

5.0 ELEMENT COST 

The cost estimate for these elements is given in Table A. 
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TABLE A 

LOGISTIC SUPPORT FACILmES AND EQUIPMENT COST ESTIMATES 

Item No. 

1 

2 

3 

4 

5 

Facilities/Equipment 

Basin 

500 Ton Crane (Mobile on Rails) 

Off Shore Dredging 

Rails 

Facility, Roads, Parking, Lights, etc. 

Ground Rules, Assumptions, and Rationale: 

Qty. Unit Cost 

Total 

Total Cost 

18.5M 

3.0M 

l.5.5M 

.8f\1 

2. 3M 

$40. ll'v1 

1.1 Basin. We have assumed that basin area is at sea level. The basin is located 2,000 feet inland with access by a 700' x 

channel. The channel and basin is dredged to a 45' depth. The perimeter and entrance channel is bulkheaded except where 

facility foundations provide the bulkheading. For dredging estimates, we have assumed the following basin dimensions: 

Main .!\rca 

Ch~nnel 

2,000' x 3,000' 

700' x 2,000' 

We have assumed a price of $1.00/yc3 for dredging and $500.00/linear ft. for the interlocking bulkhead. Cost data source 

lS from local dredgir.g operations. 

':ontinued on folJowing page. 
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T ABL.E A (cont.) 

Ground Rules, Assumptions, and Rationale: (Cont'd) 

Dredgin~ 

Basin .\lain Area = 2 x 103 x 3 x 103 x 45 = 10 x 106 yd
3 

27 

C..nannel 2 3 6 3 = 7 x 10 x 2 x 10 45 = 2.3.3 x 10 yd 

Tctdl ~asrn 12.33 x 106 yd
3 

Co~t [s1:im.:ite: $1.00 x 12.33 x .. .; = $12.33\i 

!31Jlkhea1 :ir:,, 

nasin: J,000 + 3,GOO + 2,300 = 8,300 L.f. 

Port Channel: 2 x 2,000" = 4,000 L.F. 

Tota! 12 ,300 

Cc~ t [stirna te: $ 500 x 12,301.1 = $6. l 5~1 

Total~ $!3.'~8·1 1 Itern 

1.2 51)0 Ton Crane (!-,;obile on Rails) 

Cost Data Source: Clyde lror. Co., ~.;.::wark, ')e. 

Cost: II 3"f..I Item 2 

Continued on foHowing p~ge 
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TABLE A (cont.) 

G"'OW\CI Rules, Assumptions, and Rationale: (Cont'd) 

1.6 

.Jffshore Dredging 

Port Channel V = 700' x 2,000' x 45' 

27 

Entrance Channel V = .; x 3 x 5.28 x 103 x 103 x 45' 

27 

Cost Estimate: $1.00 x 15.5 x 106 = $15 • .51\i Item 3 

Rails 

Railroad. figure 1.5 inC:icates that a raHroad i.rack is provided between the basjn and the HLLV faciHties. We have 

estimated 20,000 linear feet of track is required. 

Cost Estimate: Unit value $ 37 /L.F. adjusted to 1977 dollars = 37 x 1.08 = $40/L.F. 

Cost = 40 x 20,000 = ~.8M Item 4 

Dat'-1 Source: Bui.ldint!, Construction Cost Data, 34th edition. 

l .7 -:acility, Roads, Parking, Lights 

Roads. We have assume':f that 3 mHes of 2 lane roads would be required to provide access to the HLLV facilities 

from the main KSC highway. Price includes base, lJ'z BIT. asphalt topping, shoulder, drainage and seed. 

Continued on following page 
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TABLE A (cont.) 

Ground Rules, Assumpti:>ns, and Rationale: (Cont'd) 

Cost Estimate: Unit VaJue :r. $13.7/yd2, adjusted to 1977 dollars 13.7 x 1.08 = $14.8/yd2 

Cost= 3 x 5280 x 110 x 14.8 = $1.04~\ 
9 

Cost data source: "Budget Cost for Construction Systems", dated 1'/21/76. 

Parking. We have assumed a total parking space requirement for 3,000 cars at aJJ facilities. 

of $14.8/yd2 for paving plus $1.00/yd2 for lighting, barriers, sidewalks, etc. 

Cost Estimate: Parking area required at 250 ft 2/car - 3,000 x 2.50 = 7.50,000 ft 2 

Cost = 7.50000 x 1.5.8 = 
9 

Totals == 52.3J\I 

St.3M 

JteM 5 

We used a unit vJauc I 5? ... ~ 
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WBS 1.:J.7~ OPERATIONS FACILITIE 

1.0 W8S DICTIONARY 

This element includes all land, buildings and equipment required to support the 
various crews. It also includes the required control centers and administrative 
facilities. 

2.0 B.EMf.NT DESCRIPTION 

A Launch and Recovery Site Operations Facility (LRSOF) will be required. This 
facility will house the equipment and personnel required to manage all of the SPS 
operations at the base. 

J.O B.EMENT COST 

Tne ccst estimate for this facility is given in Table A. 
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Item No. 

TABLE A 

LAUNCH AND RECOV!~RY SITE OPERATIONS 

PACU..ITIES AND EQUIPMENT COST ESTIMATES 

Facilities/Equipment Qty. Unit Cost TotaJ Cost 
------------------·--·-.. --------

Du!lding and Facilities 

Three Firing Room:. (Equipped) 

Launch Processing System (LPS) 

Communication Interface Eq11ipmcnt 

Administrative Off ices 

$ l 9.6M 

4,.6M 

1'3. l M 

lnc:Juded in Bldg. & Fas 

TOTAL $78.3~.I 

Ground Rules, Assumptions, and Rationale: 

I. The LR~or buil.:Hng was assumed to be the 'iarne size as the exi~ting Apollo/Saturn LCC because (1) three Piring Rooms 

are specified, (2) a complete LPS system, including the CDS, was assumed to be required, and (3) administrative nf t1ce 

space is required. Therefore, the cost of construction of the existing LCC ($10M) was adjusted by the proper ~~cala\ion 

factor to project the 1964/65 cost to current cost as shown below: 

$10r>.I x 1.96 = 519.M.1 Item J 

2. The firing room equipment and Launch Processing System (LPS) were grouped together for costing because (l) most 

of the firing room equipment is part of LPS (CC~\S) and (2) cost figures wcrr. available as l total LPS system which were 

us"d a~ a cwss-check on the cost computed by individual pieces of equipment. The cost caJculation for the LPS is shown 

below. The quantities of items of LPS equipment in the firing roorns were estimated from the drawings in the HLLV monthly 

report dated 12/15/76. The cost figures used arc today's cost except for the cost of the COS; the COS cost is a 1970 cost 

estimate for an auxiliary base which was adjusted for size and for escalation. 

Continu,.-• on following page. . ~ ,. 



TABLE A (cont.) 

Ground Rules, Assumptions, and Rationales (Cont'd) 

3. Comrnunication Jntedace equipment, which has not already been costed as a part of i.rs, was assumed to consist of 

Ol.5, OTV, and cable termination facilities. 50% of the OIS and OTV systems were assumed to be in the LCC. 196S cost 

figures were available for this equipment and were adjusted by the proper escalation factor as shown IJelowi 

1965 Cost ?6 in LCC r:o:, of Cost 

OJS 8.0M 5096 4.0M 

OTV 5.0M 50% 2 • .5M 

0.2~1 100% ~ Cable Termination Facility ---
Total 6.n~ 

$6.7.\~ x 1.96 :: $13.l~~ Item 3 

4. Sources for the cost data were: 

.A.. Apollo Launch Complex 39 Facilities Handbook, U.S. Army Corps of Engineers, no date (approximately 1968). 

B. Cost Study, Two Space Shuttle Launch Sit~s Versus One, KSC TR-1119, dated September 10, 1971. 

C. Space 'ihuttle Launch Operations Study, KSC TR-1078-1, dat~d December 1, 1971. 

D. Personnel in DL-DED-3 at KSC. 
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TABLE A (cont.) 

Ground Rules, Assumptions, and Rationale: (Cont'd) 

Console 

COB FR 
FEP _________ _ 

PDR/SP A _______ _ 

Video/Data Assy ___ _ 

HIM 

26@ $250K 

3 (l 200K 

12 @ 7.5K 

1 0 l.2M 

l 0 1.3M 

100@ 70K 

In-Place Spares (FEP, CDBFR, POR/SPA, etc.) 

20% of active equipment (20% x 17. 51.,1) 

CDS -- 0970 cost of $10.5M) 

Cost times size factor times escalation 

factor'$ O 5M x 1 • .5 x 1.56) 

Total 

= $ 6.51\\ 

= .6M 

= .9M 

: l.2M 

= 1.3M 

::: 7.0M 

::: .3.iM 

= 24.6M 

$45.6M Item 2 

This cost estimate compares favorably with a 1970 cost estimate for the total L?S system, adjusted by the proper escalation 

factor as shown betow: 

28.6M x 1.56 ::: 44.6M 

Contirue<l on following page. 
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WBS 1.3.7.8 OPERATION 

1.0 WBS DICTIONARY 

This element includes the ope'rations conducted at the launch and recovery site. 
Included are the HLL V and PL V ground and handling operations. The personnel 
requirements are also included. 

2.0 DESCRIPTION 

The Kennedy Space Center (KSC) is the reference location for the SPS System 
Launch and Recovery Site. 

Hll V and Pl V boosters and orbiters land at the landing strip. This landing strip is a 
widened STS orbiter landing strip. The HLL V Boosters and Orbiters and the PL V 
Boosters are towed from the landing strip directly to their processing facilities. 
The PLV Orbiter, with a 75-man passenger module in its cargo bay, is towed from 
the landing area to a Passenger Offloading FaciJity where the passengers are 
disembarked. The vehicle is then towed to the Pl V Orbiter Processing Facility. 

The HLL V Orbiters are taken to the HLL V Orbiter and Payload Processing Facility. 
ln this facility, the Orbiter is maintained and the cargo pallets are loaded in a 70 
hour turnaround time. Cargo is delivered to KSC via ship, rail, and truck. This 
facility has crews working 7 days per week, 3 shifts per day. 

The HLL V Boosters are taken to the HLLV Booster Processing Facility where the 
booster vehicle is maintained. The boosters are turned around in 58 hours. The 
crews in this facility also work 7 day: per week, 3 shifts per day. 

The HLL V Boosters and Orbiters are towed to one of 3 HLL V launch pads where the 
stages are matecl horizontally and then erected for launch. The launch pad 
operations take 34 hours. The launch pad crews work on a 7 day per week, 2 sh if ts 
iJer day schedule. There will be approximately 400 HLLV launches per year. 

The Pl V Booster (a shuttle-growth fly-back booster) is towed from the landing 
strip to the PLV Booster Processing Facility. After the booster is maintained, it is 
taken to the Vertical Assembly Building (VAB) where it is mounted onto a Mobile 
Lc:uncher Platform (MLP). 

After passengers are offloaded, the PLV Orbiter (an STS Orbiter} is towed to the 
STS Orbiter Processing Facility (OPF). 

The PLY Booster, Orbiter, and an expendable upper stage are mated in the VAR on 
the MLP. The MLP is then moved to Pads 39A or 398. The 75 passengers are 
lJoarded at the launch pad. There will be .56 PLV launches per year. 

The command and control of the Launch and Recovery Site are conducted by 
several groups iocated in the launch and Recovery Site Operations Facility. 

Table A shows the estimated total annual man-hours required for the SPS grc~,:~ 
support operations. 

The detailed analysis o! the launch and n·covcry site operations is found in the 
Operations and Systems Synthesis document(Dl80-25461-3). 
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WBS 1.3.7.8 OPERATIONS (Continued) 

TABLE A 
GROUND SUPPORT FACILITIES TOTAL ANNUAL MAN-HOURS 

TOTAL ANNUAL 
MAN-HOURS 

FACILITY OPERATIONS MAINTENANCE 

Ground Support Facilities (5,174,8.32) (7,676,714) 
[t>. [!:> 

launch Facilities 
HLLV Launch Facilities 476,800 862,500 
Pl V Launch FacHities 79' 196 1.3.3,616 

Recovery Facilities 

Landing Site 145,920 218,880 
HLLV Orbiter and Payload Processing FacHity 906,400 1,359,600 
HLL V Booster Processing FacW ty 492,800 739,200 
Engine Maintenance Facility ff; ff; HypergoJic l\'1aintenance Facility 
Passenger Off Joadinp, Facility 2,24U 3,360 
PLV Booster Processing Facility 67,520 101,280 
PLV Orbiter Processing Facility 7',6,6 1,134,984 
Vertical Assembly Building 35,840 36,854 
l\lobHe Launcher Platform [!:::> [t::> 

Fuel FaciJities 727,080 823,440 

Logistic Support 1, 314 ,000 1,971 ~ooo 

Operations 851,280 292,000 

Included in 1.3.7.2.2 "nd 1.3.7.2.3 
Included in 1.3.7.1.2 
Total Annual Operations Man-Hours = 2,587 Man-Years 
Total Annual Maintenance Man-Hours = .3,838 Man-Years 
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Figure A- Tilted Panel Rectenna Configuration 

1.0 WBS DICTIONARY 

The SPS ground receiving stations include au functions required to receive the 
power beams, convert them to grid-compatible electric power, and provide ground 
control of beam formation, aiming, and power. Whether the ground receiving 
stations would be responsible for SPS flight control has not been determined. 

2..0 DESCRIPTION 

Each receiving station includes the land area, rectenna (rectifying antenna), grid 
interface equipment, and control and communications systems. The land sites are 
13.I~ x 18.7 km (nominaJ, at J.5° latitude) and each rectenna proper is 9.88.5 x 14 
km. The output power of 5000 megawatts is delivered through five 1000-megawatt 
transformer stations. Several rectenna configuration options were evaluated. The 
tilted-panel configuration shown in Figure A was retained as preferred concept. 

3.0 DESIGN BAS.IS 

The rectenna size was cost-optimized at 7596 of the rnain beam diameter. At this 
size, the rectenna intercepts 95% of the power in the main beam. A larger 
rectenna would intercept more power, but the added cost would exceed the value 
of the power coUected, causing the system cost per kwe to increase. 

The reference system design is based on the assumption in Table A. 

The size of the rectenna land area is latitude-dependent because of the chnage in 
incoming beam elevation angle. The total area of rectenna panel changes only 
slightly with latitude-the panels are tilted at a steeper angle and pJacec farther 
apart in the north-south direction. 
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WBS 1.4 GROUND RECEIVING STATIONS 

The reference rectenna design was based on 35° latitude. At more northerly 
latitudes, the design may change due to snow loads. Boeing has developed under 
IR&D a "greenhouse recteMa" design that is compatible with a snowy environment 
-the surface of the rectenna is smooth glass and snowpacks will slide off. 

Another concern that has been expressed regarding rectennas at higher latitudes is 
that the incoming power beam wiU be nearly parallel with the Earth's magnetic 
field, thus possible exacerbating ionosphere heating. If this turns out to be a 
consequential concern, it can be mitigated by the simple expedient of a few 
degrees' longitude offse·. between the SPS and its rectenna site. 

•.o MASS 

Principal materials consumption for one rectenna is estimated as foJlows, based on 
the GE construction analysis: 

Concrete* 
Steel 
Aluminum 
Ceramic (probably A1

2
o

3
) 

Plastic 
Gallium arsenide (in diodes) 

3,715,000 metric tons 
1,689,000 metric tons 

170,000 metric tons 
6,000 metric tons 
12,000 metric tons 

25 metric tons 

* Indications are that this is a high estimate. 

}.0 COST SUMMARY 

Rectenna costs were based on General Electric studies of rectenna construction, 
power collection, power processing and grid interfacing. 

Land was estimated at $2500/acre for acquisition. 

A summary follows: 

Cost Million of $ 

Land 47 ,800 acres l '!O 

Structures & Installation 346 

RF Assemblies & Ground Plane 959 

Distribution Busses 308 

Command & Control Center 70 

Power Processing & Grid Interface 775 

?578 

These figures are for one receiving site. 
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was 1.4 GROUND RECEIVlf~G STATIONS (cont'd) 

TABLE A. SUMMARY OF ASSUMPTIONS 

Space Antenna 

Equivalent diameter: 

Power distribution: 

Frequency: 

Wavelength: 

Aperture Gain: 

Aperture illumination efficiency: 

Antenna Gain: 

3 db beamwidth: 

8.8 db beamwidth: 

f\iumber of transmitters: 

Transmit power out of antenna module: 

Total transmit power: 

Orbit location: 

Northern tilt of antenna: 

Ground Antenna 

Location: 

Elevation ar.gle to spacecraft: 

Slant range: 

Edge ta;:>er: 

Receive power density il"I middle 
of rectenna: 

Nominal 1\-S dimension: 

Nominal E-W dimension: 

Aperture shape: 

Antenna Panel Area: 

Beam efficiency between space 
and rectenna: 

Beam efficiency sensitivity: 

309 

lOOOm = 8 I 53.6A = D 

Gaussian, approximated by 10 constant 

level rings with -9.5 d!> edge taper. 

2450 MHz 

12.2449 cm 

G = A2 0 ::88.l7db 
0 

A= 88.25% 

c = nAc = s7.63 db 
0 -3 

72.08 = 8.84 x 10 deg. 
D 

119. 37° = .01464 deg. 
D 

101552 

67.3 kw 

PT=- 6.836 Gw 

-100° long. 

5.65 deg. 

-100° long., 35° lat. Texas 

49.4° 

T-:: 37125 km 

-8.8 db 

2 
PR= 23 mw/cm 

14 km 

9.885 km 

Nominal elliptical, approximated by N-S 

and E-W straight lines. 

76.7 km
2 

95.33% 

+ l.5%/+ 12.1 l~b antenna variation. 
(Beam efficiency can be increased to 
approximately 96.77% H

2
antenna area 

is increased to 95.01 km ) 
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was 1.4.1 SITE AND FACILITIES 

1.0 WBS DICTIONARY 

This element includes the land area for the ground receiving stations and all site 
preparation. 

2.0 DESCRIPTION 

The land area requirement was assumed to be equivalent to the SPS power beam 
footprint on the ground. The size is nominally 13.8 x 18.7 km, elliptical, but varies 
with latitude. That portioo of the land area not used for active rectenna elements 
may be planted in grass or forest (as is appropriate to the climate) to minimize 
reflectioo of the outer fringes o~ the microwave beam. The beam intensity in thls 
region will be less than 1 mw/cm • The entire receiving site wilJ be fenced. 

lf.O MA~ 

Not applicable. 

5.0 COST 

47,800 acre_ ~i $2500/acre = $120,000,000 
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WBS 1.4.2 RECTENNA PRIMARY STRUCTURE 

1.0 Wl\S DICTIONARY 

This element includes all support structure for the active rectenna. 

2..0 DESCRIPTION 

The structural design selected is illustrated in Figure A, excerpted from the 
General Electric Rectenna construction study. 

3.0 MASS ANO COST 

Accounted for at higher level - see WBS 1.4. 

6.lm 

1' 
2m 

l TYPICAL 3. 715,050 PLACES 

Figure A- Pre-Stressed Concrete in Baseline Structure 
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WBS 1.4.3 POWER COLLECTION 

1.0 WBS DICTIONARY 

"!his system includes the equipment that converts RF energy to DC electricity and 
that collects and distributes the DC electricity to the DC/ AC convertors. 

2.0 DESCRIPTION 

This sytem consists of two subelements: 

WBS 1.4.3.1 RF-DC Conversion 
WBS 1.4.3.2 DC collection and distribction 

The system is described at the lower level. 
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WBS 1.4.3.1 RF-DC CONVERSION 

1.0 W8S DICTIONARY 

This element indUC:es the hardware elements used to connect microwave eneq?v 
into DC current. 

2.0 DESCRn>TION 

The rectenna concept utilizes a weather proof matched dipole configuration shown 
in Figure A. All material~ required are readily available and of low cost. The 
mechanical design is amenable w l":ighly automated production. Using ~ 
previously proven rectennas con:.truction methvds from the JPL/Raytheon tests, a 
more efficient two plane design format has been developed. An actual complete 
section has been evaluated in r .f. tests and is shown in Figure B. The metal shield 
is used to provide environmental protection as well as prevent direct radiation of 
harmor.ic power. AJso, the de converting bus forms part of the filter and r.f. 
rectification circuit. 

Gromd Planes 

The two-plane design consists of the active receiving elements and a reflecting 
piane, or ground plane. The reflecting plane need only be a metallic mesh with 
suitable spacing relati•e to the wavelength. Refer to Figure A for the form and 
location of the ground plane. 

Use of a mesh allows passage of the wind, rain, snow, etc., to reduce structl.K"al 
loading. 

R.F. Assemblies 

The foreplane contains the hal~-wave dipoles the input Wd.ve filters, the rectifica­
tion circuit, the smoothing capacitance, and the DC power collection ane bussing 
function. Figure C shows the electrical format of the foreplane. Figure B showed 
a physical embodiment of a sertion of foreplane construction as defined in Figure 
C with the: addition of a shield. The foreplane shown in Figure B has been 
thoroughly checked out electncall)· and found to be e<1Jal in efficiency to that of 
the three plane constroction. F1~ure A showed how the foreplane can be integrated 
with the reflecting screen to form the major portion of the rectenna structure. It 
1s found that the metal shield placed over the acti\'e portion of the rectenna to 
shiei•1 it from the environment and to prevent direct radiation of harmonic po\"•er 
from the rectifier circuit can function very satisfactorily as the horizontal load 
'>earing member ol the rectenna. 

Dipoles 

The dipclcs are formed 9ot aluminum wire .is shown in Figure D. There are 
approxiMately 7.654 x IO dipole assemblies per rectenna. 

Cirruitry 

Rder to Figure C for the electrical circuit of the r<'C"tcnna panc-ls. 

JU 
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Figute C-t St:hematic of the fonlp/ane of the ~ l'BCtflnlla lhrwing thft 
aTrlltlgtllnent of half-wat1e dipoles, input filtets, and SchottkybaTTier 
fflCtifying diodes. T wo-winl transmission lines 111e used for both 
microwave cin:uits and canying out the DC power collected by the 
array. 
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Figure C-2 Jchematic electrical draW1ng showing how the se.;tions of diodes 
representing the rectenna elements within a lor.g length of foreplane 
are connected in parallel and series to build up to the desired out­
put current and voltage lt .. -e/s. 
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WBS 1.4.3.1 RF-DC CONVERSION (cont'd) 

Shields and Co.en 

The shape and size of the shield shown in cross section in Figure E is determined by 
a number of factors. The depth .:>f the beam is determined by the necessary 
distance cf about one inch between the half wave dipole antennas and the 
reflecting screen and the method of assembling the shieJd to the scrf:d1. Tfte 
a~embJy of the beam to the screen is important but the options on how to do it are 
severel) limited. By making the shield deeper and inserting it into folds in the 
screen a xcure, fast, and economical assembly can result while also providing the 
beam with greater strength because of the greater depth. 111e width of the shield 
is largely determined by the physical size of the cor.? assembly and the requirement 
for operatring the core assembly at some potential removed from ground. The 
thicker the assembly the more will be the wind resistance. 111e thidmess of the 
member is made constant throughout its depth to provide it with high torsional 
resistance. H the top and bottom members of the shield are quite thin, they can be 
given to resist<?.'1Ce to buckling under stress by forming lateral grooves in the 
material. 

Although the dimensions assigned to Figure E may be somewhat arbitrary, they are 
quite representative of what the design will probably be with this approach. With 
the assumed dimensions the neutral axis is found to be at 1.0.3 inch and the 
moment of inertia I is found to be 2.303 t, where t is the thickness of the 
material. Y 

•• 0/j.0 ~ANDCOST 

Accol:llted for at higher level - see WBS 1.4. 
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WBS 1.4.3.1 RF-OC CONVERSION (con .. d) 

11lJ19 

Fi911re D Proposed method of continuous fabrication of the core assembly of 
retenna elements. Top and bottom members are continuously 
formed from two r.Jlls of flat wire to the left of the assembly. 

1.043 

---f NEUTRAL AXIS 

t 3t 

0.200 

1.950 ---- - -------

Figure E Proposed design of the shield for the foreplane assembly. Design 
consists of three parts. The parts are continuously assembled to 
each other by rolling over flanges left on top and side p;eces, after 
the parts flow around the enclose the core of the foreplane. 
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W8S 1.4.3.2 POWER CONDITIONI~ 

1.0 W8S DICTIONARY 

This element includes all conductor and switching equipment necessary to collect 
the de power produced by the RF-DC converters and conduct it to the DC/AC 
converters. 

2.0 ELEMENT DESCRIPTION 

In order to develop the details of the rectenna power collection network the 
aperture area is divided into ten approximately elliptically shaped rings as shown in 
Figure A. The DC power collecting scheme distir.guishes the foltowing assemblies: 

Dipole 
Array 
Panel 
Unit 
Group 

These assemblies can be connected in a number of ways. Two particular 
configurations were analyzed in some detail. In the first, so-called "low voltage" 
design the network is connected in such a way that the line voltages remain within 
a nominal .:!:J.2.5 kV range. 

In the second, so-called "low current" design the network current remain below 
300A, but the range of the highest voltage increases to ,:!:23 kV. For safety and 
reliability reasons the first design was selected as the baseline. However this 
design results in a rectenna configuration which is 10-20% more expensive than the 
high voltage design, due to the larger conductor quantities necessary. 

Layout and Olaracteristics of a Low Voltage DC System 

Dipole Assembly 

It is assumed that the basic receiving element of the rectenna is an electrical 
dipole in the front of a perfect reflecting element, or ground plane. The dipole 
assembly also contains a filtering and matching circuit to match the dipole, when it 
is emplaced in an infinite array of dipoles, to the incoming wave at least with a -20 
db reflection coefficient. 

Array Assembly 

Due to the power density variation over the rectenna aperture a single type of 
radiating element and a single type of rectifier cannot provide optimum conversion 
efficiency. Either a number of radiating element types or a number of diode types 
must be provided. Presently one single type of diode is assumed which is operated 
with four different types of antenna elements. It is assumed th.it besides the 
dipole element already described these antenna elements are formed by usinE; the 
basic dipoles in arrays containing 2, 4 or 8 dipoles. The corresponding assemblies 
will be called Type J, 2, 3 and 4 receiving element or array. The array formation 
requires 2, 4 and 8 way power com!:>iners, which can be simple printed circuits. 
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WBS 1.4.3.2 POWER CONDITIONING (cont'd) 

Panel Assembly 

From the dipole or array assemblies panels are formed. It is ass~ed that the 
paneJ is the smaUest assembJy from fabrication point of view. 10 m is selected 
for the panel area, with a N-S pJane dimension of 3 m and E-W plane dimension of 
3.33 m. Figure B shows a typicaJ panel assembJy in the center of the rectenna. It 
is assumed that aJJ panel sizes are identical and this requires 7.67 million panels in 
the rectenna. There are four different type of panels, corresponding to the four 
different types of receiving arrays. Although the dipoJes and diodes are identicaJ 
for aU panels the combining-matching-filtering circuits and the diode wiring 
represent four types. 

Figure C shows the Jayout of the various types of panels and corresponding arrays. 

Unit Assembly 

From the panels unit assemblies are formed. The units are combined from panels 
in such a manner that nominaJJy J 000 panels are in one unit and the N-S dimension 
of a unit is aJways 32 x 3.€62 = 117.184 m, which means that the number of panel 
rows in the N-S pJane is aJways 32. This aJlows a standardization of the unit 
layouts to a minimum of seven types. 

Figure D shows the unit layouts selected for the various rings. 

Group ~blies 

The last assembJy which is formed at DC is called "group" and brings the power 
output into the 5 to 10 MW range. In order to keep the volto.ge levels relativ0 ly 
Jow the groups are formed from the units by paralleled connections on~y. 

The power from the unit output is brought to the group centers, where the DC to 
AC inverters are located by a relative!; Jong transmission line and these lines are 
parallel connected at the group centers only. 

Figure E presents the overaJI circuit diagram of group 1 in ring 1 of the rectenna. 

Only one iteration was made for the selection of conductor sizes and the system 
was not optimized. Relatively smaJI amolIDt of additional conductor weight could 
take out some losses from the paneJs (about 4300 T aluminum can reduce panel 
losses by .48%), however, the increasing conductor size increases the fabrication 
problems and may ruJe out the use of printed conductors on the panels. 

4.0/5.0 MASS AND COST 

These have been summarized at a higher level - see WBS 1.4. 
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WBS 1.4.3.2 POWER CONDITIONING (cont'd) 
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was 1.4.3.2 POWER CONDITIONING (cont'd) 
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WBS 1.4.3.2 POWER CONDITIONING (cont'd) 
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WBS 1.4.4 PHASE CONTPOL 

l~O WBS DICTIONARY 

This element includes the hardware elements used for the uplink phase control 
system. 

2.0 ELEMENT DESCRIPTION 

Phase control of the SPS transmitter is provided by an uplink transmitter at the 
center of the rectenna. This uplink system employs the spread-spectrum coding 
technique defined by W .L. Lindsey of Lincon, for JSC under separate contract. 

Other cor.1.-ol is provided through the communications system described under WBS 
1.1.5. 

4.0/5.0 MASS AND COST 

These have been summarized at a higher level - see WBS 1.4. 
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WBS 1.4.5 AC SVSTE•~ ANO INTERFACE WITH 
ELECTRIC UTILITY SYSTEMS 

1.0 WSS DICTIONARY 

This element includes the hardware that is used to cor.,ert DC power to AC power 
and to interface with the AC power grid. 

2.0 DESCRIPTION 

This selection of the layout for the rectenna AC system between tht: •• ~~.:~aal 
DC/ AC converters and the power grid is based upon the bulk power levels of the 
DC/ AC converters as well as on the needs of the bulk power transmission systerr.. 
The one-line diagram for the re<-1:enna AC system as it was developed for the 
previous !>aseline design where the DC output from the dipoles were collected into 
40 MV DC/AC converter stations is shown in Figure A. The 40 MW converter 
station output is transmitted by underground cable to 200 MW transfonner stations 
wh.:?re the voltage is stepped up to 230 kV, then collected in 1000 MW groups and 
transformed to 500 kV for interphase with the bulk transmission system. The 
switchyards are shown arranged as reliable "t::reaker and a half" schemes where 
single contingency outages may be sustained without loss of power output capa­
bility. The selection of the voltage level for the ultim~te b·.dk power transmission 
interface with the ctility grid as well as the possibility of intera..mecting two er 
more of the 1000 MW switchir.~ stations together should be optimized base-j on 
detailed information about the connecting utility system. lli~ solr-ti :n shown in 
t-1gure A is one of several possible. 

Further consideration of the transmission system and associated high voltage 
bussing arrangements has resulted in refinements which should provide both greater 
reliability and economy. While an arrangement as sho,1 ·ll in Figure A nicely fits an 
assumption of symmetrically located load areas surrounding the site, it is more 
likely that the major portion of the output would be required at a single area 
geographically. For example, with location of the ground power station in the 
desert areas of the Southwest, one would expect that the major output would be 
abs<Ybed on the West Coast. 

With this in mind, it is logical to consider fewer transmission circuits from a single 
substation in a double bus type of arrangement. 

Figure B shows th~ proposed arrangement, using a total of six 500 kV circuits, four 
of which are assumed direct to a single load area with the remaining two circuits 
directed to two additional load areas. It is anticipated that any two of the 6 
circuits could be removed from service with1Jut reduction of the rectenna output. 
The remaining four circuits, together with the normal utility transmission intercon­
nections should be capable of carrying the 5000 MW output required. In other 
words, the sytem shown could handle either a line maintenance cutage plus sudden 
fault loss of a second circuit, or sudden loss of two circuits alone. Additional 
circuits would, of course, provide the ability t'J handle additional multiple 
contingency situations. 

The breaker and a half arrangement shown can survive a fault in any component 
\\.ithout load reduction. The major contingency situations are: 

B~~ fault 
Breaker iault 
"stuck" breaker 
(i.e., failure to 
trip for line fault) 

- no loss of circuits 
- one or two circuits lost, depending on breaker location 
- one or two ci:-cuits lost (including faulted circuit) 

depending on location of stuck brPaker 
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W8S 1.4.5 AC SYSTEM AND INTERFACE WITH 
ELECTRIC UTILITY SYSTEMS (cont'd) 

The conventional electric utility bulk transmissior. systems operate AC and the 
following paragraph wdl discuss system parameters on AC transmission systems to 
illustrate the considerations necessary when selecting AC or DC as well as voltage 
levels for tile high voltage transmission system connecting the SPS power plant to 
the rest of tne electric utility system. 

For conventional generating stations, depending on the distanc~ to the load center, 
some series capacitor compensation of the AC transmission lines would normally be 
expected when considering contingency line loadings. Typical line loadings versus 
di stance and amount of series compensation for AC transmission lines is shown in 
Fi~ure C. 

When considering contingency loadings as discussed above with 2 lines down and 4 
lines carrying the full 5000 MW the line loadings would be 1.25 times the surge 
impedance loading (SIL). The surge impedance loading for various voltage levels 
are shown in Table A and for 500 kV, the SIL would be about 1000 MW. From 
Figure C it would appear that a reasonable transmission distance with no series 
compensatoin for this example would be about 200 miles, which could be increased 
to 350 or 400 miles with up to 70% series compensation. 

To define the specific requirements for a given situation, load flow and system 
stability sutdies would be required. It is likely, however, that the SPS power 
system would be far more stable than a conventional power plant of the same 
rating. This would mear. that the transmission distances could be increased for a 
given line loading without need for series compensation. 

When substantial amounts of power are to be transported for distances of 400 miles 
or more, the consideration of a high-voltage DC (HVOC) as the transmission load is 
often indicated. The HVDC system is ideally suited for long distance bulk poewr 
transpo["t since it does not suffer from stability effects and can be used to improve 
the stability of the AC system to which it is connected. The DC system is 
asynchronous and can easily transmit power between independent power systems 
such as those of the Eastern and the Western United States. 

There are, however, certain specific requirement to be met. At each of its 
terminals the DC transmission system absorbs reactive power whid1 must be 
supplied by static capacitors, rotating machines, like synchronous condensers or 
from the connected AC network. Reactive volt-amperes equal to approximately 
60% <'f the transmitted active power are required. 

TABLE A. Representative Line Surge Impedance Loadings (SIL) 

One Two Three Four 
Line Volt Conductor Conductor Conductor Conductor 

k\I MW MW MW !\'. '.V 
242 146 183 209 
362 327 410 468 504 
550 945 1080 1160 
800 2280 2460 
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WBS 1.4.5 AC SYSTEM AND INTERFACE W&TH 
ELECTRIC UTILITY SYSTEMS (eoord) 

The current on the AC side of the termin.i.ls contains substantial harmonic 
components which must be removed, generally by soont-connected tooed circuits. 
These filters are also larire enough to provide some of the required reactive power. 

lastly, the DC terminal must be connected to an active AC network having a short 
circuit capacity (in volt-amperes) equal to a minimum of two times the transmitted 
power. If the AC system does not have the required level of short circuit capacity, 
which would be the case of the SPS system, synchronous condensers (also called 
synchronous compensators) are connected adjacent to the terminals. They will 
regulate the AC systerr. voltage, provid~ the needed system strength, and provide 
the reactive power not generated by the filters. For these same reasons 
synchronous condensers have alsc been recommended for use with the DC to AC 
converters within the rectenna system. 

When the requirements for filtering, reactive s~ply, and short circuit capacity are 
met, the HVDC system is a reliable, efficient, and readily controlled power 
transmission medium. 

A typical HVOC power transmission circui• is shown in Figure D. The synchronous 
condensers and AC filters are shown connected to the AC switchyard. The DC 
terminal consists of three phase bridge converters connected in parallel on the AC 
side and in series on the DC side. AlthoLogh only two bridges are shown between 
grolBld and the DC conductor, it is not uncommon for four such bridges to be 
applied when the DC voltage exceeds .!400 kV. 

The DC system is balanced with respect to ground and is firmly held this way by 
fully rated ground electrodes. In normal operation there is not current in these 
ground electrodes, but in an emergency if one conductor or its converters are lost, 
the other conductor and the ground circuit will continue to trdnsmit half power. 
Such emergency use can usually be tolerated. The transformers which couple the 
AC system to the bridges are sho'Qin equipped with load tap chang~ (L TC) which 
insure that the converter operates at the proper voltage and firing angle regardless 
of normal smaller variations in the AC system voltage. 

Power flow in the DC system is subject to accurate and rapid electronic contr"l. 
Power is held steady or adjusted according to source or load requirments as 
desired. In this respect it is ideally suited for the SPS power transmission system. 

HVDC technology is advanced and the systems have been well received. A 6300 
MW system in Brazil is currently in the proposal stages with full scale operation 
scheduled for 1985. It would appear that a DC system or a combination of DC and 
AC system could be applied to the Soldr Power Satellite system with few 
difficulties using today's electric utility system's transmission design practices. 

MASS AND COST 

These are summarized at a higher level - see \\BS 1.4. 
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1.0 WBS DICTIONARY 

This element consists of the people, facilities and equipment required to coordinate 
and integrate the operations of the SPS program tc, .issure that the SPS system 
meets all requirements in a timely manner and that a mechanism exists for the 
generation of program decisions in real time if on-orbit or other problems so 
require. 

2.0 DESCRIPTION 

The facilities involved in the SPS program operation. control are shown in the 
Figure. For conceptual purposes, the bulk of the operation5 control functions are 
shown to be conducted from within a single facility cailed the Operations Control 
Center (in reality, there may be several facilities located in various geographical 
locations). The only operations control facilities that are known to be located 
remotely from t~e central Operations Control Center are those shown in the 
Figure. At this time, there does not appear to be any requirement for a dedicated 
communication satellite .J.nd/or ground tracking systern; currently our planned 
satellites and tracking systems seem to be adequate. A total of 2927 people wili be 
required for the Operations Control Center. 

4.0 MASS AND MASS 8AS5 

Not applicabie. 
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flOLOOU'.1: FR..\..l\U~ WBS 1.6 OPERATION CONTROL 
..__. -

j.0 COST 

.5.1 COST SUMMARY 

An estimate was made of the total number of people required within Integrated 
Operations. Jr, vevious analyses, detailec cost and personnel estimates had been 
made for a satellite operations facility and a shuttle operations facility. Based on 
the similarity of facilities, equipment and personnel required, the Integrated 
Operations costs were computed based on the costs per person from the previous 
analyses, modified to be applicable to the 10 functions. 

Research - 0 

Engineering Verification - 0 

Demonstration - 0 

Investment - $512 million 

Productioo - $146.3 million/year 

j.2 COST DETAILS 

Research - Not required 

Engineering Verification - Not applicable 

Demonstration - !'.iut applicable 

Investment - Refer to WBS 1.5.2 

Production - Refer to\\ '5 l.5.:t 

.5.3-.5.7 

Not applicable 

7 .0 SUIT ABll..ITY FOR SERVICE 

This WBS item is available for both scheduled and um;cheduled ground maintenance 
and repair. Much experience on equipment of this type 1:. already m existence. 

3:!5 
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WBS 1.5.1 FACILITIES AND EQUIPMENT 

1.0 WBS DICTIONARY 

This element includes aJl the facilities and equipment required for the 
accommodation of the operations control personnel. Excluded are the control 
center associated with the Rectennas, see WBS 1.4.6, and with the launch and 
recovery site, see WBS 1.3.7.5. 

2.0 DESCRIPTION 

The Operations Control Center is the location of the central organization which 
coordinates and integrates the operation of the SPS program. The performance of 
these functions requires technical and administrativP office space plus the 
associated support facilities and equipment (e.g., reproduction facilities, print 
shop, photographic, technical illustration, etc.); a communications center for 
communications; relatively extensive computer facilities for automated scheduled 
maintenance, logistics planning and technical functions; support facilities such as 
power, air conditioning, etc. 

3.0 ELEMENT DESIGN BAS~ 

The design of this element is very preliminary. It is based on a functional analysis 
of the activities of Integrated Operations, an estimate of the number of people 
involved and consideration of the type of facilities and equipment required. 

lf.O MASS AND MASS BAS~ 

Not applicable 

.5.0 COST 

5.l COST SUMMARY 

Cost estimates are based upon detailed cost estimates obtained during previous 
analyses of a satelHte operations center and a shuttle operations center which 
required similar facilities ana equipment. Estimates for facilities are based on the 
number of square feet of facilities required and the cost per square foot of these 
facilities. Equipment costs are based on the cost of equipment per person. In both 
cases the costs are based on the previous analyses and the number of people 
required is based on an Integrated Operations functional analysis. 

Research 
Engineering Verification 
Demonstration 
Investment 
Production 

.5.2 COST DETAll. 

Research 
Engineering Verification 
Demonstration 

- 0 
-0 
-0 

$524 million 
-0 

- t'-.ot required 
- Not applicable 
- Not applicable 
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WBS 1.5.1 FACILITIES AND EQUIPMENT (cont'd) 

Cost 
($M except as noted) 

Investment 

2996 people x $175K/person = $524 million 

(includes facilities, furnishing, computers 

communication systems, etc.) 

Production - Not applicable 

5J - 5.7 

1'1ot applicable 

6.0 TECHNOLOGY DESIGN STATUS 

Reference 
or Source 

Previous OMB 

analyses 

Technology required for this WBS item is within the current state of the art. 

7 .O SUIT ABILITY FOR SERVICE 

This WBS item is availal>le for both scheduled and unscheduled ground maintenance 
and repair. \ 1 uch experience on equipment of this type if already in existence. 

327 



\ 

OPERATIONS CONTROL CENTER 
(OCC) (WBS 1.5.1) • 

LAUHat CONTROL CENTER 
(LCC) (NBS 1.3.7.5) • 

x 

·LEO BASE (WBS 1.Z.Z) -, Ix.I. )C 

---,--···--- -----
GEO BASE (NBS 1.Z.l) 

ll>BILE MAINTENANCE BASE 
(""8) (WBS l.Z.3.2) 

SOLAR POWER SATELLITES 
(SPs•s) (WBS 1.1) 

RECTENNA CONTROL CENTER 
(RCC) (WBS 1.4.6} 

PERSONNEL LAUNCH VEHICLE 
(PLY) (WBS 1.3.3) 

HEAVY LIFT LAUNCH VEHICLE 

. . . . . . . . 

. . . . . . . 

(HllV) (NBS 1.3.1) ••••• 
ELECTRIC ORBIT TRANSFER VEHICLE 

(EOTV) (NBS 1.3.Z) •••• 
PERSONNEL ORBIT TRANSFER VEHICLE 

(POTV) (WBS 1.3.4) .•.•• 

CARGO TUG (NBS l .3.6) •••••••••••• 

MAINTENANCE SORTIE SUPPLY OTV 
(MSS-OTV) (WBS 1.3.3) ••• 

x 

Figure A - SPS Communications Matrix 

x 

x x )C 

x x )( 

x 

x 

x 

)C 



DI S0.25461·2 

1.0 WBS DICTIONARY 

WBS 1.5.2 COMMUNICATIONS SYSTEM 

liOL~OU'I:~ ~~~\MS 

Th.s element includes the ground antennas and relay communications !":.o:ellites 
dedicated to the SPS program. Other communication system elements are included 
in the orbital bases, space vehicles, and ground-based operations control centers. 

2.0 DESCRIPTION 

A communication system concept has been developed for the SPS operational 
system. The Surface Transportation System and the Industrial Complex have not 
been included in this system since it is anticipated that communication between 
these and other system elements will be by common carrier; hence, not a part of 
the dedicated SPS system. 

The matrix in figure A irvlir;:i• ; those system elements between which communi­
cation is required. (F~ _en ·x" on the matrix, a fact sheet which defines the 
requirements for communication between the elements is found in the Operations 
and SystemsSynthesis(Dl80-25461-3), section 15. These fact sheets also state 
how the communications will be implemented using the system concept presented 
herein). 

A summary description of the system and its operation is presented in the following 
paragraphs; the details of each eltment-to-element communicatior, link are pro­
vided on the appropraite fact sheet. The concept consists prin,-ipally of direct 
links from the CON US ground elements to the space elements ;n geostationary 
orbit over CONUS; two dedicated relay communication satellites at geostationary 
altitudes located east and west of the GEO Base such that the line-of-sight 
communications path from the GEO Base just misses the earth; a communication 
capability on the GEO Base equivalent to that of the relay satellites; and a series 
of direct links among the vehicles, bases and relay satellites. Communications will 
be completely digital, thus providing flexible, efficient interconnection of all the 
diverse types of communication required. Cost trends in analog and digital 
hardware make this approach the proper choice for the time frame being 
considered. The data rates required are well within current technology capabili­
ties. 

Figure B illustrates the four main links at CONUS plus the LEO Base link to the 
communication satellite equipment on the GEO Base (when the LEO Base is over 
CONUS). Analysis of the individual element to element communications imple­
mentations indicates ~hat Link 1 is the most heavily loaded link ( 400 Mbps) since 
it carries the OCC to GEO traffic. This includes all traffic from the OCC to non­
t,costJ.tionary arbital clements "·hich must be relayed via GEO to the comrnunica­
tion satellites. The traffic on this high data rate, high reliability link consists of a 
wide range of voice, data and video information. 

Ku-band has bet>" selected as the appropriate baseline frequency range for this 
Link I. Large parabolic antennas will be used on both ends of this link. Twenty­
meter diameter antennas are probably appropriate for the earth terminal antennas. 
and the GEO antenna will be in the five-t0-ten-111eter rdnge. 

Link 2 is the Ku band command and control link fromthe OCC to each of the SPS's. 
In order to minimize the number of frequencies anct amount of equipment required 
when the ultimate umber ot 60 satellites are deployed, it is planned to monitor 
each satellite periodically r...ithcr th;m c0ntinuously. In the event ,,t .1n ;rno•naly, a 
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WBS 1.5.2 COMMUNICATIONS SYSTEM (cont'd) 

conti11uous 1nonitoring and command capabiHty would, of co•irse, be a•1aiJable. lt is 
also planned to utilize toroidaJ multiple-beam antennas, such as are currentJy being 
used ~Ii COM SAT terminals. to minimize the number of antennas. 

link 3 is the link from GEO to the relay satellit~s which carries all traffic from 
the CON US to the non-geostationary elements. An RF link in the 60 GHz sateJlite 
crosslink band is recommended for this link which requires approximately 200 Mlips 
of duplex communication over a 40,000 nautical mile crossJink path. 

Continuous communication with the system elements in low earth orbit is most 
economically provided by placing two communication relay satellites in geosyn­
chronous orbit at location~ where the line-of-sight communications path from GEO 
just misses the earth. Two satellites are required to avoid a communications gap 
of approximately 10% of the orbit in the very lowest orbits. Two sateUites also 
provide additional system reliability. The normal communicationpath to any low­
earth-orbit system element will be through GEO and one of the t\l:o relay 
satellites. 

link 4 is the link between the Rectenna Control Centers and the SPS's. The 
principal purpose of this link is to provide the RCC with information on the 
a vaiJabJe power level of the SPS and a limited capability to control that power. A 
Ku-band link is used since the Ku capability on the sateHite can also be used for 
Link 2. Also. this Hnk will be pointed in or near the power beam and interference 
potential is very high. 

The other links of the system which are links between vehicles or Jinks between 
vehides/bases and the relay satellite, are principally S-band, However, Ku-band 
has been used in those cases in which data rates or power beam interference 
considerations make it necessary. Special cases for S-band are the links for those 
vehicles requiring ranging and docking information. For these cases an S-band 
communication system similar to that used on the Shuttle payload link, plus a Ku­
band radar system, aJso similar to that usc.-d on Shuttle is recommended. 

3.0 DESIGN BASIS 

The proposed system has the following advantages: 

l. Commonality of equipment. Essentially only two types of equipment are 
used, Ku-band and S-band. 

2. The equipment is current state-of-the-art and should be very low weight and 
inexpensive in the time period of interest. 

3. The possibility of interference from the 5GW power beam is minimized by 
using Ku-band communication to the elements generating or utilizing this 
beam. 

4. Relatively broad-beam, S-band i~ used to comm;.micate with space vehiclf's, 
thus relaxing the pointing and attitude control requirements irnpcsed by 
communication. 

5. The frequencies recornrnend<'o are within those currently aJJocated for this 
type of communication. 
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WBS 1.5.2 COMMUNICATIONS SYSTEMS (cont'd) 

6. AU Jinks have ample growth potentiaJ in the event additional capability is 
required as the requirements become better defined. 

7. The potential of terrestial noise intHference is minimized. 

The 12/15 Ghz communication satellite bands may be used, but a new allocation 
might be required for this rather spe· ial point-to-point communication service. 
Much higher frequencies are not desirable, due to excessive rain losses during 
heavy rain storms. Much lower frequencies do not aJlow the signals to be 
restricted to the immediate area of the OCC and GEO, and would therefore utilize 
more of the valuable frequency/orbit spectrum resource. 

All of the individual communication requirements are within the capabilit)' of the 
current Tracking and Data Relay Satellites with minor modifications to some 
channel bandwidths. The number of communications channels to be supported 
require a new satellite design, however. Using a laser or 60 Ghz crosslink for data 
communications to the low orbit S)'Stem elements. M'lre parabolic antennas will be 
required than are now on TORS. 

-..o MASS AND MASS BASL'S 

Not applicable. 

5.0 C~T 

5.1 COST SUMMARY 

Research - 0 

Engineering Ver if icatioo - $120 M 

Demonstratioo - 0 

Investment - $189 ~I 

Production - 0 

5.2 COST DETAll..S 

Research - 0 
Not required 

Engineering Verification - $120 :\1 
Based on developmerit RDT&E for 
similar communications s.itellite sy~trne 

Demonstration - 0 
Not required 

Investment - $189 1\1 ---u oper..it1onal satellites + i sp.m~) x $6 3 ~I edch 

Production - 0 
Not applicable 
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l.O WBS DICTIONARY 

This element includes the personnel required to perform the program coordination 
and integration functions of Integrated Operations as well as the recurring support 
costs for thece personnel. 

2.0 DESCRIPTION 

Within the operations Control Center there are located 12 gro...,s of people and 
their equipment. These groups either I) directly control system '.>perations (e.g. 
the communication systems operations, SPS operations and space traific ccntrol 
operations), 2) act as c'.>nsultants for various system operations that are directly 
controlled locally (e.g. space construction, LEO Sase, and GEO Base operations), or 
3) provide overall program integration control (The Integrated Opreations Group). 

The Integrated Operations r>up (IO) is composed of representati~-es from each of 
the 12 operation:. control and consultant groups. This IO group prepares the master 
plans and scnedules, allocates tasks/responsibilities to local operations, monitors 
program performan<"e, and directs corrective actions at the system-wide level. 

In additic.., to the ope!"ations control group, shown in the figure, there are people 
and equipment located at both the LEO Base and the GEO Base. These poeple 
manage the base operations, construction operations, and space vehide operations. 
(Refer to WSS 1.2.I.3 and WBS 1.2.2.3). The total numb~r of operations contr<'l 
personnel (not already accounted for elsewhere) is estimated to be '?996 peof>le 
(estimate based on 20 satellites in orbit). 

3.0 B..EMENT DESIGN BASfi 

The SPS Operations control concept was developt..J by analyzing the SPS program 
to define, at a summary level, the tasks which must be performed to as'iure p~oper 
executioo of the program. The program was divided into major sections and a 
definition of tasks was made for each section. After several iterations it was 
established that the tasks could be categorized into twelve groups, each of which 
would be the r~sponsibility of a "local operation". The activity of these twelve 
groups would be coordinated and integrated by a central group or "Integrated 
Operations", which is described above. Refer to the Operations and Systems 
Systhesis document (DIS0-25461-3) Section 15 for complete details. 

•.o MASS AND MASS BASIS 

Not applicable 
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WBS 1.5.3 OPERATIONS (con~d) 

j.O cmT 

j.l cmT SUMMARY 

The task analyses used to establish the Operations Control concept were further 
used to estimate the number of people required to perform these tasks. In order to 
estimate the costs of operating The Control Center, the results of previous 
detailed analyses of the costs of a satellite operations center and a shuttle 
operations center were used. From these analyses of operations with somewhat 
similar functions and facilities, the cost per person of operating with site were 
determined. This cost was modifit'd to be compatible with the SPS Operations 
Control task, then multiplied by the estimated number of people required in 
Operations Control Center. 

Research 
Engineering Verification 
Demonstration 

).2 COST DE.TAD..S 

Research 
Engineering Verification 
Demonstratioo 
Investment 

- 0 Investment 0 
- 0 Production - $ 149.83 M/year 
- 0 

- Not required 
- Not applicable 
- Not applicable 
- Not applicable 

Cost 
($M except as noted) 

Production $50K/person/yr. x 2996 people =Sl49.8 M/year 

Reference 
or Source 
Previous .OMB 

l\naJys~s 

5.3 - 5.7 

Not applkable 

6.0 - 7.0 

Not applicable 
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SECTION D 

SPS DEVELOPMENT SCLNARIO 

Ptrpose 

This scenario was established as a basis for estimating research, development, 
investment, and production costs for solar power satellite'i. 

OVERALL PROGRAM scr~E Jl.ND ASSUMPTIONS 

The SPS program was divided into five phases: 

(l) Research: This phase wiU address and resolve issues of environmental 
effects, socio-economic factors, technical pre :ticality and selection of cost­
eff ective technologies, and will develop a comparative assessment of benefits 
atter.dant to SPS relative to other energy options. It will be comprised 
mainly of ground-based researda, but certain flight projects are also required 
to complete the research. 

This scenario treats only SPS hardware and software research and research on 
support technologies such as space operations. Environmental research wiJJ 
be conducted in parallel with the research described herein. Costs and 
schedules for environmental research are not reflected in this scenario. 

(2) Engineeri.1g Verification: This phase will bring the technology results of the 
research !Jhase to a state of large-scale development reaJiness. This means 
that prototype subystems will be developed and tested, as wiJJ prototype 
production and operations processes. The products of this phase wiJJ be (a) 
specification for the demonstration SPS and all its s~port system; (b) cost 
estimates for the demonstration and production SPS's and aJJ its support 
system; (c) cost estimates for the demonstration and production lines; and (d) 
firm development and risk management plans for the following program 
phases. 

(3) Demonstration: This phase will produce and test a pilot plant SPS that 
delivers power to o. commercial electric power net, in order to demonstrate 
the operational suitability of SPS's for large-scrie baseload power generation. 

(4) Investment: This phase will create the industrial and operational inf rastruc­
ture necessary for installation of SPS generation capacity at the reference 
rate oi J0,000 megawatts (2 SPS's) per year. 

(5) Commercialization: For purposes of this scenario analysis, the production 
run will be sixty 5-gigawatt SPS's produced at a rate of two per year after 
the first unit, which will he produced as a prototype in one year. 

The foUowing assumptions are employed in the construction and analysi of this 
scenario. 

(l) The commercial SPS's are the DOE/NA~A silicon photovoltaic- reference 
system. The main features of this system are: 
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{a) Silicon solar array without sunlight concentration, employing 50-micro­
meter single crystal siiicon solar cells with 75-micrometer glass cover­
sheet and .50-micromete: glass substrate. 

(b) Graphite composite solar array and transmitter support structure. 

(c) Electronically-steered phased array microwave power transmitter 
employing a 10-db truncated Gaussian illumination taper on a 1-
kilometer aperture. The power beam is focused at the ground receiver 
by a spread-spectrum retrodirective active phase control system. The 
power beam baseband is synthesized from the spread-spectrum uplink 
amplified by 70-KWRF klystron power amplifiers, and radiated by a 
slotted waveguide antenna. 

(2) The SPS's are assembled by a construction base in geosynchronvus orbit. SPS 
components and subsystems are fabricated on Earth, shipped to low orbit by 
HLLV, and transported to GEO by an electric orbit transfer vehide (EOTV). 
Assembly and test of subsystems and components are performed or. Earth up 
to the limits imposed by capabilities of the transportat-ion system. 

(.3) Soace crews are transported to and from low orbit by a modified space 
Shuttle and between !ow orbit and geosynchronous orbit by a high-thrust orbit 
transier vehide. Crew duty periods are nominally 91 da~·.i, resulting in four 
crew exchanges per year. The total time spent in space by a crewperson is 95 
to 100 days including transportation periods. 

(4) Decisions t<' initiate subsequent program phases are incrementally made as 
necessary to avoid schedule delays. As an example, if a proto-flight klystron 
were needed two years into the engineering verification program, its develop­
ment could be initiated during the research program at such time as a 
decision between klystrons, magnetrons, solid state, etc., could be made 
based on research results. 

(5) Development costs for potentially multipurpose space vstems such as 
manned OTV's and a reusable Shuttle hooter are accounted u1 this scenario as 
SPS costs. 

Based on this sc;enario, a total nonrecurring cost for SPS research, engineering 
verification, demonstration, investment, and the first 5-GW prototype SPS, was 
estimated as summarized in Table 1. The nonrecurring cost was also time-phased 
and spread as shown in Figure 1. A preliminary labor estimate was also made 
and is shown in Figure 2. 
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Table 1 
SPS PROGRAM NON-RECURRING C'lST 

COST 
ITEM DESCRIPTION ($M79J RATIONALE 

Research OJ 

Gem Ground-Based Exploratory 240 Detailed Btimate 
Development Reported in Planning 

Document 

Flight Microwave Propagabon and 190 (Same) 
Research Phase Control Experiment 

Satellite + Shuttle Sorties 

Engineering Verificalloo 9145 

SPS·Related Subsystems Devel. & Test 421 Sub-Allor.ation of SPS 
DDT&E 

MA Engineering Verifir.ation Test 240 Sub-Allocation of SPS 
Hardware Article: I-Megawatt Array Hardware Cost 

Plus Microwave and Electric 
Propulsion Experiments 

LEO Development 8-Man Test & Space Sllpport 2700 JSC Estimate 
Labs Facility 

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

pl~ one unit at 80 + SO 

Shuttle Flights LEO Dev. Lab & MOTV 1000 40 flights total 
Support plus MA la1Jnch 

Shuttle liquid Fl)4>atlt Booster 3284 DDT&E plus one extra 
Booster for Shuttle flight unit Pr"vides 

shuttle payload increase 
to support MOTV. 

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

to tie program elements 
I01Jether. 
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TABLE 1 
SPS PROGRAM NON-RECURRING COST - Cont 

COST 
ITEM DESCRIPTION ($M'l9l RATIONALE 

Demonstration Program 26349 

Demonstrator Development of the 3134 Sub-allocation of SPS 
DDT&E Demonstrator Subsystems DDT&E 

and Integrated Configuration 

Pilot Production Pilot tines for Arrays, Sub-allocation of SPS 
Facilities Klystrons. Povier Pro· Investment 

process"."rs, ett. 

Demonstrator Hardware for Demonstrator 2922 Sub-alloca,.Jll of SPS 
Hardware Cost 

Shuttle DDT&E 2 Boosters. 2 Orbiters, 3403 Boosters: 310; 
& Fleet 25 El's. Develc:>ment of Orbiters: 1265; El's: 115; 

Pod-Type HllV Tooling: 173; GSE:50; 
HLLV DDT&E 1490 

Construction Leo Base: 8-meter Habitat 3586 Based on 8-meter habitat 
DDT&E & Full Work Support DDT&E 1135 & Unit 136, 

Facility GEO Base: Habitat scaled from 17-meter 
Derta for Shielding & • habitat 
WSF 

Construction LEO Base: 4 Habitats 3421 Sr.aled from 17-mete:-
Base Cost & Full WSF tlabitat 

GEO Base: 1 Habitat & 
l&Jo WSF 

Space 4 Years Operations: 3~ 130 HLLV flights 8 12:1560 
Operations Construct Bases & 24 PlV flights i 15:360 

Demonstrator Crew salaries & resupply 
based on lOO crew • 116 of 
operational SPS: 1280 

POTV Personnel OTV with 1986 From ODT&E estimate 
OOT&E Passenger MOdule with MOTV credits: 
Plus one Engine • 355 
extra unit Avionics- 55 

ECLS - 30 

EOTV Electric OTV ilevelopment 2041 From OOT&E estimate with 
OOT&E Only <supports Demo 543 credit for commonality 

Article I with Demo Article <no 
flight test unitl 

Demonstrator 8 x 11 km 202) Scaled from operdtional 
Rectenna rectenna + $250 M liDT&E 

Program Mgmt 
& Integration 

175 500 pe'.)ole for 5 years 
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Table 1 
SPS PROGRAM NON-RECURRING COST- Cont 

COST 
ITEM DESCRIPTION C$M19) RATIONALE 

Investment 66363 

HLLV 2-Stage fully Reusable 12100 From DOT&E estimate with 
Oevefl\pment booster engine uedit 800 

SPS OOT&E Upgrading Demo Subsystems 24D Sub-altocati11n of SPS 
& Integration of Configuration DDT&E 

HlLV Fleet 6 Boosters. 1 Orbiters. 6983 From detailed estimate 
Tooling and GSE 

EOTV fleet 30 Vehicles 6858 From detailed estimate 

Construction Delta DDT&E to Upgrade 4900 New 11-meter hal>ifiit 
DDT&E &lses to Operational & work module plus 

Capability GEO Base work support 
facilities 

Construdion Fabricate & launch 14815 GEO Bases Total Unit Cost 
Base Buildup Base Systems LEO Base: Crew Support 

Facilities 
Space Flight Ops: 3 EOTV. 
14 POTV. 94 HUB, 33 PLV 
Crew Ops: 1942 

Ground-Based Production Factories 8924 Per Detailed Estimate 
SPS Facilities 

Space Systems launch & Recovery 8375 Propellant Production: 1765 
Facilities site Deltas plus Launch: 3222 

Special factories Recovery: 1710 
logistics & Ops Support: 118 
Habitat Factory: 800 
HLLV Factory: 750 

Program Mgmt 875 2500 people for 5 years 
& Integration 
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TABLE I 
SPS PROGRAM NON-RECURRING COST • Conl 

COST 
ITEM DESCRIPTION f$M19J RATIONALE 

First SPS lS040 

SPS Hardware Flight Hardware Ready 3999 Detailed estimate less 
to Ship amortization 

Space All Space Transport. 4616 Delta flights due to I-year 
Transportation Hardware + Crew construction time 

EOTV l3 POTV l2 
HLlV Sri PLV 29 

Ground Factory to Launch ADL estimate 
Transportation 

Packaging Launch Packaging 200 5" of s PS Hardware 
Equipment Packaging is ReusJble 

First ~ear Full Crew Salaries & Spares 1922 Detailed estimate 
Base Ops & Support 

Redenna 9xl3km 2578 GE estimate in 79$ 

Mission Ops 20 TRW Estimate 

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

Program Mgmt 
& Integration 

49S. 3500 people 2 years 

Cost Growth 680 17'. on SPS Hardware 

TOTAL THROUGH fl SPS 117327 
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