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The SPS system definition study was initiated in December 1976. Part | was completed on May 1,
1977. Part U technical work was completed October 31, 1977.

The study was managed by the Lyndon B. Johnson Space Center (JSC) of the National Acronautics
and Space Administration (NASA). The Contracting Officer’s Representative (COR) was Clarke
Covington of JSC. JSC study management team members included:
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Hu Davis Transportation Systems Lou Livingston  System Engineering and
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and Rectenna Stu Nachtwey Microwave Biological Effects

Bl Dusenbury Energy Conversion Sam Nassiff Construction Base

Bob Gundersen Man-Machine Interface Bob Ried Structure and Thermal

Alva Hardy Radiation Shielding Analysis

Buddy Heineman Mass Properties Jack Seyl Phase Control

Lyle Jenkins Space Construction Bill Simon Thermal Cycle Systems

Jan Jones Design Fred Stebbins Structural Analysis

Dick Kennedy Power Distribution

The study was performed by the Boeing Aerospace Company. The Boeing study manager was
Gordon Woodcock. Boeing Commercial Auplane Company assisted in the analysis of launch vehicle
noise and overpressures. Boeing technical leaders were:

Ottis Bullock tructural Design Don Gnm Electrical Propulsion

Vince Caluori Photovoltaic SPS’s Henry Hilbrath  Propulsion

Bob Conrad Mass Properties Dr. Ted Kramer  Thermal Analysis and Optics

Eldon Davis Construction and Orbit- Frank Kilburg Altemate Antenna Concepts
to-Orbit Transportation  Walt Lund Microwave Antenna

Rod Dammow Operations Keith Miler Human Factors and

Owen Denman Microwave Design Construction Operations
Integration Dr. Ervin Nalos  Microwave Subsystem

Hal DiRamio Earth-to-Orbit Jack Olson Configuration Design
Transportation Dr. Henry Oman  Photovoltaics

Bl Emsley Flight Control lohn Perry Structures

Dr. Joe Gauger Cost Scott Rathjen MPTS Computer Program

Jack Gewin Power Distribution Development

Dan Gregory Thermal Engine SPS’s

The General Electnic Company Space Division was the major subcontractor for the study. Their
contributions included Rankine cycle power gencration, power processing and switchgear, mnicro-
wave transmitter phase control and altemative transmitter configurations, remote manipulators, and
thin-film silicon phot voltaics. )

Other subcontractors were Hughes Research Center—gallium arsenide photovoltaics; Varian—
klystrons and klystron production; SPIRE —silicon solar cell directed energy annealing.
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This report was prepared in 8 volumes as follows:

1 — Executive Summary V - Space Operations

Il - Technical Summary V1 — Evaluation Data Book

HI - SPS Satellite Systems VIl - Study Part Il Final Briefing Book

IV - Mirowave Power Transmission VIl - SPS Launch Vehicle Ascent and Entry
Systems Sonic Overpressure and Noise E flects
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1.0 INTRODUCTION

1.1 ENERGY NEEDS

The production and utilization of energy on a significant scale is a relatively recent occurrence in
human history. It began with the industrial revolution. Industry utilizes energy and employs
machines to increase human productivity, The advent of industrialization demarcates an economic
condition of scarcity from one of plenty. Today we use the terms “‘industrialized™ and “'non-indus-
trialized™ almost synonymously with rich and poor.

The development of industry has been fueled by the rapid consumption of fossil fuels that were
formed over time periods of geologic extent. (In 1976, the world consumed approximately 1% of
its total remaining proven reserves of fossil resources.) Within the past generation the finiteness of
these resources has become of more than philosophical interest: within the past five years it has
become a pressing problem popularly dubbed the “energy crisis.” 1t mankind is to continue to
enjoy the benefits of industrialization, alternative sources must be developed. There are several
potential options: singly or in some combination. These future energy systems should satisfy the
following ten requirements: *

(1) The source of the energy should be non-depletable over time scales of at least hundreds of

yeurs.

(2} The system should not be capacity-limited, i.c., it should be possible to install as much capa-
city as is desired.

{3) The system should permit installation of generating capacity at a rate sufficient to meet the
combined demand for new capacity and for replacement of obsoleted capacity.

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

(5) The system should produce much more energy over its lifetime than is invested to create and
operate the system.

(6) The system should have acceptable economics. In the simplest terms, it should produce
electric power that consumers and industry can atford to buy.

~d

(7) The system should be environmentally acceptable in all respects, including air pollution. water
pollution, thermal pollution, hazards. land use. and any other unique factors associated with

the particular nature of the system.

(8) The system should not require excessive consumption of critical resources even to install the
greatest plausible total capacity,
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(9) The system should have the potential for compatibility with power grids as regards reliability,
availability, power characteristics, plant size, and ability to serve all regions of the world.

(10) The system should admit to an orderly, mangeable development program without excessive
risk, cost or calendar time required to reach initial commercial status.

Most of these requirements are self-evident but elaboration of potential cupacity requirements is
important because the scale of these requirements is often not appreciated. The United States in
1975 consumed a total of 71 Quads, or 2370 Gw-years (see Table 1-1). Of this. 668 Gwy equiva-
lent thermal energy was used to generate 217 Gwy of electric power (some electric power comes
from hydroelectric sources, so that the actual thermal energy consumption is less than 668 Gwy).

The conversions from thermal to electric power in Table 1-1 used the national average heat rate
(thermal/ electricul equivalence) of 3.04 kwhy;, /kwhe (10.389 Btu/kwh). This applies to conversion
of thermal energy to clectric energy but not necessarily to the reverse. Conversion of electric
energy to low grade heat energy for space heating can approach this figure, but conversion of elec-
tric energy to high-grade heat is likely to occur at the energy equivalence of 3413 Btu/kwh. A more
probable overall average electrical equivalence is about 2 kwhyy, /kwhe (7000 Btu/kwh.

The distribution of energy consumption by use in 1975 is shown in Figure 1-1. The figure also
illustrates the degree 10 which the nation could electrify if primary energy sources were basically
electrical in nature. The distribution of energy supplies by source for the year 1976, is shown in
Figure 1-2. The fraction of our total energy supplies that is imported is large and increasing.

The development of new encrgy sources to fill this need will be a massive undertaking. Relatively
few alternatives now known offer any hope of meeting the requirements summarized above. One of
the more promising is the solar power satellite.

1.2 THE SPS CONCEPT

An SPS system for utility electric power would include a number of satellites in geosynchronous
orbit, each with one or two associated power receiving stations on the ground. Receiving stations
can be located near load centers (weather is not a significant factor). Each will provide at least
1000 megawatts and possibly up to 10,000 megawatts of baseload electrical output. A satellite
system is pictorialized in Figure 1-3. Power is transferred from the satellites to the ground stations
by high-precision electromagnetic beams. The transmissions would ;sresumably use the industrial
microwave band at 2.45 GHz: an alterative industrial allocation available at 5.8 GHz could be used
but has received comparatively little attention.
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Table 1-1 Energy Equivalents

1 quad thermal is equal to:

3342 Mth

10.8 Gwy electric

1.8 x 108 Bbl oil

6

45 x 100 metric tons coal

HOW US.

USES ITS

ENERGY
PROCESS HEAT 282
TRANSPORTATION 248
SPACE HEATING 199
MISCELLANEOUS 138
INDUSTRIAL POWER 79
CHEM. FEED 6.5
LIGHTING 20

100%

U.S. consumption in 1975 was
equivalent to:

2370 Gwyth, or
766 Guy electric, or -

12.5 x 107 Bb1 oil, or

3.2 x 107 petric tons coal

7/77] ELECTRIC ENERGY

(1968 USE DATA)
[ otRrecT FOSSIL FUEL ENERGY
NOW ONLY 70.7% COULD
18.8% IS BE FROM ELECTRICITY
FROM ELECTRICITY (EVEN WITHOUT ELECTRIC CARS)

262

1.1

199

136

79

i

20
18.8% 70.7%

Figure 1-1 Applicability: The U.S. Can Effectively Electrify
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A complete SPS operational system is symbolized in Figure 1-4. In addition to the satellites and
their ground systems it wiil include:
A space transportation system capable of delivery of the SPS’s to geosynchronous orbit and
capable of supporting all required space operations needed to establish and maintair. the SPS
s siem.

One or more construction bases, located either in geosynchronous orbit or low Earth orlit,
cavable of constructing the satellites. Satellite hardware delivered to the construction bases
will be prefabricated to the extent practicable.

Maintenance and service bases capable of supporting the mainterance eperations required to
keep the SPS’s operating.

One or more Earth-based space transportation ports (launch sites) capable of supporting
space transportation operations.

One or more space-based space transportation operations support bases, capable of supporting
space transportation operations. This function could conceivably be combined with that of
either a construction base or a2 maintenance base.

Earth-based manufacturing facilities capable of producing the hardware and consumables
necessary to transport, construct and maintain the SPS system.

1.3 SPS “TATUS

The concept of the space-based power station is now about a decade old. the first publications by
Peter Glaser having appeared in 1968. The early years of concept cvaluation and development were
marked by the virtually single-handed dedication of Glaser and the alimost universal ridicule which
greeted his relatively sober quantitative analyses of potentialities and fundamental feasibility. Pii-
marilv through his efforts. the concept slowly gained first the recognition and eventually the con-
currence and support of a portion of the aerospace profession. as represented by its inclusion in the
AJAA’s Assessment of Solar Energy for Earth, several Congressional hearings. and the NASA
“QOutlook for Space™ in which it was identified as one of the major potential future space activitivs.

During this period a number of different technical approaches were suzgested. including modifica-
tions of Glaser’s original photovoltaic scheme: an active solar-thermal-clectric concept ard a passive
satellite relay concept to transmit Earth-generat:d power over intercontinental distances. All these
schemes utilized a common mode of power transmission: microwaves. A primarv limiting factor
on all of them was identified very early as the cost of transportation into geosynchronous orbit.
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The carly studies ako identified the feasibility of efficient long-range transmission of power by
microwave; as the most prominent issue affecting eventual feasibility of the concept. Accordingly.
proof-of-pr: .ciple tests were planned by NASA and conducted at JPL in 1975, The test results con-
finned the physical principles involved. demonsirating that efficient transfer of energy is physically
achievabte.

At about this same time (1975-76). space transportation system studies funded by NASA were indi-
cating that unit transportation costs, e.g., in dollars per kg. would reduce to surprisingly low values
through the benefits of scale and through complete vehicle reusability. if a job of the magnitude of
SPS were undertaken. Thus one of the chief cost barriers to SPS began to appear surmountable.

These events Jed 1o further NASA and industry studies. Two contracted ~5PS Systems Detinitior
Studies™ were conducted in 1977 under NASA sponsorship: this report summan.os results of the
JSC-managed Boeing effort. These efforts have more thoroughly defined and evaluated the SPS
concepts. including support systems. SF3 advocates are now arguing that this concept has p»tential
as a nor jepletabke energy source. as good as or better than ground-based solar power or thermovuc-
lear fution. NASA and DOE are developing a plan to continue exploration and evaluation of the
concept over the next three years. The plan pnmarily includes paper studies ot SPS systemis and
their potential environmental and social impacts.

1.4 STUDY DESCRIPTION
1.4.1 Division of Effort

The study was divided into Part | and Part 1l efforts. The first part was conducted tfrom December
1976 through April 1977 and the second part from May 1977 through December 1977,

1.4.2 Study Objectives
The ohjectives of the study were as follows:

Part 1

“Issues—-To derive specific. comprehensive supporting data necessary for NASA evaluation of the

following two major SPS system issues:

{a) What is the overail most effective means of accomplishing solar  energy-to-clectrical energy
conversion on an SPS in geosynchronous orbit?

{b) At what location (or locations) in space could the various phases of SPS construction and
assembly be done?

Transportation -To increase the scope aind depth of understanding of the space transportation
systems necessary to support an SPS program.”
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Part 1
“The objective of Part 11 of this study is to define the overall SPS system in more detail in order to
achieve, as a goal. somewhere on the order of a factor of two reductions in the uncertainty of the

»

weight and cost estimate ranges resulting from the JSC study.™
1.4.3 Guidelines and Assumptions

Guidelines and assumpiions used during the course of the study are summarized in Table 1-2. ltis
emphasized that the approach taken to this study was to maximize confidence in results, rather
than to minimize mass and cost projections by using optimistic or far-future technology extrapola-
tions. This is reflected in the selection of energy conversion systems. mn the selection of transporta-
tion systems. in the mass and -ost estimating techniques, and in the uncertainty analyses approach.

A significant tactor in overall cost charactedstics is the maxmum ionosphere beam intensity stated.
This intensity limit strongly influences the cost characteristics of the ground receiving system by
establishing maximum total power that can illuminate a given receiver area. The ground recenver &

fad

estimated to represent 287 of total costs.

Table 1-2 Guidelines & Assumptions

9508

GUIOELINES

® JSC INHOUSE STUDY {ISC-11568, THE “GREEN BOOK™) SHOULD BE USED AS
A POINT OF DEPARTURE.

®  SPSSVSTEM DESIGNED AND ANAL YZED SHOULD REPRESENT THE EARLY
PART OF A MATURE OPERATIONAL PROGRAM.

® SPS SYSTEM DESIGNS SHOULD MAXIMIZE CONFIDENCE IN RESULTS RATHER
THAR MIUIMIZING MASS AND COST THROUGH MAJOR TECHNOLOGY
EXTRAPOLATIONS.

ASSUMPTIONS

®  INITIAL SPS'S DEPLOYED IN 1990°S

®  1977DOLLARS THROUGHOUT

® SPACE TRANSPORTATION OPERATIONS KSC—BASED

® SPSS OPERATE AT GEO

® NOMINAL DESIGN OUTPUT 10,000 MEGAWATTS THROUGH TWO MICROWAVE
LINKS AT 245 GHz

®  MAXIMUM INOSPHERE BEAM INTENSITY 23 Mw/cM?
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2.0 SYNOPSIS OF STUDY RESULTS

2.1 FINDINGS

The most significant study results are sum:narized in Table 2-!. The study concentrated on maxi
mum confidence system designs with the result that the SPS, rather than being a mid-2 Ist-century
system, should be achievable by the year ZC00. The base technology is in hand. After a modest
technology verification effort of 3 tuv 5 years duration, full scale development could begin and
would provide a2 mainstream energy sysiem of great potential.

2.2 DESIGN EVOLUTIONS

2.2.1 Configurations

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

The photovoltaic SPS began with the JSC truss configuration, employing a geometric concentration
ratio 2 as defined by JSC-11568. This configuration was designed on the basis of beginning-of-life
output capability. The initial step was to resize the configuration to allow maintenance of output
capability throughout its thirty-year design life. The resulting configuration (shown next in the
figure) employed periodic array addition to maintain output.

At the completion of Part I of the study, a total of 10 photovoltaic configurations had been defined
as shown. These included silicon and gallium arsenide energy conversion at concentration ratios 1
and 2, using various power mair:tenance methods. Significant risks associated with gallium avail-
ability were identified for the gallium system, therefore, the lowest cost silicon system was selected
for continuance into Part 1I. This configuration employed concentration ratio 1 and in situ anneal-
ing of the solar cells for power maintenance.

Further analyses of the interactions of the various sizing limitations and of array performance
allowed a slight reduction in system size for the final configuration. Division of the satellite into 8
modules is also indicated in the figure. The system output, with the optimum rectenna size, was
reduced to 9.3 GW as a result of final definitions of the efficiency chain. (For convenience in
finalizing the point design data, the configuration was frozen with a given amount of electrical
power crossing the rotary joint. When the efficiency chain analyses were completed, including a
95% power interception efficiency for the optimum rectenna size. the resulting output was 9.3 GW
total.)




D180-22876-2 ORIGINAL
6 oF AL PAGE 15

Table 21 Principal Findings

POMER TRANSMISSION - PRACTICAL DESIGNS IDENTIFIED THAT MEET
- REQUIREMENTS AND CONSTRAINTS

- OETAILED MICROMAVE LINX ERROR ANALYSIS CONFIRMED
ATTAINABILITY OF ACCEPTABLE LINK EFFICIENCY
ENERGY RSIOR - SILICON PHOTOVOLTAIC BEST OVERALL CMOICE
- POTASSIUM RARKINE BACKUP CHOICE

SPACE TRANSPORTATION - LOM COST DUE TO TRAFFIC LEVEL, MOT REW TECHNOLOGY
= PAYLOAD VOLUME IS LAUNCH VEHICLE DESIGN DRIVER
SPS SYSTEM COSTS - POMER COST 4 TO 5 ¢/iwh; COMPETITIVE WITH FOSSIL
SOURCES BY YEAR 2000 .
- SYSTEH.DESIGH FLEXIBILITY KEY TO COST CONFIDENCE

ORIENTATION PART IMIDTERM  PART I FINAL PART2 MIDTERM PART2 FWMAL
SILICON SILICON CR 2 10 OPTIONS SILICON CR 1 SILICON CR 1
MCTRUSSCR2Z  WGWEOL SILICON  GaAs  OGWEOL  S.3GW EOL WITH OPTIMUM
WG 0L CR2 CR1  ANNEALASLE RECTENNA SIZE
ARIOUS POWER
TENANCE METHODS
’53 U iz u
o NOT TO SCALE)
WGWBRAYTON  BRAYTON WITH RANKINE
MSFC STUDY ENLARGED “CONSTRUCTIONIZED™  pgp

RATORS SRAVTON

%:s
G
SR

20-TON HLLV  OTV FROM FSTSA 400-TON HLLV'S SELF-POWER OTS

wace HLLY STUDY =l {1/8 SPS MODULE)

TRANSFORTATION “'ém' éc é% [E:

CR=1 CONSTRUCTION BASE]
WITH ANTENNA FACIUTY
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The thermal engine analyses began with the 10 GW Brayton system as defined under an earlier con-
tract. Early in this study, an analysis of available (but old) data on plastic film reflector degradation
in the space environment suggested that a 30% Jegradation might occur. Consequently, the concen-
trators were enlarged. The configuration was also geometrically changed to improve the efficiency
slightly. As the Part | study proceeded, significant difficultics were encountered with development
of a construction concept for the large 4module Brayton SPS. The configuration was divided into
16 modaules of trough-shaped concentrators as shown under “constructionized Brayton.”

During Part I, Rankine and Thermoinic systems were also evaluated. Thermoinic systems were soon
dropped because of excessive mass and consumption of scarce resources. The Rankine systems eval-
uated many potential working fluids and finally selected potassium as the most practical. Initial
evaluations indicated the potassi.m system to be mose massive than the Brayton system. However,
a cycle temperature ratio optimization indicated that the Rankine system could operate at consider-
ably lower temperatures than the Brayton system while still exhibiting a lower overall mass. The
penalty paid for this operating characteristic is a somewhat lower end-to-end system efficiency.
resulting in a larger concentrator. Since the concentrator unit mass is relatively small. even though
the system is larger, it is less massive o:/erall than the equivalent Brayton system. Additional design
changes introduced at this point involved the elimination of steerable facets from the concentrator.
By flying the system perpendicular to the ecliptic plane, i.e., always exactly facing the sun, it is pos-
sible to use reflector facets that are aligned on initial installation without further adjustment or
active cteering.

Toward the end of the study, new information became available on plastic film reflectors indicating
that degradation would not occur and the final system configuration was, therefore, resized to
reflect nondegradation of the concentrator.

The principal evolution of space transportation systems concepts was in the launch vehicle element.
The study bega: with the 230-ton payload heavy lift launch vehicle at a projected cost for transpor-
tation to orbit of $33 per kilogram. This cost included an expendable shroud. Packaging studies
conducted during the study indicated that payload densities of approximately 75 kilograms per
cubic meter could be achieved, making possible a reusable shroud. Staging optimization studies also
led to a larger booster for the upper stage resulting in a 400-ton heavy lift launch vehicle that went
through the evolution shown: Initially, a conical vehicle, later a more cylindrical vehicle, with the
addition of a two-stage winged vehicle option based on earlier JSC studies of a very similar
configuration.

Studies of chemical orbit transfer vehicles included space-based and Earth-launched options. but the
orbit transfer option taken from the Future Space Transportation System Analyses study, a two-
stage fully reusable space-based option, was indicated to be least cost and was retained. Resizing
from the FSTSA stuly was accomplished to match the payload capability of the OTV to the HLLV.

11
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Considerable investigation of the means of moving the SPS hardware itsalf from low Earth orbit to
geosynchronous orbit continued to indicate a significant cost advantage to the self-power concept.
Shown at the end of the space transportation configuration evolution is a 1/8 size photovoltaic
module with 25% of the solar cells deployed for power generation, and equipped with propeliant
tanks and electric thruster systems to allow this module to transport itself from low carth orbit to
geosynchronous orbit in approximately 6 months.

The evolution of construction concepts began with equipment concepts for struciure construction,
installation of solar cells, and instailation of power conductors. The initial construction base con-
cept was for construction of a concentration ratio 2 satellite and included rather little detail other
than overall size and shape. As a result of the configuration selection for Part Il of the study. the
construction base was altered for construction of concentration ratio 1 satellites. This construction
base concept went through further evolution to the arrangement shown at the lower right hand cor-
ner of the figure. In this illustration, most of the structure is shown blocked in with structural
detail shown only on one small portion of the construction base. This construction base includes
capabilities to construct satellite modules and transmitter antennas. Analogous construction base
concepts were developed for the lhe.rmal engine system also, but are not shown.

2.2.2 Mass Histories

The mass estimate history for the photovoltaic SPS, through the conduct of the system definition
study. is shown in Figure 2-2. (SPS-1399) The point of departure estimates came from the JSC
“green book™. (JSC-11568). Energy conversion system detailed mass estimates were available by
the Part | mid-term. The principal reason for increase was the addition of borosilicate glass covers
on the solar cells. increasing the unit mass of the solar blankets substantiaily.

Some reduction of structur - mass for the energy conversion system resulted in the values shown for
the Part I final. During this time, an arbitrary 507 mass growth allowance was carried. With initia-
tion ot Part 11 of the study. effort was begun on the power transmission system. By the mid-term
of Part I1. detailed mass estimates were available. These mass estimates resulted in a significant
increase in the power transmission system mass primarily due to requirements determined for ther-
mal control systems. At this time also. a mass properties review suggested that with the availability
of comparatively detailed mass estimates and the general lack of escalating factors internal to the
SPS design. a 25% mass growth allowance would be more appropriate. During the final part of the
Part 1 effort. a detailed uncertainty analyses was conducted and predicted s growth of 26.6%.
This growth allowance was incorporated in the final mass statement.

12
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Figure 2-2 Reference Photovoltaic SPS Mass Estimate History
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The thermal engine mass estimate history shown ‘n Figure 2-3 (EPS-1398) goes back to Bocing
{R&D work conducted beginning in 1972, The specific values shown for 1973 and 1975 ¢ me from
Boeing papers published in the technical literature. These papers did not address the mass of micro-
wave powcr transmisston systems and early estimates available from the literature were quite
optimistic.

The point-of-departure mass estimate represented 6o first completely integrated therma engine
design with all interrelationships in this complex svstem properly represented. The power trans-
mission system mass at that time was taken from Ray theon publications. Brayton system eyvele
optimzation brought the mass down slightly by the Part I mid-tem. where also the JSC microwave
power transmitter mass was adopted. By the Part | final. additional mass reductions resulted trom
the adoption of the 16- module configuration as compared to the 4-module configuration,

‘The continuing reduction in energy conversion mass was due to first. the switch to the Rankine
system and secondly. elimination of the oversized concentrator originally thought necessary to
compensate for the degradation of plastic film reflectors. The power transmission system masses
for the thermal engine and photovoltaic systems are equivalent. The uncertainty analysis predicted
a 207 mass growth for the thermal engine system. less than for the photovoltaic system. as mighi
be expected due to the somewhat greater maturnity of the technology.

3108
150,000 |
125,000 }
[ 2]
4
2 100,000 p
o
[- 4
-
W
3
75,000 }
(50%)
s0.000 ENERGY CONVERSION & OTHER j
Sh ..n  rinsy UNCERTAINTY
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RANKINE MASSES  RESULTS
ON MPTS
25,000 — _ — N
1973 1975 POINT PARTI  PARTI  PARTN  PARTH
IR&D IR8D OF MIDTERM  FINAL  MIDTERM  FINAL
DEPARTURE MAR7I  MAY7)  AUG7?  DECT
DEC 78 .

Figure 2-3 Reference Thermal Engine SPS Mass Estimate History
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3.0 STUDY ACCOMPLISHMENTS AND RESULTS
3.1 PART1ISSUES
3.1.1 Energy Conversion

The evaluation ¢ffort included all energy conversion options known to be of potential interest for

the SPS applications:

(1) Silicon single crystal photovoltaics;

{2) Gallium arsenide single crystal and thin-film photovoltaics:

(3) Other thin-film photovoltaics;

(4) Therma' engine Rankine closed-cycle vapor turbines. with several working fluids under
consideration;

(3) Themmal engine Brayton closed cycle gas turbines;

(6) Thermionic direct thermal conversion.

Certain known options were not included:
(1) Thermoelectrics--rejected on elementary considerations of efficiency. materials consumption,
and waste heut rejection.

(2) Magnetoplasmadynamics rejected on grounds of problems in attaining the necessary working
fluid temperatures by solar heating.

(3) Direct thermal conversion by electrostatics—insufficient data available for this recently-
proposed thermal engine.

{(4) Thermophotoltaics- rejected on consideration of orerall efficiency and problems of waste heat

rejection.

The principal energy conversion conclusions at the completion of Part T were as follows:

(1) Conversion efficiency and resulting SPS size (at fixed output) tended to favor the Brayton gas
turbine and gallium arsenide photovoltaic options. A size comparison of the options investi-
gated is shown in Figure 3.1-1 (Part I. Vol. L., Fig. 1-9). Size. however. was not seen as a
primary decision factor,

(2) Much more important was mass. [t is a significant cost factor. especially for hardware that
must be delivered to space. Here again. gallium arsenide looked good, with all of the options
except thermionics in an acceptable range, as shown in Figure 3.1-2 (Part I, Vol. . Fig. 1-10).
Of the various Rankine ¢y ‘le working fluids. only the alkali metals were compatibie with the
high cycle temperatures essential to aeat rejection system mass in the acceptable range. (Water.
i.e., steam Rankine. is compatible from the fluid thermal stability standpoint. but a steam sys-

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

15
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Radiztion degradation of solar celis. especially silicon, was known to be a serious problem.

The amount of degradation depends on the amount of shielding provided. ¢.g.. by coverglasses.
(Attempts to provide lighter weight plastic coverglas<-s have to date been unsuccessful because
the plastics become opaque in the geosynchronous ombined radiation and uv environment.)

1t has fong been known that radiation damage in silicon solar cells can be largely annealed out
by heating to ~500°C. This nonnally would be done by bulk heating. Recent developments
had indicated, however, that directed energy pulse heating cort4 U (Ui cy used. As i part
of this study. under subcontruct. Simulation Physics (low SPIRE. nc.) conducted exploratory
lsser and electron beam annealing tests on severely trradiated solar colls provided by Boeing.
Approximately 50% of the cells’ Just performance was recovered in these tests. It is believed
that further development and optimization of the process could approach 9077 recovery.
Accordingly. an annealable blanket design (compatible with annealing temperature} was
selected as the reference design for Part 11,

The more complex thermal engine systems were found to be more difficult to construct. but Wt
this point in the study, difterences in constructability were not viewed as particularly
significant - all configurations were constructable. These difterences were later to emerge as 4

strong decision factor,

If SPS’s are to be installed on a large scale, availability of raw matorials could be a significant
issue. Materials availability was g strong negative factor for the thermionics option. Consid-
ered together with excessive mass, the negative factors were judged to be a conclusive reason to
discard themuonics. Matenals avatlability als~ imposed significant design constraints on the
other thermal engine options. which beneti' from the use of exotic meta'. at hiet tempera-
tures. Tungsten. tantalum. and molybdenum were clmiinated. Molvbdenum itself is not
tally scarce. but must be alloyed with rhenium for ductility © thenium is very scarce.
Aals issues were primary in the ultimate sclection of potassium Rankine as the preferred

thermal engine. This selection, however, did not oce. - unui Fart 11

The avadability of gallium also emerged as a major issae This controversy continues to the
present day, with gallium arsemide advocates insisting that there is “no probiem™ and skeptics
arguing that the problem is insurmountable. Our evaluation is as follows I thin 1ilm gallium
arsenide cells, cog.. on a sapphire substrate. are used with moderate sunlight concen:s tion. and
if moderately optimistic gallivm availabihity estimates are used. the problem is at least work-
able. as illustrated in Figure 301-30 (The cells must be about 3 um thick on a substrate of some
other material. The physics of gallivm dirsenide photovoltaies  os not preclude such cells
being officient. Gullium arsenide colls presently m oxpernimental praction dare comentional
in thickness, e, 100 v or more d Inview of this wssue and the ass ated technology
advancement requirements, this study backed away from galhium arsenide as a primany cande

date. Itis still so regarded, however, by some mvestigators, In summany, from the resources

17
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Figure 3.1-3 Reduction in Gallium Required for CR > 2 System
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standpoint, the silicon system was most favored, thermal engines were readily workable with
appropriate design constraints, and gallium arsenide was probably workable with advanced
technology. Some of the other thin-film photovoltaic approaches (e.g., copper indium
selenide) were rejected due to resources consid- cations as was the thermionics thermal engine.

Technology advancement requirements figured ‘mportantly in the eventual selection of pre-
ferred systems as well as in the Part | screening stage. A major increase in the scale of space
operations must be brought about to install SPS’s at a rate of practical interest. Although the
technical advancements required in systems and subsystems are quite modest, the required
advances in operations technology may be compared to the advances in aircraft operations
technology that occurred with the introduction and expansion of the jet age. It is prudent to
restrict areas of major technology advance to as few as possible to maximize chances of pro-
gram success. There was. therefore, a strong motivation to minimize the technulogical advance
required in energy conversion. Silicon photovoltaics and the turbogenerator options fitted this
prescription; the other options did not.

Cost is the overriding factor in dusign selec.ion for any system intended for commercil anpli-
cation, with financial risk a close second. All other paremeters are of little significance (Most
of the foregoing factors appear or the cost-risk balance sheets.) At the conclusion of the Part
1 effort, the silicon photovoltaic and Brayton thermal engine were judged to be essentially
equal in cost (Figure 3.1-4) and. as noted above. quite comparable in risk. The gallium
arsenide option exhibited appreciable potential cost advantages, mainly resulting from mass
and size reductions, but these potentials were heavily overshadowed by the materials availa-
bility and technological risk concerns already discussed.

Silicon systems at concentration ratio 1 (i.e., no concentration) and 2 were evaluated. Because
concentration is relatively ineffective with silicon due to temperature effects the simpler no-
concentration configuration was found to be least cost. Higher -olar cell costs improve the
benefits of concentration. tut these benefits are net positive only when solar cell costs are high
enough to make the thermal engine option a relatively uncontested winner. This conclusion
does r. .t necessarily apply to advanced-technology gallium arsenide options.

The net result of these considerations was a decision to carry the silicon CR=1 and Brayion
energy conversion opticns into Part 1l as primary candidates. General Electric. our major sub-
contractor in this study. expressed the strong opinion that the Brayton-versus-potassium-
Rankine tradeoff had not been adequately worked. It was therefore agreed that this matter
would be re-examined in greater depth as a priority item early in Part I1.

19



e

COSTS IN $/KW,
-’
g
I

D180-22876-2

| maTURE SYSTEM COSTS TRENDING TO LESS THAN $2000/W, |

SILICON

CRY/ANNEALABLE

LEO GEO
)
HE
) [ ]

-1 1

]

o

! '

ot '

&\\\\/
AN

BRAYTON
150K

LEO

o
3

|
—————d

- e ed
- oo ooy

- - ooy

P,
7

NN
K\\\\\\\\‘

AEROSPACE
COSTING
DELTAON
SATELLITE
PRODUCTION

SATELLITE

PRODUCTION

{MATURE
INDUSTRY)

CREW ROTATION
& RESUPPLY

FREIGHT
TRANSPORT

NOT COSTED IN PART |

® CONSTRUCTION BASE
AMORTIZATION

o CREW SALARIES

® OPERATIONS & SUPPORT
COSTS OTHER THAN
TRANSPORTATION

o GROUND RECEIVING
STATION {USED
JSC VALUE FOR M°TS)

ROM RANGE IS
$300-S500 KW,

Figure 3.1-4 Cost Differential Factors as Determined by Study Part |

20




D180-22876-2

3.1.2 Construction Location

The principal construction location conclusions at the end of Part I were as follows:

(1) The primary component of the issue was transportation related. The payofT for low Earth
orbit (LEO) construction is the enabling of the self-powered mode for LEO to geosynchronous
Earth orbit (GEQ) transpertation at the very high specific impulse available through electric
propulsion. The propellant requirement for LEQ-GEO transportation shrinks from the pre-
dominant requirement to a relatively incidental requirement. from 2.1 tons per ton delivered
to GEQ to about 0.25 tons per ton.

€2) The essence of the tradeoff was a tactor of 2 reduction in launches to low Earth orbit for LEO
construd tion as compared to GEO construction. versus an array of difficult-to~quantify opera-
tional complexities and concemns.

{3) Most important of the problematical operational factors associated with the electric propulsion
mode are:
{a) Trip times on the order of six months. compared with less than one day for the high-
thrust LO5/LH+ systems associated with GEG construction.

(b} Radiation degradation of the SPS from exposure to the van Allen belts during the slow
transfer.

(<) Modularization of the SPS, necessary for attitude control authonty in the presence of the
strong gravity gradients at LEO.

(d) Conversion of the SPS modules into powered spacecraft capable of exccuting the transfer.

(¢) The risks of collisions with man-made orbiting objects during the LEO construction oper-
ations and during the slow spiraling transfer from LEO to GFO.

(0 Upper atmosphere drag affecting the LEO construction operations.

(2} Operational hardware and software complexitics ensuing from low-thrust ortut transter
operations.

At the conclusion of the Part 1 effort, the reduction in LEO transportation cost was judged to over-
whelm all other factors. The overall reduction in svszem cost, however. was on the order of 10°7,

The predominant penatty on LEO construction was the added interest cost chargeable to total capi-
tal cost as a result of the six month transit ttmes. The investigations of collision hazards was incom-

plete at this point.
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3.1.3 Part Il Findings Relative to Part 1 Issves

The issues addressed during Part | of the study are fundamental and permeate all aspects of system
design and selection.

As a result, although narrowing of options, clarification of sub-issues. and focusing of attention was
achieved, complete answers were not obtained during Part 1. As an example, complete definition of
hardwaie packaging densities and transportation; construction operations options was not achieved
unti! the power transmitter (excluded from Part 1) was taken into account,

During Part 1. the tollowing major conclusions were obtained relating to the Part I questions:

(1) Continuing comparative evaluation of potassium-vapor Rankine cycle systems versus inert gas
Brayton systems fed te g preterence for the Rankine system because:
{a) The Rankine sy:itein mass-optimizes at somewhat lower mass and much-reduced radiator

area.

() The Rankine system is practical, ¢.g.. in terms of hardware mass, at cycle temperature
limits generaily in the superalloy range. whereas the Bray ton systems were dependent on
refractory metals or ceramics.  Strong umplications are present here for technology

advancement requirements and resource consumption.

{<)  The Rankine system exhibited good performance at relatively low (crrca 30 megawatts)
per-engine power ratings. By way of contrast, tae Brayton engines are sensitive due to
blow-by toleranves on turbomachinery and needed to be sized greater than 300 mega-
watls per engine. The higher temperatures and power levels required for the Brayvton

engines have signiticant cost implications regarding developmental test facilities.

As a result, and due in no small way 1o the General Electric Subcontract etffort. the Rarkine

potassium vapor cycle was selected as the preferred engine.

(2} Further analysis of transportation and construction operations differences between the thermal
engine and photovoltaie options began to reveal significant differences in operations cost.
Although differences in satellite mass and cost continued to be unimportant. differences in
construction crew size, facility cost, and payvload packaging densitics emerged as decision
drivers as synopsized i Table 2.1-1. Consequently. an overall preference for the silivon photo-

voltaic system gradually became quantifiable.

[ ]
[ 2]
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Table 3.1-1
Operations Cost Drivers Favor Photovoltaics

SILICON RANKINE
PHOTOVOLTAIC THERMAL ENGINE

Construction 540 815
Crew Size
Space Construction 8.2 Billion 12.4 Billion
Base Cost
Net Packaging 95 kg/m3 65 kg/m3
Density

This preference is small, however, with respect to possible uncertainties in solar cell costs. as
shown in Figure 3.1-5. Therefore, although we recommend the silicon photovoltaic system for
preferred concept selection. the Rankine thermal engine should be carried as a backup to
hedge against sclar cell cost uncertainties.

(3) Construction in low Earth orbit continued to show a ten percent cost advantage. Practical
measures were found to avoid collision with any observable man-made objects for which
epemerides are predictable. A refined analysis of system degradation during one 180-day
transfer through the van Allen belts revealed no substantive differences from the earlier more
parametric analyses. All operatioral and other LEQ/GEO differences were at feast roughly
quantified as summanzed in Table 3.1-2. LEO coastruction offess recurring and nonrecurring
cost advantages and is recommended as the preferred concept selection.

3.2 MAIN PART Il RESULTS

The primary objective of Part 11 was to accomplish as much system definition as possible within

the available study resources. As much reduction as possible in mass and cost uncertainty was the
desired outcome of the effort. Dr. George Hazelrigg of ECON has observed that reduction of uncer-
tainty can be economically more important than the projections of low mass and cost that can be
derived by adoption of advanced-technology assumptions. An economic determination of next pro-
gram steps can best be made when uncertainties are minimized.

3.2.1 Microwave Power Transmission

The interface requirements and performance of the microwave power transmission system are the
keys to an integrated system definition. The performance of the power transmission system estab-
lishes overall system sizing and output: the electric power condition requirements of the RF power
amplifiers determine the voltages and currents to be produced by the energy conversion system,
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Table 3.1-2 LEO Versus GEO Construction Sumunary of Difiesences
w37 DELTA CUST IN MISSIONS
_PERSPS(GEQ-LEQ)

REP RECURRING INITIAL 11011-

REF {4 SPS/VR) RECURRIIG
TRANSPORTATION ®  HLLV LAUNCH FATE, 1400/YR VS 3084/YR @4 YR, HLLV = 2548 2223 (FLTEY
REQUIREMENTS 350/YR VS 766/YR @ V/VYR INVESTMENT)
{INCLUDES CREW) OTV = -205 -1431(07TS)

8) CONSTRUCTION ®  FACILITY DELTA COSTS 24 530
REQUIREMENTS ®  STATIONXEEPING PROPELLANT 800 KG/DAY -9

®  CREW SUPPORT 9

C) SPSDESIGN ®  OVERSIZING FOR RADIATION DEGRADATION -139 -350
REQUIREMENTS ©  DELTA STRUCTURAL MASS - 854 TONS LESS FOR GEO -70 -175

D) DEGRADATION @  INCLUDED IN SPS DESIGN REQUIREMENTS {OVERSIZING
POTENTIAL COMPENSATES FOR OUTPUT AND MISMATCH LOSS)

E) LAUNCH SITE ®  MIGHER LAUNCH RATE FOR GEO - 1.715 LAUNCH
DIFFEHRENTIAL FACILITY COSTS
EFFECTS

F) STARTuUP . ®  ORBIT TRANSF™R HARDWARE IN OTS COST

®  DELTA INTEREST DURING CONSTRUCTION =303
G) OPERATIONS ®  NO DIFFERENCE IN NUMBERS OF VEHICLES N FLIGHT. -10
CONSIDERATIONS MORE COMPLEX MONITORING FOR OTS,
®  BERTHING EQUIPMINT INCLUDED N GEO FACILITY
FOR LEO CONSTRUCTION
H} COLLISION ®  COLLISION AVOIDANCE PROPELLANT -1
®  OBJECY MONITORING COST -8

1) cosT ® OTHER FACTORS ITEMIZED IN THIS TASLE
DIFFEREMTIALS ®  DELTA GROWTH (FACTOR ON DELTA COST) 156

J) ORBIT TRANSFER ®  HARDWARE/SOF TWARE COSTS REFLECTED AS OTS COSTS -

TOTAL COST DIFFERENTIALS 1,995 2512
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3.2.1.1 Power Transmission: Principles of Operstion

The long-range transfer of power from the SPS at geosynchronous orbit to a receiving station on
Earth employs the principles of free-space propagation of electromagnetic waves. Narrow beams are
more familiar in terms of light sources than in terms of radio-wavelength sources. With large ape:-
ture RF sources, however, narrow beams can be created.

Effective production of a narrow beam requires production of coherent planar wave{ronts at the
transiitter aperture. If this can be done. the properties of the resulting beam are suitable for effi-
cient energy transfer. The field produced by such a transmitter includes a near-field region where
no appreciable beam divergence occurs, and a far-field region with beam divergence. For SPS trans-
mitters of practical interest, the beam will have far-field characteristics at Earth. The applicable
aperture theory shows that for an ideal antenna (no errors in producing the desired wavefront). the
product of areas of the transmitting and receiving apertures is a constant:

:
- HKA\ -
Aag = ()

(See Figurc 3.2.1-1)
His range.1.¢.. 37X 10°m
A is waveiength, i.e., 0.1224 m at 2450 Mhz

K is a constant depending on the transmitter illumination pattern as discussed below : it varies from
1.2 to 1.8 for typical SPS transmitters. With K= 1.3, and a transmitter area of 10%m= (1 km-~). the
expressicn above yields Ag = 114 X 100 mz. Thus the sizes of transmitter and receiver required to
effect an efficicnt energy transfer tfrom geosynchronous orbit to Earth are large, but not beyond
engineering techniques now realizable. Cne can, of course. consider making the transmitter larger
and the receiver smaller or vice versa. The correct sizing is a constrained cost optimization problem
as discussed below in Section 3.2.1.5.

The simplest illumination pattern for a transmitter is constant RF power density across the entire
aperture. One might imagine this also to be the best. but it is not. Some of the energy transmitted
does not fall within the main beam. but is scattered into rings ol “'sidelobes.” The intensity of these
sidelobes and the total energy so lost is a function of the illumination pattern. For a constant illu-
mination pattern. 16 of the energy is lost and the first sidelobe (the ring nearest the main beam)
has a peak intensity 1/50 of the maximum beam intensity at the center of the beam.

3.2.1.2 Characteristics of Power Transmission Beams
This discussion of beam patterns requires familiarity with the term “decibel.™ The decibel is a rela-

tive logarithmic measure such that 0 db is a unit factor, 10 db is a factor of 1, 20 db is a factor of
100, 30 db is a factor of 1000, and so forth. Thus. a statement that a sidelobe is *34 db down™
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Figure 3.2.1-1 Transmitter Beam Spatial Distribution
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means the sidelobe intensity is 1034/10 = 1935 = 1/2512 of the main beam maximum intensity.
A “10 db taper” means that the transmitter RF intensity at the edge of the transmitter is 1/10 that
at the center.

As noted. the uniform illumination pattern is not the best. 'lumination pattems which maximize
intensity at the center of the antcnna, tapering off to lower intensities at the outside. reduce scat-
tered energy and reduce sidelobe intensity levels. (Taper patterns varying both intensity and phasc
are pussible.) The investigations in this study considered mainly intensity (amplitude) varation.
Many pattern and shapes have bee investigated and proposed for illuminction tapers. Within the
design constraints that exist for the SPS power transmission system, a truncated gaussian taper is
about as good as any of the alternatives. The taper is ordinarily described by expressing the ratio of
power intensity at the center of the antenna to that at the edge. in terms of decibels. Figure 3.2.1-2
illustrates several power in' :nsity tapers with all cases adjusted for constant beam diameter on the
ground. The ideal beam efi.2rcies for these tapers are also shown. This is the fraction of total
radiated power in the central bean:. Figure 3.2.1-3 shows the degree of sideiobe intensity sunpres-
sion as a function of transmiticr intensity taper.

For gaussian illumination patterns the power beam intensity distribution at the receiving point is
also approximately gaussian in shape. Intensity is maximum at the center of the beam and tapers off
rapidly to the first null with successively lower sidelobe Ievels as distance from the beam center
increases. Note that the scale used in Figure 3.2.1-3 was logarithmic and that most of the main
beam is at relatively low intensities. Ths is better illustrated in Figure 3.2.1-4, using a linear scale.
linear scale.

Patterns which vary both in intensity and phasg at the transmitting antenna can provide beam
patterns at the ground that have a more constant intensity distribution in the main beam while
retaining desirable levels of sidelobe suppression. The sitaplest such pattern is one that provides a
reversed phase ring around the main part of the antenna, This and the related techniques require
that the transmitting antenna be considerably larger for a given beam diameter at the receiving
point. Figure 3.2.1-5 shows a typical pattern achicvable with a reverse phase ring around the
antenna. Further slight improvements in beam characternistics can be provided by using a continu-
ous phase distribution, rather than a simple phase reversal.

The issue of which pattern to use, or how much taper, may be a cost optimization or it may be
dictated by design constraints, as discussed below in section 3.2.1.5,
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1 ® RECTENNA RADIUS TO FIRST NULL = 8,485 METERS
¢ DELIVERED GROUND POWER ~ 5GW
® ASSUMED RECTENNA EFFICIENCY = 88%
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Figwre 3.2.1-2 Spacetenna Size and Power Density Required for Fixed Rectemna Size and Power Output
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Figure 3.2.1-3 Sidelobe Distributions for Fixed Rectenna Constraints

28



D180-22876-2

e (A CROSS SECTION THROUGH THE BEAM)
CENTRAL BEAM STRENGTH
1823 oW
10 mW/em?
{U.S. EXPOSURE STANDARD}
STRENGTH HERE IS5 mW/em?
ﬂmcncmvs OVEN STANDARD)
2nd “PEAK"
{0.008 a\¥/em?)
"t “PEAK" SIGNAL LEVEL AT
(0,010 mt¥/cm2) Q ' RECEIVER EDGE: 1 mW/cm?

T TR

3 “NULL™  2nd “NULL™ 15t “NULL

N— FENCE, 8/10 MILE FROM
RECEIVER EDGE: SIGNAL

SIDE LOBE REGION 5.9 MILES EAST-WEST e 5 STaNDARD
{SURROUNDS ANTENNA) (7.3 MILES NORTH-SOUTH) m¥tiem

{mW/cm? = 1/1000 WATT PER SOUARE CENTIMETER)

o Figure 3.2.14 The Microwsve Beam: A Safe Power Carrier
daB
oS
TN to) = 1+ 435 Jo(3.83 5)
wos—""\ .
GAUSSIAN \
20} ~
— y
40~ l -
alf'
60} 1 -
|
| | | \
] 1 2 3 4 t

uix
3.2.1-5 Spacetenna Pattem

29



D180-22876-2

3.2.1.3 Transmitter Design Concept
Overview

The main features of the power transmitter design are illustrated in Figure 3.2.1-6. The basic power
amplifier element is a 70 kw heat-pipe-cooled klystron. Each transmitter element includes one
klystron, its control and support circuitry. its thermal control equipment, its distribution wave-
guides and its section of radiating wavegwmide. The subarray is the basic Earth-manufactured unit. It
is approximately 10 meters squere and will contain from 4 to 36 klystron elements. The subarrays,
in turn, are integrated into the overall transmitter. Each transmitter includes 6,932 subarrays sup-
ported on a two-tier structure. At the back of the structural assembly are the power processors that
provide the necessary voltage changes and voltage regulation required by the RF systems. Approx-
imately 15% of the total power is processed, the other 85% being used directly by the klystrons
without processing or regulation. Power interrupters and switch gear are provided for all power sup-
plied to the transmitter, so that the sector supplied by anv power processor assembly can be
isolated or shut off in tite event of failures or malfunctions.

The power transmitter design illustrated is an integrated design meeting the structural. thermal.
electrical, and RF requirements of the SPS power transmission system.

The principal features of the power transmission system are indicated in Table 3.2.1-1. The refer-
ence system employs a 10 dB taper i ten steps with an option being a tourteen-step. 17-dB taper
providing an additional 10 dB of sidelobe suppression.

Klystron RF Generators

The klystron design was selected using the following criteria:

®  Power level of 70 kw compatible with a maximum voltage of 42 kv and a perveance

(lo/\’o‘”z) of 0.25 x 1070 resulting in high efficiency.

e  RF Design: Single second harmonic bunching cavity resulting in short interaction length: 6
cavity design to give 40 db gain i.c.. teasibility of solid state driver.

® Focusing: Body-wound lightweizht solenoid for low risk and high etficiency.

¢ Cathode: Coated powder or metal matrix, medium convergence cathode to obtain an emission

-~ 7 Al . . . -
of = 200 ma/cm~ for 30 year lifc to emission wearout s
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Figure 3.2.1-6 Microwave Power Transmitter Design Concept
Table 3.2.1-1 Power Tranamissien System Highlights
IsC CURRENT
- a2
GREEN BOOK REFERENCE REASON FOR CHANGE
OUTPUT POWER TO GRID FROw SGW 4.65GW FFFICIENCY CHAIN VARIANCE
EACH RECTENNA
ARRAY APERTURE 10-STEP SAME
{LLUMINATION TRUNCATED
10db GAUSSIAN
{A_TERNATE ILLUMINATION) (14STEP) PROVIDES ADDITIONAL 10db OF
(17-dv) SIDELOBE SUPPRESSION
SUBARRAY SIZE 100m2 11382 GEOMETRIC CONSTRAINTS
N.IMBER OF SUBARRAYS 7850 6932 LARGER AREA PER SUSARRAY
ERV:OR BUDGET ~
PHASE CONTROL 1100 SAME
AMPLIT! DE t1db SAME
TUBARAY MECHANICAL 13 ARC MIN 11 ARC MIN REDUCE LOSSES
Rr DISTRIBUTION NONE 2% TOTAL LOSS |DETAILED SUBARRAY
AKALYSIS
PHASE CONTROL ACTIVE RETRO- SAME
DIRECTIVE
RECTENNA SIZE 10 x 14km 9.4x 13 km HIGHER RECTENNA UNIT COSTS
YIELD SMALLER OPTIMUM SIZE
MAXIMUM BEAM POWER 23 mw/m2 SAME

DENSITY

31




D180-22876-2

o Thermal Design: Heat pipe with passive radiators to obtain the desired CW level with conserva-
tive heat dissipation ratings,

®  Auxiliary Protection: Modulating anode to provide rapid protection shut off capability at the
individual .ube level, expected to obviate the need for crow-bar type of turn-off.

The tube design concept is shown in Figure 3.2.1-7.

The use of a klystron appears to require a heated thermionic cathode. Assurance of 30 year r.f.
transmitter life will require continued testing and assessment to provide a credible data base from
which to select either a cold cathode or a thermionic cathode operation. High secondary emission
cold cathodes (Beryllium Oxide) have best known life of 18,000 hours and require oxvgen replen-
ishment. Best platinum cathode data is currentlv 10,000 hours at 5 GHz. Best thenmiomic cathode
life data. for the Intelsat transmitter TWTs and BMEWS, is over 50,000 hours and cathode wearout
duc to emission can be designed to be 30 years with conservativ. current density as shown in Figure
3.2.1-8. The candidate thermionic cathodes are a proven oxide cathode operating below 900°C and
a tungsten matrix cathodes at slightly over 100G0C. Actual cathode testing should be conducted

in a realistic cathode-tube environment, not just a test diode. The SPS tube parameters aie com-
patible with conservative cathode ratings with a cathode-to-beam convergence of less than 50.

To avoid excessive infant mortality, a bum-in penod is recommended. which may be possible in
space. The question of open envelope operation requires further assessment of space contaminants
and can offer significant cost reduction if realizable.

Design Integration

An actual antenna design for SPS requires that the selected taper pattern be quantized in intensity
level steps. Each step represents a specific subarray configuration in terms of numbers of klystrons
on the subarray and arrangement of RF powcer distribution to the radiating waveguide “sticks.™ It
is clear that cach subarrav must have an integral nimber of radiating waveguide sticks. and an inte-

gral number of kivstrons.

Also each radiating waveguide must be an integral number of wavelengths long in order for the
standing wave configuraticn to function at maximum efficiency. Thus. there are only certain per-
mitted solutions to subairay size. numbers of klystrons per subarray, and waveguide stick arrange-
ments. Fortunately, rome of th~ permitted solutions fall closely within the bounds of our earlier
notions as to what a subarray size should be and what a typical klystron power level should be.
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A subarray consisting of 120 radiating waveguide sticks. each 60 wavelengths long, is approximately
10 meters square, and can be divided into N by M elements, each fed by one klystron, where N and
M can each be any integer from | to 6. Therefore, a maximum power density subarray would be

6 x 6 elements with 36 klystrons and a minimum power subarray would be one large element fed by
one klystron. With the 70 kilowatt Klystron, selected for its compatibility with the desired bus volt-
age of 40 kilovolts, the maximum power density subarray has the power density needed at the
center of the antenna with 10 dB taper, and its thermal dissipation ot the heat rejection tempera-
tures selected is just within the limitations of thermal radiating area available. A minimum power
density subarray with 4 klystrons then provides approximately 10 dB of taper and this was adopted
as the reference design.

The waveguide confizuration is shown in crosssection in Figure 3.2.1-9. This configuration was
selectad on the premise that waveeides wouald be assembled in orbit; it provides high packaging
densities. Ground-based assembly has since been selected. This and the tolerances required to mini-

mize losses indicate that & rectangular stick configuration should be used.

The actual vonfiguration of power density rings is illustrated in Figure 3.2.1-10, a view of one-fourth
of the radiating face of the antenna. Listed for cach step are the number of modules per subarray,

the number of subarrays of th-t type and the number of Kisstrons in that step tor one antenna.

To meet all of the design constraints shown previously, a power taper was achieved using the ten
quantized steps available that would provide a ground outpat of 3.0 GW {or a 1.00 Kiiometer ham-

cter trunsputter antenna with 4 9.5 dB power densiiy taper.

The MPTS power distnbution svstem shown an Figure 3.2.1-11 provides power transmission, comdi-
tioning, control, and storage tor all MPTS clements. The antenna s divided into 228 power control
sectons, each sector providing power to approximately 420 kivstrons, The two Kby stron depressed
collectors which reguire the majonty of supphicd power are provided with power directly from the
power generation system to asoid the de/de conversion tosses. All other klvstron clement power
requirements are provided by the DC DC converter. System disconnects are provided tor isolation

of equipiaent for repair and maintenance.

Prennsing alternate candidates for the radiating elenwnts of the spaceborne transmitter are shown

in Figure 3.2.1-12.

o COvhndncal Lens Hom Array

e  Traveling Wave Fad Fire Array

e  tnhanced Slot Flement

The lensed horn exhitbats extremely high etficiency as a result of the lens in the horn aperture.

The traveling wave ond fiee array provides an open structure which is thermatly transparent.
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Figure 3.2.1-19 Power Taper Integration
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Using enhancing elements on each of the radiating slots in a planar array reduces mutual coupling.
and consequently losses due to edge eftects. Although some of the other options are promising,
structural complexity or increased mass have reinforced the selection of the slotted waveguide for
the refercrce design for this phase of the study.

Actual Transmitted Beam Pattemns

The left-hand plot in Figure 3.2.1-13 illustrates the 10 step, 9.5 dB taper for the reference system.
The right-hand plot shows the actual power density delivered to the ground by this taper pattern
including the first 4 sidelobes. The reference taper is shown in solid lines and optional ways of pro-
viding the same amount of taper are shown as dotted lines. As can be seen, differences between the
reference and the options are slight. The performance closely approaches the ideal continuous taper.

The sidelobe suppression provided by the reference system is 24 dB resulting in a first sidelobe at
0.1 MW/cm-. The ideal beam efficiency is 96.57%, (If there are no errors in the production of the
beam, 96.57 of the energy is in the main lobe with the remainder in the sidelobes))

It may be desirable to provide additional sidclobe suppression. The pattern shown in Figure
3.2.1-14 provides an additional 10 dB of sidelobe suppression resulting in a first sidelobe level of .01
Mw,fcm:. The 17 dB power taper is quantized in [ 4 steps and a slightly larger antenna is required
to accommodate the additional power taper witheut excessive thermal power dissipation at the

center of the array.

A numerical integration technique was used to calculate the radiation patterns. 1t was established
that the sidelobes for the quantized 10 dB Gaussian tapered Jistribution rolled off at a 30 dB/
decade of angle rate. Figure 3.2.1-15 shows the first five sidelohes and the average power line 3 dB
below the peaks. The error plateaus were computed trom the assamed error magnitudes and the
aumber of subarrays associated with th ree different subarray sizes. The aperture etficiency was also
obtained by numencal integration. The subarray roll-off characteristics were obtained by numer-
ically integrating the square aperture distribution for cach of 19 different cuts over a 43 degree
sector. These cuts were then averaged to give the pattemn shown. The resuhunt subarray sidelobes
also roll off at a 30 dB/decade of angle.

Failures have an imiluence on transmitter performance. Individual Klystron failures will result in a
random thinning of the array and have little effoct on the beam pattern if the number of Kiystron
failures is acceptable from the power loss standpoint. Failure ol a dc¢/de converter, however, would
shut down 420 klystrons all in one location. Consequences of a de/de converter failure are shown
in Figure 3.2.1-16.
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The “Bigmain™ computer program (obtained from JSC) was exercised to provide estimates of per-
formance degradation due to the failure of one DC/DC converter which supplies processed power to
420 klystrons. The results indicate an antenna efficiency degradation of roughly 0.4 to 0.5 percent
and an increase in first sidelote level of about 0.1 to 0.3 dB depending on the location of the dis-
abled converter. The total power loss thus approaches 0.9 percent, since the loss due to discon-

D180-22876-2

nected RF power is added to the reduced array efficiency.
3.2.1.4 Power Transmission Link Efficiency

The end-toend efficiency of the power transmissions system is a critical parameter in the overall
feasibility and costcffectiveness of the SPS. In the present study, priority was given to a careful
evaluation of transmission efficiency. The resulting end-to-end figures (including power conversion)
are summarized in Table 3.2.1-2, and compared to estimates given in the JSC “green book™
(JSC-11568). I1SC-11568 was the point of departure for the study.

Transmitter power distribution losses wete determined from a mass and efficiency optimization of
conductors and processors. and included consideration of the transmitter self-induced thermal
environment.

Klystron conversion efficiency estimates from various sources have ranged from 807 to 87¢.
Optimization of efficiency requires a joint optimization of electronic efficiency, circuit efficiency.
and collector energy recovery. Although it is relatively easy to increase the overall efficiency from
50 to 6577 using a 3-stage depressed collector with a collector energy recovery of about 707, the
task of obtaining an 85¢ efficient klystron will likely require the use of a S-stage collector. With an
undepressed efficiency of 7477 and collector recovery of 5077, a net efficicncy of 8577 would be
realized. The design parameters for the 70 kw klystron support this estimate.

Waveguide I2R losses were computed on the basis of an “average™ waveguide length and power level.
Ideal beam efficiencies and intersubarray effects. including phase errors. amplitude errors, and

klystron failures, were evaluated using the JSC ~Bigmain™ computer program. This program numer-
ically integrates contributions from all subarrays to get beam patterns. total power. and efficiencies.

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

arrays that produce losses.

Because of manufacturing tolerances and thermal distortions, waveguide size as well as slot shape
and position will be displaced from the ideal. These dimensional changes will produce unwanted
scattering and impedance mismatch resuiting in a reduction in efficiency. Factors affecting the
losses in the subarrays were studied tor a set of given manufacturing and control tolerances. These
were found to produce non-dissipative power losses of 1.877 and dissipative power losses of 1.5/
for aluminum plated waveguide 9.09 x 6 cmv 1.D. (The dissipative loss is carried in the efticiency
chain as “‘waveguide I2R™). Thermal effects were found to be negligible if a composite waveguide
was used. A number of factors including tolerance in the feeder guide from the klystrons and beam

squint due to stick errors were found to produce negligible power losses.
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Table 32.1-2 Nominal Efficiency Chains Photovoltaic SPS

o5 1953

, CURRENT

ITEM JSC GREEN BOOK NOMINAL REASON FOR DIFFERENCE
SUMIMER SOLSTICE FACTOR NOT INCLUDED 9765 THESE WERE INCLUDED IN
COSINE LOSS (POP) NOT INCLUDED 919 ENERGY INTENSITY ON SPS
SOLAR CELL EFFICIENCY an
RADIATION DEGRADATION 2
TEMPERATURE DEGRADATION 0.103 954 $0.151 | SLIGHTLY BETTERCELL; CR=1
COVER UV DEGRADATION 956 J
CELL.TO-CELL MISMATCH 29
PANEL Lgsr AREA NOT INCLUDED 961
STRIG 1R 92 DISTRIBUTION OPTIMIZATION
Sus 120 e | 92| DT 1ZA
ROTARY JOINT 10 10 ,
ANTEN::A POWER DISTR o8 97 PROCESSING & TEMPERATURE
DC-RF CGNVERSION 7 85 VARIAN ESTIMATE
WAVEGUIDE !2R 9.8
IDEAL BEAM 965 ]
INTER-SUBARRAY ERRORS 88 958 ] 26 INTRA-SUBARRAY EFFECTS
IITRA-SUBARRAY ERRORS 881 NOT INCLUDED IN GREEN
ATMOSPHERE ABSORP. 58 88 } 300K
INTERCEPT EFFICIENCY 95
RECTENNA RF-DC 90 848 NUMERICAL INTEGRATION
GRID INTERFACING 99 97 INCLUDES DC-DC PROCESSORS
PRODUCTS/SUMS 0808 0679
SIZES (Km2) 1088
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Atmosphere losses were unchanged from the JSC estimate. The efficiency chain up to this point
includes all power in the main beam. The cost-optional receiver intercepts only about 95% of the
main beam power, as discussed in Section 3.2.6.3.2 of this report.

RF-to-DC conversion efficiency at the receiver was derived by numerical integration averaging with
receiver element efficiency varying as a function of incident intensity. The current reference value
is probably slightly pessimistic for two reasons: (1) the average was based on a receiver lilling the
entire main beam. The cost-optimized receiver does not intercept the low-intensity outer part of
the beam and its average intensity should be slightly greater: (2) recent data received trom Raytheon
and JPL indicate slightly higher clement efficiencies.

DC-to-grid conversion efficiencies were adjusted to in.lude an allowance for power processing.
3.2.1.5 Power Transmission Sys‘em Sizing

System sizing was investigated by use of a parametric model constructed for the purpose. The para-
metric model examined characteristics of the system over a range of transmitter sizes and total
input electric power with specific constraints applied to the ~nergy density in sidelobes. Incorpora-
tion of the sidelobe limitations necessitated an iteration loop within the model to select the trans-
mitter antenna power illumination taner. The loop is diagrammed in Figure 3.2.1-17. It may be
swen that this iteration loop includes two other parameters that may be limiting factors: power
beain maximum intensity at the center of the beam and the maximum thermal power that must be

dissipated on ihe transmitier antenna.

Operation of this iteration loop is illustrated by Figs. 3-2.1-18 thru 3.2.1-23 Figs. 3.2.1-18A and
-18B show transmitter and receiver average-to-peak power intensity ratios. These were determined by
numerical integration of antenna patters {or 4 range of power fapers. Average beam intensity can be
determined from total power in the beam and beam diameter and the peak values then determined
trom these curves. Figure 3.2.1-19 shows the variation in beam spread factor with power taper.

The beam spread factor. in turn. aftects the beam diameter at the receiver and therefore the peak
beam strength. Figures 3.2.1-20 and 3.2.1-21 show thermal powet dissipation and beam intensity
at the receiver over the range of antenna diameters and beam intensity at the receiver over the range
of antenna diameters and input power considered. These curves are used to cross plot the design
constraint line on final results such as the cost results shown in Figure 3.2.1-22. 1t mav be seen
from Figure 3.2.1-22 that the minimum cost SPS design is essentially bounded by constraints. As
would be expected, the minimum unit cost system s the highest power system that can be designed
within the constraints. The power level is set by the thermal dissipation and ionosphere beam inten-
sity limits. Sidelobe suppression limits exert considerable influence on the design point selection.
Reducing the sidelobe limits results in a greater degree of power taper and. therefore. a peakier
antenna pattern. This. in turn, causes the thermal dissipation limit and peak beam strength limit to
converge at a larger transmitter diameter and lower pawer as shown in Figure 3.2.1-23,
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The system design point selection also ias a significant influence on transportation and construction
operations. For the reference design (photovoltaic SPS and | kilometer transmitter) and for the ref-
ercnce launch vehicle with its available payload volume. it was just possible to package the entire
SPS and its transmitter with the subarrays preassembled on the ground. The packaging density of
assembled subarrays is quite low, on the order of 25 kgjm3 average. However, the packaging den-
sity of the photovoltaic blankets is very high. zbout 1200 kgf;n3 . Detailed packaging studies show
that mixing subarrays with high density components allows all of the flights to low Earth orbit to
be mass limited. “lowever. if 4} transmitter diameter is increased relative to busbar power. or b) the
thermal engine et ergy conversion system is selected, or ¢) an altemate vehicle with a less volumi-
nous shroud is selected, it will be necessary to perform final subarray assembly on orbit in order to
avoid high trunsportation costs associated with volume limited launches. This in turn increases the
on-orbit assembly crew and requires a subarray assembly facility, These items are discussed under

construction.

A':hough it is quite possible that eady SPS’s will be considerably smaller than the 10.000 megawatt
reference design, we are left with the uncomfortable result that one of the penalties assoctated with
selection of a smaller SPS may be the need for final assembly of subarrays in the orbital construc-

tion faality.
3.2.2 Photovoltaic SPS Designs
3.2.2.1 Technical Factors Influencing System Design

Insolation

The power output of a solar array depends on the intepsity of illumination at thic vells and the
temperature of the cells. the maximum-power pont of cells diminishing a5 the colls become hotter.
The termperature of the solar cell is related to the intensity of sunlight for any given panel

configuratior..

Sunlight is most intense when Farth iy at perithelion, which accurs 2round winter solstice when the
orientation of the array is such that the sun’s rays arnive at 23.5 dearces off normul incidence. The
worst-case iNlumination s at summes solstice where the 23.5-degree misorientation occurs at apacel-
ion where the intensity of sunlight is 0.967 of average. However. tie solar array temperature is also
down. bzing 36.39C rather than 46.0°C as at the spring and autumn equinoxes. Net seasonal out-

put variations are shown in Figure 3.2.2
Solar Cell Performance

Solar cell improvements occurred in 1977 in the arcas of cell efficiencies and in large grain growth

on thin polycrystalline gallium arsenide films,
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For silicon sola- cells, a significant item was the achievement of 12.5 percent efticiency in 50 um
12 mil) cells. Even though in our reference system, we used a 2 mil cell with 15.75 percent effi-
ciency, an efficiency of 18 percent is quite possible by 1985 for this solar cell.

In gallium arsenide solar cells, John C. Fan of MIL’s Lincoln Labs has achieved at 20.5 percent effi-
cient homojunction solar cell in AM1 sunlight. He projects a 22 percent efficiency by optimizing
the cell contacts.

A 16.2 percent efficiency has been reported in JPL’s gallium arsenide AMOS (polycrystalline) solar
cell by Stim and Yeh. Lincoln Labs has also grown 25 pm thick by heating with a laser beam.

Solar Cell Degradation

Solar cells are degraded by the ionizing radiations in space. Radiation damage results from defects
produced in the cell material by the passage of the ionizing particles. Solar cells in space 2pplica-
tions are protected by a thin cover glass ©f fused silica or borosilicate glass from 50 to 300 um thick.
This glass greatly reduces the radiation absorbed by the cell by stopping the low-energy particles.

Using Prof. Webber’s solar activity predictions, we calculated that in 30 vears in geosynchronous
orbit a silicon solar cell under a 150 um (6 mil) fused silica cover will be exposed to the equivalent
of 2.25x 1011} protons per em? having greater than 10 MeV cnergy. The spectrumn of the protons
is plotted in Figure 3.2.2-2 with tluence as a function of proton energy. Note how copious are the
low encrgy protons. when compared with the high-energy ones.

A trade-off exists 1or coverglass thickness. Thinnper covers admit more radiation but are less
massive, as illustrated in Figure 3.2.2-3.

The optimum turns out to be relatively flat as shown in Figure 3.2.2-4. Anv cover thickness in the
S0 um to 100 gm (2 to 4 mil) range is desirable. At least 75 um is required to use the diffractive
sawtooth cover treatment described below.

A significant new development occurred in radiation degration of si'icon solar cells. Since the refer-
ence design was changed to thinner solar cells (50 um) to reduce system mass, it became necessary
to reinvestigate the are of solar cell radiation degradation. A plot was made of radiation degrada-
tion at various fluences as a function of solar cell thickness. Data were obtained from JPL's **Solar
Array Design Handbook.™ The curves that were developed. when extrapolated to a 50 um (2 miD)
cell thickness. showed a significant reduction in radiatic  degradation. Information was also puo-
lished by Solarex on the radiation degradation characteristics of 50 um cells. also shown in
Figure 3.2.2-5.
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The effect of this is that annealing, although still very advantageous, is not as critical an issue as
previously reported.

Annealability of Solar Cells

During the part | study effort, a subcontract activity with SPIRE Incorporated investigated anneal-
ing of radiation-damaged solar cells by the use of directed energy. Laser and clectron beam
methods were tried. Both methods yielded about 50 per cent recovery of radiation damage which
has been induced by prcton irradiation in the Boeing test facility. The cells tested at that time were
annealed without cover glasses. The results were reported in detail in Volume I1 of the part I report.

A continuation of the effort was accomplished during part I1. Principal objectives were to extend
the previous exploratory results to cells with covers and to test the thinner (50 micron) cells now
available in experimental quantities. Final results were not available for inclusion in this report.
The following is a status report.

Conventional adhesive-bonded covers cannot be used on cells which are to be annealcd because the
annealing temperature can be over S00°C.

SPIRE attempted to fasten cover glasses to Solarex 50 um cells by adhesiveless electrostatic bonding.
However, the cell surface was not smooth, apparently as a result of the potassium hydroxide ctch
which had been used to reduce the cell thickness to 50 um. As a result. the 50 um cells broke when
electrostatic-bonding pressure was applied.

SPIRE sent to Boeing four thicke: cells with electrostatic-bonded covers for irradiation with one
MeV electrons. Attempts to anneal the radiation damage with a neodymium -YAG laser were not
particularly successful. probably because the covers absorbed the laser light and heated excessively
during the laser pulse. Better annealing was obtained with a longer laser pulse (about | second)
from a CO3 laser. Four more cells have been irradiated with one-MeV electrons and a refined CO»
laser irradiating technique will be used in annealing them.

Covered cells cannot be effectively irradiated with protons having 1.9 MeV, the limiting energy
of the Boeing Dynamitron. Therefore. four uncovered 50 um Solarex cells were irradiated with
1.9 MeV protons, degrading in their maximum power output as follows:

Cell Number Betore Irradiation Fluence of 1.9 After lrradiation
Max. Power, Efficiency. MeV Protons Max. Power, Efficiency.
Milliwatts Percent Milliwatts Percent
8 51.9 9.59 1 x 10!l 48 8.87
9 53.3 9.85 1x ol 47.4 8.76
10A 52.2 9.65 1x10!2 28.5 7.41
10B 52.2 9.65 I x10!2 40.0 7.39
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Figure 3.2.2-6 compares the radiation degradation of these thin cells with that of conventional cells.
A proton having an encrgy of 1.9 MeV is cquivalent to about 3 x 104 one-MeV electrons

These four irradiated 50 um cells will be sent to SPIRE Corporation for annealing out the radiation
damage.

Array Sizing

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

with solar cells having 15.75 percent efficiency. To this we add a 10 percent improvement, which
could be achieved by any one of several means. For example, A. Meulenberg of COMSAT Labora-
tories estimates that his sawtooth cover will improve the efficiency of solar cells by 8 to 12 percent.

The blanket factors of 0.9453 account for the power losses shown in the table. The individual
elements of the blanket factors will change, but the product will probably remain around 0.9453,

The summer solstice loss uccounts for the 23.5 degrees misoricnitation with respect to the Sun’s
rays. This loss could be avoided by having the satellite oriented perpendicular to the ecliptic plane.
but the cost in thrusters and propellants required for attitude control in that mode results in no real
advantage.

The aphelion intensity tfactor accounts for the reduced solar intensity when the Earth is at its aphel-
ion, around the ftirst part of July.

The temperature iosses result from the solar cells operating between 36.59C and 46°C, rather than
at the 259C at which cell efficiency is commonly expressed.

The output is turther reduced by 3 percent to account for radiation damage that cannot be removed
by thermal anncaling. In past tests, 95 pereent of the radiation damage in solar cells has been
annealed cut, even though the cells had not been designed for thermal annealing. There is no theo-
retical reason why all ot the radiation damage in solar cells carnot be anncaled out, annealing tem-
peratures of around 5000C being well below the 8009C region where diffusion of impurities starts.
On the other hand. the operating plan for the solar power satellite involves repeated annealing.
which has not been attempted by anyone, as far as we know.

The power requirement of 17.55 x 109 watts v as based on supplying 16.43 x 107 watts to the slip
rings and compensating for bus I2R losses. Another one percent was added to this power in the cal-
cuiation of solar cell arca to provide power regulation, auxiliary power, attitude control and energy

storage.

The other items include the lost arca factors considered for each case. This information was used in

the formulation of final reference system sizing,
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Table 3.2.2-1 Part Il Reference System Energy Conversion/Sizing

P5-15¢

OUTPUT = wMm2
@ BASIC CELL PERFORMANCE @ AMO-25°C { 1575) 2131
® 10% IMPROVED PERFORMANCE DUE TO TEXTURED COVERS (.1733) 2344
® BLANKET FACTORS (.9453) 2216
(STRING 12R, UV LOSSES, & MISMATCH)
® SUMMER SOLSTICE COSINE LOSS (.9190) 203.6
® APHELION INTENSITY FACTOR (.9675) 197.0
® TEMPERATURE LOSSES (36.5°C @ SUMMER SOLSTICE = 0.9540) 198.0
® 30 YEAR NON-ANNEALABLE RADIATION DEGRADATION (0.970) 182.3

® POWER REQUIRED TO BUS (INCLUDES 12R LOSS)

17.56 (10)° WATTS

® SOLAR CELL AREA {1% OVERSIZE FOR ENERGY STORAGE, ATTITUDE CONTROL 97.3km?
REGULATION, AUX. PWR & ANNEALING CAPABILITY)

® ARRAY AREA (CELL, PANEL, STRING AND SEGMENT LOST AREAS) 102.5 km?

® SATELLITE AREA (BEAM, CATENARY & ATTACHMENT LOST AREA FACTOR) 112.8 km?2
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Control Requirements

Attitude control requirements are it GEQ dominated by gravity gradient effects. Orbit tnm
requirements are dominated by solar pressure. A good flight control strategy combines the correc-
tions, using unbalanced couples to provide translation corrections for solar pressure while applying
torque to counter gravity gradients.

Solar pressure for an absorptive surface is readily calculated as:

s
P 1333 watts/m<
F=x-= ST R 451 x 10'6 n!‘m2
0 3%10% m/sec
The reference photovoltaic system has a projected area of 112 kmz; the solar pressure is 4.51 x 1676

x 119 x 100 = s0sN.

Gravity gradient torques can occur around all three SPS axes as a result of the sun-tacing attitude
requirement.

Significant torques occur only about the v axis when flying perpendicular to the orbit plane (POP).
The peak thrust required is 390n. (100n. each 4 places). The duty cycle is that for a sinusoid,
0.04.

The mass penalty for gravity gradient control incindes: 1) thrust production hardware: thrusters
plus power processing: 2, generating capacity required to power the thrusters: 3) propellant
required. T!  correct propellant quantity penalty reflects the time value of the cost of propellant
resupply : the penalty should be the ner presenr value (in economic terms) of the lifetime propellant
requirement. The penalty value ranges from 10 vears’ annual suppl, (10% discount tor 30 years) to
14 vears” annual supply {7127 discount. ininite life).

Propulsion system Isp is a variable, assuming electric propulsion. As Isp is increased, propellant
mass penaliy decreases but hardware penalty increases. Accordingly. an optimum occurs as shown
in Figure 3.2.2-7. 20.000 scconds Isp is selected as a representative value. For POP operation.
assuming perfect controi laws (no control authority margin. no wasted propellant) about 250
tons of hardware. including generating capacity. and 41 tons’vear argon propellant is required.
Electric propulsion characteristics were taken from the Part | technical report. Volume 5. About 50
megawatis peak, 32 megawatts average, power is required to drive the thruster system. Chema.cal
propulsion will be needed tc provide control during equinoctal occultations. Despite the low Isp
(400 sec). only | to 1': tons of propellant is nceded annually due to the smill duty cycle. Com-
plete reliance on chemicul propulsion would result in a propellant requirement of about 2100 tons
per year. Thus electric propulsion is nearly mandatory for flight control at GEO.

All

3 torque terms are operative when flving perpendicular to the ecliptic plane (POP), ¢ varies
+ 23140, 9 varies frem 0 to 360°. An approximate numerical integration gives peak thrust (total 4
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Figure 3.2.2-7 Attitude Control Propellant— Photovoltaic POP
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comne” ~ s 2230 newtouns with an average duty cycle of 0.4. Therefore. the hardware penalty is 5.6
x that for flying POP (1390 tons) and the propeliant penalty is 3.5 x that for flying POP (144 tons/
yr). Thisis a 1.4% hardware mass penalty (for a ~3% gain ir output due to sun onentation) and a
propellant penalty roughly equivalent to one chemical OTV flight to GEO every 2.75 yean. The
hardware plus n2t present value propellant penalty is abeut 3% compzred to output gain of also
about 3%. Taus tlying PEP is about a break-even and should be adopted only if it provides design
advantages (as it does for the therma: 2ngine).

If the orhit were to remain precisely timmed with respect to sclar pressuge perturbations. a con-
tinuous solar pressure balancing thrust of 305N woild be required. {f the orbit is allowed to

come perturbed. less impulse is required. It is likely that the gravity gradient control in.pulse will
be sufficient for orbit maintenance.

Loads Arsing from Gravity Gradient Control Authority

A requirement has been identified that an operational SPS should be able to recover 1'rom any atti-
tude to the normal uperational attitude. If the SPS is in an anomalous attitude as a result of some
sort of accident or problem. it may not be able to gencrate power. Accordingly. chemical thrust
will be used to recover to normal attitude. The worst case is presumably a gravity gradient stable
attitude (90° around Y-axis from POP).

A- example case was examined with @ = 0 and ¢ = 45C (worst case gravity gradient torque about
the X-axis). The force diagram {i1-dimc iional approximation) is shown below:

Anteina

Thrust
'rjﬁ\i\* %_J

:l‘
e— 10240m ——>
i Blankets

Antenna

Thrust

Sufficient thrust was ascumed to bulance the gravity gradient oyues. For example calcuiations.
antenna mass was taken as 7686 x 10° kg each (the green book value). The blanket mass was taken
as 0.55 kg/M-=.

The thrust force required to talance the gravity gradient is 1525 newtons. The shear and moment
diagrams are shown be'ow:
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68In Shear Moment

$1524n.
~{g by

-

The moment from point 1 to 2 is 681/ and is equal to 555.875 n-m at point 2. The moment from 2
to X peaksat 1.25x 10 n-m at y = 5000 (halfway betweer: the center and end of the blanket).

U ader a gravity gradient upset condition, the SPS would probably not be generating power. There-
fore. chemical thrust would be needed to rvestablish attitude countrol. Propellant consumption
would be mimimized by using liigh thrust to impart an angular momentum iust sufticient to cause
the SPS to coast to the desired attitude. In practice, a thrust about 4 times the maximum gravity
gradient torque equivalent calculated above should be sufficient. The angalar work done by gravity
gradient in rotating the satellite is 15.61 x 10 n-m radians.

If a trerust level of 6000 n. is used, this amount of work is done in 0.234 radians rotation. The
acceleration is 3.14 x 108 rad;’secz. At this angular acceleration. 4000 sco are required to rotate
through 0.254 radians. The tota! propellant required is 12,000 kg ror the total SPS at un Isp of 300
sec (2=4000). Moiments du= to this thrust level wiki be 4X the values quoted above. 2.2 x 10 at
the rotary joint and 5 x 10° n-r. maximum at the blanket structure mid point. With a strectural
depth of 500 m.. the top and bottom loads are =10%n (=2200 by divided more or less eveniy
among all the beams. Thnis load is considerabiy less than the blanket st 2tching inicmal loads.

Structural Criteria and Structural Sizing
System structural cniteria have been updated as indicated in Table 3.2.2-2. The solar blankct
stretching load is the primary design load on the structure.

3.2.2.2 Reference Photovoltaic System Design

The reference design that resulted from the Part 11 activity is shown in Figure 3.2.2-8. It consists
of ¢ight modules each containing 32 bays for a total of 236 bays. plus the two powor transmitters
The modularization was to tacilitate low Earth orbit (LEO) construction and the bay size was

selected somewhat arbitrarilyv. Subsequent parametric analyses indicated that structural mass was

insensitive to bay size.

The final result jor the LEO construction case indicated that . slightly larger array arca was necded.
resulting in a 680-meter bay size requirement. This occurred  “ron solar ceil mismate:  ffoote were
included i transter degradation considerations.

Each bay supports a solar blanket in trampoline {ashion. Blankets are made up of individual panels
about 1 me=ter square. The blanket and panel design are compatible with periodic array annealing.

6}
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Table 3.2.2-2. Structural Design Critcria

Le0
1TEN ™ REPRECFNTATIVE VALUE {PHOTOYOLTAIC)
6t0
RECOJLRY FROM LGSS OF ATTITUOE CONTROL 6E0 30008 THRIST AT EACH OF 4 CORNERS
NORMAL ATTITUOE CONTROL GEO 100 TO 200w THRUST AT EACK OF & CORNERS
CONSTRUCTION LGADS: FRAGILITY 0™ ”
TNERWAL DUE TO OCCR TATIONS O™ 300X TEMP. CAANGE
= 3000 psi FOR GRAPHITE -
® 60 kst FOR ALUNINS } FIXes
LAUNOH O™ S 9's AS PACKAGED FOR LAUNC+
DYNANIC so™ CONTROL . SIRUT  _ BLANKET SUSPINSION
FREQ. FREQ. FREQ.
(0.8 ¢/H) (3.5 CsH) (<12 C/n)
BLANKET STRETCHING SOTH 4.5%/1 BIAXIAL
INTERMAL PRESSURE 6E0 30-YEAR CREEP RUPTURE/SOT MARGIX
ORBIT TRANSFER 0 MY INSTALLED THRUST = 10°% g5 -
93108
256 BAYS
" ——] 1= 660 m TYP '
i 1
} il B -] esamrve
! ; - i
$300 m + -+

i
SR S
.
—

S
.
N -
o
.
E

21280 m —{ |~ 400m
[ 470m
T |

TOTAL SOLAR CELL AREA: 97.34 Km?
TNTAL ARRAY AREA: 102.51

TOTAL SATELLITE AREA: 112.78 Km<
QUTPUT: 16.43 GW MINIMUM TO SLIPRIN.GS

Figure 3.2.2-8 Photovoltaic Reference Configuration
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Blanket Design

A silicon solar ~ell must be provided with a cover to increase front-surface emittance from around
0.23 to around 0.85. and to protect the cell from low-energy proton irmadiation. Cenum-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 silicor:. and yet resists darkening by
utraviolet light. Borosilicate glass can be electrostatically bonded to silicon to form a strong and
permanent adhesiveless joint. In ATS-6 flight tests the cells having integral 7070 borosilicate glass
covars lost only 0.8 = 1.1 percent of their oatput because of ultraviolet degradation. Thesc cells
had no cover adhesive. Other cells having cell-to-cover adhesives degraded twice as much. Jena
Glaswerk Schott & Gen Inc.. in West Germany expects to be able to manufacture 73 gm borosili-
cate glass sheets one meter wide by several meters long.

The cell cover is embossed during bonding with grooves which refract sunlight away from the gnid
lines and buses on the cell surface. COMSAT Labs expects an 8 to 12 percent increase in cell out-
put from this feature m cell covers.

Solar celis only 50 pm thick recently made by Solarex had an air mass-zero efficiency of 12.5 per-
cent without a back-surface field or anti-reflection treatment. Texturing the sun-facing surface
makes the incoming light armive at the back surface of the <.l at an angle of over 319 so the light
rays that have not been absorbed are retlected off the back surface with virtually no loss. the critical
angle in a silicon-air junction being 15.3 degrees. This feature not only improves photon collection
efficiency. when compared with thicker cells, by lengthening the light path in silicon for infrared
photons. but also improves radiation: resistance. Since all charge carners are generated within 30
pm of the P-N junction whicn is 0.2 um under the sun facing surface. the cell can absorb radiation
damage untii the diffusion length in the bulk sificon is reduced 10 30 gm by radiation-generated

recombination centers.

The cells are designed with bot. P and N termmnals brought to the backs of the celis. This frature
makes it possible to use simple 30 um silver-plated copper interconnections which are formed on
the substrate glass. Compleie panels are assembled clectrically iy wolding together the modute-to-

module interconnections. The solar cell’cover combmation is shewn in Figure 3.2.2-9.

Glass was chosen for the substrate because it enables annealing of radiation damage by heating,
With all glass-to-silicon bonds made by the electrostatic process there are no elements in the blanket
which :annot withstaad the 300°C annealing temperature which at present seems to be required.
One researcher suggests that S00°C may not be necded for anpealing out the radiation damage from
solar-flare protons. However, his theory has not vet been confirmed by experiment.
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ELECTROSTATICALLY BONDED

SILICON SOLAR CELL, S5 CL. BY 10 O, 50 .M THICK, TEXTURED TO
PRODUCE OBLIQUE LIGHTPATH, 2 0-CM FOR HIGH EFFICIENCY,
N AKRD P CONNECTIONS ON BACK

= CELL COVER OF 75 zM BOROSILICATE GLASS, ELECTROSTATICALL Y BONDED IN HIGH-VOLUME
EQUIPMENT, CERIUM DOPED TO GIVE ULTRAVIOLET STABILITY

L— CELL-TO-CELL
INTERCONNEZTOR
*GtASSCOVER!NGON BACK OF CELLS, 50 pon THICK,

INTERCONNECTORS: 12.5-4M COPPER, WITH IN-PLANE STRESS RELIEF, WELDED YO CELL CONTACTS

Figure 3.2.2-9 Low C..st Anmeslable Blanket Stracture

Figure 32.2-00shows the basic pancl adopted for design studies. It has a matnix of 252 solar cells.
cach 6.4 by 7.7 cm in size. connected in groups of 14 cells in parallel by 18 cells in scries. The
cells are elecirostatically bonded between two sheets of borosilicate glass. Spacing between cell
and cdge spacings are as shown. Tabs are brought out at two edges of the pane! for electrically con-
necting pancels in serics. Cells within the pranel are interconnected by conducting elements printed
on the glass substrate.

important panel requirements were these:
®  ‘ihe penel components and processes should be compatible with thermal annealing at $00°C.

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

®  The panel design should be appropriate for the high-speed automatic assembly required for
making the some 78 mltion panels required Yor each satellite.

®  Low weight and low cost are important.
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# CELLS/PANEL : 252
et ® 14 CELLS IN PARALLEL WILL TOLERATE WGT/PANEL : 426 GRAMS
4 CELL FAILURES IN ANY ROW _ l PANELS/BAY : 306,206
. __L PANELS/SATELLITE : 78,388,736
103 cm —= 175 pm
5 om—i "1 !“‘ 4em
! 15 cm L 6 cm
H
18 CELLS
N SERIES

: prym—

lom

i J Tve.
12.5 xm COPPER O] 1172em B
10% AREA I 77 cm H

FACTOR .1
75x8cm _ﬁ m!
iL Jﬂ
J .
INTERCONNECT
PATTERN ' | :
(BACKSIDE}  ———— —

‘ NO SCALE
14 CELLS INPARALLEL ——f

Figure 3.2.2-10 Photovoitaic Reference Configuration
Solar Arrey Fundamental Element
“Blanket Panel”
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The glass-encapsulation technology, while not in use today, seems to be achievable by 1985.
Simulation Physics has made excellent electrostatic bonds of covers to cells. Schott in West
Germany is making thin microscope slides from borosilicate glass. The alternate panel design, using
adhesives for bending cells, covers and substrate, may also be feasible by 1985. Today polypheny-
lene sulfide adhesives can operate at 320°C, and polyphenyl queroxaline adhesives are good for
370°C. Also. some of our research suggests that a temperature of 500°C may not be needed for
annealing out the cluster defects. produced in solar cells by solar-flare protons.

Shown in Figure 3.2.2-11 is the way panels would be assembled to form larger elements of the solar
array. The intercoinecting tabs of one panel are welded to the tabs of the next panel ir the string
and tien the interconrections are covered with a tape that also carries structural tension between

panels.

Blznket Installation
Figure 3.2.2-12 shows a typical 660 meter bay and the method by which the solar cell blankets are
supported within the bay.

The solar array panels are supported by a main web support system which attaches to the satellite
structure at 20 meter intervals around the perimeter of the 660 meter bay. Further web support is
provided by the catenary.

Thermal expansion and contraction are accommodated by use of a spring-loaded piston cyclinder
that provides a constant force to the solar array support system. This arrangement also provides for
a movement of up to 2 meters. in both x and y directions. which may occur due to LEO-GEO
transfer acceleration of lO"‘g.

Blanket Mass
The top of Table 3.2.2-3 shows the masses tor the solar array blanket as reported at the time of the

Part I final presentation. These were based on a blanket having Kapton as a substrate.

The current blanket design is compatible with thermal annealing of radiation damage. resulting in a
significant reduction in array area and consequently array weight and cost. The anncalable blanket
has a 50 um glass substrate, electrostatically boaded to the solar cells to avoid adhesives and plastics
that can be degraded by thermal annealing. The silicon solar cells are 50 um thick. and the cell
covers are 75 um thick borosilicate glass, electrostatically bonded to the cells. Interconnections ~re
printed on the substrate glass prior to bonding. The current blanket mass buildup is shown i the
lower half of the table.

Power Coliection and Distribution

Long solar cell strings were adopted for the reference configuration to permit generating the
required voltage. around 40kV, directly from the solar array without iatervening power electronics.
The string length is around 5.1 km.
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Figure 3.2.2-12 Photovoltaic Reference Solar Arrsy Arrangement and Attachment
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Table 3.2.2-3 Photovoltsic Blanke: Weight Buildups

»s1012
$ILICON SOLAR CELL BLANKET WEIGHT @ PART |
ITEM DENBITY THICKNESS AREA FACTOR WEIGHT
5.6 (g/mdnmn) onLs) tymd)
COVERS~FUSED SILICA 220 5.8 2.00/3.08 0.906 107.96/161.94
CELLS-SILICON 23 Y 400 asss 216
INTERCONNECTS-COPPER 294 27.08 ase 0.200 nn
SUPPORTING FILM-KAPTON® 142 x07 208 0.900 248
ADMESIVE, CELLS TO FiLM 14 %58 ese as00 %00 | s288
ADHESIVE, KAPTON TO KAPTON .40 »s 58 0900 w2
2 MILS COVER THEORETICAL WEIGHT 420.95/478.94
smiss | amuscenn TOLERANCES & INSTALLATION (15 %) 6374/ 71.38
2 MILS BLANKET &
TE o ESTIMATED ACTUAL WEIGHT wn.7/550.8
AVAILABLE BLANKE'. @ PARY i MIDTERM
COVERS-FUSED SILICA 220 588 30 10 167.68
CELLS-SILICON 23 59.94 20 0.9607 1812
INTERCONNECTS-COPPER an .. 5 0.100 nas
SUBSTRATE-FUSED SILICA 220 s5.08 20 10 mzs
THEORETICAL PANEL WEIGHT 405.92
” s 3 MiLS COVER TOLERANCES ALLOWANCE (5%) 2030
2MILS CELL
2 MILS SUBSTRATE & INTERCONNECTS - ESTRMATED PANEL WEIGHT 4%
PANEL AREA FACTOR (9913} 42251
SEGMENTS AREA FACTOR (9972) 421.33
CELLAREA = 380264 m?/BAY JOINT/SUPPORT TAPES 2%
PANEL AREA = 35)13 nleAY CATENARY SYSTEM 252
ARRAY AREA = 40C 43¢ a3 RAY
MO.OF RAYS = 266 ESTIMATED ARRAY WEIGHT 42678
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Current generated by the solar cells can be carried by conductors or by the solar cells themselves.
The configuration shown in Figure 3.2.2-13 uses the solar cells to the maximum possible extent for
carrying the current. It will be noted that no conductors are needed fur bringing in the current
from the edges of the array. the solar-cell strings being arranged in loogs which start from one
center bus, loop around the edge of the array, and return to the other Lus at the center of the array.

Solar array power is controlled by vacuum circuit breakers near the buses. Voltage is controlled by
turning groups ot strings on or off. depending on load requirements.

Two sections of the array provide the required voltage at the slip-rings using the sheet conductor
voltage drop to achieve the required voltage at the slip-rings. All solar cell strings are of the same
design.

Pawer source A’ provides power directly to the fifth stage of the Klystron depressed collector.
Power source ‘B’ provides power directly to the fourth stage of the Klystron depressed collector and
to the MPTS dc¢/dc converters wh'~! supply all other Klystron element power requirements.

SPS Structures

The SPS structure mus. support a very large solar array and should be as light as possible. Only
open trusswork structures can fulfill 1»is ~equirement. The study began with a three-tier structure.
Basic members on the order of 10 cm in width made up beams | to 2 meters in section: these beams
in turn made up 20-meter beams that tormed the satellite trusswork. The number of picce parts in
this structure was enormous. but the estimated mass was attractive: 2500 metric tons. Farty in the
effort a simplification was introduced by replacing the built-up 1-meter beams with structural ele-
ments. The 20-meter beam was a triangular design using thermally-formed cap sections quasi-
triangular in section with hat section cross members and tension :traps for diagonals. The pnmary
loading condition at this time was tensioning of the plastic film reflectors in the (then) concentra-
tion ratio 2 configuration. A structural sizing analysis was conducted and led to a structural mass of
about 15.000 metric tons for the energy conversion system. .ignificant in this mass increase was
the rclatively poor capability of the cap section to carry the compression loads that resu'ted tfrom
reflector stretching. i

A strong motivation was present to employ an ideal member section: i.2.. a tube. This attorded a
mass reduction to about 8000 tons. An effort was made to develop design details for the tubular-
section beam. Great difficulty was encountered in finding a way to introduce loads into the con
tinuous thin-walled tubes: no satisfactory design solution was found An approach employing seg-
mented tubes to form the 20-ieter beams was developed as illustrated in Figure 3.2.2-14. The
tapered tube sections could be nested for shipment to orbit to achieve a satisfactory packaging den-
sity. Concurrent with the development of this approach. the decision was made to change the satel
lite design to one with no sunlight concentrators. The major load.ng condition therctore was elimi-
nated. The remaining loading condition was stretching of the solar blankets as discussed above. but
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Figure 3.2.2-13 Photovoltsic Reference Power Collection
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Figure 3.2.2-14 Photovoltaic Reference 20 Meter Beam Structure
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the load was much smaller, about 4.5 newtons per meter of beam length. Only the upper plane of
the two-tier structure was so loaded; in terms of actual loaded members only about 107 of the total
structure was loaded enough to be greater than minimum-gage 'aember thickness. The mass advan-
tage of employing the ideal tubular section was no longer a decisive factor and the continuously -
formed peam could again be brought into consideration.

Both structure types have their advantages and disadvantages as summarized in Table 3.2.2-4,
Probably the most important consideration is the relative practicality of the beam machine types.
This question can only be answered by constructing prototypes of each and conducting comparative
tests. The primary issues are the problem of beam straightness for the thermal forming machinc and
the problem of maintaining adequate alignment with the assembler machine to avoid jamming. The
latter problem arises because joint assembly will require alignment to within a few millimeters in
handling the 20-mcter long struts. The thermally-formed beam confizuration is shown in Figure
3.2.2-15. Open and closed section beams were analyzed. The closed section beam performed better
than the open section. but not by as much as was expected, Table 3.2.2-3 compares results for these
two sections with the tapered-tube structure. The differcnces in mass for equal Joad carrving capability
are not sutficient to be a primairy decision factor in final selection of the SPS structural design,
Details of joining the continuous-chord beam designs were not developed. A thorough development
of this detail will be necessary before final selection can be made.

Antenna Support and Mechanical Turntable

Tne antenna support structure and mechanical turmtable are the structural interfaces between the
basic satellite structure and the antenna yoke structure. and provide tor the 360° rotation of the
antenna.

The electrical slip rings are mounted at the cznter of the mechanical tumtable and provide tor
energy transfer across the rotating connection. Flexible conductors provide for encrgy transfer
bl

across the elevation joint on the antenna yoke. Figure 3.2.2-16 illustrates the yoke and ils attach-
ment to the SPS.

Electrical Rotary Joint
The electrical rotary joint is small enough to be completely fabricated and checked out on the

ground. Asillustrated in Figure 3.2.2-17 it includes three concentric ship rings for the "A™ and "R”
busses and their returns. A total ot 832 brushes contract the three rings. The current density at the

.
brush contacts is 10 amps'cm-, representative of todayv’s state of the art.

In<trumentation and Control
A preluninary instrumentation and control list was compiled tor the power generation. distribution.
and transmission systems. A summary of the number ot items in each major category tor the power

generation and distribution systems is shown in Table 3.2.2-6.
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Table 3.2.2-4 Qualitative Comparison of Structural Options

TAPERED TUBE v CONTINUOUS CHORD
MASS PER SPS '/ (DIFFERENCE PROBABLY <1000 TONS ~ 1X)
cosT NO DIFFERENCE IDENTIFIED
PACKAGING DENSITY (E'THER OPTION IS ADEQUATE) '/
CONSTRUCTION OPERATIONS NG SIGNIFICANT DIFFERENCES IDENTIFIED
NUMBER OF PARTS NO SIGNIFICANT DIFFERENCE
JOINT SLOP (ANALYSIS INDICATES NOT A PROBLEM) '/
BEAM MACHINE o ALIGNMENT PRECISION e STRAIGHTNESS OF BEAMS
MAY BE A PROBLEM MAY BE A PROBLEM

MACHINE COMPLEXITY '/
MACHINE RATE '/
STRUCTURAL INTEGRITY '/

VERIFICATION
STRUCTURE DESIGN FLEXIBILITY '/ (NOT A DECiDING FACTOR)
AVAILABILITY OF HARDPOINTS '/

ON STRUCTURE

CONCLUSION: EITHER OPTION WiLL WORK.
TECHNOLOGY VERIFICATION NEEDED FOR SELECTION.
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OPEN CHORD

CONTINUOUS CHORD BEAM OPEN CHORD/BATTEN CONFIGURAT..

TENSION TIES ‘] L—0.2§2 N —I l"_' 0.252 14
SEC/ION A-A
CLOSEw CHORD
CLOSED CHORD
CONTINUOUS CHORO BEAM engBle{JT\E:ﬂ\JN

t (CHORD) = 0.028 IN
t (BAT) =0.010 N

310 IN ‘L—J KEVLAR B [ R

TENSION TIES
SECTION A-A

Figure 3.2.2-15 Continuous Beam Configurations
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Table 3.2.2-5 Continuous Beam Characteristics

OPEN CHORD
COMPONENTS
CHORD - LIx - 3.544 E8IbEin-
ACHORD 1.09%0 in-
THICKNESS — 0038 in -~ J.004 in E-181 COVER
~ 0.030 in HMS-LST(Gr-Ep)
0.004 in E-131 COVER
PATTEN - SAME AS CHORD

TENSION TIES - MATERIAL - KEVLAK
DIAMETER - 0.1G1 in

BFEAM
WIDTH 2300in(7.62m)
DISTAMCE BETWEEN BATTENS - 423 m (10 80 m)
MASS OF CHORD — 31600 tbm

MASS OF BATTENS - 3600 0 tbm 20m TAPERED TUBE
MASS OF TENSION TIES - 75.4 lom
TOTAL MASS  $775.4 lbm MASS TOTAL = 6163 Ibm
PcR  87301bf Per 8050 1hi
CLOSED CHORD
COMPONENTS
CHORD - Elx ~ Eiy = 2.398 E8

THICKNESS - 0028 in - 0.004in E-181 COVER
— 0.02¢ in HMSAST(Grbpi
— 0.004 nE-18%1 COVER
ACHORY) - 0.8386 n
BATTEN - Flx ~Ely = 1.342 E3
THICKNESS - 0018in - 0.004 in E-151
— 0010 IMS-LST
- 0\.‘.’4 in E-1al
TENSION TIES - KREVLAR
DIAMETER - 0.117in

BEAM
WIDTH 310in:7.87 m3
YENGYTt BETWEEN BATTENS 220 in(5.59 1)
MASS OF CHORD - 3910 ibm
MA SOF BATTEN 3353 1bm Om TAPEReD TUBF
MASS OF TENSION TS - 149 [bm
TOTAL MASS - 7612 Ibm MASS TOTAL 6163 thin

P-g - %070 Ibf Pecr  S6501by
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Figure 32.2-16 Amnterna Suppcrt and Mechanical Joint Weights
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wen M2y 2y
ELECTRICAL ROTARY JOINT MASS SUMMARY -—‘:,_.,5_ “- ——— o
SLIP RINGS - 11.810kg N A
BRUSH ASSEMBLY - 1570ks N
FEEDERS - 33304y Y
STRUCTURAL SUPPORT - 900Kg = I
ASSY. & INSTL. HARDWARE - 200Ky o
CONTINGENCY ALLOWANCE - 900kg \
TOTAL — 19.500k; % s B L
-‘ﬁ,v "’ ‘ * g k\t .’\' A
;\“\\ : _,?\\‘é:}:\
»i ;f/ H !/f \_‘ \\
wom: NE N (’ ok
s N i
: Ul
4 L
3! "'\\,_f-_;"

wE
\ v, R
-u“ LRI PR ST

l 4
V_

BRUSH ASSY
INSTALLATION
(SEE DETAIL
AND TABLE )

Figure 3.2.2-17 Electrical Rotary Joint and Mass

Table 3.2.26 Reference Photovoltsic Instrumentation and Controls

| o2 J
CONTROLS | INSTRUMENTATICN
POWER GENERATION
PONER SECTORS 1182
SOLAR ARDAY STRINIS 36,22¢
POWER DISTRIBUTION
SWITCH CEAR 420 1,68
MAIN 5US s
ROTARY JOINT 104 49
CC-OC CONVERTERS 7
e a—
L TOvALS® 524 39,279

*DOES HOT INCLUDE STATIONKEEPING, HOUSEKEEPING, OR ENVIRCNIMENTAL CONTROL AND
MONITORING SYSTEMS.
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Flight Control Stability

This analysis considered various sensor and control actuator locations to see if there were any sub-
stantial differences in the controllability of the SPS.

In summary. all thie single sensor configurations analyzed were stable. In each case gain stabilization
was achieved (s2e Table 3.2.2-7) with a simple, low cost attitude control design for roughly the
same range of SPS structure flexible mode frequencies. The results shows that the first bending
mode frequency of the SPS must be above 0.2 cycles per hour to ensure stable operation of the atti-
tude control system. Results for multiple control loops were inconclusive.

Four different control station configurations were evaluated. Three singls sensor configurations
with different controller locations and one muitiple station case with 8 ser-ors and controllers were
modeled to determ:ne the controllability of each contigutration and ‘o ‘i 1 rough estimate of the
stable range of SPS structural frequencies. The three single-station mode: *e¢re (1) sensor and con-
troller at one end, (2) single sensor at the center and a thruster at each en<, (3) single sensor at the
end and a thruster at each end. The eight station case had each sensor and controller located
together, with each spread evenly in the center, along the length of the satellite.

With the different configurations thus defined the control loop model was designed. Two different
feedback systems were tried. The first was a position and rate feedback and the second a position
feedback using a lead-lag compensation for stabilization. A damping ratio of .7 aud an ailowatle
SPS attitude offset angle () of 3.4 x 10'3 radians were chosen. To find the controi gain (KG) the
ideatity:

Tgist = 0 ° KG 1)
was used. where T 4i.4 18 the disturbance torque. Gravity-gradient torques were limited to torques
about one axis.

The control loop natural frequency for this case was 1.43 x 103 rad ‘sec. The rate feedback gain.
Kgyro. is found by manipulating the transfer function of the model (without tae tlexible modes) to
give Kgyro= 1 x 16° N-m rad ‘sec.

The position gain was used in all the loop designs. Lead lag compensation in the position teedback
loop was designed te match these dvnamic characteristics while eliminating rate tfeedback and ther>-
fore the need foi continuous gyro operation.

Flexible modes woere then added to the model. Flexible mode data were found using the
NASTRAN program. The coefficients 8 are the contribution from cach mode to the angle of bend-

ing at Jdifferent poants on the satellite. W1 is the inode frequency. Values are given in the Table
32
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Stagle eag sensor qyro-
rate fradbacc end control

Sianle end sensor
Lead-Lig postiion feed-bask
end controt

Single end sencor rate-gyrs

feedback
End thruster control

Eng thruster contrel

ingle center conirol rate.
gyro feedback

tnd thruster contre)

tad thrmster control

Kaitiple loop
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Control Stability Amalysis Resalts
STRYCTIRAL WOOE 1784 covut

Ist Mode Stable  Stadle for w > 1.5 x 104
w600 x 107 radisec
Ist Yode . Statle  Stadte for w> 2.0 x 1074
w s §.06 2 107 rad/sec
i3t moce .3 Stdle Alwiys stadle
w = 6.06 x 1077 rad/sec {317 moces stadlel
2 mode 2 Stasle Stadle for w3 1.5 x 1074
w e i.95 x 107 rad/sec
1st wode . Stadle Aluways statle
w =600 x 1077 rad/sec (all modes sudle)
ndwoce Suple  Stadle for w> 1.5 x 107
w506 2107 rat/sec.
1st wode .3 Stadle Conditionally
we 606 x 107 rad/sec
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Table 3.2.28. Control Stability Analysis Results - Poog ALy
Ist Bending Mode
W1 =6.06 x 10-3 GM =3.454x 107 Kg
Position 8 (rad/m) Position
i 2.353x 104 1
2 2.306 x 104 10
3 1.965 x 104 9
4 1.325 x 1074 8
5 4.685x 107 7
6 0 6
2nd Bending Moge
Wl =195x 102 GM=1.718x 107 kg
Position 8 (rad/m) Position.
1 2152x 104 "
2 1.979x 1074 10
3 9.020 x 107 9
4 5.550 x 107 8
5 21572 x 107 7
6 1715104 6

For Ist bending mode t!*  atellite is bent symmetrically. and for the 2nd bending mode the satellite
is bent antisymmetrically. W1 gets iarger for the higher modes. Only the first bending mode was
considered in m st cases.

In the single-station cases, all the configuraiions were stable. In general. the addition of a fl=xible
mode adds a loop ini- "< gain-phase plot. Without flexit > modes. all single mode models are
stable. For different mode frequencies. the loop shape remains relatively constant with the loop
itself shifting up and down the curve. Thus for lower frequencies the loop is higher in the curve and
there is a possibility of the system going unstable.

Putting thrust. s at each end and varying the sensor from end to center does litile to change the
controllability of the satellite. Tie lower limit on frequency for stable operation is 2.0 x 104 ad
sec. Applying a factor of 2 for a stability margia on mods trequency gives the lewer limit of 0.2
cycles per hour for any single control loop configuratien. All frequency ranges stated above are fre-
quencies where the system is stable. The lower limit is not nccessarily the point where the system s
mairginally stable, but is just a rough estimate oi the stable system.

The multiple station case (case 4) was inconclusive. At this point it seems conditionally <tabie for
the first banding inode. Future work should be directed towards the multiple station casz. Also
stability criteria should be developed for thermal engine satellite designs to complinent the photo-
voltaic satellite data presented here.
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Mass Summary

The structural mass difference fro™ ,: "vict s results is summarized in Table 3.2.2-9 and reflects
integration of the new sizing criteriz for the photovoltaic reference SPS. The secondary structure
has been incorporated into the primary structure. The bay size and member dimensions have been

changed to be compatible with the new reference system.
The mechanical systems mass is the mechanical rotary joint.

Investigation of the gravity-gradient torques and optimization and thrust lsp led 10 a decrease in
control system mass.

The mass of the solar cell blankets decreased due to a new blanket design consisting of 73 um cover-
glass, 50 um silicon solar cells. and 50 um silica substrate. Solar cell blanket decreuse also resulted
from lower radiation degradation of the 30 mm silicon solar cells.

The increase in power distribution system mass reflects a change from the ao longitudinal bus bar
configuration to no lateral bus bars and includes energy storage equipment.

The increase in MPTS mass reflects the inclusion of encrgy storage for antenna systems.

The growth used was 26.6% on the final configuration. This growth was the result of the uncer-
tainty analysis discussed in Section 3.2.5.

3.2.2.3 LEO-GEO Differences

The most important cost differences between LEO and GEO construction occur in operational tac-
tors. There are. however. significant differences in the satellite design. The reference point design
was intended to be the reference LEO case. It was originally believed that the ability to anneal radi-
ation damage experienced duiing the slow transfer would result in essentially no oversizing required.
This is true if one makes only a parametric power 10ss analysis. An additional effect must be
included - this is the solar cell misii.ich correction. The configuration finally selected for oruit
transter has the solar cells closest to the thruster ‘nstallations deployed for orbit transter power.
These are at the ouwer bays of the modules as shown in Figure 3.2.4-31 in Section 3.2.4. The power
distribution configuration of the satellite is such that these cells are in series with celis not exposed
for the transfer. All must carry the same current  Theretore. the residual radiation damage in the
cells used for transfer requires that ail cells be operated slightly off their optimum power point.
When this was taken into account. a 57 cversizing requirement was found. Therefore the LEO
configuration must be resized tc have 680-metes bays and correspondingly larger array blankets.

The GEO configuration is the same size as the reference point design but does not require the dupli-
<ate structure that enables modularization of the satellite. TaMe 3.2.2-10 summarizes the LEO-GFO
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Table 3.2.2.9 Photovoltsic Reference Configuration Nominal Mass Summary Weight in Metric Tons

P57 CR=2{10GW8.0.L) CR=1 (10 GW MINIMUM'30 YRS)
s - . N ~ —
PART ! PARTI {PARTII | PART M
COMPONENT ORIENTATION | MIDTERM
FINAL FINAL | MIDTERM] FINAL
1.0 SOLARENERGY COLLECTION SYSTEM 138,616) (59.313) 49512 i56,357) | (56,184) 51,782
L1 PRIMARY STRUCTURE 249 o 8,000 2,334 §193 §38S
1.2 SECONDARY STRUCTURE 19 209 200 209 - -
13 MECHANICAL SYSTEMS L 40 40 ® €7 1]
1.4 MAINTENANCE STATION 3 - - - - -
1S CONTROL 0 340 340 40 150 178
1.6 INSTRUMENTATION/ 4 4 ) L 4 )
COMMUNICATIONS
1.7 SOLAR-CELL BLANKETS 5,748 37592 M m 61,897 42,319 43,750
1.8 SOLAR CONCENTRATORS 5,149 2978 e - - -
1.9 POWER DISTRISUTION 2570 3180 35352 1.589 2451 2398
20 wrTs 15,371 15311 15371 15371 (24.384) | 25.2%2
SUBTOTAL 61,987 74,634 ‘.883 71.728 80.568 76,994
GROWTH 5.9 37.342 32442 B 20,142 [20.490,1
TOTAL 72,981 112,026 97,328 107592 | 100.710 97474

[I> 26.6% GROWTH FRCIA UNCERTAINTY ANALYSIS

JRICINAL PACE ™
F POOR QUALITY
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Table 3.2.2-10 Satellite Weight Delta GEO vs. LEO Construction

STRUCTURE WEIGHT - LEO (UNADJUSTED) 5.325.,0C0

ARRAY WELGHT - LEO (UNADJUSTED) 43,750,000  HEbo o
POWER DISTRIBUTION - LEO (UNADJUSTED) 2,328,000
STRUCTURE WEIGHT - LEO (ADJUSTED, + 5%) 5,655,00G
ARRAY WEIC'™ - LEO (ADJUSTED, + 5%) 45,938,000
POMER DISTHIBUTION - LEG (ADJUSTED, + 5%) 2,457,000
STRUCTURE WEIGHT - GEO 4,5%,700
ARRAY WEIGHT - GEO 43,750,000
POWER DISTRIBUTION - GEO 2,398,000
STRUCTURE WEIGHT | o0 o0 1,124,300 [>
ARRAY WEIGHT , ¢ 10-cE0 -2,188,000
POMER DISTR. |0 10 o -58,700
TOTAL - LESS GROWTH -3,371,000
GROMTH ADJUSTMENT -£99,000
TOTAL - INCL. GROWTH -4,270,000 kg
TOTAL BEAM LENGTH GE0 L0
10% 180 1.3%0

MODULARIZATION +649,200

SELF TRANSPORT +53,500
ANTENNA TRASOL.T  +151,600
OVERSIZI™" . %270,000
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differences in the satellite mass statements. The GEO configuration is 4270 metric tons less in
mass, These differences have been taken into account for the final cost comparisons and cost
figures.

3.2.3 Thermal Engine SPS’s
3.2.3.1 Summary

Of the thermal engine systems studies, the potassium Rankine is the lightest ear-term technology
SPS option. Our study results show it to be lighter than steam Rankine. hielium Brayton or
thermionic SPS systems. In the area of solar concentrators. we had previously anticipated approxi-
mately 30% degradation in the 30 year life of the SPS. More recent datz has however. indicated
that little or no degradation should be expected. Therefore, none has been assumed. An investiga-
tion of potential matenals for thermal engine SPS usage has indicated that some of the best materi-
als are in short supply. However, suitable options exist and thes: have veen selected. We have
selected a turbine sizing of 32 megawatts. At this size. 576 turbincs are required for a 10 GW out-
put SPS. This turbine size is approximately that of the SST engine partially developed by General
Electric for the American SST program. and is appropriate to the national fabrication capability.
By the use of relatively small heat pipes it has been possible to configure a radiator system which is
sufficiently immune to meteroid penetration. At the end ¢.f this study phase we indicate that the
mass of the thermal cagine SPS is approximately 80.000 metric tors (without growth) and that the
average cost for one SPS at a rate of four per year is approximatety 18 billion dollars or 1.800 dol-
lars per kilowatt produced on the ground.

3.2.3.2 Recap of Options

The steam Rankine SPS would be an extremely heavy option. This is primanly because the maxi-
mnm turbine inlet temperature is in the neighborhood of 1.000 to 1,100 degrees Farenheit and the
heat rejection temperature is near the condensation point of water. Consequently. the Carnot effi-
ciency is low and the realizable efficiency is even lower. Thermionic systems are also very hcavy.
This is because thermionic diodes and the interelectrode busbars required te connect them are
heavy and the radiator system required for heat rejection from the thermionic diodes is also quite
heavy. The Brayton SPS i.e. a helium closed cycle cystem. is a near competitor to the porassium
Rankine system. However. it is orly competitive in mass with very high turbine inlet temperatures.
in the vicinity of 1.600 K (2,500°F). This turbine inlet temperature is only achievable with ceramic
materials such as silicon carbide. This material is now in development but is not considered to be
appropriate for baseline SPS use. We have emphasized the potassium Rankine SPS in Part Il of this
study and details of the results are concluded in the remainder of this section.
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3.2.3.3 Reference Design Description

A plan view of the thermal engine SPS is shown in Figure 3.2.3-1. This satellite has two 5 GW out-
put rectennas located on the north-south axis of the satellite. The satellite is divided inte 16 mod-
ules cach of which has 36 turbogenerators. for a total of 5§76 per SPS. [he satellite flies in a
perpendicular-to-ecliptic plane orientation at all times.

Cycle

The working fluid in the potassium Rankine loop is potassium vapor in a portion of the loop and
liquid potassium in the remainder. Figure 3.2.2-2 shows the cycle schematic. Liquid potassium is
introduced into the heat absorber tubes of the boiler located within the high temperature cavity
absorber. Boiling produces potassium vapor which passes through the tinbine and does the work of
turning the generator which produces the useful power required for the SPS microwave transmitter
and the power required to drive the electromagnetic pump. Potassium vapor leaving the turbine is
cooled by the expansion in the turbine. It is introduced into the radiator system where it flows
through the vapor manifold into potassium throughpipes which are cooled by sodium heat pipes.
Condensation occurs in the throughpipes so that liquid potassium is collected in the radiator outlet

manifold and flows to the electromaguetic pump.

The General Electric Corporation, our subcontractor for Rankine turbines, produced the data
shown in Table 3.2.3-1. We have used a turbine efficiency of 807  This was demonstrated in tests
in the late 1960°s at the Lewis Research Center. The 80% figure is probably quite conservative for
large potassium turbines. In the area of eroston control three promising methods were demon-
strated in the Lewis tests. A total of nearly 800.000 hours of testing was accumulated relative to
potassium systems. Note that this includes a total of more than 10.000 hours of running tests on

turbines and more than 10,000 hours of electromagnetic feed pump testing.

Materials

The abundance da a given in Table 3.2.3-2 were drawn from Department of Interior publications
for 1973, The first of the -eneral rules shown states that since solar power satellites will not be
available in large quantities until after the vear 2000. it is appropriate that we select materials suffi-
ciently abundant in that time period. Our baseline SPS quantity for this study was 112 units. prob-
ably sufficient for U.S. clectrical needs in the early part of the 21st century. However. more unit:
may ultimately be required for the United States: up to 1000 units or more for the world. There-
fore. it is probably appropriate that we do not use a material such that 112 satellites would use over
3% of any world material source. Rule 3 tends to minimize the impact of SPS incorporation and
the concomitant industrialization required. Turbine wheels and blades for potassium Rankin tur-
bines are basclined as using molybdenum. a wrought material. Silicon carbide could also be used,
however, this material is in its very early development stage and it’s probably too advanced to base-
line. Turbine housing materials must be ductile and weldable. Tantalum alloys wourd be ideal.

however world resources are not adequate. Therefore. we have selected niobium., a'so called colum-
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bium, for the baseline material. Cesium would b2 an ideal Rankine cycle working fluid. It would
result in the turbines having fewer stages and a smaller disc diameter. However, the supplies of
cesium are clearly not adequate for large scale SPS usage. Potassium, an abundant material, has
been selected.

51308 ,
£ e  GROUND OUTPUT: MINIMUM
a OF 10 GW (TWO ANTENNAS)
n ®  POTASSIUM RANKINE
TURBINES (576/SPS)
\ ® 16 MODULES
® “P.EP.” ORIENTATION
' ® CONCENTRATOR AREA: 119 km?2
' e  SYSTEM MASS
S Figure 3.2.3-1 Reference Rankine SPS Design

ELECTROMAGNETIC PUMP

Li1QUID POTASSIUM

CONCENTRATED
SOLAR ENERGY

ABSORBER
TUBES

!

]

t
N
| RADIATOR
}

}

i

i

i

!

POTASSIUM —/
VAPOR

Figure 2.2.3-2 Rankine Cycle Schematic
85



| -
D180-22876-2 %8 2o ng iGzE 3

Table 3.2.3-1 Data Base Draws Heavily on Dememstrated Tcchnology (General Electric Data)

951508

TURBINE EFFICIENCY: 80%; LeRe TESTS
EROSION CONTROL: THREE METHODS DEMONSTRATED
POTASSIUM HARDWARE:—_%
Potassium (800,000 houre tesiing) Cesiun
’y (»23,000
AiRescarch GE JPL | NASA-Lewis] ORNL Pol Other houts
testing)
Testing hours accumulated (b)
Corrosion test aystems:
Boiling 1300 25 500 ~=—~ ——— 62 800 12 000 | ======= 3500
All-11quid — Dl IR —— vmeme | ccceew | 156 000 ===
Compcnent test systems, boiling 5900 19 600 ~==— 1000 2 8001 & 900 300 2400
Sizulated poverplant systems ——- —~=e==1 %1000 - 10 200 | ======] ====e=- -
Roilers : 7200 40 100} 1000 1000 75 BOQO | 16 %509 300} T6000.
Turbizes 3050 10 100] ~=~=e] ==== 5 00Q | ==~==- 100 —
Boiler feed puxps:
Electromagnstic 7200 34 600] 3600 1000 26 9500] 4 %00 3 3001 5600
Turbine driven mmmm ] ememee ] e ——— 5 €00] -~ s—m———- ———
Other puzps 5900 18 6007 3600 1600 6 100) 1 3001 57 600 ——
Condensers 7200 40 100§ ~1000 1600 75 800} 16 900 300 5600
Scals 3830 10 100) === —— - -
Eearing tests 3800 | ~wemem] emme- —— & 500 ] ~e=ee- 1 650 ———
.Includn testing hours of Aerojet Nucleonics, Alllson, Rocketdyne, United Nuclear.
bluludct tasting hours of Brookhsven, Asrojst Futlecnics, Westinghousa Astronuclear.
Table 3.2.3-2 Material Availability
SPS-1148
® GENERAL RULES: 1) MATERIAL TOBE PREDICTED TO BE “SUFFICIENTLY ABUNDANT™ 111 2020.
2) SPSTO NOT USE O'.ER 5% OF WORLD RESOURCES OF ANY MATERIAL
3} CURRENT WORLD PRODUCTION RATE ACEQUATE FOR ONE SPS/YEAR
@ TURBINE WHEEL/BLADE MATERIAL (NEED =~ 6000 MT/SPS)
{WROUGHT MATERIAL)
MATERIAL STATE OF ART WORLD RESQURCES (MT) PRODUCTION RATE {MT/YR)
MOLYBDENUM (12ZM) DEVELOPED 29,000,000 91,000
SILICON CARBIDE EARLY TEST VERY ABUNDANT VERY SMALL
@® TURBINE HOUSING MATERIAL/BOILER TUBES (NEED 4000 TO 7000 MT/SPS)
(WELDABLE DUCTILE MATERIAL)
MATERIAL STATE OF ART WORLD RESOURCES (MT} PRODUCTIC N BATE(MT/YR)
TANTALLUM (T111) DEVELOPFD 100,000 PERHAPS 1,000
NIOBIUM (C103) DEVELOPED 17,000,000 ABOU, 2{,000
SILICON CARBIDE EARLY TES1 VERY ABUNDANT VERY SMALL
@ RANKINE CYCLE WORKING FLUID
MATERIAL STATE OF ART WORLD RESOURCES (MT} PRODUCTICN RATE IMT/YR}
CESIUM DEVELOPED 100,000 228
POTASSIUM DEVELOPED > 169 10,000,000

*MT = METRIC TUN/SPS
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Concentrator

The solar concentrator is made up of a structural system supporting a large number of plastic film
retlector facets and is a segment of a sphere. The reflected light is concentrated into the focal point
assembly which mounts to the concentrator by four cavity support arms. These arms are made up
of graphite epoxy tube sections frrming a 20 meter beam. The thruster systems requiied for self
power transport to geosynchruo: orbit in the LEO construction option are focated at the 3 points
shown in Figure 3.2.3-3.

The concentrator structure which supports the reflector tucets i made up ot a large number ot
tetrahedral elements which are in turn composed of a number of tapered graphite epoxy tibes,
jointed as shown in Figure 3.2.3-4  The graphite epoxy tubes can be nested to provide a high den-

sity payload for transportation.

Figure 3.2.3-> is a photo of a " Toothpick Model™ of 4 portion of the concentrator frame, 1t is seen
that this structure is composed of repetitive tetrahiedrons. A curved surfuce s required. This s
formed by having the lower members of any tetrahedron iarger than the upper members of the
adjacent tetrghedron so that g bidirecuional curvature s prodrced.

The reflootor tucets shown in Figure 2.2 3-0 are hevagens of thin alumumized Kapton, The Kapton
Is 3 micrometers thick. It s tensioned by 3 rigid end members, pulled outward by bridles, This ten-
sioning system causes the three cdge members to be coplanar. <o et e tlat reflecror s produced.
The rocker arm and spring canisier svstems which pull outward on the bridle are taounted to the
concentrator frame. A Uscallop” at the three free edges of the 1o et controls weankling at the tucet

vdges.

The threo bridles of the retlector faco are attached to the rocker cnis which moun: 1o the mud-
point of the concentrater tibe stroctural elements, as shown in Figare 3.2.3-70 The springs. con-
taned i canisters, provide the pull that causes the rocker urm to tension the plastic tilm. Note
then that the facet s mounted directly to the concentrator support structare and Jdoes not mchude

*booeadial amm and hub system used in Part T ot thas study.

The plastic tilm material is aluminized Kapton, DuPont Cosporation, the muanutacturer of kapton.
believes that g thickness o 3 mucrometers is proaucible by nearly standard ol methods and will
demonstrate this in tests in late 1977, Data from project ABLE has shown a potential degradadion
ot retlector film specular performance of approximately 3077 due to the radiction encountered, first
in a1 self-power traoster frrom low orbit to high o7 it and then 30 vears of operation in geosvnchro-
nouse orbit. Tests poitoraed tor the solar sail program at the Jet Propuision Laboratory have indi-
cated. however, thar s degradation mode will probabiy not oceur. and that the deeradation pre-
viously seen is an artitact ot toe test method itselt. We consequer v do not foreca tr: fation
degradaton. We do aaticipate approvimately 2237 degradation due 1o meteoroma impacts in 30
years of retlectos film operation, Our refloctin ty estimate is 90 for a retlector cone angle ot 22

degrees. This s relatively conservative since even higher retlectivities are probably achievable.
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[ ol 4
20 W BEAN
FORMED OF
~ TAPERED TUBE
SECTIONS
CONCENTRATOR
{SECTION OF
SPHERE)
L~

[f> LOCATION OF ORBIT TRANSFER SYSTEM FOR SELF POWER
{LOAD CONDITION IS 12104 g ORBIT TRANSFER)

Figure 3.2.3-3 Modules Consist of Concentrator & Focal Point Assemblies

L oot 2
r—_— 17.5m, tvp. ——-—‘ /-mt ~~WALL THICKNESS 0.2 men {0.008")
«— |
4
TAPERED GRAPHITE — _/
EPOXY TUBE DIAMETER = 0.2m

{SHIPPED IN NESTED
STACK)

- w
TETRAHEDRON

Figure3.2.34 Concentrator Frame Element
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$P5- 1208 {TOOTHPICK MODEL)

REFLECTOR FACETS

REPRESENTS 35M LONG

TAPERED GRAPHITE/EPOXY

TusE : (BETWEEN
LOWER LEVEL MEMBER LEVELS)

Figure3.2.3-5 Facet Support Structure

”»5114

07m
SCALLOP

' 19.81m .

mw—\
» ‘ [ PIVOT AXIS
EDGE MEMBER—/  f EDGE / -
/ MEMSER / -
BRIDLES \ sapLes— & \
“— PLASTIC FILM, ‘ P ROCKEF
3.0 .m THICK, ‘é/’ ARM
ALUMINIZED FAR SIDE 10 SPRING
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Figure 3.2.36 Reflector Facet 1000 M2 of Reflecting Area

89



D180-22876-2

51508
ﬂv.u—\ /f-zoce MENMBER
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e — N P y _ - —BRIDLE
'\ - CONCENTRATOR FRAME & /\‘ :
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2

CONCENTRATOR
STRUCTURE
SPRING CANISTER (UPPER LAYER)
ROCKER ARM
7 \
Figure 3.2.3-7 Reflector Facet Mounting
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Focal Point Assembly

Each of the 16 modules of the thermal engine SPS is equipped with the assem Iy shown in Figure
3.2.3-8 at its focal point. Reflected sunlight from he reflector facets enters tie CPC at its aperture
and by reflections reaches the cavity absorber which contains the boiler tubes for the thermal
engine. The CPC is made up of a framework supporting a sinzle laver of molybdenum foil A
reflectivity of .8 is estimated for this foii with the use of a rhenium reflective coating.  The walls
of the cavity absorber are composed of 3 framework system supporting 3 layers of molybdenum
multifoil. Selection of the number of layers was based on a mass optimization trade. Heavy cavity
walls leak relatively little energy to space and therefore iequire somewhat smaller concentrators.
Thin walls are lighter but require larger solar concentrators. Five layers are approximately opti-
mum. The purpose ot the CPC is to allow a relatively large reflector facet image to fit within the
aperture; also the large sperture of the CPC accommodates satellite pointing érrors and some distor-
tion in the framework in the solar concentrator.

The aperture door assembly shown mn Figure 3.2.3-9 allows a vanation in turbine output power
while maintaining a constant onentation with respect to the sun. The door is composed of molvh-
denum foil panels mounted on cables driven by pulley assemblies attached to the cavity support
amm frame. The doorns are shown in the open position. The thenum reflective coating on the doors
15 used to maintain a low temperature for the door panels when they are fullyv closed and exposed to
the {ull output of the solar concentrator assembly.

The primary cquipment of the focal point assembly is shown in Figure 3.2.3-10. The cavaty
absorber assembly and CPC are supported by a vertical steel tubing framework system. A e -
work member on cach side of the cavity supports the turbogenerator assemblies. 18 turbogenera-
tors are mounted on cach side of the covity. One radiator assembly is provided per turbogenerator
and extends directly outward, either (o left or nght, from the turbogenerator.  The radiator assem-
bly which cools the generator is mounted above the cavity.

System flow and state point data are shown m Figure 3.2.3-11 Liquid potassium from the clectro-
magnetic pump euiters the botler tubes which are locuted within the high temperature cavity assem-
bly. Vapor from the bailer enters the double ended turbine and is exhausted nto a single tapering
radiator vapor duct. Pertinent state point parameters for various points around the flow loop are
given at the bottom of the figure. Note that while the vapor duct is relatively large in diaeter, the
pressures are quite low,

While there are certamn advantages to recirculation type baoilers operating under gravity conditions,
zero gravity conditions favor the use of once-through botling and delivery of dry. <hightly super-

heated vapor.

The condensation o1 hquid in the turbine during extractien of heat from ihe vapor s o special case

involving need for liquud extraction devices to control droplet erosion damage
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Figure 3.2.3-11 System Flow Schematic (Not to Scale)

93



D180-22876-2

In the condenser. liquid is swept along the inside length of the tubes by the much higher velocity of
the vapor. The tube might be tapered aiong its length to maintain high vapor velocity. but this is
not necessary. S. Sawochka, near the 1965 time period. conducted experiments on upward flow
condensation of potassium in vertical. constant diameter tubes; the performance of these condenser
tubes was not adversely affected by a | G force acting to restrict sweeping of Liquid condensate

by the high velocity vapor.

Possible themal fatigue cracking in condensers under 2-phase flow has been considered. In air-
cooled metal vapor condensers for land based applications, the poor airside heat transfer coetii-
cients controlled heat transfer: thus the alternate presence of either a liquid or a vapor phase at a
given point on the condenser tended to cause thermal fluctuations and possible thermal fatigue.
This possibility occurred since the hot side heat transfer film coefticients varied appreciably in the
presence of a liquid or a vapor phase. In the SPS 4 high heat transfer film coefficient on the cold
side of the condenser tube will control the metal temperature and prevent such abrupt thermal

fluctuations.

During prior Rankine cycic space power system studics. the problems of 2-phase flow were recog-

nized and plausible solutions and reasonable approaches to these solutions were proposed.

Turbogenerators
Electromagnetic (EM) pumps have been used extensively in the pumping of liquid metals. They
have the advantages of absence of scals and bearings, operating reliability and reduced maintenance

requirements.

For the Rankine cvele space power program, a light weight 193 kg (425 Ibs) electromagnctic boiler
teed pump. capable of operating at a hquid metal temperature up to 1033K (1400°F), was designed.
built and tested for 10,000 hours. It pumped 81K (1000VF) potassium at tlow rates up to 1.47
Kg/sec (3.25 Ihmi/sec) at a developed head of 1634 kPa (240 psi). a NPSH of 48 kPa (7 psi) and an
clficient of 16.3%. The pump teatured at T-111 alloy helical pump duct and a high temperature
stator with a 811K (1000°F) maximum operating temperatire: the stator materials consisted of
Hiperco 27 magnetic laminations, 9977 alumina stot insulators. type ~S™ glass tape interwinding
insulation and nickel-clad silver conductors joined by brazing in the end turns. Pump windings were
cooled by liquid NaK at 700-750K (800-900°F),

Large size annular lincar EM pumps are under development for the liquid metal fast breeder reactor.
A 14,500 GPM (681 Kg/sce: 1502 Ibm/sec) pump has been built and is awaiting test: pumps of
larger sizes have been considered in the range of 30.000: 70.000: $0.000 and 130.000 GPM (1410,
34353759 and 6110 Kg/sec: 3108: 7573 8289 and 13.470 Ibm/sec). Weight and cost estimates
for commercial land based versions of these pumps have been initiated. While these pumps were
designed for handling sodium at about 8538°F, their development indicates pump scale-up experi-
ence well abore that of the carlier higher temperature boiler feed pumps for Rankine space power

systems.,
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Since the design technology for EM pumps is well-developed and relatively large pumps have been
built, the design and production of pumps of the required size and operating characteristics for the
SPS should be a straightforward engineering problem. The use of higher pump voltages and
improved high temperature electrical insulation, magnetic and conductor materials will be required
utilizing experience gained in the design and test of the 1033K (1400°F) boiler feed EM pump.

Pumping at low NPSH has been demonstrated and avoidance of cavitation in these pumps can be
circumvented by (1) subcooling of the condensed potassium to minimize possibility of cavitation
(only very low energy losses are involved), (2) minimizing condensate return line pressure losses and
(3) reliance upon the dynamic pressure head of the high velocity condensing potassium vapor to
help support the minimum NPSH required to prevent cavitation.

The conceptual design of the 31.7 MWe, five state, double flow alkali metal vapor turbine shown in
Figure 3.2.3-12 is based on technology developed for smaller scale space power turbines.
turbines.

It features hydrodynamic lubricated liquid metal pivoted pad journal and thrust bearings. In addi-
tion. the turbine shaft leading to the generator would feature an essentially zero leakage potassium
seal of a4 type on which experimental testing has been accomplished; in smaller scale seal tests over
100 hours in duration, it was estimated that the leakage of potassium would not be of engincering
significance in over 15.900 hours operation.

Liquid extraction devices, as shown in detail on oiher pages. can be incorporated in the design using
vane trailing edge droplet extraction or trailing edge turbine rotor droplet extraction.

The selection of the suggested modular size provides a nominal point in the design production and
test of the alkali metal vapor turbines needed tor Rankine cycle solar power satellites.

Each potassium Rankin turbine turns a generator such as shown in Figure 3.2.3-13. These genera-
tors praduce either 41.000 or 39,000 volts direct current as required by the microwave transmitters.
The generators are oil cooled using coolant passages through both the rotor and stator. Although
they are quite etficient the generators must dissipate waste heat at such a rate that their own surface
area 1s not sufficient for this dissipation; external radiators are used. A high copper temperature is

advantageous to reduce the area and mass of these radiators,

The complete turbogenerator assembly is palletized for shipment as shown in Figure 3.2.3-14.
These pallets mount one turbine, one generator and electromagnetic pump. and associated aunil-
1aries.  The structure of this pallet is designed to allow launching of the unit preassembled: at least

a § g acceleration capability is required.

95



D180-22876-2

8

GENERAL
ELECTRIC

oy

QUALITY

!

i}

MOLYHDENUM ¥
DISCS AND BLADES

Figure 3.2.3-12 Alkali Metal Vapor Turbine

96

PIVOTED!PAD
HYDRODYNAMIC
“K*~ BEARING

|
\_

N




D180-22876-2

?&1513

o OUTPUT LMW & VOLTAGES: EITHER 41000 OR 39000 VOC, NOMINAL -
& ROTOR SPEED 7500 RPM ® COPPER TEMP: 478K (400°F)
" & COOLANT OlL (DC-200) ® DUTVCYCLE: CONTINUOUS
o EFFICIENCY 0904 ® SPECIFIC MASS: 0.14 kg/kxW
)
OwGYOOB Q
COOLANT CONNECTIONS
PRIMARY DATA BASE: AIRESEARCH MFG. CO. OF CA. STUDY FOR AIR FORCE, CONTRACT F33615-75-C-2071
#5e Figure 3.2.3-13 Generstors
TURBINE CUTLETS OUTPUT PLENA
{1.6m DIA) 7
SUPPORT FRAME
GENERATOR OUTPUT
TERMINALS
GENERATOR
VAPOR DUCT
TO TURBINE
GENERATOR
COOLING
MODULE
CONTROL PACKAGE

HEAT PIPE RADIATOR
PANEL FOR ELFCTROMAGNETIC
PUMP

ELECTROMAGNETIC PUMP

PUMP OUTLET TO BOILER
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Radiators

Shown in Figure 3.2.2-15 is a segment of the radiator for one generator. A vapor duct is at the top
and the liqu' 4 return duct is at the bottom. The heat pipe panels with their throughpipes pass
between the ducts. Also shown are the triple layers of meteoroid bumper installed on the ducting.
At the lower left is a detail of the throughpipes and the wraparound sodium heat pipes. These
sodium heat pipes are spaced apart such that their centerlines are 1.6 diameters from each other.
This spacing is an optimum compromise between greater spacing, which would improve heat radia-
tion, and reduced spacing which would reduce manifold mass by requiring fewer throughpipes. On
the right is a cross section through two adjacent radiator systems showing how the vapor ducts share

common meteoroid protection systems for a reduction in bumper mass.

Antenna Mount
The additional. seasonal axis and dog-leg structure required for PEP operations is shown in Figure
3.2.3-16. Slip-rings need not Le used at the seasonal axis pivot. Flat cables which are wound during

one year of operation and unwound during an annual shutdown period are instead proposed.

A breakdown is given in Table 3.2.3-3 of the radiator mass elements per engine and for the entire
SPS. Note that the heat pipes and the potassium for the fill of the radiator systems dominates this
mass statement. The heat pipe sheet thickness is driven by meteoroid protection requirements and
aliows approximately 1077 of the heat pipes to be penetrated and thereby made inoperable in 30
years of geosynchronous operation. Because the heat pipes wrap the throughpipes they provide
significant throughpipe protection. howcever, approximately 377 of the throughpipes can be
expected to be holed in 30 vears of operation. The radiator is consequently oversided by 13

percent.

Performance and Mass

Table 3.2.3-4 is a breakdown of the system power requirements aboard the SPS. The gencerators
require 16.43 GW. Additional utilizations within the system bring the busbar total to 17.913 GW,
The power distribution losses are those associated with resistance effects within the distribution
busbars. The pumping power is that required to operate the electromagnetic potassium pumps.

The attitude control power is @ maximum value and corresponds to the time period when maximum
thrust is required to maintain the perpendicular-to-ecliptic plam orientation. The total output can
be produced by 570 of the generators. 576 generators are installed allowing approximately a 1%
margin. 1t s anticipated that the microwave transmitters will degrade in output and required power
input by approximately 2% in the course of a year, consequently in one year about 3¢ of the turbo-
generator systems could be automatically shut down by malfunction detection systems without

impacting the power output of the microwave transmitter.
Systems efficiencies are summarized in Table 3.2.3-5. The 17.913 GW required for busbar power as

indicated by the previous table is the beginning point for this system efficiency chain. The genera-
tors have an efficicncy of 98.4%%, This requires that the turbines have a shaft output of 18.204 GW.
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Table 3.2.3-3 Radintor Mass

MANIFOLDS -

VAPOR DUCT
LIQUID OUCT
METEOROID PROTECTION

THROUGHPIPES

THROUGHPIPES {335/ENGINE)
ISOLATION VALVES

HEAT PIPES

SHCLL
WICK
SODIUM

PQTASSIUM
TOTAL

Table 3.2.34 Power Budget

”5158

105 kW
TRANSMITTERS 16.430
POWER DISTRIBUTION 0.898
PUMPING 0.282
ATTITUDE CONT, MAX 0.300
MisC. 0.003
BUSBAR 17.913

570 GENERATORS AT 31,426 MW, EACH
(676 INSTALLED)

PER ENGINE PER SPS
Kg 108 kg
3895 224
{1240) {0.71)
{216) {12)
(2439) {1.40)
1500 0.86
(790) {.46)
(710) {.41)
13,299 7.66
{10,838) {6.24)
(1729) (0.99)
{732} (0.43)
8046 4.63
26,740 15.39
Table 3.2.3-5  System Efficiency Chain

51518

BUSBAR :GENERATOR OUTPUT)
(GEN. EFFICIENCY = 0.984)

TURBINE SHAFY OUTPUT
{CYCLE EFFICIENCY = 0."R9)

POWER ADDED TO POTASSIUM

SOLAR ENERGY INTO CAVITY

(REFLECTION LOSS, 5%)

{LOSS THROUGH INSULATION)
{RERADIATION THROUGH APERTURE)
{MISC, | E., MANIFOLD HEAT LOSS)

INTO SECOND STAGE CONCENTRATOR
{CPC REFLECTIVITY = 0.865)

IMPINGING UPON PLASTIC FILM
(FILM END-OF-LIFE REFLECTIVITY = 0.877)

100

108 kW
1,.£13

18.204

96.317

112.397

(5.620)
{0.500)
(8.836)
(1.124)

129.939

148.073
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output of 18.204 GW. Since the turbines and the rest of the systi.n have an overall cycle effi-
ciency of 0.189 a power level of 96.317 GW must be added to the potassium flcw within the boiless
of the cavity absorber. A breakdown of the losses associated with the cavity absorber is also given.
For example, 5% of the energy entering the cavity is reflecicd back out again. This is based on tests
of “bench rmodel™ absorbers for ground solar pov'er rrograms. The five layers of insulation making
up the cavity walls allow a heat loss of approximately 1/2 GW. The hot walls of the cavity reradiate
energy back out through the aperture. Some of this passes directly to space and some of it is
reflected to space from the solar concentrator. Other losses, such as heat losses through the walls of
the manifolds connecting the boilers to the turbines. amount to approximately 1.1 GW. The CPC
also has losses due to energy absorbed rather than reflected by its walls. The end of life reflectivity
of the plastic film facets is 0.877. This is the reflectivity after z reduction of 2.25% due to meteor-
oid scouning, in 30 years of operation.

The PEP orientation has been sele«ted primarily because moving facets are not required. However.,
other benefits accrue as summarized in Table 3.2.3-6.

The disadvantages of the additional, seasonal antenna axis arc somewhat offset by two advantages
relative to microwave power transmission. The first of these is that rectennas can be switched with-
out polarization Joss cven if the antennas are at different longitudes without moving the satellite
along the geosynchronous path. Additionally, the seasonal antenna axis can be used to provide
antenna tilt to compensate for Faraday rotation caused by the ionosphere.

Table 3.2.3-7 is a breakdown of the Part I final mass. Prominent elements in this mass are the
transmitters, the turbines, the radiator systems, the structure tprimarily the facet support structure).
and the potassium inventory for the system. The tarbine mass was estimated by General Electric
and represents a value which is probhably correct to within +2(*7 and 307

Thennal Engine Conclusions

It was aetermined that the potassium Rankine cy<cle thermal engine is the lightest of the potential
approaches investigated. Al the beginaing of this study the solar concentrators involved steerable
facets with individual power supplies. sensors and servomechanisms. These have been eliminated by
using a perpendicular-to-ecliptic onentation and a concentrator dish of the requisite curvature.
Instead of electromechanical pumps. composed of an electric drive motor and a pump with the
requisite seal between them (which could be subject to leakage ). we now utilize electromagnetic
pumps. Although soraewhat heavy. the low pumping power associated with potassium Rankine
makes these potentially low-failure-rate puinps practical. Although certain materials such as silicon
carbide and tantalum may otfer advantages for thermal engine SPS they are either too advanced or
insufficiently abundant to allow them to be basclined. The materials selected are in common use
and resource data indicates that there is enough to allow a significant thermal engine program to be
accomplished. The perpendicular-to-ecliptic plune orientation is critical in allowing the fixed
reflector facets. This requires somewhat more thruster power, but is a proper onientation for the
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Table 3236 ‘“Perpendicular-to-Ecliptic Plane™ Orientation

DISADVANTAGES ADVANTAGES
® HIGHER PROHELLANT CONSUMPTION e FACETS NEED NOT FOLLOW SEASONAL SUN MOTION
{UNLESS CONFIGURATION IS )
MERTIALLY SYMRRETRIC, USES o ELIMINATES COSINE EFFECT ON SIZING
MAGNETIC TORQUEING OR SOLAR
PRESSURE EFFECTS) o FACETS NEED NOT BE SPACED APARY TO ALLOW
MOTION
& BEST PERFORMANCE REQUIRES
TIGHTER ATTITUDE CONTROL o LOWER METEOROID ".uX ON RADIATORS
LIMITS (E.G, 0.1°, NOT 0.59)
o ADDITIONAL ANTENNA £ XIS PERMITS TRANS-
® REQUIRES ADDITIONAL {SEASONAL) MISSION TO VARIOUS RECTENNA LONGITUDES
AXIS ON ANTENNA WITHOUT POLARIZATION LOSS (FROM GIVEN

ORBIT LONGITUDE)
® 300 MW PEAK POWER REQUIRED
TO OPERATE THRUSTERS o ADDITIONAL ANTENNA AXIS PERMITS
COMPENSATION FOR DIURNAL tONOSPHERIC
FARADAY POLARIZATION ROTATION

e RADIATOR IS ALWAYS EDGE ON TO THE SUN

o CONSTANT THERMAL ENVIRONMENT FROM
FIXED SOLAR ORIENTATION

»5-1833

Table 3.2.3-7 Potassium Rankine SPS Mass Statement

105 kg

STRUCTURE -
6.976
FACETS 1.837
RADIATOR (W/O POTASSIUM) 10.768
POV DIST 4.7€0
SW. GEAR 0.218
GENERATORS, ACCESSORY PACK 2.508
GENERATOR RADIATORS 1.140
TURBINES 13.755
PUAIPS, PUMP RADIATORS 0.984
BOILERS & MANIFOLDS 3.296
CAVITY ASSYS 1.000
CPCS - 0.299
LIGHT DOORS 0.025
MONITOR, COMMAND & CONTROL 0.100
ATTITUDE CONTROL 1.200
START LOOPS, CONTROLS 0.250
ANTENNA SUPPORT 0.286
MISC, INCLUDING STORAGE 0.200
POTASSIUM INVENTORY 6.058
POWER GENERATION 55.660
ANTENNAS 24.384
SPS 80.044
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thermal engine SPS. The turbines themselves, at their size of approximately 32 megawatts. use
forgings which can be produced by existing U.S. industry. Little nrew industrialization is therefore
required for the therma! engine SFS. The nation's current production capability is probably ade-
quate to produce one SPS per year.

3.2.4 Space Construction and Transportation Operations

The linear dimenstons of an SPS are some three orders of magnitude larger than the lincar dimen-
sions of the payload bay of any nlausible launch vehicle that might be used to deliver SPS hardware
to orbit. The mass of an SPS is at least two orders of magnitude greater than the lift car ability of
any plausible launch system. These figures clearly indicate that some sort of construction operation
in orbit will be required. The question of where (i.e., in what orbit) this should take place was sum-
marized earlier. This section describes the evolution of design concepts for space construction sys-
tems and a more detaled comparison of the equipment and operations needed for consiruction of
photovoltaic SPS'= «s compared to thermal engines and for LEO construction compared to GEOQ
constructiaon.

3.24.1 Integruted Openations

Production of SPS’s will require a logistics and operations network stretching from raw materials on
Earth to finished products in space. The operation of the Earth-based network appears to pose no
unusual problems.* but the space operations are much more complex and on a much larger scale
than anything vet achieved. This descnption of integrated operations concepts will provide a
framework for further technical discussion.

The operation« concepts for low Earth orbit (LEO) construction and geosynchronous orbit (GEO)
construction arc sitilar with important differences. The LEQ concept is shown in Figure 3.2.4-1.
The figure illustrates the photovoltaic opticn. (Photovoltaic and thermal engine construction are
compared in Section 3.2.4-5.) Space operations crews and all hariware and consumables required
in space are delivered to low Earth orbit by launch vehicies. The crew vehicle was assumed to be an
improved space shuttle with the solid rocket boosters replaced by a reusable liquid propellant
booster. The cargo vel“cle is a new two-stage vehicle capable of delivering approximately 400 tons
of payload per flight. Crew flights occur weekly and about 3 cargo fiights are required every 2 days.,
to exch space operations complex. (One operations complex was somewhat arbitrarily sized to con-
struct an SPS in one year. Construction of more than one SPS per vear could employ multiple com-
plexes or possibly larger ones.)

The largest element of the LEO construction complex is the construction base. nominaily located in
a 478 km circular orbit at 31V inclination. This facility houses a crew of 480 with overflow quar-
ters for transients. ¢.g.. those awaiting transportation to some other location. The primary function

*The hardware throughput to construct one SPS per year is about 15 tons per hour. The hardware
throughput of the U.S. auto industry is roughly 100 times greater.
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Figure 3.2.4-1 LEO Comstruction Integrated Operations
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of the facility is construction of SPS power generation modules and antennas. It also serves as a
staging base for orbit transfer vehicles used to carry crews and crew supplies to the GEO faciiity. A
crew OTV flight to the GEO facility normally occurs once every threc months.

Satellite modules are equipped with electric propulsion systems and {light control systems for the
solar-powered trip to GEO. Figure 3.2.4-2 shows a typizal module arrangement as configured for
the transfer. Thruster ins*allations are located at the module corners for maximum control author-
ity. Propellant tanks are located near the module centroid to minimize gravity gradients. Although
the propulsion system is primarily solar-electric, some chemical (LO:/LH ») thrust capability is also
provided so that control authority can be maintained while flying through the Earth’s shadow.
Because of the comparatively low chemical specific impulse (400 seconds versus 7500 seconds for
the electric thrusters) and 1/3 of the onboard propellant is LO» and LH,. The remaining 2/3 is
argon for the electric thrusters.

The GEO base controls module rendezvous and berthing, rotates the antennas into the operating
position, deploys the remainder of the solar cells and anneals the sclar cells used for orbit transfer
to restore their performance after their exposure to van Allen belt radiation during the transfer.
The GEO base is marned by a crew of 60.

In the case of GEO construction, most of the crew and the large base are located at GEQ. All con-
struction is carried out at this base. The integrated operations concept is shown in Figure 3.2.4-3.
The base in low Earth orbit performs no construction tasks: it is a fransportation staging base that
facilitates transfer of propellants and payloads from the Earth launch vehicles to orbit transfer vehi-
cles. The staging base reccives atout three flights from Earth each day. On the average. slightly
more than two of each three flights will deliver hydrogen and oxygen propellants for the orbit trans-
fer vehicles (OTV’s) with the third flight bringing SPS hardware. or occasionally crew supplies or
other support materiel. The staging base will also effect transfer of crews from the shuttle crew
vehicle to = crew orbit transfer vehicle and provide sufficient transient or emergency crew quarter-
ing for crew operations. An orbit tiansfer flight must be dispatched to GEO every day. delivering
SPS hardware. or {(once every month) an exchange crew for the GEO base. Such in-space refurbish-
ment of OTV’s as is necessary and practical will be carried out at the staging base. Parking space for
the OTV fleet is also provided by the staging base. (A ground-based versus space-based OTV trade
study was conducted and showed the space-based OTV to have about a 157 performance and cost
advantage.)

The GEO construction base is very similar to the LEQ base. differing primarily in that (1) since the
power generation portion of the SPS is built as a monolith rather than as modules. the 2 x 4-bay
construction base must index the satellite in two directions to build an 8 x 32-bay satellite: (2) pro-
cedures for installing the completed antennas are different. The antenna portion of the facility
must be able to separate and free-fly to the free end of the satellite then half cominlete. to install the
first antenna. It then retumns to the main facility: the second antenna and the power generation
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section are completed concurrently and the free-flight mode is not required to instail the second
antenn» (Many alternatives to the free-flight mode were examined. but all involved operational
complexities or problems judged to be more cbjectionable.) '

The GEO construction option does not require electric-propelled low thrust orbit transfers. The
electric propulsion installations on the SPS for operational flight control are a little more than 5%
of the thrust level of those required for orbit transfer (125-150 newtons per installation vs. about
2000 newtons) but otherwise involve very similar hardware. As discussed under control require-

impose severe propellant resupply requirements.
3.2.4.2 Historical Synopsis

The initial studies of the SPS concept in the early 1970’s gave primary emphasis to the issues that

seemed most awesome to the investigators at that time:

(1) The feasibility of a wireless energy transmission system requiring unprecedented antenna size,
precision, directivity. and efficiency:

(2) The design of a lightweight structure of unprecedented size:

(3) The transportation of unprecedented masses of total payload into space at what hadtobe a
much lower cost per unit mass than predicted for any system then under active study or
development.

By 1973 favorabie resolution of these issues began to seem possible and the construction problem
began to receive much-deserved atteniion. Three options were quickly identified: deployv:.assemble:
Jabricate. There was a natural desire to minimize the workload in space. so initial attention was

focussed on deployables.

Figure 3.2.44 shows an ¢arly construction concept with a tubular truss structural element being
deployed from its folded configuration. Calculation showed that the package density for folded
structure of this nature was incredibly low, so low that mixing with high density components still
presented a very difficult payload volume problem to the launch vehicle designer. In fact. any
plausible tubular truss element. even if stacked like cordwood. presented a serious density problem.
This led to a line of thought (pioneered by Grumman Aerospace) that developed concepts of fabri-
cating structure in space from prepared flat stock. The latter could be rolled for shipment to attain
high densities. Current concepts of SPS construction in space have developed around this and simi-
lar methods for producing the SPS structure.
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3.2.4.3 Construction of Struciure

Once the density issue had surfaced and been characterized, the emergence of concepts for on-orbit
structure fabricators (“‘beam machines” ) was incvitable. The essential purpose of the beam machine
is to make something with acceptable structural characteristics for SPS use out of something with
acceptable packaging density for launch from Earth. Two approaches hav: evolved, the “assembler”
machine and the “fabricator” machine. Figure 3.2.4-5 illustrates an “assembler” concept and
Figure 3.2.4-6 illustrates a fabricator. The assembler makes structure from prefabricated

nested parts and the fabricator makes structure by forming flat stock into suitable sections and
assembling the beam from these sections. The former device uses mechanical joints: the latter uses
bonded joints. A qualitative comparison of the resulting types of structure was presented earlier in
Section 3.2.2.2. Considerable discussion has taken place over which approach is best. No clear cut
advantage was found for either. A selection may require an operational suitability comparison of
prototype machines.

Beam machines of either variety are predicted to produce 20-meter triangular-section beams at one
to fifteen meters per minute. A rate anvwhere in this range is acceptable and will allow relatively
few machines to make enough structure for an entire SPS in one year. An important result of this
study was how these and other kinds of machines could be effectively employed in an integrated
construction system to build SPS’s.

3.2.4.4 Construction Facilities

Earlier construction base concepts, such as the one illustratcd above in Figure 3.2.44, included a

minimum of facilities and equipment. At that time no comprehensive analyses of construction

operations had been conducted. This study invested considerable effort in such analyses (see Vol-

ume 3 of the Part I report and Volume 5 of the Part H report). Out of these grew an awareness of

the need of facilities. The construction operation must carry out several operations:

(1) Receive payloads from Earth, unpack and sort them. and route the hardware to the right loca-
tions in a timely manner so that construction operations can proceed without logistics delays.
Some warchousing is required to smoothly interface transportation and construction

operations.
(2) Build the SPS energy conversion. antenna and interfacing structures.

(3) Install all equipment: solar arrays. power conductors, processing and switch gear, instrumenta-
tion, anienna subarrays. flight control systems and support systems.

(4) Perform checkouts.

(5) Route reusable payload packaging hardware to transportation operations stations for retarn to
Earth by returning launch vehicles.
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A representative dimension of an SPS hardware element, e.g., a beam section or photovoltaic panel
width, is 20 meters (66 feet). The zero-g environment greatly facilitates handling of these large cle-
ments; nonetheless, machinery and equipment of an appropriate scale is essential. Building the
energy conversion portion of the photovoltaic SPS requires fabrication of structure, installation of
solar arrays, installation of switchgear and power conductors, and installation of instruiaentation,
controls. propulsion and presumably many other items of secondary equipment not yet identified
in the SPS designs  An analogous set of tasks has been identified for the thermal engine option:
constiuction tasks are pictorially summarized in Figures 3.2.4-7 and 3.2.4-8.

One could imagine using the satellite structure itself, as it is built, supporting this construction
equipment (early construction concepts, in fact, did). Structural and other design impacts on the
SPS would presumably result. Also, serious questions are raised as to how the equipment is to be
moved, serviced, supplied with power or controlled, and how personnel and SPS hardware are to
be moved from receiving stations or crew quarters to work stations. The construction facility
al'ows resolution of all these issues. It provides for conduct of major construction steps in parallel
with a minimum of interdependence and interference. It provides support for the SPS while it is
being worked on. It allows the various construction machines to operate independently so that a
problem or breakdown at one machine need not interfere with the operation of others. Spare
{backup) machines can be made available as necessary. The construction facility can be sized to
provide enough parallel work areas to achieve the desired production rate, (one SPS per year in the
subject studies). Equipped with crew habitats and work stations, transportation handling and bus-
ing systems, and an onboard crew and cargo logistics network, the facility becomes an integrated
construction base.

LEO Bases

The construction base for the photovoltaic satellite consists of two connecting facilities with one
used to build the energy conversion modules and the other to build the antenna, as she.wvn in Figure
3.2.49. The module construction facility is an open-ended structure which allows the four-bay-
wide module to be constructed with only longitudinal indexing. There are two sets of internal
working bays. The aft bays are used for structural assembly using beam machines and joint assem-
bly machines attached to both the upper and lower surtaces of the facility. Solar array and power
distribution are primarily installed from equipment attached to the upper facility surface in the for-
ward bays. The satellite module is supported by movable towers located on the lower surface of the
facility. These towers are also used to index the module as it is being fabricated.

The antenna facility is configured to enclose four antenna bays in width and four rows of bays in

length. The minimum plan-view shape of the facility is obtained through use of a 60 degree paral-
lelogram. This shape results because the basic unit of the primary structure is triangular in shape.

The lower surface of the facility is used to support beamn machines. joint assembly machines and a
deployment platform that is used to deploy the secondary structures and antenna subarrays.
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The thermal engine satellite construction base shown in Figure 3.2.4-10 has been designed to
surround the thermal cngine satellite module. As a result of the 3-dimensional nature of the ther
mal engine concentrator. the base exhibits some rather lars» dimensions. The construction opera-
tions are performed in thiee separate levels or areas of .2 buse. The antenna construction tacilitios
and those provisions necessary to construct the antenna yoke are at the lower fevel. Immediately
above this area is the reflector construction factory which inciudes equipment necessary to
construct tvlector structure and install reflecting tacets. Deployment of the constructed reflectors
is accomplished using indexing devices movirg down two side rails. Thrva »sile are glso used to sup-
port beam machines used to construct the four supporting legs betweer the reflector surface and
the focal point. At the upper level of the construction base is locuied the focal point factory which
has the task of constructing the second stage concentrator, cavity, installing the thermal engines.
constructing radiators and the spine which serves as the power distribution system. A fourth area.
only used in the construction of two modules, is the assembly platform used to form the antenna
structure support point for the antenna.

Because the satellites must be transferred from LEO to GEO in modules in order to have adequate
attitude control authority. and because the solar cells not needed for transfer power (in the photo-
voltaic case) should be retained in their shipping boxes for added radiation shielding. several tasks
remain to be accomplished at geosynchronous orbit when the modcules arrive. These are summa-
rized for the photovoltaic system in Figure 3.2.4-11. Analogous tasks exist for the thermal engine.
except that since it is not as seasitive to radiation, all thermal engine equipment is deploved at LEO

prior to initiating the transfer. In cither case. the crew size for the GEO basce is approximateiv 60.

GEO Bases for GEO Construction
The GRO construction base has also been sized te construct a satellite in one yvear and consequently
isof e overall size as the LEQ construction base. The photoveltaic GRO base and its sup-

port 0 base are illustrated in Figure 3.2.4-12.

Indexing the satellite construction facility in two directions rather than one is required. Tii s has
been judged to be more cost effective than having a full width facility and additional construction
equipment with the equipment idie half of the time. The mass difference for the GEQ construction
base, compared to the base for LEO construction. primarily reflects the additional mass required for
crew shielding protection against solar flares. Other significart differences in the GEQO o nstruction
base are the outriggers on the satellite facility to allow lateral direction indexing in addition to the
movement of the antenna facility from one end of the satellite to the other.

The staging depot located in LEO in this construction option is sized t  suppore the construction of
one satellite per year. and accordingly requires one SPS component O iight per day. based on a
five day a week launch and flight schedule. As such, the depot must provide accominodations for
three launch vehicle payloads: the SPS components and two propellant tankers used to refuel the
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orbit transfer vohicles. Since the orbit transfer vehiclke propellant loading requires slightly more pro-
pellant than can be provided by two tankers. a storage tank is also provided at the staging depot and
is refueled every Tourith OTV flight. Other docking accommodations are provided for a dedicated
OTV used tor GEQ crew rotation/resupply on a once per month basis. This operation also requires
docking for supply modules and crew transfer vehiclkes. The operational crew size for the staging
depot is 75. They can be accommodated in one module similar to the crew modules used in the
GEOQO construction base. A transient crew quarters module is also provided to accommodate the 160
personnel rotated with each crew tlight to the GEO base. A maintenance madule is included at this
base for repair work on the transportation systens and base equipment.,

3.2.435 Construction Equipment

The major construction equipment items associated with the photovoltaic satellite are illustrated in
Figure 3.2.4-13 and Figure 3.2.4-14, along with key characteristics such as quantity. mass and
Jdmmensions. The beam machine shown is configured to aliow two beam machines to torm all the
main structure.  Accondingly. it has both translation and rotational capability. The dimensions and
mass indicated are for the segmented beam approach although machines fabricating thermally
formed continuous chord structure could be attached to the same framce and ased in a similicr

mannger.

Crane ‘'manipulator svstems are primarily used to torm the structural beam joints. Although the size
shown is most common. several 230 meter units are also required in the construction of the antenna
voke as well as several 20 meter cranes. Two-man control cabins with manipulators are located at
the end of the crane which is itself attached to a moving platform.

The principal difference between the solar array deployment machine described here and those illus-
trated in previous documents is that the gantry itself is focated appronimately 50 meters helow the
facility beams since that is the location of the upper surface of the satellite.

The most signiticant unique picee of equipment used for antenna construction is the subarray
installer shown in Figure 3.2 4-14. Long-boom manipulators are used to string the power leads

from the power processors through the antenna structure to the subarrays.
Construction equipment requirements were also determined tor the thermal engine option and are

described in Volume V of this report. Because of the greatsr complesity of the thermal engine,

about twice as many Kinds of cquipment are needed.
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3.2.4.6 Representative Construction Sequence

The photovoltaic LEQ construction sequence is presented here. Sequeaces for all four options (LEO
and GEO, photovoltaic and thermal engine) were developed and are presented in Volume V of this
report.

The module construction sequence for the structure, solar array and power buses begins with build-
ing the first end frame of the structure. This completed end frame s indexed forward one structural
bay length. Machines can then form the remainder of the structure in cach of the bays. The fust
row of four bays is then indexed forward o allow construction of the {ifth structural bay in parallel
with installation of solar ar-ays in bay | through 4. This sequence is shown in Figure 3.2.4-15.
Solar array instal'ation and construction of structure occurs simultaneously across the width of the
module, although ncither operation depends on the other. At the completion of the 16 bays (four
rows of bays in length? the power buses and propellant tanks are installed. Construction of the
structure and installation of solar arrays of the remaining four bay lengths of the module are done
in a similar manner to that previously described. Thruster modules for the self-power system are
attached to ¢ach of the four comers of the module.

Construction of the antenna takes place in parallel with module construction. The first antenna is
completed during construction of the fourth module; the second antenna is completed with the
eighth moduse.

#is shown in Figure 3.2.4-16 the yoke for the antenna is constructed in the module construction
tacility because of its Lirge dimensions.  This requires the yoke to be made between the third and
Jourth module and between the seventh and eighth modules. Following voke construction. it is
moved to the side of the module facility. At that time cither the fourth or the cighth module will
be constructed. During the construction of these modules. the antenna is completed so that it can
then be attached to the yoke. After five bays of cither the fourth or eighth module have been com-
pleted. the antenna/yoke combination can then be attached to the module in its required location.
Construction of two more rows of bays pushes the antenna outside the facility where it then can be
hinged under the module for its transfer to GEO.

The first operation to occur once the modules reach GEO is that of the berthing (or docking) of the
modules. In the case of the plotovoltaic satellite, the nodules are berthed along a single edge as
indicated in Figure 3.2.4-17. The major equipment used to perfonn these berthing operations are
shown. The concept employs the use of four docking systems with each involving a crance and taree
control cables. Variations in the applicd tension to the cables allows the modules to be pulled in.
provide stopping control and provides attitude control capability. Also required in this concept is
an attitude control system involving thrusters which are not shown.
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Figure 3.2.4-17 GEO Berthing Concept Photovoltaic Satellite
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In its shipment position the antenna is attached below the module with a single hinge line. Once
GEO is reached, the antenna is rotated into position followed by the final structural and electrical
connections, as indicated by Figure 3.2.4-18

The overall integrated construction and transportation timeline for this sequence is given in Figure
3.2.4-'9. Detailed supporting timelines are presented in Volume V of this report.

3.2.4.7 SPS Options Construction Comparison

The difference in crew size and distribution of crew is compared in Figure 3.2.4-20 for the two
satellite concepts. The photovoltaic satellite requires approximately 300 fewer crew, with alf this
difference occurring in the low Earth orbit construction base. The reason for the larger crew
requirements for the thermal engine satellite is the more complex construction operations. This con-
tributes to the construction indirect personnel and support peisonnel manloadings.

There are no significant differences in crew size between LEO and GEO construction. The differ-
ence is in the location of the majority of crew reflecting in differences in transportation
requirements.

Figure 3.2.4-21 presents ROM mass estimates for the construction bases as well as crew rotation/
resupply comparing the phiotovoltaic and thermal engine options. In the case of the LEO construc-
tion bases, the photovoltaic satellite base is lighter by approximately 3 million kilograms. The
major contributors to the greater mass of the thermal engine construction base are the large founda-
tion (structure) along with three extra crew modules for the 300 additional people and. as previ-
ously described, additional construction equipment. The GEO final assembly bases are approxi-
mately equal. Differences in the annual crew rotation resupply reguirements reflects the 300 differ-
ence in crew size. Base mass differences between LEO and GEO construction are not significant
although the locations result in significant differences for transpoitation.

The comparison of the unit cost of the first set of construction bases in Figure 3.2.4-22 indicates
over a 4 billion dollar savings for the photovoltaic smellite. These values include a 907 learning
factor applied to cach major end item. (Transportation costs are not included.) The principal dif-
ference in the facility cost is the three extra crew modules and the large difference in construction
equipment quantity. The differences in construction base cost and crew size were one of the signif-
icant factors in the determination that the photovoltaic system represents the preferred SPS
concept.
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3.2.48 Transportation Systems Background

Some of the earliest studies of SPS’s assumed that the space shuttle would be the primary means of
transportation to low Earth orbit. These early studies were more or less concurrent with studies of
two-staged fully reusable shuttles then predicted to deliver payloads to orbit (on a shuttle traffic
model) at about $220/kg ($100/1b). Costs to GEO wc uld have fallen in the $660-$880/kg ($300-
$400/1b) range. At these high transportation costs (take $800/kg as representative) SPS’s could have
no more mass than 1.25 kg/kw,, to bring the transportation cost even as low as $1000/kw,,. This is
just about the figure quoted for SPS’s by the carly studies; it was necessary to invoke advanced
technology or optimistic design assumptions to offer any hope of achieving masses this low.

This was, in eftect, placing all of the burden of technology advance on the SPS. assuming that the
space shuttle, designed for a very different job. would be the best space transportation available to
an SPS progran:.

In 1974, during the carly phases of the Future Space Transportation Systems Analysis Study spon-
sored by JSC, etimates were made that with a more plausible SPS technology. transportation costs
would need to be as low as $45/kg (320/1b) to make SPS’s economically feasible. It was also recog-
nized that an SFS traffic model would represent at least 100 times the annual payload to low Earth
orbit extant in the then current 60 flights/year shuttle traffic model. An investigation of design
trends by D. Gregory quickly indicated that vehicles aimed at such a market would be larger. fully
reusable. would emphasize payload delivery with little or no return capability. and would not have
too much difficulty attaining the 545/kg tasget.

Subsequently, the Heavy Lift Launch Vehicles study. sponsored by JSC and later managed by
MSFC. confirmed these results, predicting $33/kg (S15/1b) for the vehicle depicted in Figure 3.2 .4-
23. Subsequent more detailed operations analyses, under a continuation of the same study. con-
firmed this figure. During this time (circa 1976) it was believed that SPS pay loads would be very
low in density, as low as 20 kg/m3. Accordingly, the vehicle illustrated had a large oxpendable
shroud. The shroud. which had to be replaced for each flight. contributed $3.8 million to the cost
of each flight

As payload packaging and packaging density analyses evolved during the current study. an average

payload density oi 75 kg/m3 appeared achievable through mixing of different payload types. This
increase was largely due to the increase in structural density afforded by beam machines.
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Figure 3.2.4-23 HLLV Two-Stage Configuration
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3.249 Transporiation Requirements Summary

As a part of the current study, a significant effort was made to understand and document SPS trans-
portation requirements. The results were presented in Volume 1V of the Part | report. A synopsis of
those requirements most important to vehicle design and sclection follows:

Cargo Launch Vehicles (Heavy Lift Launch Vehicles, HLLV’s)

These +ehicles have the primary functior of delivering heavy cargo to low Earth orbit. Most of this

cargo will be SPS hardware and orbit transfer propellant. Low cost per unit payload mass delivered

to low Earth orbit is an overriding requirement. The following general vehicle requirements were

identified:

@  Recurring cost should be minimized. Accordingly, the vehicles should be complc iely reusable,
with a design life of at least 300 flights, capable of fast recycle after use, employ low-cost pro-
pellants and minimize propeliant energy consumption.

@ A large payload volume capability should be provided, A pavioad density of 75 kg/m3 is
needed to allow mass-limited launch operations.

@ Large payload mass is desirable. Vehicles in the range 100 to 400 (metric) tons payload capa-
bility were studied. The high end of this range is desirable for a mature program; the smaller
vehicles may be adequate in a developmental or early commercial phase.

@ Vehicles and their launch facilities should be capable of sustaining high launch rates, reaching
about 10 flights per day after several years’ operations and should allow salvo launches of two
to five vehicles at roughly 1-m..ute intervals.

®  The upper stage of the vehicle Yor the entire vehicle, if a single-stage system) should be capable
of flying to an operation base in low earth orbit to deliver its payload. Payloads will be palle-
tized. A change of the launch vehicle from payload configuration to tanker configuration
snonld be possible at the launch site without major disruption of launch processing operations,

@  The design refercice launch site is KSC, The design reference orbit is 478 km altitude at 31°
inclination.

®  The vehicle should be dcsigned for minimum environmental impact. This includes (1) selection
of propellants, engine cycles and flight profiles that minimize atmosphere pollution and (2)

remote launch and recovery operations to the degree necessary to control noise.

o In the event of an abort, recovery of the vehicle is given priority over recovery ~f the payload.

128



D180-22876-2

.- mvmmﬁm:mmmm:ydmgmy lO%ofdekweryﬁpabnhtyto 7
m‘ama{wymwmmm

meeﬁeus.

The personnel launch vehicle was assumed to be an upratéd shuttle with the payload bay converted
1o be capable of carrying 75 passengers. A liquid booster was assumed to replace the solids to
reduce cost per flight and atmosphere pollution.

Orbit Transfer Vehicles

Orbit transfer vehicles (OTV‘s) serve to tmuier crews and cargo between low earth orbit and geo-

svachronous orbit. Orbit transfer vehicle requirements are summarized as follows:

® Low cost is paramount. Accordingly, the orbit transfer vehick should use liquid oxygen and
liquid hydrogen as propellants, should be completely reusable, shoukd be staged to improve
efficiency, should pcnmit fast tumaround, and should be capable of at keast 50 reuses.,

®  Space-basing is desirable. The vehicle should be designed for efficient on-orbit propellant trans-
fer from tanker . Ser.ces such as propellant transfer pumping may be provided by an opera-
tiom base.

e  Mission duration capability should be 2 minimum of 7 days.

e It should be a design goal to eliminate all fluids requirements except LO5 and LH 5. in order to
simplify on-orbit servicing.

® The OTV should be matched to the cargo launch vehicle in the sense of having the capability
to deliver an entire cargo payload to GEO without repacking at the LEO base. No cargo retum
payload is required for this mission case,

o For crew rotation missions. a crew modutle will be previded as a payload for the OTV. Round
trip capability is required for this payload.

e The OTV shall be designed for crew safety. The OTV flight profile shall avoid. cven as a trans-
ient condition, state vectors that do not represent a stable earth orbit from which a rescue cen
be accomplished.

Electric Propulsion Orbit Transfer Sysirm

The study indicated that minimum SPS system cost could be realized if SPS modules are con-
structed in low carth orbit and transferred to GEO undcer their own power using electric propulsion.
Electric propulsion hardware must be Ltted to the modules for this purpose, General requirements

are as follows:
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Low cost is paramount. Therefore the electric propulsion hardware should be efficient (to
minimize power consumption and resultant design scar on the SPS modules). It may be desir-
able to avoid the necessity for retum of the electric propulsion hardware to low carth orbit for
reuse. Ther=fore, this hardware should be designed for low production cost and minimum con-
sumption of critical materials.

The propellant should be plentiful and non-polluting, e.g. argon.
The thrusting system should be capable of large gimbal angles as required by flight control.

The system shall provide power processing as necessary to minimize total cost, including
design/mass scars an the SPS modules,

The system s!..1| provide chemical thrust capability (total impulse and thrust l2vel TBD) as
necessary to control SPS module attitude when module power is not available. Up to 90 min-
utes chemical thrust operation sixall be possible without module power.

The system Isp shall be selected for minimum overail SPS cost. Depending on SPS characteris-
tics, Isp’s in the range 2500 sec to 7500 sec may be desired.

The system shall be capable of at least 5000 hours operation without entring the wearout
regime of failures.

The system shall provide its own services, e.g. thermal controi. drawing only unprocessed
power and possibly control signals from the SPS module.
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3.2.4.10 Payload Packaging

Payload packaging considcrations affect both construction and transportation operations. The
packaging analysis for the photovoltaic satellite reflects the structure fabrication apgroach (beam
machines) and the first definition of the antenna. Packaging density and the number of units are
presented in Figure 3.2.4-24 for the major components.  The component presenting the greatest
problem is the antenna subarmrays with a median packaging density of only 28 kilograms per cubic
meter. The payload shroud requirement had previously been set at 75 kilograms per cubic meter.
Analysis has shown that since actual payloads have irregular shapes, the cffective density of the pay-
load within the shroud will be less than the average of individual componeant densities.

An estimate for the mixing of the various components for delivery to LEO is iilustrated in Figure
3.2.4-25. The number of flights indicated are for the mix of components and are not meant to be
indicative of the actual launch sequence. The dominating item was the antenna subarrays included
in 246 out of 217 total flights (of identifiable hardware). Fortunately. the high density solar arrays
can be used to otfset the lower density subarrays during most of their launches. Unlike the Part |
analysis where only about 25 to 30% of the payload shroud was used (antenna undefinca). a more
complete understamiing of the antenna and desire to deliver subarrays fully assembled has resulted
in using the entire vo.ume of the payload shroud in order to achieve a mass-limited launch condi-
tion. The component density for the photovoltaic satellite reaches average density of approxi
mately 95 kilograms per cubic meier is indicated. The reference 23 meter by 17.5 meter pavload
envelope with a volume utilization factor of 0.7 requires a component density of 93 kilograms per
cubic meter in order to reach a mass himited condition,

The thermal engine satellite component density is approxiniately 06 Kilograms per cubic ineter
primarily due to the low density of radiators. reflecting facets and antenna subarrays. Should the
antenna subarrays be divided into a waveguide/structure section and klystron tube section. the
density would go up to 76 kilograms per cubic meter. This, however. requires assembly of the sub-
arrays in orbit which is deemed undesirable. Consequently. the thermal engine concept presents a
difficult case for achieving mass limited launch conditions.

The number of flights shown in Figure 3.2.4-26 for the photovoltaic satellite retlect mass limited
launch conditions. The thermal engine case is shown for both an expendable shroud large enough
to reach a mass limited condition and a reusable shroud option. Launch cost for these options are
compared in the third set of bars in the figure. For the thermal engine system. the expendable
shroud shows approximately a 300 million dollar savings per satellite as compared with a reusable
shroud due to the low cost (2 million dollars) for the expendable shroud when Lirge quantities are
procured, [t should be noted that the thermal engine satellite will also utilize reusable shrouds for
the dehivery of crew and supplies and delivery of construction requirements.
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The most important conclusions from the packaging and payload density studies were:

e Payload volume requirements are a2 major design consideration for the transportation system,
especially Earth la-inch vehciles. A payload bay computed density greater than 75 kg/m3 is
likely to result in volumne limited launches with attendant cost penalties. Payload physical sizes
are large. Penalties associated with smaller payload bays have not been adequately assessed, but
diameters of at least 15 m appear to be highly desirable.

o Achievement of adequate payload packaging densities requires mixing of component types for
most launches. This means that (1) a payload unpacking area and crew will be required at the
construction base; (2) some warehousing will be required at the construction base; (3) antenna
and energy conversion elements of the SPS construction activity must be served by the same
logistics network.

® When payload packaging is taken into account, transportation costs favor the photovoltaic SPS
over the thermal engine option.

3.24.11 Transportation Vehicles and Systems

Two primary launch system options were characterized, a ballistic two-stage heavy lift vehicle and a
winged two-stage heavy lift vehicle. The differences in performance between these two options were
well within the uncertainty of performance estimation.

Figure 3.2.4-27 compares the HLLV options. The principal issue between the two systems is sea
landing versus land landing. The sea landing mode requires restart of some of the rocket engines (or
start of special landing engines) for the powered letdown into the water and the hardware is exposed
to the sea saltwater environment. There is also some uncertainty associated with landing loads to be
experienced upon water contact. The winged land landing vehicle avoids these issues. Because of the
sonic boom profiles for ascent and reentry of the vehicles, and because the winged booster requires
down range land landing, the winged system introduces significant launch and recovery siting issues.
No suitable down range land landing sites are available for KSC launch. Potentially usable sites, with
regions of significant sonic boom overpressure being under government control. exist in the south-
western United States. These sites are further north than KSC and introduce additional performance
penalties associated with the plane change required to achieve a zero-inclination geosynchronous
orbit. Other alternative sites have not been identified.

Both vehicles described have a liftoff mass of about 10,000 metric tons (more than 3 times the
Saturn V lunar rocket), and a payload slightly less than 400 tons to the reference 478 km. 319 orbit.
The winged vehicle does not meet currently-recognized payload bay volume requirements. Both
vehicles have a calculated cost per flight in the $8 million range at high launch rates. Cost per flight
calculations are described in more detail in Section 3.2.6.3.3. Detailed vehicle descriptions are
provided in Volume V of the Part I Final Report.
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The shuttle, with the addition of suitable crew accommodations in the payload bay and a new
liquid propellant booster to reduce cost and atmosphere pollution, has been selected throughout the

SPS studies as the basic crew launch and recovery vehicle. This modified shuttle capable of carrying
50 to 75 people to orbit and back is shown in Figure 3.2.4-28.
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Figure 3.2.4-28 Personnel Launch Vehicle
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Crew/Cargo Orbit Transfer Systems

Transportation operations may be required to support construction operations either at low Earth
orbit (LEQ) or geosynchronous orbit (GEO), depending on which construction location is finally
selected. In either case an orbit transfer vehicle system is needed to carry crews, crew resupply
logistics and priority cargo to geosynchronous orbit. Earlier studies has investigated a variety of orbit
transfer vehicle options and selected the configuration illustrated in Figure 3.2.4-29 as representa-
tive of a cost-optimal system. It is a space-based oxygen-hydrogen reusable 2-stage rocket system
refueled bv tankers brought to LEO by the heavy lift launch system. This vehicle serves to deliver
crews and cargo to GEO from the LEO base. Up to 160 crew can be carried from LEO to GEO and
returned by this vehicle, with a large crew module as payload.

Both stages have identical propellant capacity. The first stage provides approximately 2/3 of the
delta V requirement for boost out of low earth orbit at which point it is separated for return to the
low earth orbit as well as providing the remainder of the other delta V requirements to place the
payload at GEOQ, and the required delta V to return the stage to the LEO staging depot for reuse.
Subsystems for each stage are identical in design. The primary difference is the use of four engines
in the first stage compared to two in the second due to thrust-to-weight requirements of approxi-
mately 0.15. The second stage requires additional auxiliary propulsion due to its maneuvering
requirements in the docking of the payload to the construction base at GEQ. The OTV shown has
been sized to deliver a payload taken directly from the launch vehicle (400 000 kg). As a result, the
OTYV startburn mass is approximately 890 000 ke with the vehicle having an overall length of 56
meters. Main engines use a staged-combustion cycle at about 14 MPa (2000 psi) chamber pressure
and deliver an Isp of 470 seconds with an area ratio of 400. Auxiliary propulsion uses a thermally-
expelled pressure-fed O~H- system with a chamber pressure of about 700 kpa (100 psi) and a
delivered Isp of about 400 seconds.

During Part I of this study. the natural question arose. ““why not make the tanker into an orbit
transfer vehicle and operate Earth-based?””. This was investigated. and it was found that the space-
based vehicle had about 15 better performance, yielding lower costs. There are two primary
reasons: 1) the space-based vehicle need not be structurally designed to withstand iaunch loads with
full propellant tanks: 2) the inert mass of engines and other subsystems needed to make the tanker
into a vehicle need not be hauled back and forth from Earth to LEQ. Concurrent with this SPS
study, an orbital propellant depot study by General Dynamics has identified practical means of pro-
pellant transfer with minimal losses. The space-based system was selected as tl.c preferred option.

If the SPS is constructed in fow Earth orbit in a modular fashion. the electric generating capability of
the modules may be used to drive electric propulsion systems to effect the orbit transfer. Each
module is equipped with electric propulsion installations, propellant tanks and the other subsystems
necessary to convert it into a powered spacecraft. A joint cost optimization of Isp and trip time
resulted in selection of a 180-day transfer at 7500 seconds electrical ISP, The cost of invested capital
has a significant influence on the optimization as illustrated in Figure 3.2.4-30. This occurs because
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the transfer time causes a delay in the SPS entering service. Consequently, interest costs on invest-
ment in the SPS accumulate during the transfer: these costs trade against the reduction in thrust
level (and therefore installed propulsion hardware cost) that occurs with acceptance of longer trip
times.

The effective Isp of the orbit transfer system, after accounting for losses for attitude control thrust-
ing and the use of chemical propulsion during transits of the Earth’s shadow, is about 3000 seconds.
This high effective specific impulse provides a major reduction in total freight delivery to low Earth
orbit. The LO» /LH+ orbit transfer vehicle requires about 2.1 ke of propellant per kg of payload
delivered to GEO. The high-specific-impulse option requires about §.23 kg of propellant per kg of
payload delivered. The net effect is a S0% reduction in the required number of heavy lift launches
from Earth. There are a number of negative factors associated with the high specific impulse “*self-
powered”™ mode. but taken in the aggregate they exhibit considerably less cost tiian the savings in
Earth Launches.

The arrangement of a photovoltaic SPS module as a4 powered spacecraft is shown in Figure 3.2.4-31.
Onc-quarter of the solar blankets are used for the transter: the remainder are deployed {rem their
shipping boxes after the module reaches geosvnchronous ortit. The blankets used for propulsion
power will be degraded by van Allen belt radiation absorbed luring the transfer. They will be
annealed during the final checkout and preparation process. The antennas are also built at LEO,
and are transported by two of the eight modules.

3.2.4.12 LEO/GEO Operations Comparison Summary
There is little difference i orbital crew size between the two construction location concepis,
although the distribution of personnel is considerably different as shown in Figure 3.2.4-32.

Staging depot and final assembly manning requirements were also found to be nearly the same.

Several key environmental factors should be considered when comparing the two construction
location options.

One of the main differences between the two construction location options is the large amount of
solar flare shiclding which must be provided for all crew modules located at GEQ.  Steadv-state
radiation would make EVA at GEO considerably worse than at LFO although ounly a bare minimum
of suit EVA is anticipated in cither case.

QOccultations of the construction base at LEO occur 15 times a day. while a base at GEO is only
occulted 88 times per year. The principal effects of occultation are on the electrical power supply
and thermal aspects of the structure. The GEQ option requires less power.  Less array power is
needed to recharge the nickelhydrogen batteries used for occultation periods. The pe-alty for the

larger power system is relatively small with low mass, 10w cost solar arrays. Although a GEO base is
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mote¢ continuously illuminated., the construction base itself produccs shadows. Consequently, both
construction locations require a large amount of power tor lighting purposes. Use ot graphite;
epoxy structure in both the satellite as well as the construction base structure should minimize the
impact of thermal effects.

Most consiruction concepts will orient the construction base so it is passively stable for attitude
contrcl and minimize gravity gradient torque. Although the LEO const:uction case required con-
siderably more orbit keeping/attitude control propellant per day. it still results in less than one
HLLV launch per vear for this propellant makeup.

Orbiting debris from man-made space systems has resulted in some concern regarding collisions
during LEO construction. (The flux of objects is much greater at LEO than at GEO.) Tue analysis
onducted has indicated the potential collision problem is greater with construction in LEQO, how-
ever, simple avoidance maneuvers can reduce the probability of being hit to naur zero.

The collision analysis was done for an environment predicted for the yvear 2000 including an addition
of S00 objects per year since 1975, Results of this analvsis indicated that the LEQ construction
approach could have forty additional collisions if no preventive action is tiken. However,
rescheduled orbit altitude corrections can essentially eliminate the problem of collision with litile or
no additional penalty, as illustrated in Figure 3.2.4-33. Thrust modulation or termination during
orbit transter can also be used to prevent collisions. There should be no diftference between the two
construction locations regarding the number of collisions. The LEQ construction approach doves

require shightly ditferent operations. including the use of debris tracking and warning systems.

The design impact on the satellite for the case of LEO construction and self-power has been
described earlier in the description of the photovoltaic satellite. A summary of the Key items is
presented in Table 3.2.4-1. Solar array oversizing of 3 percent has been included te compensate
for the mability to completely anncal out all the damage to the cells caused by radiation occurring
during transfer and for the mismateh in voltage and current outnrut between the damaged and

undamaged cells.

The structurai impact includes both that of modularity and oversizing. Modularity includes
additional vertical members used around the perimeter of the satellite module and lateral beams at
the end of the modules as well as the penaltics for the transfer of the 1S million kg antenna sup-
ported underncuth the module. (1t should be noted that all module structure has been sized to that

dictated by the modules used to transter the antenna)

The power distribution penalty is related to the additional fength of bus caused by the oversizing of

the array. The total mass penalty for a LEO-constructed satellite is approximately 4.2 million kg
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tor the selected self-power transportation system. [t should be noted that the array oversizing and
power distribution penalty depend on the particular performance characteristics selected for the
self-power syste.n.

Transportation requirements associated with the payloads of cach construction location concept are
shown in Figure 3.2.4-34; no OTV propellant mass is included.

The differenice in sateflite mass reflects the structural mass penalty of the additional vertical and
lateral members and loads caused by transfer of the antenna. Oversizing and power distribution
penalties are all a function of orbi- transfer characteristics and consequently are chargeable to the
orbit transfer system itself.

Differences in crew and supply requirements delivered to LEOQ primarily reflcct additional orbit
keeping/attitude control propellant requirements. The key difference, however, is in the mass which
must be delivered to GEQ.

Facility transportation requirements reflect the initial placement task as well as, in the case of the
GEO bases (both options). that mass that must be moved to the longitude location where the next
satellite is to be constructed. The priwncipal difference in the two main construction bases is that the
six crew modules in the GEO concept each have approximately 115 000 kg of additional mass for
solar flare shelters.

A most significant factor in the comgparison is the difference in the number of lavnches required to
support each construction location option. The number of flights indicated in Figure 3.2.4-35 are
only those relating to the delivery of satellite components and orbit transfer provisions for the
satellite and are ‘or the case of constructing four satellites per yrar. As would be expectad from the
transportation requirements presentcd earlier. the LEO construction option requires only half as
many Earth launches as the GEO construction option.

Total transportation cost for the three major system elements is presented in Figure 3.2.4-36. Cost
is related to that associated with one satellite. but reflect rates associated with four satellites per
year. The Earth-LEO bar increments reflect the cost of getting payloads to LEO. Accordingly. the
LEO-GEO increment relates to cost of refueling orbit transfer vehicles and their unit cost. In the
case of satellite delivery, the interest increment relates to the self-power trip time of 180 days and
the additional interest accrued. (Note: Revenue is not lost, only delay:-d 180 days—-the same
revenue period still exists.)

The dominating .ctor in this comparison is that satellite transportation witit LEO construction using
self-power provides a $2 billion (33% savings) over the GEO construction approach. Crew rotation,
restpoiy transportation cost are also $150 million (36'%) lower for the LEO construction concept
along wiih a $200 million savings for the initial placement of the construction bases.
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3.2.5 Uncertainty Analyses

One of the important oviectives of the study was reduction of uncertainty in mass and cost for the
SPS systems. Assessment of the attainment of this objeciive required a formalized uncertainty

Performance (efficiency in the case of SF3) and mass are the primary technical measures of uncer-
tainty. Cost uncertainty tends to follow: there are additional cost uncertainty factors not directly
associated with performance or mass.

History records a dismal re_ord of mass and cost growti. in all manner of projects. Curiously, some
of the worst cost overiuns have occurred on relatively munacne projects such as construction of
domed stadiums. (One wonders what the cost overrun was on th> Roman Colosseum.) Enough
examples of mass growth have been collected for aerospace programs to allow some statistical
measures t> be taken. Figure 3.2.5-1 presents 2 statistical prediction ol mass growth for various
classes ¢) systesns in aerospace systems. Included in the ““new concepts™ :tatistics are systems such
as the Concorde SST and the Apollo lunar spacecraft, the latter are also included in the manned
spaccraft statistics. The SPS should presumably be classed as a new concept: it can be scen that
history would suggest a probable 25'% mass growth with appreciable risk that much greater growth
weuld occur.

Three potential types of contributors to mass growth were identified:
®  Program uncertainties, i.e.. the likelihood that program requirements might change.

e Concept uncertainties, the likelihood that the design concept will change.

®  Design uncertainties, the actual uncertainty in specific system design parameters or in mass
estimates for given items.

it has been a general belief that mass growth results primarily from the first two of these contributors
rather than the third. The former, however, cannct be adequately treated by a technical uncertainty
analyses, ¢.g., if we knew why a program requirement would change in the future. we would change
it now. The uncertainty analysis performed under this study considered only design uncertainties.

It is pertinunt to discuss at this point a design phenomenon often called iaternal escalation. Airplane
designs are notorious for internal escalation, which goes somethin, like this: A subsystem mass
growth item increases the aircraft mass. wing area must be added to compensate. further increasing
mass. more fuel is needed to maintain range; more wing to carry the fuel. and so forth. These effects
are positive feedbacks that amplify the effect of any elemental mass change. Manned spacecraft
have intemnal ¢scalation comparable to aircraft. The SPS has little of it.
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The uncertainty analysis methodology employed was newly developed tor the study and included
the principal steps indicated in Figure 3.2.5-2. The basis for the uncertainty analyses was itemized
estimates in the uncertainties of component performance. masses and cost. A typical example
would be the uncertainty in solar cell efficiency and degradation. This is an example of the case
where correlation exists betweeen the two factors: t.e., more efficient cells tend to experience some-
what greater degradation because the greater efficiency tends to be associated with greater thickness
and experimental data indicate thicker cells degrade more. In developing the statistics in size, mass
and cost, these kinds of correlations were taken into account through use of a bivariate normal dis-
tribution probability modei.

Also providing input data to the unceriainty analyses was a conventional mass property analyses for
the systems with estimated uncertaintics in such factors as structural crippling criteria. solar cell
thickness and turbomachinery unit masses. Additional uncertainties were developed in system costs.
such as uncertainty in solar cell cost per unit area and uncertainties in machinery costs. These uncer-
tainties were coupled with the cost analyses discussed later to prepare the cost statistics. Size
statistics and mass statistics were combined to develop a joint mass/size uncertainty estimate and
mass statistics and cost statistics were ccmbined to generate combined cost/mass uncertainties. The
bivariate normal distribution model was used to statistically combine the uncertainties, with recog-
nition of correlations between component uncertainties where significant correlations were deter-
mined to exist.

It is a necessary and important consequence of the bivariate normal distribution model that the most
probable value {or a design parameter is the mean of the estimated extremes. The normmal distribu-
tion model is believed to be the most appropriate for this type of uncertainty analysis - law of large
numbers and ail that -and the assumptions inherent in it were largely responsible for the nature of
the results.

The significance of the central mean charactenstics is evident i Table 3.2.5-1, and cfficiency ‘size
worksheet for the photovoltawe system. Note the significant difference between the mosi probable
size (124 km: ) and the nominal size (108 km- ). Because of this central-mean modeling character-
istic, the uncertainty analysic *n addition to estimating uncertainties. produced the unexpected
result of predicting mass gre th equivalent to that predicted by historical correlations. It had been
haticved that mass growth was the resuit of unpredictable variables. ¢.g. changes in program require-
ments. The outcome of this uncertainty analysis suggests that growth is more predictable than
formerly believed and in fact results fargely from the natural tendency to set point design param-
eters on the optimistic side ¢f the actual uncertainty range.

The uncertainty analyses for the photovoltaic resulted in the relative efficiency uncertainty contri-
butions illustrated in Figure 3.2.5-3. Also shown are the statistical combinations of all energy con-
version ¢ffects and all power transmission effects. The energy conversion effect is slightly less than
the power transmission effect because a significant correlation between solar cell eificiency and

radiation degradation reduces the combinea effect of these two parameters considerably below
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Table 3.2.5-1

Photovoltaic End-To-End Efficiency Worksheet

£P51289

ITEM NOMINALIMINIMUM IMAXIMUMILOG MIN [LOG MAXRLOG MEAN [¢] Correlations
Summer Solstice Fastor 9675 . 9675 L9875 -.0330 -,0330 «,0330 0
Cosine Loss (POP) .19 N9 99 -,0845 -, 0845 -, 0845 0
Solar Cell Efficiency 173 . 148 A8 | -1.9105 | =1.7147 | -1.8126 | 0326 } 9
Radlation Degradation .97 .90 1.0 -.1393 0 -.00983| o232 |f 9o
Temperature Degradation] 954 .954 954 | =.0471 | -.0471 | 0.047) 0 : ¢
Cover UV Degradaticn 956 .956 1.0 -.0450 0 -.0225 .00750
Cell=to<Cell Mismatch .97 97 92 -.01005 ~, 01005 -, 01005 0
Pcnel Lost Area .96l .961 961 -,0398 -, 0398 -, 0378 0
Slrina 128 .998 .995 .999 -.00501| «,00 -.00301] 02067
Bus 14R .934 91 . 951 -, 0943 -,0398 -, 0670 009
Rotary Joint 1.0 1.0 1.0 0 0 0 1]
Antenna Power Diste 97 .95 .98 =.0513 -, 0202 -, 0357 ,0052
DC~2F Conversion .85 .20 .86 -, 223 -, 1508 -, 1870 0121
Weveguida ) .985 .985 . 935 -,015) =, 0151 - 0151 0
ldzal Beamn 965 965 .99 -.0356 =.0100 -,0228 <0043 =9
Inter=Subarray Errors .956 .88 .97 - 1278 -.0305 =079 .0le2 0.3
Intra=Subarray Errors .981 97 .99 =.0304 =010 ~.0203 . 0034 (~.0300365)
Atmosphere Abiorp. .98 .93 .98 =, 0202 -, 0202 -, 0202 0
Intesnept Efficiency .95 .9 .98 = 1054 -.0202 -,0628 1. ,0142 44
Ractenna RF=DC .848 .79 .92 <2357 | 0834 | -.1596 | lozse | 305
Grid Interfacing 97 96 .98 -, 0408 -, 0202 «,0305 .0334 (~.0003341)
Products/Sums L0679 .0383 .095 2,822 [Sums Q=
Sizes (Km 108.8 193 77.8 G306

30 Max = axp («2,822° 3x.042) » 0675 sizo = 109.5
30 Min = gxp (=2,822 = 3x.042) = ,0524 size = 141,0

N = .0595 size = 124.0
Correlation prod sum = =,00131

Net U= J.OQSO&-.O:HEII = 042

T-9L8TT-081d

no
I d9vq Tg(n‘ﬂ [ 4]
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and radiation degradation reduces the combined effect of these two parameters considerably below
what a simple root sum square would indicate. The uncertainty in power transmission link efficiency
is a principal diiver on overall systzm mass and cost uncertainty because it influences more of the
system than does solar blanket perfonnance.

Figure 3.2.54 compares the statistically-derived result for the photovoltaic SPS with the worst-on-
worst and best-on-best results defined by combining all the most optimistic component uncertain-
ties and all the most pessimistic component performances. As increased detail is developed in this
kind of analysis, the worst-on-worst and best-on-best extremes will continue to become further
apart, while the statistical uncertainties will tend to change little and will approach a representation
of true uncertainties. Significantly, the reference point design was outside the projected 3 sigma
range for mass and size. This resulted primarily because the efficiency chain assigned to the refer-
ence design was more optimistic than the most probable efficiency chain defined by the statistical
analyses.

Figure 3.2.5-5 presents an uncertainty estimate for the thermal engine comparable to the pirevious
one for the photovoltaic system. Because the technology of the thermal engine system is somewhat
more mature, it would be expected to project somewhat less mass growth and that turned out to
be the case. An additional factor in the reduced mass growth projection is that a significant part of
the size escalation is associated with the size of the concentrator which is a low-mass component of
the thermal engine system.

With costs included in the uncertainty analyses, it is necessary to discriminate between the 1 SPS per
year case and the 4 SPS per year case. For the 4 SPS per year case, an estimate was made that about
60% of the predicted mass growth could be removed by product improvement. This is believed to be
a reasonable assumption since most of the mass growth resulted from increased size (reduced
efficiency) stemming from component efficiency variznces. Product improvement efforts can
improve component efficiencies without changes in the overall system design. As was true for the
size and mass estimates. the reference design trended towards the optimistic side of the median of the
cost uncertainties as shown in Figure 3.2.5-6. Consequently, one sees first a cost escalation at the
reference design point and then a further cost growth associated with the mass growth projection.
Note the very high correlation between cost and mass uncertainties. This corresponds to the histori-
cal indications that cost growth is frequently associated with mass growth. and especially with the
compensation for (or removal of) mass growth in a system when performance requirements dictate
that mass growth be limited to predetermined values.
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3.2.6 SPSCosts

3.2.,6.1 General

One of the significant areas of emphasis of current SPS studies has been system .usts, especially
recurring (production) costs of SPS units to utilities. The present estimates of capital cost range
from $1700 to $2700 per installed kilowatt (of useful ground output) for a modest-technology SPS
system using silicon solar cells or potassium vapor Rankine heat engines (the latter, of course,
employing solar concentrators). Since the installed kilowatts are baseload power rather than peaking
or intermediate, the comparison with ground solar costs is potentially quite favorable.

These cost estimates may seem surprising. Since it is hardly obvious that putting a power plant in
space will do anything to reduce cost, some amplification is in order. Otherwise the critical reader
may well be justified in considering the estimates as frivoious.

Cost ultimately derives from the cost of materials, of energy, and of value added during production
and installation. The SPS scores well on the first and the last of these, and on energy investrent,
scores a little better than typical nuclear systems.

Constructed and operated in space where design loads are virtually absent, a typical 10,000 megawat
SPS larger in area than Manhattan Island will have a total mass of 100,000 metric tons, about the
displacement mass of a large aircraft carrier. Over 60% of the mass, be it a thermal engine or solar
cell SPS, will be energy collection and conversion equipment with the balance being supporting
structure, power transmitters, flight controls, and so forth. The energy conversion equipment pro-

- -Jes several times as much output per unit area as a ground solar unit due to the continuous
availability in space of sunlight of higher intensity.

Our SPS designs have employed very little in the way of exotic materials and are, except for their
large size, relatively simple. The receiving antennas are also simple designs using ordinary materials
(mostly concrete). With the receiving antennas included. the total materials required per kilowatt
for an SPS are very similar to those for a conventional Earth-based plant: much less than for an
Earth-based solar plant.

Energy

Lifetime ¢nergy investment to produce, install and operate an SPS is less than for most energy
alternatives even if the latent energy in fuel for the alternatives i1s not counted. The energy cost of
rocket propellant for space transportation has been calculated to be from 200C to 4000 kwyp, per
kw, installed; therefore, the payback time for rocket propellani is less than six months; less than
two months if energy grade is included in the calculation.
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Value Added

SPS systems and their receiving antennas are primarily made of simple, highly repetitive elements:
billions of solar cells (or hundreds of thermal engine turbomachines); hundreds of thousands ot
standardized structural parts; tens of thousands o RF power tubes and associated circuitry: hun-
dreds of standardized electrical switchgear units and power processors; billions of receiver dipole
elements on the grouad receiving antenna. All of these rey ctitive elements are well suited to highly
automated mass production. This mass producibility is one of the keys to making SPS’s at accept-
able cost. Further, assembly of the SPS structure in space provides the unique opportunity to per-
form the assembly. even of this very large area structure, in a semi-automatzd production line man-
ner. This is true because the lack of gravity and wind loads allows moving the SPS with respect to
the assembly facility with relative ease.

3.2.6.2 Cost Analysis Approach

In view of the mass production potentials, we adopted a dual costing approach: For those items
needed at production rates typical of acrospace products. we have used aerospace cost estimating
practices. For those items necded at mass production rates, we have used mass production cost estt-
mating. The relationships are illustrated in Figures 3.2.6-1 and 3.2.6-2. Ac¢rospace cost experience
follows a “learning” or improvement curve. (Most of the improvement comes from learning how te
n.ake the production plan work. Mechanics learn quickly.) Typical experience is an 8577 curve: unit
#2N will cost 857% of unit #N, 727 jetliner production experience shows that th: - type of projection
is good well beyond tiae 1000th unit. Acrospace estimates are based on historical correlations of
manhours, element physical characteristics, and complexity, They are made at the subsystem or
subassembly level. Despite a contrary reputation, the basic estimating procedures are accurate,
Aerospace cost vaniances can genelally be traced o pricing and procure nent practices, and most
significantly to requirements and design changes, rather than to inability to estimate cost.

A mass production process is facility and cquipment intensive rather than labor intensive, 1t docs
not follow an aeruspace-type improvement curve. Historical correlations indicate &, tabor intensive-
ness relationship as shown in Figure 3.2.6-2. A mass production process reaches its labor cost pla-
teau during the process shakedown period and then improves no further unless the process is

changed.

The overall mature industry cost analysis methodology developed tor the study is shown in Figure
3.2.6-3. It begins with mass estimates and system descriptions for tne reference systems. The system
descripticns allow selection of cost estimating relationships. These are used to exercise the Boeing
parametng cost model to generate an acrosp: 2 cost estimate for DUT&E and first unit vost. The
aerospace first unit costs are then run through a mature adestry analysis that applies production
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Figure 3.2.6-3 Cost Analysis Methodology
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rate factors according to the production rate required for each system element. The totaled mature
industry estimates are then adjusted for interest during construction and for cost growth corres-
ponding to mass growth as predicted by the uncertzinty znalyses. These provide the final produc-
tion it costs for 1 SPS per year 4 SPS’s per vear.

The mature industry costing approach was developed by Dr. Joe Gauger based on information
developed during IRED analyses of design-to-cost, experienced costs for commercial aircraft and
other systems, and statistical correlations for financial and production factors for a wide variety of
commzicial industries. It was judged to be desirable to spotcheck the mature industry predictions.
A total of five spot checks were made as indicated in Table 3.2.6-1. These included solar blankets,
graphite compaosite structures, klystrons, potassium vapor turbines, and clectromagnetic hiquid
potassium feed pumps. In all cases, the mature industry projpction was well within the uncertainties
that would be expected for the kind of cost estimates being made. Based oa these examples, we
believe the mature industry methodology to be an appropriate cost estimating procedure tor SPS
systems.

3.26.3 Specific Cost Resalts

The SPS cost estimates are collected according wo the following high-level work broakdown
structure.

Solar Power Satellite
Multiple/Common Use Equipment, e g., structusc
Energy Collection System
Energy Conversion System
Electric Power Distribution System
Power Transmission System

Ground Receiving Station
Land
Receiving Equipment
Power Collection & Processing
Construction Costs

Space Flight Operations
Transportation
Construction
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Table 3.2.6-1 Mature Industry Methodology Confinmation
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Primary emphasis in the current study effort has been directed to production and installation costs.
Future efforts will investigate mainteprance costs: the verv preliminary estimates that have been
made indicate that maintenance cost contribution to electric power cast will be comparable to that
tfor conventional ground power plants.

Volumwe V1 of this report presents cost estimating details and calculations.
3.2.6.3.1 Solar Power Satellite

In the multple/common use equipment, the main structure is the principal cost driver. This struc-
ture 1s 3 graphite tubular truss, with individual tubutar elements roughly 0.4 meters in diameter and
0.5 ;nm in wall thickness. These individual elements are arranged in triangular truss beams which are
in tum arranged in the overall SPS planar truss structure. The mass of the entire structure is about
6x 10 kg. Mature industry correlations predicted about $60 kg tor this hardware (ready to ship (o
space). Subsequent manufacturing analyses for automated production of these structural ckk ments.
including joints and fittings, estimated 547 10 S57 per kg.

Solar cells and biankets are the cost driver for the photovoltaic SPS encrgy conversion system (at
concentration ratio 1, there is no cnergy cellection system). Solar cell costs were analvzed in three
ways: (1) Mature industry projectior : (2) Review of manufacturer’s projections: (3) Encrgy cost
check and review of production methods. Results are summarized in Table 3.2.6-2.

Current terrestrial array costs are at about $10-S12 per watt, about a tactor of about 30 above e
projections. Current annual production is about 0.7 MW . The production rate correlatior described
above predicts 10¢ ‘'watt at 5000 MW, per year. These rate projections must be used with caution. os
they will tend to predict costs below material and encrgy costs at high rates,

Theretore, a basic encrgy cost analysis was made:

Solar cells are very encrgy intensive. Presented in Figure 3.2.0 7 e representative cncergy costs in
kilowatt hours per Kilogram of cells. The energy pavback for solar col's as 4 function of this energy
cost is also shown on two scales (SPS and ground applications). Pricing the cnergy at 40 mills per

kilowatt hour, the actval cost of the encrgy is shown on the outside seale.

The main reason today s cells are so intensive is that vields are very poor. Most of the silicon. in
whicn a great deal of energy is invested. ends up as waste saw kerts ana timming). Continuous
processes can probably reach a yvield range of 6077 to 80 ., makumg the pay back very attractive.
Frergy cost is a basic factor in the cost of solar cells, like materials cost m building hardware. i the
encrgy cost is below 10 conts/watt one nught be reasonably contident that cells in the 20 conts watt

range. made by an automated production process, would be possible. The developient of solar ¢l
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Table 3.2.6-2 Solar Cell/Blanket Costs

1) ). Gauger's Mature Industry Correlation
8¢to 17¢/Watt = 13.60 to 28.90/M~ (Cells Only)
= 22.00 1o S37:M* (Array Pancls)
(2} Manufacturers Estimates
10¢ to 235 Watt (Cells Only )
17.00 to 42.50/M> (Celis Only)
$25.00 to $50/M- (Array Pancls)

[{]

i

(3) Production Rate

Today $10.000/ M- for 50 kw

Then (17¢6/307"% = 0017 x 10.000 (70 Curve)
$17.00/M-
Eneigy Cost = S17/M- for $34/M> @ | SPS/YR

(4) Denman’s Estimate - S40/M< (Median)

i

i

Average of these values is SBS;’M: & | SPS/YR: use SIS;‘M‘? for 4 SPS/YR
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production technology is a competition between the existing techrnology and potential new tech-
nologies (Figure 3.2.6-5). Although the existing technology of growing single crystal boules and
sawing them into wafers seems ill-suited to low cost production, an analogy to the internal combus-
tion engine may exist. Although the IC engine seems illsuited to propelling an automobile, the
“more logical™ technologies have never caught up. Similarly, iniprovements in sawing techniques
(such as 0.1 MM saws) currently being introduced. and automation of the process may keep the
Czochralski process competitive for longer than is often supposed.

Because of the uncertainty and controversy regarding solar blanket cost projections. the sensitivity
of the photovoltaic system to solar blanket cost is important. Shown in [ igure 3.2.6-6 are the study
median projections for one SPS per year ana four SPSs per year compared to the Department of
Energy 1985 goal and Department of Energy post-1990 projections. Influence on SPS total system
cost is shown for ecach case. Also shown are the comparative thermal engine system costs which
indicate at what point an increase in solar blanket cost would motivate a change to the thermal
engine system. This change occurs long before an Lnacceptable cost level is reached.

If solar cells exceed 20¢;watt by very much (an upper limit is probably 30¢/watt). the cost advan-
tages of thermal engine encrgy conversion become compelling. SPS thermal engines were costed
based on similar equipment presently in production. such as aircraft jet #ngines. Turbomachine cost
estimates were provided by General Electric. The thermal engine system includes additional hard-
ware in the concenirator. thermal cavity absorber. and waste heat radiators. The cost data base for
this type of hardware is comparatively strong.

Considerable engineering effort was invested in power distribution analvsis since large amounts of
power are to be handled and power distribution mass/cost/efficience optumization is important.
Power distribution system elements were found to be well within the state of the art and the cost
not very significant.

The dominating cost driver in the power transmission system was found to be the 70 KWp - Kly-
strons, of which nearly 200.000 are needed. A detailed manufacturing cost estimiete was developed
by Vanan under subcontract, confirming a mature industry correlation 2stimate of about $3000 per
tube. Vanan's results are a function of production rate as shown in Figure 3.2.6-7. Thz vk, swea’
size of this klystron is about 0.2 m diameter by 1 m length.

3.2.6.3.2 Ground Receiving Station

Surprisingly, the ground receiving station has been subject to larger variances in (ost projection than
the flight hardware,
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Until recently, receiving antenna (rectenna) costs had received comparatively little attention.
Because it was a ground system, it was taken for granted that it would not exhibit a very significant
cost. However, the receiving antenna covers a lot of ground area, 50 to 100 kmz, and therefore is
more important than was thought.

The most detailed study of the rectenna has been by the Raytheon Ccupany. They have devel-
opad a design for the basic dipole-diode-filter element that is weil suited for automated manufactur-
ing and have evolved a semi-automated rectenna construction procedure as illustrated in Figure
3.2.6-8. Raytheon’s current cost estimates are approximately $12.00 p« r square meter. A more
probable median estimate was also constructed at $21.00 per square meter of ground arca. If the
receiving antenna is made large enough to fill the entire main beam, rectenna costs are a major cost
contributor to system costs as shown in the rectenna cost comparison chart, Figure 3.2.6:9.

“The outer part of the beam, however. is very low in intensity. The energy in this part of the beam
costs more to collect than it is worth. Accordingly. a rectenna size optimization is possible, as illus-
trated in Figure 3.2.6-10. The final estimate for the optimal rectenna is summarized in Table 3.2.6-3.

3.2.6.3.3 Space Flight Operations

As a principal issue regarding SPS cos.s, space flight operations costs have received particularly care-
ful attention.

Transportation Cost

For the most part, aerospace estimating technigques have been used for transportation cost as the
production rate for vehicles is not large enough for mass production costs to be applicable. Costs
are accrued in three primary and roughly equal categories: amortization of flect investment plus
expendable hardware costs; operations direct and indirect labor costs: and propellant (i.e.. energy)

COsts.

Minimization of tlect investment requires the deveropment of completely reusable launch vehicles.
This must be traded against the development investment rectired to achieve the reusability. In ear-
lier programs, the traffic projections have never justified the development expense. The space shut-
tle. for example. provides an approximately optim.zed level of reusability for its projected traffic
level. The large traffic projections for a commercialized SPS. however. thoroughly justify a com-
pletely reusable space freighter. This is not so much new technology as it is a new market. (Engi-
neering development of the SPS can be accomplished using the Shuttle. The new vehicle is needed

for commercialization.)

Operations direct and indirect labor costs for SPS transportation were estimated based on detailed
manpower requirements analyses for all task categories: these in turn were derived from Space Shut-
tle operations plans. Difference factors 2ppropriate to differences in vehicle design, size and launch

rate were applied.
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Energy costs can be accurately calculated from propellant quantities deter: .- . by flight perform-
ance analyses. As noted earlier, the energy cost is 2000 to 4000 kwyy, per SPS kw,, installeo
Thermal energy from synthetic fuels has been estimated to be as expensive as 2¢/hwhy, .ut the
turn of the century. (OPEC oil is presently abeut haif of that.) At 2¢/kwhth the wo.. 2 anergy
cost is $80/kw,,.

Total transportation cost estimates are shown in Figure 3.2.6-11, in terms of cost per flight. for the
winged launch vehicle. These figures represent about $20/kg to low Earth nrbit: $45 to $80/kg to
geosynchronous orbit, or $450 to $800 per kw,, for SPS installation (propellant costs used in the
figure include amortization of propellant production and handling facilities). Two modes of trans-
port from low orbit to geosynchronous orbit were evaluated. Solar-elecitic self-propulsion yields
the lower of the two figures; the higher figure is associated with the use of conventionei rockets all
the way to geosynchronous orkit.

Cost per flight analyses used the work breakd:.wn structure shown in Table 3.2.6-4. This structure
is patterned after the shuttle user charge cost analyses but includes two principal differences:

(1) Because the large traffic model will wear out many vehicles, the production of . aicles and their
spares is amortized in the cost per flight; (2) Production rates - >quired will demand . veral ship<ets
oi tooling. The tooling required to achieve the required r.wes is also amortized against cost per
fligi...

Since vehicle production is the most important component of space transportation costs, it is
important to compare the estimates to other similar systems. Shown in Figure 3.2.6-12 arc costs in
terms of dollars per pound for several acrospace vehicles including commercial atreraft o nd launch
vehicles, as well as the ¢ dculated costs for the second stage and first stage of the winged lau::ich
vehicie systems. All costs here are expressed as the sverage costs over 309 units with learaing curves
applied as appropriate. [he commercial aircraft are similar in complexity to the lo .. h vehicles,
but a significantly siraller fraction of the overall investment is in propulsion. The $-1C Saturn
booster stage is cotparable in complexity to the first stage of the wing-wing vehicle. Shuttle costs

are seen to be somewbat higher than would be expected from the cost estimates here.

The main cost difference between the shuttle orbiter and the SPS vehicles is that shuttle production
uses prototyp  voling. Historical data shows manutacturing with prototype tooling to be 112 times
as evpensive 4s with production tooling. However. even if shuttle unit costs were used. the cost of

payload transportation would be increased less than $2/1b.

Manpower cost estimates for conducting the SPS transportation operations were made on a detatled
task/timeline/headcount basis including all indirect and direct tasks. The estimates are summarized
in Figure 3.2.0-13. They were derived from analogies and extensions of the cost estimating base

used to derive space shuttle user charges. In this illustration they are comp: o with the marpower

requirements and fleet sizes for majcr domestic airlines. The level of over: . uperations is seen not
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Figm. 3.26-11  LEO Transportation Costs for 14 Year Program at 4 Satellites/Year
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to be beyond the experience of commercial aerospace vehicle operators today and the fleet size
active at any one time is very smai! by comparison to commercial airline operations. The vehicles,
of ccurse, are larger, but even if the left-hand bar is scaled according to vehicle size. the comparison
of manpower and fleet size between the SPS operations and commercial airlines indicates the man-
power allocations for SPS transportation to be quitc generous.

Propellant costs are energy costs and. therefore, are of considerable significance in SPS transporta-
tion costs. At the left side of Figure 3.2.6-14 are shown the propellant mass and cost distributions
for the SPS vehicles. On the right hand side, the SPS propellant cost estimates used are compared
with more recent data amived from Boeing and JSC studies of large-scale propellant cost production.
Significantly. the propellant cosi cstimates used were higher than the inore recent estimates. except
in the case of RP-1, where the cost was commensurate with production of RP-1 from: oil. In the
timeframe considered. it may be necessary to use synthetic hvdrocarbons produced from coal. This
might increase the RP-1 cost significantly, but the RP-1 cost contribution to overall propellants was
relatively small and this low estimate is more than compensated by the higher estimates for the
other two propellants. Further. if synthetic piopellants are employed. a synthetic hydrocarbon
such as methane or propane can be prouuced at lower cost thrn a synihetic heavy hydrocarbon.
such as RP-1.

Th- cost per flight for the heavy lift Iz 1ch vehicle is dependent upon annuzl launch rate. being
fower at high launch rates. Actual cost for the SPS systems used the parametric cost per flight data
shown in Figure 3.2.6-15. Values ranged from about 13 million dcllars per flight for the one SPS
per year case with LEO constniction to about 7% million dollars per flight for the four SPS per year
case with GEO construction.

Construction

Construction costs have two primary parts: cost of supportirg the crew in space and amortization
of the ~nstruction facilities in spac>. Crow surport costs have been estimated based on the use of a
modified shuttle for crew transportation. This is coaservative in that 2 more advanced vehicle might
profitably be used. and in that the s:ating capacity was very conservatively estimated at 73 people
(an airline interior in the shuttle cargo bay would easily seat over 100 people). Construction fwility
and constrictior equipment must also be amortized into SPS costs.

3.26.4 Cost Results Summary

The coats described are summarized in Table 3.2.6-5 and shown in bar chart fashion in Figure 3.2.2-
3.2.2-16. Tosting details are presented in Volume VI af this report.

121e bar chart shows results for cight combinations of energy conversion sy s, picwiuction rate.
ana ~onstruction location. The silicon photovoltaic system has a modest cost advantage over the
thermal engine and low Earth orbit construction has a signiticant cost advantage over geosynchro-
nous construction. The most important ¢cost ciange oveurs with the production rate increase from
1 SPS per year early in the program. to 4 SPS’s per year in a intore mature operation. Princir . cost
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Table 3.2.6-5 Cost Summary

Silicon Photovoltaic Rankine Thermal Engine
i SPS/yr 4 SPS/yr 1 SPS/yr 4 SPS/yr
LEO GEO LEQ GEO LEO GEO LEC GEO
Satellite 7442 7190 5587 5378 7987 7987 5284 5284
Ground Receiver | 4446 | 4446 4000 | 4000 | 4446 | 4446 4000 | 4000
Construction &
Space Support| 1109 1126 1109 1126 1716 1768 1716 1768
Space
Transportation] 6445 9780 4188 6522 7425 111,182 4578 7275
Interest During
Construction 1864 1388 1154 851 2068 1563 1215 916
Growth 3450 4034 938 1094 2946 3489 755 903
TOTAL 24,756 } 27964 16976 18,971 | 26.888 (30435 17.648 | 20.146
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Figure 3.2.6-16 Production Cost Results Summary
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reductions with system maturity occur in SPS hardware production, space transportation, and
projected product improvement. The Jowest capital cost is achieved with the silicon photovoltaic
system at 4 SPS’s per year with LEO construction. The figure is approximately $1,700 per kilowatt
electiic including interest during construction and projected growth. Still lower figures might be
projected for advanced systems, such as thin film gallium arsenide.

Achievement of the projected silicon photovoltaic costs is critically dependent on the development
of a satisfactory mass production technology for singlk crystal silicon solar cells and blankets. This
mass production technology may require continuous growth processe:. but as discussed earlier.
recent indications of improvements in the technology presently used for solar cell manufacture,
indicate that automation of this technology may provide greater cost reduction than commonly
supposed.

The construction time of twc years is quite different than the typical terrestrial figure of 8-12 vears.
This s because building an SPS .5 4 production line operation. Detailed timelines support a period
slightly less than two years from beginning to fill the pipeline v ith SPS parts to beginning of power
transmission from space.

The entire process of acquisition of an SPS by a v dity would probably take longer. The process of
acquisition of land for the receiving site wouid involve basicaily the same steps as are required 1or
any other kind of pover plant and would vndoubtedly take just as long. But essentiaily all the con-
struction costs are associated with the SPS hardware and space tlight cperations: this major invest-
ment need not begin until about two vears befor. the plant is to go on line.

3.2.6.5 Cost of Electric Power

The bottom line for an SPS system s iis capability to produce power at an accepiable cost. The
result showin in Figure 3.2.6-17 represents the final result of the costir.g and uncertainty analyses.
Uncertainties for bush?r power costs include thae uncertainties in unit costs as well as uncertaintics
in the appropriate capital charge factor to be applied and the plant factor at which the SPS can
operate. ¢ ital charge factors from 12-18 percent were considered and the plant factor uncer-
tainty was taken as 70790 at one SPS per vear and 857957/ for four SPS™s per vear. These
uncertainties were statistically combined with the cost uncertainties derived °. tite cost uncertainty

analvses.

A study of energy and power costs conducted on IR&D provided the projection of increases in ¢lec-
trical power costs illustrated as the left.ind band of Figure 3.2.6-18. Results from tiiis study are
plotted as the right-hand band. This indicates that even with a relatively vigorons program to
develor solar power satellites. by the time production insiallations could begin. the 5PS’s would be
competitive with altermative cnergy sources.
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3.2.6.6 Nonrecurring Costs

An estimate was made of the nonrecurring costs required to construct the first SPS. In order to

accomplish this estimate, it was necessary to invoke certain programmatic assumptions. These do

not represent conclusions or recommendations as to how an SPS program should be conducted.

There are of course many possible program options; no systematic analysis and comparison has been

conducted. The assumptions for nonrecurring cost were:

0  After a technology verification program, involving ground and flight programs but no new
space vehicles, development of the 10.000 megawatt SPS. and its associated systems begins.

o  The production capacity initially developed is sized for a product.on rate of one SPS per year.

Figure 3.2.6-19 shows an estimate through the first photovoltaic SPS for LEO construction.
(Figures for GEO would be slightly higher.) The cost for the initial SPS was derived by deleting
that part of costs for 1 SPS/year associated with amortization of facilities and vehicles to avoid
double bookkeeping. and applying a 1.5 prototype factor to the balance. The thermal engine total
was also estimated and is about 38 billion higher. primarily due to the more expensive construction
bases.

Note that the cost of SPS development as such is a small portion of the total. Most of the costs are
associated with establishing the 10.000 megawatts per year production capability and with develop-
ment of the associated space flight operations systems. The number | SPS itself is also a large cost
item.
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4.0 TECHNOLOGY VERIFICATION NEEDS

Establishment of firm designs. performance levels, cost expectations, development requirements,
and environmental acceptability, depends on the achievable characteristics of several critical tech-
nologies. Although overall success of SPS development is possible over a range of performance of
these technologies, establishment of specific attainable performance levels is important to establish-
ment of designs and system specifications. Accordingly, techiology verification can presently be
regarded as a key schedule constraint for potentiat availability of SPS-derived energy. Because of
this importance of technology verification, detailed recommendations have been developed:

4.1 GROUND-BASED (NON-FLIGHT) TECHNOLOGY VERIFICATIONS

General areas include energy conversion, materials, structures, electrical systems, RF systems, flight
control, space transportation, space construction operations. and space environment effects.

Energy Conversion

If sufficiently low costs can be achieved, solar cells are preferred for energy conversion. Recom-
mended solar blanket technology efforts include automated cell production by conventional and
novel means. automated blanket assembly, development of prototype blanket element designs, rad-
iation effects investigations and solar cell annealing, high voltage array operation, and advanced
solar blanket (e.g.. gallium arsenide) development.

These technology developments will confirm solar cell and tlanket design parameters, performance
and production methods and increase confidence in costs, providing a sufficient knowledge base to
allow preparation of solar blanket hardware design specifications appropriate to an SPS program.
Recommended funding in the first yeai is 2.5 million with aggregate over a five year program of
16 million.

Until near-term lew cost production of photovoltaic solar blankets is assured. it is prudent to carry
a backup technology program for the thermal engine energy conversion option. Recommended
efforts include engine design studies and critical component testing. automated space welding/
brazing techniques, solar concentrator model testing, meteoroid penetration testing. zero-g heat
transfer investigations. and lightweight generator technology development. Most ¢f these techno-
logy aieas are applicable to SPS design and development even if thermal engine SPS’s are never
built.

These activities will establish design parameters. subsystem performance, and provide a sufficient
kirowledge base to allow preparation of thermal engine and other design speciﬁcaﬁons appropriate
to an SPS program. Recommended funding in the first year is 2.5 millicn and the azpregate over
five years is 16 million. Given early success in the photovoltaics effort. the thermal engine techno-
logy effort could be reduced in scope.
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Materia's

Materials testing and development are recommended in the arcas of plastics and compaosites, fite and
properties in the space environment. bonding and fastening techniques for space construction,
moderate-to-high temperatures composites. thermal control and other coatings, and special-purpose
alloy development.

These technology items are required for selection of materials. setting of allowable stresses and
other design conditions, and detailing of space assembly processes, appropriate to achievement of
SPS designs suitable for 30 to 100 years™ operating lite. Recommended funding in the first yearis
1.5 million and the aggregate over five years is 10 million.

Structures

Fabrication and tests of representative structural elements and joining devices should be conducted
to establish confidence in prediction methods for structural strength and dynamics for these thin
gage lightweight structural elements. Tests and analyses are also needed to improve predictions of
structural thermal response and precision in the operating environment. Achievement of very small
structural responses to thermal fluctuations can greatly simplify SPS design. especially in the power
transmitter. Recommended “unding in the first year is 0.75 million: the aggregate over five years is
8.75 million.

Electrical Systems

Electrical systems technology items include fast switchgear aad components tor RIT amplilier are
suppressicn, high efticiency lightweight power processors tabout 159 of the SPS onboard power
requires processing), conductors. high-temperature semiconductors, high-power slip rings and hight-
weight electric power storage. These activities are needed to seleet and establish clectrical power
distributions and processing design paramcters and to permit preparation of design specilications.

Recommended tunding in the first year is 1.5 million. the aggiegate over five years is 12 million,

RF Systems

The power transession system is at the heart of the SPS systens. Its performuance and operating
characteristics are eritical to ostabhishment of the overall system design parameters as well as cost
estimates, The design of the power transmitter requires integration of interacting structural, elee-
trical. RE. thermal control, and tlight control purameters. Although there is considerab! - design
tflexibility in the RF system in terms of altering design parameters to adapt to component/subsys-
tem performance level, successtul operation of a design. once the parameters are set.is dependent
on achieving specified component/subsystem performances. Theretore, technology verification in

thiz arca s particularly important.

Specitic items include development of faboratory prototype RE amplifier tubes, phase control cir-

cuitry . and antenna subarray hardware. leading to a prototype integrated subarray . supplemented by
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ionosphere heating tests, radio frequency interference testing and design standards development,
exploratory development of high efficiency, high temperature solid state amplifiers, and develop-
ment of receiving antenna elements. The recommended verification program will provide the know-
ledge base for subsystem/component specifications and for selecting system design parameters.
Recommended funding in the first year is 6 million dollars; the aggregate over five years is 37
million.

Flight Control Systems

A development effort on theorv, algorithms, and software is needed to add confidence to the tech-
niques appropriate to control of the large, flexible SPS spacecraft. A smail effort on sensors is also
appropriate. Recommended funding in the first vear is 0.5 millicn, with an aggregate of 4 million
over the five-year period.

Space Transportation

Achieving projected low costs for space transportation is important to cconomic attractiveness of
SPS power. Studies have verified, to the extent possible by study, these low costs. Key technology
verification needs include zero-g propellant transfer, a new booster engine, high-power electric pro-
pulsion, fully reusable (e.g., watercooled) launch vehicle heat shields, oxygen/hydrogen-fueled auxil-
iary propulsion, and on-orbit servicing of vehicles. (The recommended work on the last item invol-
ves design studies for checkout, maintenance, and hardware changeout equipment and techniques.)
The booster engine will be the schedule limiter for the advanced launch vehicle system. Upper
stages can use the Space Shuttie Main Engine. The recommended technology effort will support the
initiation of development of the low-cost transportation system. Recommended tirst-year funding
is 4 million with a five-year total of 36 miliion.

Space Construction

Construction of SPS’s will involve the operation of a final assembly factory in space. Critical tech-
nologies include automated fabrication of space structures, closed life-support systems. means of

in situ structure integrity verification, docking and berthing of large space systems, development of
construction operator accommodations and provisions, and construction base onboard logistics sys-
tems. These activities will provide technology verification support development of construction
bases and thai

i<
4 =
-

cir cqupiacnt inventory. Recommended finsi-year funding is 3 miilion and the five-year
aggregate is 22,5 million.

Space Environment

A modes: study and analysis effort to improve knowledge and predictability of space environment
effects is needed. Included are meteoroid, plasia and fields. and energetic radiation. Recommen-
ded first-ycar funding is 2 million for a five-year total of 11 million.
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Totals

The total ground based technology verification program is summarized in Table 4-1. The first-year
total is about 25 million with s five-year total of 170 million. Table 4-2 presents a more detailed
description of the specific recommended technology items. Priorities indicated have the following
meanings:

(1) Very important to an SPS program decision.

(2) Could probably be accommodated within a development effort, but precursor technology
program would significantly reduce risk.

(3) These technology items would support development of advanced SPS’s with improved perfor-
mance and reduced cost. Their leverage is great enough to merit early technology eftorts.

4.2 FLIGHT TEST TECHNOLOGY VERIFICATION

The recommended flight program is presented below. It includes an interferometer spacecraft
experiment, shuttle sortie tlights. and » solar power technology demonstrator in the power range
250 kw to 1000 kw. constructed and tended in low Earth orbit by the space shuttie. Costs tor this
program are fess well defined: estimated totals are 30 to 100 million for the interferometer space-
craft. 675 million for shuttle sorties. and 2.1 billion for the solar power demonstrator including

design, development, launches, construciion. und the complete experiment program.

Fabrication Tests
Objective  Dcemorstrate in the space environment all critical fabrication processes to be uscd in the

space construction of SPS’s:

Specific Tests--

e  Structure (heam) fabricators
Medhanical fastening

Fusion welding and brazing

Ultrasonic welding ot composites

Bonding

Implementation Shuttle sortie tlights.

Environment
Objective - Improve detinition of space cnvironmental tact.ors impertant to SPS construction. opera-

tion. and life.

Specific Tosts
o  Metals, piastics, und composites outy sing and propertics changes under representative SPS

conditions.
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Table 4-1 SPS § Year Technology Development Plan*

' YEARS :

TECHNOLOGY AREA 1 2 3 4 § TOTAL

o SOLAR CELLS 2.5 3.6 3.e5 7 .6 16.25
© THERMAL ENGINES & Thi. AL SYSTEMS 2.5 3.5 3.1 3.5 2.5 15.75
0 MICROWAVE POWER TRANSMISSION SYSTEM 6.0 7.8 8.7% 8.5 6.5 37.25
o SPACE STRUCTURES 0.72% 2.0 2.2 2.0 1.8 8.15
o MATERIALS 1.5 Y 2.5 2.0 2.0 0.0
o FLIGHT CONTROL SYSTEMS 0.5 0.8 1.0 8.9 0.8 4.0
¢ CONSTRUCTION SYSTENS 3.0 4.0 4.5 5.5 5.5 22.5
o TRANSPORTATION SYSTEMS 4.5 1.5 8.7% 7.5 1.5 35.75
o POWER DISTRIBUTION AND CONTROLS 1.5 ¢.0 2.5 3.5 2.5 12.0
o SPCE ENVIRCNMENTAL FACTORS 2.0 2.6 2.45 2.2 2.9 11.25
TOTALS 24.75 35.50 40.25 9.2 3.7 173.5

* Does not include any required space testing

Funding in eilltons of dollars

Table 4-2 Recommended Technology Studies

>
)
REA IMPORIANCE SUGGESTED o
ANLAL
SOLAR LS . FUNDING .
o Continuous Crwv-. Solar Cell costs ard a significant SPS cost driver.  Coll efficiency (352} 1
Processing {iiurk has the greatest ef’ect on SPS s.ze of any ,dentified parameter.
With ERDA Program)
o Autoraied Bianket sPs size (approx. 109 sauare b, 'cmeters) requires lirge guantity sy ]
Assembly of cell blan~et. Automation requircd to achieve iow COSt and high
production.
0 Prototype Blenket Dev., Ma'erials comm:titility 1n space environrent must be identificed, $3.254 1
Radiation cegradation and annealing must be guentified.
o Radiation Eftects Radiation Eff(sts are the largest icentified Protovoltaic SP2 §0.25M
Annealing performance dogradation pararetur. Annealing cffers me'nod of
rocovery from radiation degradation.
0 High Voltage Arrays High voltage array design data is lacking. Vvoltage regulation at the $5.251 ]
with Voltage Sw*niny array level sinplifies power processing requirements.
8 Regulation
o Thin-Film GaAs 'elis The use of GuAs sora~ (lvs offers the potent’al for significantly $0.5M 3

reducing S¢S size and mass. Lallium reserve. are finite. Thin-film
cells reduce Gellrum usage

TOTAL $3.25M
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Table 42 Continaed ¥ POOR QUALITY

IR

TERIML EMGINES & TH(W SYSTONS

Engine Detai’ 2esign
Stadtics & {ritical
(oiponent Testing
Autosated or Sr=i.
Autosited Pipe wciders
for Space Gse

Hi-Yolume Production
of w2t Pipes

{oscestrator Test
Fogels

o .corpid Penctration
wiiing

Ceranic Heat
Exchangers

erc € Heal Tramsfer

Senerators

MIERIAS

Plastics & (omposites
Life § Properties in
Space favironnent

Sonding & Fastlening
Processes for Space
Use

liigh Tesperature
Compos ites

Ihermal {ontrzl 8
Other Coatings

Aligy Development

STRCTRES

¢

Design Allowadies and
Practices for Space
Structures

Joints R Fagteners

Structural Response
8 Precision Under
Operating Env ron-
ments

The devtiop=ort of tnerma] engines with X0 year * life is requires.
Systom welynl rodurlion is stroegly affected by peak (yclc tesperulare.

targe maters of figid tight joints are requircd. Automated Dipe welders
wiii greatly increase comstruction rale amd decr Wse erpital comstruction
sersoanc! regusrements

T/€ SPS raciators require hege Quantities of heal piges. Prodblem similar
10 P7¥ S silar cell prosuctioa.

A change in comcentrator efficiescy 6f 17 affects $75 sire oy 13,
{oncentrator test sodels will provide performamce d2ia scalable
o 598 size,

7€ SPS contiia large dreas of prossurized pisimg for WAICR metegroid
penetration protection is reguired. Tochaiques Yor wright mimimiZzation
of meleoreid penciralion proteclion reguire lesting.

Successful development of 2 coramfc Beat excharger techenliogr wonld allow
raising gas cycle tarperatures to 1 boek, ressiting In reduced cass and
facreased efficiency.

hssessment of the disturbieg forces resulting from 3 variely of heat
tramsfer devices opéraling over a ramge of meat tramsfer conditions is
required.

Developmoat of Rhighiy efficient, 1ightweight, gemsrators reguired to
winimize generator and radiation coeling system Fass.

wa

Wdiation Segrazion effects oa [hie-film refleclors ang Composite
structures ispact SPS size and mass, Effects on 30 year life must be
asgertained,

iypical bonding and fastening processes is required for applications
ranging from basic struclurai elomemts to thin shee? lumimm
conduC tors

The IPTS antennd requires an extresely stabie flat suface over a variety
of thermal conditions including varicas sun angles ang eciiplic respomser.

The compatidility of trewmal control-surfaces with 3 space plasma/
charging envirorment is not known.  Applications range from shest
conduCtors 1o heat pipes.

Present peak cycle therma) engine terperatures dre limited by awailadle
allgys. Weight reduction can be effected by increasing peak cycle
tesperatare.

TOTA.

Current tectnsiogy =ust be aivanced 0 provide capability for analysis
of clastic-plastric siresses i1n 3 compiex stress Tield for thin quage
metals and cosposites. Building Block eleacnt tochmology is regquired.

Candidate jcining and fastening tochniques applicable to SPS comstruction
st be developed and analyzed for strenght, electrical conductance and/
or other propertics.

Correlation is required for analysis and test results of SPS structure
to the operaling environment including loads, ecliptic response, sum
argle variation, etc.

TOTAL
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Table 4-2 Coatinued

ELECTRICAL - (Groend 3 Space)

Fast Switcheear
§ Componeats

Sepev-Efficient,
Lightweight power
Pracessors 3

Thia Filn Sheet
Conductors

WHigh Tesperature
Cospenents

M Jeints

1 uced Electric
s _.er Storage

N SYSTEms

Prototype Kiystrom

8. Efficiency, moise,
§ geseral perfore-
ance

b. Heat-pipe cooling

Tiystron spss eptimizatien and failure protection rq-irs nry fast
suitch gear aperition to prevest damage to tubes.

fpproximately 155 of a1l $PS power requires processing: Processors
are a major SPS weight item. Efficient processors will reduce power
geeeration and radiater mass.

Thin film sheet conductors optimize comductor mass in the space
eaviromment. Data da.e needs developing for installatiom techmiques,
therap] comtrol, and respomse 0 intixed 10ads.

Radistors for SPS power processors are very large due to tesperature
limits of silicon semicomduciors. Cevelopment of gallium arseside sem!-
conductors will alloe for higher tesperature operation with a con-
conitant vadiator sire reduction.

figh curreat tramsfer at high woltage required aCross rotary Joiat.
Srwsh/slip ring conbinations requived. Design for 30 year life.

Sterege of large quantities of energy is required for periods of
occulatation and matntenance. Iaammt h specific welght ad
charge/discharge cycle '!!!e woald reduce 4

3% .

e

Klystrom efficiency is dircctly proportional to SPS size. Large quantitics

2. Production techaslogy

Mmplitrons - Same

Phase Costro! Methods
§ Circuitry ini.
tests

Eaviromecnlal Effects

a. lomasphere heating
b. W1

Subarray Hardeare

3. Haveguides-toler-
ances § losses

L. Overall precision

¢. Rfr. Technigues

Hi-Tesp. Wi-Eff'y
‘msistor RF Amp.

’
< ennd Elements

required per 5. Lomg life reguired to wimimize mintemance. integral
cooling sinplifies MPTS thermai constrol.

{Same 2¢ Tlystron above)

The total phase control system will be cosplex and sophistizated. Phase

comtro! affects bolh the antenns si2cring aInd propigation patlern,

Present limits on RF power density is Dased on theoretical ionosphere
heating limits. RFi impacts on global corpunications and mavigation
systems and radio astroncay are a0t weil defined. These interactions
swst de assessed.

Haveguide efficiencics directiy affect SPS size. Tolerances are ratresely
small in order to dchieve Qood patlerns. Manufecturing tochnigess sust
de developed for cither earth or spice fabrication of antenna sco-arrays.

Tramsistorized RF-DC converters offer an attractive diternate to Klystrons
and amplitrons particularly with regard to service life since cathode
erosion is mot a prodlem with solid state devices.

the rectenna s 2 major SPS cost element. Rectanea elemerts
(diodes, filters, Jipales, £2c.} mst be mass produced 4t low cost while
retafaing performance characteristics of present 1ad hardeare.

TOTAL
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FLIGNT CONTROL SYSTEIMS

¢ Theory, Algorithms,

& Seftsare

TRRXSPORTATION

Fropeilent Trassfer

Sooster Eagines

Space Engine
{existing progra=
1s adequate)

Electric Propulsion

Thrusters
fFrocessors
Fit. Control

Advarced Heat Shields

Reticaals utilization
Lo N, s

Om-orbit servicing

CORSTRUCTION

Automated
Fadrication of
Structure

Closed Life
Support Systeas

Structure Integritly
Verification

Large System
Docking

Construction Cperator
Provisions {Cam,
Controls, Disgiays,
LSS)

On-Base Tramsportation

D180-22876-2

Table 4-2 Continued
1PORTANCE

Fany questions with regard to FPTS perforwance Con be amswered using
sa ifnterferceeter spacecraft. Some itess are iomospheric effects,
phase contro! Jtmospheric pertwrdations, antennd steering, amd
aechanical tolerances.

Attitude control of the SPS will require filtering the motionms caused
by the flexibility of the main spacecraft. The imitial tools for
tacorperating 3 realistic flexible model inty the flight comtrol system
mst be developed.

High accuracy, 10ag Tife semsors are required for attitude reference of
Targe flexibis spacecrafy. Antenna pointing requiresents ispose
extresely accurate correlation of SPS and rectenra locations.

TOTRL

5P5 Leo-Geo ordit tramsfer schemos {self-powered COTY, or POTY)
require propeliant transfer from HILY 10 o0b:it tramsfor wohicles.
Propeilast tramsfor effocts and lechnigues for large scale operatioms
mst be delermined.

in order to eaximite avios) and zinisiZe recorving costs, advances are
required in aress of specific irpmise irprovesonl, weight reduction,
g service Cife. Irim sSriation Costs are major S5 satellite cost driwer,

{Same a5 Booszer fac:nes adove)

Significant pa,Jead and serformarce banefits accrue throush use of this
technology fur appiication in iEQ-GEO ordit transfer and SPS station kceping.

The deveicpmen? of reutadble spade transportation system will require the
wse of lightweignt neat shields capadle of m;ltiple flights in order to
Tower reCurring Costs.

for single-stage-to-orbitl and the wper stage of mulli-stase transportation
wehicles, propeilant residua?! alliowance {s directly related to payload.

Tae gse of only Swo consumable oropellants will simplify ordital cperations.
The use 0f sonoprovel lants for APS adds another propellant plus 2 pressuri-
Ting mcdive,

The development of operations scenarios must be established for ordital
based launch cosplexes. Check-out, sintenance, engine changesut
technigques, elc. mwust be establiished.

TOTAL

The area of the SFS is appromimately 150 square kilomelers.
Construction regquires autorated fabricalion of all elements to the
fulTest extent possible. FReduction of tranmsportation o3t requires
tat payload demities exteed those achievable with pre-fadricated
or deployabie structures. ’

Closed cycle life suwport systems will reduce the quantity of
consumabies repienishment tneredy reducing constvuction costs. The
use of expendables rather than regonerable systess for long duration
missions resuit in high logistics costs.

Concepts must be developed to verify or "proof test” large scale
iight weight struclural elements or "building blocks™ used in SPS
systee structyral design.

A concept for SPS comstruction proposes modular construction of the
SPS with docking and attachment of large modules. Modules Fust de
mancuvered into position and attached. The concept alliows smaller
construction bases.

Devele, ment of construction techniques with remote operators wil)
inflyence $PS design, Romnte operator controls, displays, and life
support System sust be designed for both munufactyring and quality
assurance.

Large scale comstruction base operations require the movement of large
Qquantities of construction materidls, equipment, and personnel between
warehous ing and hotels and work arcas on the construction base..
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Table 4-2 Continued

) SUGLESTED
RURAL
AREA IYPORTANCE FUNDING
PACE EMIROSENT
o Plassp Effccts SPS solar co?l arrays, thermil control surfaces, power distridbution $0.5M8

systems, and other elements contain 2 large number of dielectric
materials in the space environment. There is evidence of adverse
interactions of these materials with the space/plasma enviromment.

o Meteoreid The size of the SPS makes it vulneradle to meteorpid dmige. The $0.25M
Environsent meteorcid model needs 1sprovewent to detter predict metcoroid damage,
Hodel assess pretection regquicesents, or determine preferentiai orientations
Isproveneat availatle to minimize coilision probadility.
o Radiation SPS system elements are susceptable to rediat.on damage. Solar cells sin
Enviroament and reflecting mesbranes suffer loss of performince when expased to
Defiaition, radiation. Radiation effects on personnel have been investigated.
Effects. & SPS operational and comstruction radistion environment require betler
Shieiding definition in order that proper protectica Can be provided to sensitive

items and persosnel.
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Implementation -Shuttle sorties and geosynchronous "ong duration exposure facility (LDEF). The

latter could be placed at GEO by an IUS and samples later retrieved by a manned GEO sortie when

the latter capability is developed.

®  Space plasma and radiation environments - emphasis on better definition of low to moderate
energy radiation environments and plasma effects.

Implementation— Measurements aboard suitable spacecraft.  Existing programs such as SCATHA

and ISEE can provide much of the needzd information.

e RF/microwave propagation—Signal-power-level simulation of power transmitter beam stecring
and phase control over actual geosynchronous range.

Implementation—Shuttle/1US-launched geosynchronous microwave interferometer spacecraft. The

spacceraft concept is shown in Figure 4-1. RF transponders on the boom tips would simulate the

large aperture of the power transmitter. The transponders would be synchromzed and phase con-

trolled by methods being tested for power transmtter application. Ground measurements of the

interfercnce pattems produced by the interferometer transponders would determine the perfor-

mance of the phase control techniques.

SPS Power Generation and Power Transmission
Objective - Demonstrate critical technology applications and operation in the space environment.

Specific Tests
® Power generation - operate large solar arrays at moderate to high voltage.

o Power transuussion - operate prototype klystron modules in space conditions. Test open and
closed envelope tubes. Measure and assess RF arcing problems in evacuated waveguides under
various temperature and outgassing conditions.

e  Electric propulsion - test high power (=100 kw) thrusters. Measure thruster plasma;solar array

interactions.
®  Space-based solar cell anncaling tests.

Implementation -

initial - Shuttle sortic flights.

Final - Large Power Module: Up to 1000 kw of solar-eiectric power at LEO.

(Thermal environment tests may require operation of up to nine 70 kw klystron modules requiring
about kw,.) Array voltage switchable up to 3000 volts. *“Test bench” contiguration to allow con-

duct of various power generation, power iransmission and propulsion tests.

Annealing tests could be preceded by electric-propelled LPM sortiz into lower van Allen belts with
return to 430-500 km orbit for tests.
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Figure 4-1 Interferometer Spacecraft Concept
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LPM test program primarily automated with support by periodic shuttle sortie flights.

The total ground and flight program is summarized in Figure 4-2.

3
v
2
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l 1 » PRODUCTION
700} - §eS
. 1 LARGE
SOLAR POWER
600 v | MODULE
1 ] DEMO
ANNUAL = : ‘ \\‘}\\\?‘W«
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FUNDING 400 I \\}‘3&‘\\\\\\
™M
(1977 $3) WA
300} |
200 £
| GROUND
100 TESTS
ANALYSIS AND ENVIRONMENT:
. 79| 80 | & 82 | 8 | g4 85 86

DECISION TO START SPACE TESTING
DECISION TO COMMIT TO POWER MODULE DEMONSTRATION
DECISION TO BEGIN SPS PROGRAM --

quw 4N Q-

Figure 4-2 The Verification Phase: First Step to SPS
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5.0 DISCUSSION OF SPS PLANNING ISSUES

This section presents a discussion of the SPS planning issues that were appended to the NASA State-
ment of Work for the SPS System Definition Study.

A. Subprogram Area: Systems Definition

SPS Objective—Define the candidate Solar Power Satellite (SPS) systems which are capable of
supplying a significant portion of the future United States electrical energy requirements at costs
equal to or less than alternative nondepleting sources.

(1) What is the mass, acquisition cost, operating cost, and reliability of a SPS network built
utilizing the technology available now, in 1980, 1985, and 1990, respectively?

Answer

This study emphasized the definition of SPS systems utilizing base technology generally avail-
able now to 1980. Several areas oi technology verification and refinement were identified as
discussed in Section 4 of this volume. Also discussed in Section 3.2.6 of this volume are the
masses, acquisition cost, operating cost, and availability estimates. The principal technology
advancements expected to become available in the next 10 years that would significantly influ-
ence SPS mass and cost are those in advanced photovoltaics, such as thin film galiium arsenide.
An advanced high efficiency, thin-film photovoltaic technology could reduce system cost by
10 to 15%. It should be noted that the greatest cost leverages appear to be in the development
of production and operations technologies appropriate to large scale installation of SPS’s. It

is believed that these technologies will mature as a result of the development and deployment
of SPS systems.

(2) What is the confidence level of each of the technology forecast utilized in answering the
first question? What are the impacts upon basic feasibility and costs of over or under
estimation of the figures of merit of each parameter of the technology forecasts? Which
of those forecasts may be in error without significant impact?

Answer

Confidence levels were addresed by the uncertainty analyses. Relative significances of the
uncertainties and elemental technologies were discussed as a part of the uncertainty analyses
discussion in Section 3.2.5 of this volume. Power transmission system link efficiency, space
operations cost, and receiving antenna costs, appear to have the greatest leverage on overall
system cost and feasibility. Sensitivity of the SPS’s to solar cell cost was less than suspected.
This sensitivity is discussed in Section 3.1.3.
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(3) What is the expected change in each candidate SPS concepts’ mass and cost characteris-
tics as a multiple-decade program matures? Can ongoing research and development be
applied to improve the characteristics of the later satellites and their ground compiex?
What is the extent of improvement given a R&D activity parallel to operational deploy-
ment constrained only by talent and facilities? What fraction of this unconstrained R&D
effort appears to be cost effective? In what areas should the effort be concentrated?

Answer

Expected changes in the candidate SPS concepts. mass and cost characteristics during the early
to middle parts of an SPS program were discussed under the cost analyses section of this vol-
ume. The nature of the SPS system is such that continuing research and dovelopment will be
highly effective in accomplishirg product improvement and cost reduction. Detailed analyses
of parallel product improsement programs were not conducted. Again, the major leverages
appear to be in power transmission link efficiency. space operations costs, and receiving

antenna costs.

(4) Are there natural limits to growth of an SPS network? What present or planned activities
of terrestrial society might be adversely impacted by placement of such a network? How
may these impacts be ameliorated?

Answer

Limits to the growth of an SPS network appear to be sutficiently far removed to be of little
practical interest at this time. Numbers of satellites greater than 1,000 would certainly be fea-
sible. Sociological iinpact analyses were beyond the scope of this study .

(5) What are the alternative paths which might be pursued in establishing an SPS network?
What are the details of the technology advancement phase. prerequisite to commitment
to large scale experimental satellites?” When must major decisions be reached in order to
begin commercial power generation (1000 MW or more) by 19887 by 19927 by 1996?
What are the issues to be resolved in order for each major decision to be reached? What
are the criteria for proceeding”? For stopping?

Answer

Alternative paths were not investigated. The technology verification phase was specificaily
characterized and is described in Section 4 of this document. The minimum length of a pro-
gram reaching commercial power generation appears to be 12 to 15 years. Development of the
basic space operations technology could occur in about the length of time required to accom-
plish the manned lunar landing, that is. roughly 8 years. However, once this technology is
operational. about 4 years would be required to establish the construction base in space and
construct the first SPS. The technology verification plan addressed the technical issues to be
resofved: other issucs such as environmental and sociological impact were outside the scope of
this study.
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t6) What management, ownership and responsibility structure is suitable for each phase of an
SPS program? What involvement is appropriate of non-government groups in the conduct
of each phase? Are there issucs which require intergovernmental activity?

Answer
This question was not investigated.

(7) What are the favorable and adverse impacts to society which may be consequent to a
technology advancement phase of an SPS program? Of a pilot plant or demonstrator unit?
Of a small network? Of the limiting case (or very large) network? How may these
impacts be handled to maximize benefits, minimize penaliies and permit progress to
continue?

Answer
This question was not investigated.

B. Subprogram Area: Microwave Energy Technology

SPS Objective—To transmit 5 x 106 kw over a distance of 3.6 x 104 km by means of a pilot-signal
steered phased array antenna at an overall DC-DC efficiency of 65-70%.

(1) What performance characteristics of key components including DC-RF converter noise
and c¢fficiency and rectenna efficiency were assumed in the system studies? Are these
attainable?” What technology is needed to meet system requirements?

Answer

Pesformance characteristics of the components are discussed in brief in Section 3.2.1 of this
volume and in detail in Volume 4. Detailed study of the critical performance characteristics
indicated little doubt that these characteristics could be obtained by the technology verifica-
tion program discussed in Section 4 of this volume.

{2) Can an adaptive phase control system that electronically positions the microwave beam to
within one arc-second be realized? What technology is required?

Answer

Several approaches to adaptive phase control have been identified by the various studies. Two
of these are discussed in some detail in volume 4. Study results indicate that the desired per-
formance can be achieved by appropriate application of existing base technology. The per-
formance requirements, however, are demanding and a technology verification effort is needed
to confirm predictions and techniques,
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(3) What candidate antenna waveguide and structural materials were assumed in the system
studies? Can these materials satisfy the mechanicai and thermal constraints, including
thermal cycling? What technology is nceded to meet the requirements?

Answer

Graphite composites were assumed because they can satisfy the constraints and requirements.
The graphite composite waveguides would be metal plated on the inside to reduce losses. This
information is discussed in more detail in Volume 4.

(4) What are the mechanical tolerances that can be maintained in the fabrication of 10-20
meter long, thin-walled waveguides?

Answer

Mechanical tolerances are discussed in detail in Volume 4 with an analysis of the errors result-
ing from the various mechanical tolerances. These errors were included in the link efficiency
analyses.

(5) What antenna structural configurations and subarray segmenting techniques will satisfy
the requirement of maintaining mechanical alignment to several mm over the one km
diameter array?

Answer

Structural configurations fur the antenna are discussed in Volume 4. These appear to be ade-

quate to meet the mechanical alignment needs. Mechanical alignment to several millimeters is
not literally required since electronic phase control can compensate for large-scale mechanical

error. The principal tolerance and precision requirements are at the subarray level. The radi-

ating face of the subarray for example. must be tlat to within a few millimeters and it is highly
desirable to have an overall antenna configuration that is relatively unaffected by thermal

changes. .

{6) What are the effects of the interaction of GEO plasma, ionosphere plasma and the Earth’s
atmosphere on a 5 to 10 gigawatt power beam and the pilot steering beam?

Answer

This question was not investigated. An experimental program is necded to define these inter-
actions. Such experimental programs are discussed under the technology verification section
of this volume.
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C. Subprogram Area: Environmental Effects

SPS Objective—Assure acceptable impacts on the ground, in the atmosphere, and in space, when
steadily delivering 500-2000 GW of electric power to the ground by microwave beams that originate
from 100-200 satellite power stations located in geosynchronous orbit.

(1) What types of vehicles and propellants did the system studies assume for launch to low
Earth orbit, operations there, transfer from LEO to GEO., and stationkeeping, attitude
control, and operations in GEQ? What types of emissions are produced by these vehicles
using these propellants? For a system of 100-200 power satellites, each delivering 5-10
GW of power on the ground, what total mass of exhaust pollutants and chemical reaction
products per year are produced on the ground. in the atmosphere, and in space during (a)
buildup of the system, and (b) steady operation?

Answer
Transportation system characteristics, propellants. types of emissions. and quantities of
emissions are discussed in Volume 5 of Part 1 of this study and Volume 5 of Part 2.

(2) What microwave frequency was assumed in the systemn studies for power transmission to
the ground? What analyses and experiments are needed to assess potential interference
(RF1) with other users of the radio frequency spectrum?

Answer
The microwave frequency is 2.45 gigahertz. Analyses and experiments required are discussed
in the tecnnology verification section of this document.

(3) What power density levels and distributions in the microwave beam did the system studies
assume (a) at the transmitting antenna. and (b) at the rectenna on the ground? What are
the power densities during beam passage through the ionosphere? What analyses and
experiments are needed to assess the effects on the ionosphere of 1. 100, and 200 such
microwave beams? That analyses and experiments are needed to estimate the microwave
field on the ground near to and far from the rectenna due to taper of the main beam and
due to the sidelobes, for a system of 100-200 satellite power stations and total ground
power leveis of 500-2000 GW? How can the impact on man be assessed due to (a) acute
exposure to the main beam and (b) chronic exposure to low intensity microwave fields?
How can long term ecological effects be assessed?

Answer

Power density level at the transmitter was no greater than 23 kw/m2 because of thermal limita-
tions. At the receiving antenna on the ground the peak beam intensity was limited to 23 mw/
em<. Ionosphere densities are essentially the same as the ground level densities. Limited
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informuation on onosphere effects of these beams can be obtained by ground based ionosphere
heating tests.  Analysis of fartield microwiave intensities for multiple satellite systems were not
investigated. These fields can be predicted by analysis and further investigation is needed.

Environmental impacts were outside the scope of this study.

(4) If the rectenna is 85-90 percent efficient, 10-15 percent of the energy in the beam may be
released as waste heat. What analyses and experiments are needed to assess potential heat

island effects, flora and fauna impacts. and potential land utilization?
Answer
Heat release from the receiving antenna was not investigated by this study. (A heat release

analysis was performed by JSC and effects were estimated to be negligible.)

Subprogram Area: Space Siructures

SPS Objective— Very large area, minimum weight. controllable structures configured for construce-

tion in spave.

(1) What candidate structural materials are candidates for the system studies? Can these
muaterials satisty the lifetime requirements and mechanical and thermal constraints,

including thermal cyvling?

Answer

I'he primary structural material assumed was graphite composite because ot its indicated abil-
ity to satisfy mechanical and thermal constraints including thermal cycling.  Additional
information on the lifetime of this material in the space environment is needed. This can be
obtained by appropriate technology verification activities as recommended in Section 4 of this

volume.

{2y What structural contigurations will satisty the conflicting requirements ot minimizing

weight while maximizing rigidity?
Answer
Tubular truss structures can meet these requirements. Varioas means of producing tubular

truss structures have been investigated and appear feasible.

{3} What is the teasibility and cost-effectiveness of manutacturing structural modules in

space?
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Answer

The packagirg Jensity of these structures is so low 15 to make necessary either assembly or the
structures from nested elesvents. or production of these structures by structure fabrication
devices commonly called “beam machines.™ Either approach appears to be feasible and cost
2{fective.

4) What thermal control preblems arc present in SPS structures? How can thermal control
he provided?

Answer
Tise best *hermal control approach is to utilize a structural material that is insensitive to
thetmal chonges.

(3) What & the optimum balance between earth and space assembly operations?

Aunswer

A complete analysis of this question was not made. The answer appears to be that carth
assembly is preferred to the extent it can be accommodated while still operating the space
transportation system in 2 aass limited mode. The cost of volumedimited launches is so great
that space assemibly operativons are probably preferable. This places a considerable premium
on large volume payload bays for launch vehicles.

(6) What structural configurations. consistent with mechanical and thermal requirements. are
adaptable to automated assembly in space?

Answer

A number of structural configurations wer: investigated and all were adaptable to automated
assemnbly in sprce. Either continuously-formed beams or assembled beams made of nestable
clements are feasible.

E. Subprogram Area: Power Conversion (Including power processing & distribution)
SPS Objective—Multi-gigawatt power conversion systems. configured for assembly in space and
designed for 30-year life. with a very low mass per unit area and a cost of several hundred doltars
per kilowatt.

(1 What performance characteristics of key power conversion components and subsystems

were assumed in the system studies? Are these characteristics attainable? What tech-
nology is required?
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Answer

Performance characterntics of the power conversion components are discussed in this volume,
in Volume 3 and in Volume 6. These characternistics were determined to be attainable by the
techoology verifwatio 1 program described in Sectien 4 of this volume.

€2 What oversll performance characteristics of candidate power convension systems have
been asumed in the SPL system studies? What technology is needed to achieve such

overall performance?

Answer
Overall perionmance characteastios are similady deseribed.

(3 Which of the candidate power conversion systems is most aétractive for this application

from the viewpomts of perfomuince. feasibility, rehability amd cost?

The power convernsion sy stem that prosently seems to be most attractive is single cryvstal siicon

photovoltak. as disvussed in ths volume.

4)  What are the devign tradeot s required to accommodate Vigh voltage/plasma interactions

and clectrical chanung of Large structures in geosvanchronous orbit?

Answer

This question was not specifically addressed. Design procedures to accommaodate electrical
charging appear 10 be available and basically consist of making the entire system sufficiently
cot ctive to avoid vacesive charge diftercatial buiddups.

(31 What « the optimunn balance between carth and space assembly operations?
Answer

Fhe answer was given under question 3 of the previous subprogram arca.

() How can power transter be accomplished across the power system/antenna interface?
Answer

An electrical rotary joint employing ship ring technology is well within the state of the art.

The ship ring design is discussed in Volume 3 of this report.

(71 How can the power tarp-on. turn-oft transients best be handled in the switching. circuit

protection and voltage regulation arcas?
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Answer

Systems were designed 10 handle these transients by incorporating switch gear and circuit
breakers in the power collection system and in the power processing and regulation system on
the transmitting anternas.

(8) What are acceptable techniques for power collection, regulation, switching and protecticn
which satisfy the rectenna/load interface requirements?

Answer

The designs developed for power collection. regulation. switching, and protection satisfy the
rectenna and !oad interface requirements as presently understood. These are discussed in
Volume 3.

F. Subprogram Area: Attitude Contvol and Stationkeeping

SPS Objeciive—(a) Siationkeep and mechanically point a |-km diameter microwave transmitting
antenna to within *1 minute of arc in geosynchronous orbit. (b) Stationkeep and mechanically
point a very large solar array to within 1 degree of arc in geosynchronous orbit. (¢) Stationkeep
and attitude control the structures during assembly. and control them during orbit transfer.

(1) What types of control devices (e.g.. ion thrusters) did the system studies investigate?
What performance levels were assumed for the devices? Should alternate types of devices
and performance levels be evaluated? Are the assumed or alternate devices available? Is
technology advancement required? Are the technology requirements affected by:

(a) the structure characteristics (rigidity or flexibility, integral modular construction.
inertia, vibrational modes)?

(b) thenmal deformations of the structure during steady state and during the transients
arising from short period orbits in LEO and recurrent eclipses in GEQ?

(¢) steady. pulsed. or commanded operational modes?

(d) the 30-year lifetime requirement of the satellite?

() the need to minimize pollutant emission?

(0 the need to minimize system weight?

(g) other factors?

Answer

The principal control device investigated was ion thrusters for the overall SPS configuration.
The accumulated momenta appeared to be too large for practical momentum exchange
devices. Magnetic torquing is conceivable but might be unreliable in the variable magnetic
environment at geosynchronous orbit. Momentum exchange devices appear to be entirely
practical for aiming the antenna and can be unloaded by applying torque to the antenna from
the SPS. The momentum unloading then is accomplished by the ion thrusters on the SPS

201



D180-22876-2

itself. The principal area of technology advance required is scaling up of existing ion thrusters
to larger size and developing the high power processors. Control system analyses indicated

that simple control techniques and software are adequate, that the structural dynamics can be
n aintained at a high enough frequency so that they do not intermix with control responses. Ion
thaster ISP’s were selected in order « minimize weight. Because of the long system lifetime.

i* is expected that maintenance of the attitude control system will be required. An additional
factor is the need to establish control anthority and correct the satellite attitude in an instance
where control has been temporarily lose and the satellite 1s not sun-facing. Under such a circum-
stance. a backup chemical thrust system is needed and was included in the system definition.
definition.

(2) What types of data sensing. data procassing. and device actuation and control systems did
the satellite system studies postulate? What performance levels were assumed? Should
altemate data sensing. processing, actuation, and device control systems, and performance
levels be investigated? Are the assumed or alternate systems available? Is technology
advancement required? Are the technology requirements affected by:
ta) requirements on response times and accuracies?

(b) automated response requirement?
() sensor and electronic interface with the antenna phase front control system?

td) other factors?

Answer
Analysis of data sensing was confined primarily to measurement lists. The nature ot the lists
does not indicate any serious problem in imecting the requirements by the data processing

capabilities presently under development.

(3 What requirements exist on satellite tracking and data acquisition? What technology
advancements are needed?

Answer

Satellite orbit maintenance should be based on detenmination of the satellite cphemeris by the
interaction of the satellite and its ground station in order to minimize requirements on
separate tracking itetworks. No unusual data acquisition needs were identified except for the
potential total processing load requirements resulting from many satellites being in place.
Again. most of this requirement should be handled between each satellite and its ground sta-

tion to minimize need tor separate networks.
(4) What requirements for materials and structure technology are implied?

Answer
No specific requirements were identified other than those identified by other investigations.
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G. Subprogram Ares: Transportation

SPS Objective—Transportation of all goods and personnel necessary to construct and emplace an
operational spacc power station network at the least possible total program cost. Preliminary analy-
ses indicate that transportation costs in the $50 to $20/Kg range may be achieved. The former tar-
get cost is needed if the SPS mass is near the upper bounds of the preliminary estimates while the
latter cost may be acceptable for the lighter weight SPS concepts.

(1) HLLV

(a)

(b)

)

(d)
(e)

(f)

®

(h)

Answer

What are the expected RDT&E and TFU costs of candidate HLLV configurations
ranging in size from 150 to 1000 metric tons of payload per launch?

What are the expected recovery and refurbishment costs of the vehicle stages (1 or
2) comprising each cnadicate HLLV concept? Comparison of winged and ballistic
recevery, water and land touchdown. and flyback or ground traverse of stages.

What are the anticipated personnel staff sizes required for each concept to perform
pre-launch and launch ground operations. mission planning, flight control and sup-
port tincluding sustaining engineering)? How do these manpower levels vary with
Iaunch rates consistent with the placement of 100 x 103 to 2500 x 103 metric tons
per year into LEO?

What are the facility acquisition and operational costs to support the flux rate of (c)?
What are the propellant requirements of the candidate HLLV's to fulfill (¢). includ-
ing those fluids consumed at the launch site but not launched? What is the energy
budget to produce these fluids in the quantities required? What are the environ-
mental impacts of their expenditure in the biosphere. including pre-launch. launch
and entry/recovery/sernvicing mission phases?

What requirements are placed upon the national material resource/refining/ground
transportation structure to acquire and operate the fleet of HLLV’s for the SPS
program? Can material conservation/substitution programs reduce dependence upon
scarce or imported resources?

What new/innovative technology may be developed for use in the 1990-2025 inter-
val (may be several stages. time phased) to enhance the cost-¢ffectiveness or decrease
any adverse effects of the launch activity of (c)?

What are the consequent costs per flight and costs/kg of payload of the candidate
concepts as a function of size and launch rate? What confidence is present in these
estimates? What graceful fallback positions are available for each area capable of
jeopardizing either prog- :m technical success or cost targets?

All of these questions are addressed in Volume 5 of Part 1 and Part 2 of the study. respec-
tively, with the exception of item (g). New technology was not specifically addressed. but one

area of significant contribution would be an advanced space shuttle for personnel

transportation.
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(2) OTV -Independently-powered

(a)

(d)

(e)

1))

th)

(1)

Waat are the expected RDT&E and TFU (Theoretical First Unit) costs of candidate
independent cargo OTV’s ranging in size from 250 to 1000 metric tons of payload
detivered to GEO from LEOQ?

To what extent can reflight preparation be accomplished in LEO? What are the
facility/manpower/material requirements necessary to achieve reflight?

How many reflights may be accomplished with each candidate OTV? What changes
in reflight costs and mission-completion reliability acenie as the vehicle approaches
end-ofdife? What is to be the disposition of units which have completed their serv-
ice life?

What are the sizes of the staffs required in LEO and on Earth to support the cargo
OTV operations (sce [¢). How do these manpower levels and costs vary with annual
payload to GEO over the range of 40 x 103 to 150 x |03 metric tons per year?
How do the LEO facility requirements change over this same range”?

What operational issues emerge consequent to the orbital transfer operations over
the range of 2d. above? Launch windows. communication rendezvous and docking
requirements, abort. safety. mission planning and control. LEO wventory manage-
ment all require consideration and development of the associated costs.

What technical issucs emerge for propellant handling and conservation in LEO? Is
new technology required or advantageous? What losses may be anticipated of the
fluids delivered to LEQ?

What requirements are placed upon the national material resource/retining/ground
transportation structure to acquire and operate the fleet of HLLV s for the SPS pro-
gram? Can material conservation/substitution programs reduce dependence upon
scaree or imported resources?

What new/innovative technology may be developed for use in the 1990-20235 inter-
val tmay be several stages. time phased) to enhance the cost-etfectiveness or decrease
any adverse effects of the launch activity of (1 1o).

What are the presenthy-expected performance/cost/refurbishment parameters of
candidate clectrical propulsion thrusters. power conditioners. and power sources?
Confidence?

Answer

This question is addressed by Volumes 4 and 5 of Part 1 of the study and Volume 5 of
Part 2.

{3) OTV -Dependent Upon SPS Power

(a)

What requirements does the OTV impose upon the SPS (or power producing mod-
ules thereof) to permit utilization of the available electrical power for the LEQ-GEQ
transit? Power conditioning. distribution, storage. control. attitude control. struct-
ural respouse and other requirements must be addressed.
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(b) What are the developments and unit costs associated with thrusters, dedicated power
conditioners. propellant supply and avionic systems if the units are to be:
{1) Expended
(2) Remain with the SPS and serve as the attitude/orbit maintenance subsystem
(3) Recovered to LEO for reuse

(¢) What is necessary to perform the mission from LEO, considering carth occultation?
Departure time, date, inclination altitude and thruster system thrust decay power-
off all interact.

(d) Same series of staff level/facility questions as other vehicles.

(e) Same series of propeilant/environmental impact question as others.

Answer

This question is addressed by Volume 5 of Part 1 and Part 2 of the study. Staff levels
were not specifically addressed.  The space construction facility in low Earth orbit
includes capability to install the thrusting system.

Personnel Launch Vehicle

(a) What can be done to configure the space shuttle orbiter as a personnel launch vehi-
cle? How many passengers? How soon can the shuttle system mature sufticiently to
permit this use? At what cost? Is a dedicated orbiter or mission-bit approach
preferred?

{b) What new concepts (S3TO. new shuttle boosters, etc.) compete with the shuttle for
this role? What are the cost trade-offs vs. level of activity and time?

(¢) What are the inter-project interfaces with the space evaluation fucility (space station)
and the PLV? Inter-project issues include safety, rescues. rendezvous docking. ete.

Answer

Item (a)-The space shuttle orbiter in a personnel launch vehicle configuration was dis-
cussed in Volume 5 of Part 1 of the study. A passenger capacity of 75 was assumed. It is
indicated that a dedicated orbiter would be the preferred approach. ltems (b) and (¢)
under Question 4 were not specifically addressed. Several other studies have addressed
new concepts that may compete with the shuttle in this role.

Personnel OTV

(a)  What arc the candidate configurations, their technical characteristics and program-
matic factors? Can the personnel compartment be the same unit as the personnel
compartment of the PLV?

(b) What are the abort and mission safety considerations?

Answer
Item (a) is addressed in Volume 5 of Part ! of the study; Item (b) is addressed in Vol me
4 of Part 1 of the study.
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H. Subprogram Area: Operations

SPS Objective —Achieve the construction in orbit, placement and activation. and maintain the pro-
ductive capability for 30 years or more, of an operational space power station network in a manner
that assures reliable power availability to the grouad network at minimum cost to the power
consumer.

¢ 1) What are the consiruction/assembly/activation/maintenance tasks to be considered for
LEO and GEO performance?

¢ 2) What are the required input of man-hours to perform these tasks? IVA? EVA? Ground
support?

( 3) What facilities are required at the construction site to perform the tasks?

( 4) What tools/equipment/consumables are required?

{ 3) What is the potentia. for maifunction/accident during construction? Recovery/work
around/salvage?

{ 6) What costs are mnvolved in 2, 3, and 4?

{ 7) What is the potential for masufacturing SPS components and subassemblies in orbit more
productively than on Earth? Crystals. thin film, solid state electronic devices. structural
and reflector elements, ete.?

( 8) What arc the staffing requirements in orbit and on Earth .or representative SPS construe-
tion/operations scenario for:
ta} LEOQ construction?

(b GEO construction?
(¢} LEO construction ot modules assembled/deploved at GEQ?
( 9) What are the operational considerations of the large manned orbital activities?
ta)  Personnel support in orbit
tb)  Personnel support on Farth
() Communications and data handling
¢(d)  Natural and induced environments and protection
(¢} Induced eftects upon the SPS under construction due to operations in orbit? Upon
the biosphere?

() Mission and career constraints upon personned due to radiation and other factors
typical career progression (¢.g.. what to do with five year men)?

(g)  Training/simulation/certification/annual cheek tor personnel

(h)  Costs of all of the above

¢ 10Y What provisions must be made for receipt and disbursement of supplies. expendables.
tools. cte. What tacility and staft implications are inherent to the largesscale logistics
tasks?

(11) What provisions are necessary for mobility of personnel, equipment. and construction
elements? Are these provisions consistent with the work schedule/day-night cycle/SPS

vulnerability (to rocket exhausts. torques. ete.)?
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(12) What will be the data traffic in orbit local and remote  how handled?

(13) What are the key elements of the orbital operations process of the mature SPS which
snust be developed/demonstrated/refined by Eartb-orbital precursor projects? How do
the shuttle, extended duration (up to 180 days) spacelab. space station, pilot plant con-
tribute to help meet these needs? What tunding is needed to support these Earth-orbital
precursor projects?

(14) What ground operations are associated with the rectenna? What operations are necded at
the interface with the user?

Answer

Most of the questicns under operations are addressed by Volume 3 of Part 1 of the study and
Volume 5 of Part 2. The following were specitically not addressed: Question 5. Question 7,
Question 9.e, Question 9.f. Question 9.¢. Additional work is recommended on Questions 10
and 11. Question 12 was not addressed. Question 13 is addressed under the technology ver-
ification program discussed in Section 4 of this volume. Question 14 was not addressed.

Subprogram Area: Orbital Technology Verification

SPS Objective—To assurc dependable. long-lived operation in the space environment, at viable

energy costs to the user.

Pertinent questions derive from the need to operate in the space environment. which has character

istics that include the following:

(a)
(b)
)
(d)
()
)
(g)

Gravity ficlds of low magnitudes. significant gradients

Low absolute pressure, low sink temperature

Radiation (particles. photons. ionizing. non-ionizing)

Low density plasma

Meteoroids

Perturbing 1 rces and torques (in addition to the gravity eftects) on Earth orbiting bodies

Pertodic occultation of sun by Earth, when viewed by an Earth orbiting body

(1) That are the impacts of these (and other relevant) propertics of the space environment on
SPS design in the nine SPS subprogram arcas? Which of these effects can be veritied
only in space and not on the ground?

(2)  What technology advancements are needed relative to the effects that can be veriticd only
in space?

(3)  What is the impact of the (space-verifiable) effects on the costs of system development

and operations?
Answer
The orbital technology verification program is inctuded in the technology verification pro-

grams described under Section 4 of this volume.
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