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FOREWORD

This is Volume IIl - Experimentation/Verification Element
Definition, of the SPS Concept Definition Study final report as
submitted by Rockwell International through the Satellite Systems
Division. All work was completed in response to the NASA/MSFC
Contract NAS8-32475, Exhibit C, dated March 28, 1978.

The SPS final report will provide the NASA with additional
information on the selection of a viable SPS concept and will
furnish a basis for subsequent technology advancement and
verification activities. Other volumes of the final report
are listed as follows:

Volume Title
I Executive Summary
I1 Systems Engineering
v Transportation Analyses
v Special Emphasis Studies
VI In-Depth Element Investigations
VII Systems/Subsystems Requirements Data Book

The SPS Program Manager, G. M. Hanley, may be contacted on any

of the technical or management aspects of this report. He may be
reached at 213/594-3911, Seal Beach, California.
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1.0 SPS DEVELOPMENT PLANNING OVERVIEW

1.1 DEVELOPMENT PLANNING OBJECTIVES AND CONSIDERATIONS

A DOE task group was established in 1976 to evaluate the potential for
the Solar Power Satellite System, including programmatic evaluation of program
planning options. A guideline was established that programmatic decisions and
development planning alternatives should be based upon a high-risk approach
since launch vehicle and orbital operational questions would not be resolved.

More recently, DOE has proposed, for FY 1980 implementation, a modest
environmentally oriented microwave technology exploratory research program
aimed at reducing the uncertainty associated with microwave power system
critical technical issues. These factors lead to the underlying premise that
heavily funded, dedicated SPS development effort during the next five years
or so is increasingly unlikely, and that a low-level step-by~step evolutionary
approach to SPS development planning is realistic. This premise then dictates
a planning logic that builds upon on~going and planned ground and space test
activities——activities that can result in cost-effective SPS developmental
progress if they can be focused to achieve significant advancement of SPS
technology while also providing other planned benefits,

Based upon this background, an evolutionary SPS development plan was
prepared to satisfy the objectives shown in Table l.l-l. Planning analysis
was directed toward the evolution of a scenario that met the stated objectives,
was technically possible and economically attractive, and toock into account
constraining considerations, such as (1) requirements for very large-scale
end-to—end demonstration in a compressed time frame, (2) the relative cost/
technical merits of ground testing versus space testing, and (3) the need for
large mass flow capability to LEC and GEO at reascnable cost per pound.

1.2 $PS DEVELOPMENT PLAN ELEMENTS

The principal elements of the SPS development plan are summarized in
Figure 1,2-1. The Technology Advancement Phase consists of three major test
elements.

*» Microwave Ground Exploratory Research Program

s Key Technology Program (cother than microwave)

e SPS Orbital Test Platform Demonstration Plan

Each of these test phases is discussed in detail in Section 2 - Technology
Advancement Plan.



Table 1.1-1. SPS Development Planning Objectives

STRUCTURE A SYNTHESIZED SPS DEVELOPMENT PLAN THAT REFLECTS THESE
CONSIDERATIONS

7/ ESTABLISH THE RELATIONSHIP OF AN EXPLORATORY RESEARCH PLAN
TO THE OVERALL TECHNOLOGY ADVANCEMENT PLAN

¥ INTEGRATE DOE ENVIRONMENTAL STUDIES, NASA 5-YEAR PLANNING,
AND SPS DEVELOPMENT PLANNING

EVALUATE AND STRUCTURE AN SPS TECHNOLOGY DEVELOPMENT PROGRAM BASED
ON THESE REQUIREMENTS

Y MINIMIZE FRONT-END COSTS

Y UTILIZE SHUTTLE CAPABILITY TO MAXIMUM

Y MAXIMIZE GROUND TESTING

¢ REFLECT REASONABLE LEAD TIMES
EVOLVE DEVELOPMENT PLANNING REQUIREMENTS FOR THESE KEY INITIAL
DEVELOPMENT PLAN ELEMENTS

¥ GROUND DEVELOPMENT/ANALYSIS

v ORBITAL DEVELOPMENT/DEMONSTRATION

/ MASS-TRANSFER CAPABILITY

v

v v v

1985 1990 1995

EXPLORATORY RESEARCH

1980
TECHNOLOGY
ADVANCEMENT PHASE o
MW TECHY snuunn\m*

KEY TECHY PROGRAM \ ' S

SPS ORBITAL TEST
FLATFORM OEMONSTRATION

J

8T8
SUPPORT
SYSTEMS

r PILOT PLANT DEMONSTRATION PHASE

7.

PLY

)

STATION
SHUTTLE DERIVED SYSTEMS 7 /

SHUTTLE |MPROVE§€NT$ : =

- {ﬁ — e SPS TRANSPORTATION SYSTEM

Figure l.2-1. SPS Evolutionary Development Plan Elements
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1.3 SPS DEVELOPMENT PLANNING SCENARIO OVERVIEW - 1978

The expanded SPS development planning scenario overview shown in
Figure 1.3~1 was developed to reflect a perceived consensus relating to
current development planning options. The scenario illustrates a synthesized
program reflecting current recommendations and projected five-year plans for
exploratory research, technology advancement, and pilot-plant demonstration.
A development cycle of 20 to 25 years is projected, leading to an initial
operating capability about the year 2003 for the first commercial system.
The plan consists of two principal phases: a technology advancement phase
(1980 to 1990) and a pilot plant demomstration phase (1990 to 2000).

Key elements within the SPS planning scenario include the DOE exploratory
research program, the overall key technology program (supported by NASA enabl-
ing technology effort), the pilot plant demonstration plan, and the required
support system developments in transportation and space construction.

The exploratory research plan element provides the seed-bed for proto-
type development of microwave power transmission systems (MPTS), and is

reviewed in Section 2.3.

The key technology program for power conversion and distribution and
development of large space structures is structured to provide evolutionary
timelines leading to large SPS-type subscale space test articles and is
discussed in detail in Section 2.4. The commitment to large-scale SPS
development ground and space test activity will occur about 1985 based upon
exploratory research program results and will require funding levels on the
order of several billions of dollars. The orbital test program is reviewed

in Section 2.5.

The pilot-plant demonstration phase reflects in general the “precursor"

demonstration concept proposed as the most cost—-effective approach to large-
scale pilot-plant commercial end~to-end performance demonstration. Utiliza-
tion of Shuttle-derived heavy-lift launch vehicles with low earth orbit (LEO)
assembly and dedicated electric propulsion orbital transfer to geosynchronous
orbit (GEO) is baselined. The pilot-plant phase is reviewed in Section 3.0,
In this report the emphasis is primarily directed toward amplification of the
technology advancement phase of the SPS development plan for the projected

time frame of 1980 to 1990.

1.4 SPS DEVELOPMENT ACHIEVEMENT PROBABILITY

In any evolutionary development program projected substantial completion
of major test phase elements is conditioned by technical progress, funding
levels and the degree of institutional and public support. It is convenient
under these circumstances to express projected test phase accomplishment as
a probability-of-occurrence distribution as summarized in Figure 1.4-1.
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2.0 SPS TECHNOLOGY ADVANCEMENT PHASE

2.1 CRITICAL TECHNOLOGY ISSUES

The basic objective of the SPS Technology Advancement Phase is to
evaluate and resolve the critical technology issues related to the SP§
preliminary reference configuration.

The critical issues that could prevent successful development of the
currently postulated SPS system can be grouped in two major categories:

@ Effects of the SPS system on the environment

¥ Interactions of the microwave beam with the ionvsphere
v Effects of launch vehicle emissions on the upper atmosphere
¥ Microwave system radio frequency interference with other systems

¥ Microwave radiation effects on primates and ecology

® Effects of the natural environment on SPS system development and
operation

v Radiation effects on space comstruction and operations personnel

v Space plasma effects on high-voltage power conversion and power
amplification

v Space environment effects on materials life~time, strength and
efficiency

Each of these critical environmental Interaction issues requires concen-
trated experimental research to quantify the probable effects and provide a
programmatic technical basis for deriving mitigation techniques. The impact
of these "driving" technical issues upon SPS system and subsystem concept
definition and operational sequences is matrixed in Table 2.1-~1.

SPS critical techmical issue experimental results will impact in varying
degrees, all of the subsystems and system support elements shown in the table.

2.1.1 MICROWAVE POWER

The microwave power transmission system (MPTS) is clearly the most critical
subgystem from the standpoint of environmental impact vulnerability and basic
technical feasibility. State-of-the—art advances are required in d¢/RF and
RF/dc conversion, phase control, RFI suppression and thermal contrel. Undesir-
able effects upon the environment and environmeantally induced degradation of
key microwave power components and elements will result in an iterative sub~
system definition cycle involving significant trade study of potential options
and alternative designs.



Table 2.1-1.

Technology Issue Impact on Key Subsystems

CRITICAL TECHNICAL !SSUES

SYSTEMS DEVELOPMENT/OPERATIONS |MPACT

MICROWAVE | POWER CONVERSION | STRUCTURE AND | MASS
® T N_ENV | RONM | POWER | AND DISTRIBUTION | CONSTRUCTION | TRANSFER
Y INTERACT{ON OF MICROWAVE BEAM
WITH |ONOSPHERE v
v EFFECT OF LAUNCH VEHICLE EMISSIONS /
Y MICROWAVE SYSTEM RF! EFFECTS v/
v MICROWAVE EFFECTS ON PRIMATES/ECOLOGY v
® EFFECTS OF ENVIRQONMENT ON
v SPACE RADIATION EFFECTS ON PERSONNEL v v/
v SPACE PLASMA EFFECTS v v/
v SPACE ENVIRONMENTAL EFFECTS ON
MATERIALS v/ v v

Undesirable effects of ircident energy and spurious emissions upon perform—-
ance of civil and military equipment operating in affected microwave regimes as
well as potential modification of the ionosphere that could substantially alter
the propagation of radio signals over a wide range of frequencies, may require
mandatory changes and option trades for the following reference system character-

istics and equipment elements:

¥ Transmission Frequency

Y Power Beam Maximum Density and Taper

v Power Amplifier Selection (Klystron vs Solid State)

Y Phase Front Control Circuitry

¥ Rectenna Size and RF/dc Converter Selection

2.1.2 POWER CONVERSION AND DISTRIBUTION

Space plasma effects upon the materials properties of solar cells, solar
array interconnects, reflector films, conductor/insulations and overall high-
voltage power system performance will require decisions relative to the follow-

ing option issues:

Y Solar cell selection - (GaAs vs Silicon)

Y Solar cell anmealing technique

Y Concentration ratio

Y Reflector materials

v Power distribution voltage level

2,1.3 STRUCTURE AND CONSTRUCTION

resolved.

UV/particle radiation effects on composite materials baselined for SPS
structure are unknown and possible outgassing characteristics remain to be

2=2

In addition, composites are relatively poor electrical conductors,




and wherever composite structure interfaces with metallic parts, local dis~
charges could produce structural damage to the composite materilal.

The capability of man to function efficiently for an extended duration in
geosynchronous orbit is a key issue in basic SPS construction scenarios, and
overall system cost-effectiveness considerations. The effects of H~E particles
on space worker stay times may have a significant impact on construction method-
ology and location.

The following option issues are visualized:

¥ Structural materials selection (aluminum vs composites)

Y Space construction location (LEO vs GEO vs Hybrid)
2,1.4 LAUNCH VEHICLE/OTV MASS TRANSFER

The demongtrated effect of F layer depletion due to large hydrogen or hydro-
carbon-burning rocket emigsions poses a serious constraint upon SPS development

feasibility and impacts the following trade options:

v Launch trajectory selection and rate

Y Propulsion system selection

2=3



2.2 TECHNOLOGY ADVANCEMENT PLANNING NETWORK

A second-level synthesis of the "front end" technology advancement plan
is shown in Figure 2,2-1. The proposed DOE exploratory research program is
contained within the dashed line, and represents the principal microwave
technology development effort during the period 1980 to 1985.

The overall technology plan reflects a strong emphasis on early compre-
hensive ground-testing supported as necessary by Shuttle sortie experiments,
and leads to technology readiness by 1990. Power conversion and distribution
and large structure technolcgy development time-lines reflect current NASA
focused plans through 1985. SPS development progress will be a function of
the funding support ultimately provided against the planning requirements.
The three principal elements constituting the SPS technology advancement plan
include DOE microwave exploratory research, other subsystem key technology,
and the ultimate large orbital test vehicle program (that will evolve from
the subsystem ground and sortie developmental effort) during the period from
1985 through 1990. Each of these major test plan elements will be expanded
upon in this section,

The orbital test elements of the SPS technology advancement program will
be supported by the Shuttle transportation system and its improvements and
derivatives. Large SPS subscale orbital test articles will require an
extended-duration orbiter and a Shuttle-tended LEO construction base. Sub-
sequent pilot=-plant construction after 1990 will involve very large mass
transfer requirements to LEO as well as self-sustaining manned construction
facilities in LEO which require the development of a Shuttle-derived low-cost
(<$100/1b to LEO) heavy-lift launch vehicle. This development should start
about 1985 to support the planned scenario.

As indicated earlier, SPS microwave power transmission technology is the
critical technology determinant in early SPS key issue evaluation. The
technology uncertainties involved will be explored in the proposed DOE
microwave research program.

2-4
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2.3 DOE GROUND EXPLORATORY RESEARCH PROGRAM

The objective of the current joint SPS concept evaluation program is to
develop by the end of 1980 an initial understanding of the economic practical-
ity and the social and environmental acceptability of the SPS concept. At the
present time, the degree of uncertainty of all aspects of SPS is high, partic-
ularly with respect to environmental impact.

In 1980, the DOE with NASA technical support, plans to initiate a compre-
hensive ground-based exploratory research effort that is SPS oriented, environ-
mentally driven, and aimed at reducing the uncertainty associated with the
critical environmental/technical issues. Initial planned FY 1980 funding will
be on the order of $8 M.

2,3.1 OVERALL EXPLORATORY RESEARCH PROGRAM ELEMENTS
Major elements of the exploratory research plan include:

e Microwave Effects

Health and Safety
Ecology
Communications
Technology

e Research Integration and Managemeat Planning

Research for microwave effects on health and safety of humans, animals and
the ecology will focus on deriving experimental evidence relative to low dose,
long term exposure effects, high dose, short term exposure effects and verifica-
tion of SPS microwave technology.

Planned effort in the area of microwave effects on communications will focus
on measurements of effects on communications, navigation and command and control
systems. The test program will orient to RFI, EMC and E/M harmonics and will
include experimentation on effects of microwave transmission upon the ionosphere.
SPS microwave technology will be verified through measurements of efficiency
of mitigation strategies, The test logic sequence is shown in Figure 2.3-1,

The key test element in the overall exploratory research program will be
the NASA supported microwave technology phase which will evaluate the technical
viability of SPS power transmission by microwave beam. This effort will gener-
ate and evaluate test hardware for microwave generation, beam formation and
control and noise/harmonics suppression.

2,3.2 GROUND-BASED EXPLORATORY RESEARCH - MICROWAVE TECHNOLOGY

The objective of the program is to conduct technology research in critical
areas associated with the SPS microwave system, develop near-prototypical hard-
ware, integrate this hardware in an optimum subarray design, conduct integrated
tests, and produce performance data for use in the environmental analysis
program. A secondary objective is a continuing technology program in the
critical areas (klystron, phase control, solid state) that will provide

2-6
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progressive development to support the technology advancement program. Develop-
ment and integrated testing of near-prototypical hardware will provide a much
stronger data base for economic assessments of the SPS program.

The major elements of the microwave technology (GBER) plan and their inter-
relationship are shown in Figure 2.3-2. As a background note the first early
microwave power transfer work was accomplished at MSFC in 1969. This was a
low power laboratory test and demonstrated concept only. The first significant
large RF power transfer was accomplished by JPL in 1975. This test used a
large dish antenna and a single power tube. It was a significant demonstration
of power transfer but did not simulate the performance of the microwave system
as proposed by current SPS system studies. There have been no environmental
analyses performed on the microwave system that have been based on actual per-
formance data. This plan will provide a vehicle for producing prototypical
performance data through a significant microwave component technology develop-
ment program. These data can then be used as the data base for the environ-
mental assessment of the microwave system. Uncertainties associated with the
predictions of microwave system performance will then be greatly reduced.
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The microwave technology exploratory research plan has been structured
within the following guidelines.

Provide the instrumentation and data gathering hardware necessary to
support the integrated tests and provide sufficient data for input
to the ecomnomic and environmental assessments cf the SPS program.
Anechoic chambers and ranges will be needed to provide the quiet
zones and far field analysis to adequately test the performance of
the hardware. EMI and RFI characteristics such as harmonics and
noise require low level, high accuracy measurements within a shield-
ed anechoic chamber. Accurate beam mapping and gain measurements
will require an RF antenna range of sufficient length to encompass
far field patterns.

Develop near prototypical hardware in critical areas.
Develop data base for economic and environmental assessments.

Establish sufficient program continuation milestones for progressive
program development.

Provide qualitative data for microwave feasibility and performance
evaluation.
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The general flow of the GBER is illustrated in Figure 2.3-3. This chart
describes a progressive product oriented development and test program with
key milestones.
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Figure 2.3-3. Technical Approach (Schedule/Results)

The microwave technology GBER plan is divided into three major parts:
test support and facility operations, integrated tests, and component develop=-
ment., Component development is further subdivided into klystron amplifier,
solid state amplifier, phase control, RF radlator, subarray, and rectenna.
Each part contributes to the ultimate objective of determining the performance
characteristics of a near prototypical SPS subarray. An example of the type
facility required to support this development and testing is 1llustrated in
Figure 2.3-4, This facility can provide for testing, data collecting, and
data analysis. Some typical performance monitored parameters are RMS phase
error, reflected RF power, and sidelobe levels.

The integrated test element will provide design requirements for the
facility and instrumentation. Integrated testing is subdivided into power
module tests, test article tests, and subarray tests. This method provides
a step-by-step buildup for an ultimate SPS subarray test and allows key
decision points along the way.

The third part of the GBER is component development. It is perhaps the
most important part because most of the technology development occurs here.
It is the technological progress with key component developments that will
ultimately determine the performance characteristics of the near prototypical
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Figure 2.3-4. Functional Block Diagram of Test Facility

SPS subarray. Several key elements of the microwave system have been selected
for technology investigations.

Integrated Test Plan

The major objectives of this project are the effective management and
technical integration of the various microwave system elements. Each system
element must support its own objectives and the system objective of integration
and performance testing of a near prototypical SPS subarray. Specifically this
would be performance verification of critical microwave system parameters that
include transmission efficiency, beam forming accuracy, beam steering accuracy,
power beam/pilot signal isolation, mechanical alignment/tolerances, RF/dc con-
version efficiencies, and analysis of the interaction of subsystems and elements.
The feasibility of a microwave system to transmit power at the high efficiencies
required for SPS when the combined effects of system hardware imperfections are
considered must be experimentally verified. The performance of the SPS system
is critically dependent on the phase distribution/control electronics, power
amplifier, and radiating elements when operating in a large subarray system
configuration. Tests of such a system have not been accomplished with accurac-
ies sufficient to establish performance capabilities required to meet the SPS
specifications.

Progressive testing from component development to power module and finally
to subarray level testing will provide performance data for assessing the
feasibility of the SPS microwave system. Key milestones focus the testing to
allow effective management decisions and provide data at the end of performance
evaluation and inputs to the DOE environmental analysis program.
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Early integrated test planning is essential for facility development and
instrumentation definition with the first two years (1980-1981l) devoted to
planning and requirements definition at a low level of funding. Some software
and procedure definition will occur in 1981 with actual development of the soft-
ware and procedures for testing to be completed in 1982, The facilities will
then be ready for checkout and verification of software and procedures to
support the power module tests in 1983. Integrated tests have three major
hardware components for testing (Figure 2.3-5), namely the power module, test

article, and subarray. The test program is described in the following para~
graphs.
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Power Module Test. There will be at least two power module tests, One
test using a klystron power amplifier and one using a solid state power
amplifier. These tests will require different setups because of the unique-
ness of their parameters. An example is the power requirements; the klystron
would require several voltage levels in the kilovolt range and the solid state
amplifier would require one very low voltage (30 to 50 V). Each power module
would have its own unique components such as: RF radiator, possibly some
difference in phase control, filter, power supply, and thermal contrel. The
power module test will represent the first significant integrated test data
in the microwave project and is expected to provide considerable design
information for update of the component and subarray design. Testing will
be required on each component or subsystem as it arrives at the test facility.
This test represents the first level of integration and should produce perform-
ance information on noise and stability due to mutual coupling of components.
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Test Article Tests. Two test article tests will be conducted in 1984,
one klystron test and one solid-state amplifier test. This plan provides for
four power modules and one phase control subsystem to make one test article.
A total of ten power modules and two phase control subsystems will have to be
delivered, assembled, and each component checked out before the test article
tests can be conducted. The power modules tested in 1983 will be of a develop-
ment nature and will not be used in the test article tests in 1984, However,
one set of five power modules (four plus a spare) from the test article tests
in 1984 will be used in the subarray test in 1985. Integration of the phase
control conjugating electronics will be accomplished in this test. The basic
ability to demonstrate retrodirectivity and the influence of mutual coupling
from multiple components will be determined.

Subarray Test. A total of nine test articles will be required for the
subarray test in 1985. The quantity buy for the test in 1985 will be based on
42 power modules and 10 phase control subsystems. This module will represent
a near prototypical SPS subarray and will provide similar performance charac-
teristics. The reference phase distribution system will be integrated and
end to end performance will be demonstrated with multiple phase control

systems.

Component Development

Klystron Amplifier. A low power klystron will be designed with adequate
characteristics to support the integrated testing and feasibility determina-
tion of an SPS subarray. Comcurrently a high power tube with high efficiency,
low specific weight, and a heat-pipe thermal system will be developed. Develop-
ment of the low power tube is a key element in the performance of the near
prototypical SPS subarray.

This development project should produce a low power klystron with a depres-
sed collector design that demonstrates similar characteristics (phase shift,
noise, and harmonic generation) to a large high power tube. Some compromises
are expected because the development cycle on the low power tube will be stop-
ped in 1983. However, it is expected that the tube will perform adequately to
support the integrated tests and provide the necessary integrated performance
data and input to DOE studies, The development of the high power tube should
demonstrate high efficiency (goal of 85 percent), high gain (goal of 50 dB),
low noise, and high reliability. A parallel development of the thermal
radiator for the large klystron will be required to demonstrate an integrated
power amplifier/thermal radiator design for thermal vacuum testing in 1985,

Solid State Amplifier. A solid state amplifier will be developed to
support the progressive testing and demonstration of a near prototypical SPS
subarray design. System studies have indicated that a power amplifier of the
1 kW range will be needed to support these tests. A phased design is planned
so a decision point on power amplifier selection can be made in 1984, System
studies have indicated solid state to be a viable candidate for the SPS power
amplifier. There is no amplifier of this nature available currently.
Technology development is needed to demonstrate the capabilities of the solid
state amplifier.
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This development project should produce a solid state amplifier that can
be used to verify the performance of an SPS-like subarray. Specific require-
ments will be to demonstrate high efficiency (goal of 85 percent), establish
thermal operating characteristics, low noilse, increased gain, and establish a
base for cost estimation. This development information will be fed back to the
system studies for impact analysis on system design. An optimum power module
design based on thermal data, power distribution requirements, reliability and
phase control tradeoffs will result from the technology program.

RF Radiator. New RF radiator designs will be investigated as suggested
in the systems studies and hardware provided to support the integration and
testing of the SPS~like subarray. Specific objectives will include determina-
tion of the efficiency levels achievable for a single frequency radiator,
mechanical alignments and tolerances considering efficiency and mass produc-
tion, and diplexer capabilities to suppress harmonics and noise sidebands.
Requirements for an SPS RF radiator differ from state of the art in two
aspects, mass production and degree of reduction in tolerances required.

State of the art designs are interested in tenths of a dB, and SPS is interest-
ed in tenths of a percent. Half an order of magnitude improvement in mass
manufacturing and design are required.

The SPS system studies have indicated that new designs in RF radiators
could offer some advantages in efficiency, weight, and mass productien tech-
niques, There are three designs that will be studied: two that relate pri-
marily to the klystron (composite waveguide and resonant cavity radiator) and
a third that relates to the solid state design. It is anticipated that there
will be a number of different radiator designs pursued with the solid state
power amplifier. Requirement definition and design can be delayed until 1981
to get an input from the amplifier projects. The composite waveguide and RCR
will concentrate early development work in 1982 with a decision in early 1983,
The selected design will support the klystrom power module test in 1983,

Phase Control. This activity is designed to provide a determination of
feasibility and performance evaluation of the phase control system. This
project will determine phase distribution error buildup, conjugation accuracy,
pilot/power beam isolation, failure effects on beam shape, power amplifiler
phase noise effects; identify hardware limitations; and establish system per-
formance criteria.

Current studies indicate extremely accurate phase distribution and beam
pointing will be required for SPS. Analytical efforts must be complemented
with an aggressive hardware development and evaluation program to satisfactorily
demonstrate the performance of the system and provide an adequate data input
to the DOE environmental analysis program.

The phase control system requirements and design will be defined in the
first year (1980). There are two key technology areas and one supportive area
that need developing in 198l. The reference distribution subsystem will be
designed and a breadboard model developed and tested in 1981, A recovery and
conjugating electronics subsystem will be designed and a breadboard model
developed and tested in 1981. The supporting design of a pilot transmitter
will be started in 1981. This transmitter is not considered a technology item
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but is required for the ultimate performance of the system. Integration of
the reference distribution subsystems and the recovery/conjugating electronics
will occur early in 1982, A prototype design of this integrated system and
the pilot transmitter will be developed and tested in 1982. These two sub-
systems will then be integrated into a total phase control system prototype
early in 1983. No hardware is required to support the integrated test project
until the test article tests in 1984. Design information will be fed to the
subarray development project in 1983.

Subarray. The subarray subsystem will provide the integrated design of
power modules and test articles leading to the development of a near proto-
typical SPS subarray in 1985, It will determine the unique characteristics
of the integrated design and perform tradeoffs on cost and complexity of the
subarray design.

The single most critical element in the SPS microwave system is the sub~
array. The subarray will determine the ultimate performance characteristics
of the phased array antenma. It is necessary to develop and test a near proto-
typical subarray to accurately assess the performance of the SPS microwave
system. This subarray should be similar in size and parts count to the
expected SPS design.

This project will take the component design data, set requirements for
the power module integrated design, and provide that integration., It will feed
back data into the component designs and set requirements for the subarray
design and integratiom. It will provide the integration for the test article
and subarray configurations. The end result will be test data on a near proto-
typical SPS subarray.

Rectenna. The objective of the rectenna project is to assess feasibility
of producing rectemnna elements which have a sufficiently wide dynamic range
to accommodate incoming power beam variations and output dec load variations.
Although high efficiency (85 percent) has been demonstrated on rectenna element
RF-dc conversion, these elements do not exhibit a high dynamic range. There
is much to be done in determining 1f these elements can interface efficiently
with the variations in RF power density levels and dc load before a viable
rectenna concept can be demoustrated., There is also a need to demonstrate
low cost manufacturing techniques for the rectenna.

The rectenna project is expected to develop a high efficient (goal of
90 percent), low cost rectenna element of sufficient size to verify perform-
ance requirements. The project should determine efficiency levels achievable
and develop detailed understandings of each component, element, and subarray
for predicting cost. Performaence data should provide capability to predict
performance of full scale SPS rectemna. This project will determine protec-
tion requirements for failure modes and develop techniques for predicting off=-
normal performance including harmonic scattering effects.,

2.3.3 SUMMARY COST AND SCHEDULE

The microwave project is estimated to require funding of approximately
32 million dollars in the 1980-1985 timeframe, Filgure 2.3~6 displays the
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costs by major project element, the anticipated scheduling, and major hardware
delivery requirements. Funding begins in 1980 with one million for early
development of the varicus microwave system elements and gradually builds to
a peak year (1984) cost of slightly over eight million dollars (Figure 2.3-7)
as the program reaches the system integration and test phase. Thereafter
funding levels decrease to that required for an operations and test phase
with no more large component buys anticipated.

Major project cost drivers are the phase control development and the
parallel developments of the solid state and klystron power amplifiers. To-
gether these three components account for over 50 percent of the total program
cost.

Major ground rules and assumptions that form the basis of this cost
estimate are:

1. Costs include design and development, production line tooling, proto=-
typical hardware procurement, spares, test facilities, test instru=
mentation and test operations, and technology studies where applicable
{phase control and power amplifiers). Use of some government
facility and integration and the integrated tests with no charge.

2. All costs are in constant 1978 dollars (no allowance for post-1978
inflation).
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3. Unit costs assumed: phase control - $100K, and power amplification -
$50K.
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Figure 2.3-7. Graph of Exploratory Research Plan Cost
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2.4 ¥XEY TECHNOLOGY PLAN

The Exploratory Research Program described in the previous section has
been prepared to evaluate the microwave power transmission system. While the
microwave system is considered to be a very critical link in the SPS program,
there are technology areas outside this link which will require attention in
the 1981-85 time period to answer critical questions and establish credibility
of the complete system concept. The Key Technology Program provides a summary
of these additional technology studies. The Key Technology Program would con-
sist of extended analysis, laboratory development, and ground tests in disci-
plines other than microwave. 1In addition, flight experiments and flight
project definitions have been included. The term "flight experiments", as
used herein, refers to orbital testing of components or elements of a system
which can be completed in the 1981-85 period. Flight projects are broader in
scope (usually system level activities) are more costly, and are not planned
for completion until the 1986-90 period, since they require longer lead times
for definition and planning.

During the past and current activities, elements of the SPS program have
evolved based on trade results and more detailed refinement of concepts. It
is therefore expected that this plan likewise will be continually refined as
research proceeds. At present, however, it is believed that this plan encom-
passes those technology advancements which are needed to build upon past and
current activities and provide new technical information on which to establish
SPS program credibility and provide information on which to assess SPS program
continuation.

The Key Technology Program will be directed toward laboratory development
and testing of various elements to determine if the technical and performance
assumptions of the earlier studies were valid; to obtain data for needed
technical, economic, environmental, and societal assessments; to assess other
SPS system/subsystem alternatives; and to conduct limited flight experiments
and define flight projects. Key elements requiring such effort include exten-
sion of present terrestrial solar cell programs to space applications including
processing techniques, annealing, and bonding; extensive computer analysis of
large space structures; development and testing of graphite composites and
thin~gage aluminum in the various required configurations; simulation and
development of concepts and equipment of power distribution for steady state
and transient performance; development and testing of space construction
techniques for building of structural beams, fastening of structural members,
installation of solar arrays and equipment; and development and demonstration
of large electric thrusters utilizing argon and associated power processing
equipment.

2.4.1 SOLAR ARRAY

The SPS reference system utilizes solar cells as the energy source for
the satellite system. Two options have been carried for the reference system:
(a) gallium aluminum arsenide (GaAlAs) solar cells, and (b) silicon (Si) solar
cells. Each option represents a high degree of technology which has not been
demonstrated.
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Today's solar cells are less efficient, heavier, more costly, more sus-
ceptible to radiation damage, and produced in much smaller quantities than
required for SPS. Currently, there are a number of ongoing solar cell devel-
opment activities (DOE, DOD, NASA, etc.); however, none of these specifically
address requirements for SPS. Since the solar blanket constitutes a signifi-
cant portion of the SPS total program cost and mass, there is a need to
develop solar cells suitable for SPS application.

The accomplishment of the following objectives is therefore deemed
necessary:

e Develop the two solar cell materials baselined in the reference
systemn.

e Assess and evaluate all candidate cells at end of development period.

e Assess susceptibility to degradation due to particulate radiation
and investigate annealing.

¢ Examine approaches to automated solar cell fabrication and blanket
assembly.

e Select reflector materials, develop test articles, and determine
performance characteristics.

o Demonstrate 80 percent gallium recovery from bauxite.

The expected results of the solar array technology program are the devel~
opment and selection of high performance, lightweight, low cost, radiation
resistant and/or annealable solar cells with the ability to be processed and
fabricated in large quantities at high yield. 1In addition, items which affect
the array performance, such as reflectors, will be tested and evaluated for
space environmental conditions.

A proposed program for early GaAs solar cell development is summarized
in Appendix A.

2.4.2 POWER DISTRIBUTION

The Power Distribution Subsystem (PDS) as defined herein receives elec-
trical power from the solar array blankets and provides the power busses,
regulation, switching, circuit protection, and energy storage required to
deliver regulated power for distributiom to the antenna system (dc-RF con-
verters) and the various subsystems (attitude control, information management,
etc.). The grounding, electromagnetic interference control, high voltage
plasma interactions, and spacecraft charging of the SPS are alsc included as
part of the PDS.

The key technology needs are derived from the requirement to operate the
PDS at thousands of volts to provide reasonable distribution efficiencies and
low subsystem mass. The PDS must also provide acceptable safeguards for
personnel and equipment and operate with reasonable reliability and maintain-
ability. 1In certain key areas there is no applicable technology base from
previous terrestrial or space programs which will permit confident extrapola-
tion of SPS power distribution design and operational requirements., The SPS
therefore requires technology advancement for a number of key elements in the

PDS.
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The current reference concept utilizes thin sheet aluminum conductors to
optimize thermal and, in turm, electrical properties. It will be necessary to
analyze and test materials, coatings, and geometric configurations capable of
withstanding switching and fault transients as well as transients resulting
from periodic Earth occultations.

Solid state power processors are visualized with the subsystem operating
at thousands of volts and amps, whereas the current technology for transistors,
thyristors, etc., is in the order of 1000 V at a few hundred amps. Therefore,
technology for regulation and dc/dc conversion at the SPS design power levels
need to be developed and demounstrated.

Subsystem switchgear is needed for power switching and circuit protection.
Requirements placed on these type devices include switching and interrupting
current levels of several thousand amps at the design voltage level of 40,000
V. Various types of switchgear have been developed for ground use which will
handle these power levels. The gear is, however, large and bulky due to the
requirement for ‘'forced zero current," and not easily adaptable for space
operation.

Spacecraft charging and plasma interaction studiles must be initiated
early to develop a better understanding of these phenomena and to derive
restrictions imposed on the spacecraft design due to such things as identifi-
cation of acceptable and unacceptable materials.

The expected results include the development of a math model simulation
to initially define the subsystem and component requirements and later to
simulate the expected subsystem performance characteristics based on integrat-
ed results from the component development activity. Laboratory development
and testing will be conducted to confirm that suitable design approaches exist
to achieve required SPS performance parameters for various critical compon-
ents of the PDS, The design appreoach to, and technology of, thin sheet con-
ductors will be demonstrated. The switchgear and power processor units will
be designed and evaluated in a breadboard configuration. The slipring/
brushes will be designed and scale assemblies will be evaluated. Plans and
designs for a PDS technology breadboard facility will be available.

2.4,3 STRUCTURES AND CONIROL

The structural behavier, attitude control, and antenna pointing will
have an influence on the pointing of the satellite, antemna, and ultimately,
the microwave beam. The previous experience invelving a combination of
electronic and mechanical systems has been limited to much smaller systems
than SPS. Structural and control systems will be intimately coupled in a
new regime of low loads, high inertia, and low structural mass fraction.
Since the impacts are economic, technical and safety in nature, it is
important that these areas of uncertainity be better understood. Terrestrial
testing of the structure/control interactions under simulated space conditions
is not possible, thereby necessitating an unprecedented reliance on numerical
simulation.
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System design implications and improved estimates of achievable perform-
ance for structure and control systems, as well as microwave power beam point-
ing capabilities, are expected. Structural dynamic models will be developed
to provide the analytical information needed for flight experiments through
simulations of structural interactions with control systems, inertial loads,
and thermal stresses and distortions. Identification of attitude control
policies and techniques to minimize structural bending frequency constraints
are expected. The techniques and policies developed will provide the capabil-
ity for dynamic and static analysis of large structures with low mass fractions
under modeled disturbances.

2.4.4 MATERIALS

The SPS should be designed for long lifetimes of approximately 30 years
for economic reasons. The current understanding of Geosynchronous Earth Orbit
(GEO) radiation effects on materials is very limited and related almost totally
to film material or thermal control coatings. Spacecraft design for GEO
operation is limited to several years. No data currently exist to evaluate
the GEO radiation effects for many SPS candidate materials. One of the more
serious material questions is that of the degradation of the resin systems
if the graphite reinforced composite material is used. This type of material
has desirable thermal characteristics, but its long term degradation character-
istics are unknown. Long-life materials are also required for other subsystems
such as solar array reflectors, thermal radiators for dec to RF converters,
insulation, slipring brushes, etc.

Specific structural and special purpose materials (reflectors, thermal
radiators, insulation, brush material, etc.) will be evaluated before and
after exposure to simulated SPS environments (thermal cycling, vacuum, and
radiation). Thermal control coatings and processing operations (joining,
forming, etc.) will be analyzed in the experimental and analytical effort.
Math models and approaches to accelerated testing will be developed and
correlated with experimental data to minimize any future testing requirements.

The expected results include the examination of selected materials be-
fore and after exposure to simulate space environments and development of
degradation models for use in design analysis calculations. This activity
is expected to provide the technical foundation needed to select the more
stable specific materials for further test and development.

2.,4,5 CONSTRUCTION AND ASSEMBLY

Developing the capability for construction and assembly of very large
low-density structures in space is an inherent requirement for the SPS
program. The capability for imstallation of other subsystems (e.g., solar
blankets, reflectors, power distribution lines and control equipment, micro-
wave subarray hardware, etc,) on the structure must also be developed. New
approaches for ground facilities (rectenna) construction and assembly must
also be studied. Very little applicable data currently exist for this type
of orbital and large scale terrestrial comstruction and assembly. Test data
are needed to validate operational requirements and cost estimates.
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The relatively high cost of flight testing requires accomplishing as much
development as possible on the ground. Englneering evaluation of much of the
critical beam builder design can be accomplished with ground tests using a
1-g beam builder configuration, special handling fixtures, an air bearing
floor, and a water immersion facility. The beam builder development article
is required to fabricate a long, continuous structural truss, allowing the
evaluation of preprocessed materials packaging and dispensing; cap forming
with heating, shaping, and cooling; synchronization and control of the truss
elements; component handling and joining; and nondestructive quality control
verification. Development of engineering and operational techniques for
assembling more than one truss together to make a larger structural configura-
tion can also be accomplished and simulated. Joint design and joining opera-
tions can be evaluated together with handling and assembly support equipment.
These development tests will result in the eungineering verification of a beam
builder and associated assembly operations with sufficient confidence level to
proceed to a flight verification experiment.

Ground development of assembly techniques for other than structural com-
ponents will be initiated. Techniques for attaching hardware, such as solar
blankets, reflectors, power distribution lines, thrusters, and microwave com-
ponents will be pursued. The development of electrical connectors suitable
for orbital assembly operations will be initiated.

Advanced automation techniques will be studied to determine more optimum
approaches for the orbital assembly of SPS. These areas include: design
studies of systems for advanced automation of space structural construction
and assembly, programmable manipulators and terminal sensors, autonomous
construction systems, machine vision and recognition, autonomous transfer
systems, and others to be defined.

Construction and automation techniques will be studied for application to
rectenna construction. Concepts will be developed and analyzed with costing
parameters for inclusion in costing models.

2.4.6 TRANSPORTATION TECHNOLOGY

Une of the key elements of the SPS concept is the transportation system
since the large demonstration articles and operational satellites must be
assembled and operated in space. For the SPS to be viable, the transportation
system must be of high performance, relatively low cost, and envirommentally
acceptable. The technical approach includes investigations into the follow-
ing areas.

Booster Engine Technology

The booster engine technology will focus on four primary areas:

Fuels Study. Various LOX/hydrocarbon propellants will be studied for
applicability to the PLV and HLLV.

Engine Component Technology. The design and testing of cost effective
engine components will be investigated. Design options will be studied which
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include gimbal techniques, throttling concepts, sensitivity to particulate
contamination in propellants, and modular component designs.

Engine Operational Improvement. Perform bench tests of engine compon-
ents or modules to provide engine operational improvements in acoustic and
propellant emissions, lifetime characteristics, and repair/maintenance con-
cepts.

Preliminary Engine System Design. Employ results from the research and
technology efforts to provide engine design, performance and operational data
in support of the PLV and HLLV definition.

Electric Propulsion Technology

The electric propulsion technology will focus on three primary areas,

Thruster Development. The feasibility of large ion thrusters using
argon will be developed. Characteristics of suitable SPS electrical thrusters
will be established including thrust level, specific impulse, specific power,
heat rejection requirements, total thrusting lifetime, and number of engine
starts. Materials, engine electrical, thermal-structural and fluid-handling
component development test will be conducted.

Power Conditioning Development. Static and dynamic breadboard and brass-
board tests of conceptual designs for transforming solar array electrical
output into the numerous regulated voltages necessary for the operatiocn of
ion bombardment electric propulsion systems will be conducted. The weight
efficiency and unit cost of the flight design power conditioning apparatus
will be confirmed.

Environmental Interactions. Basic research investigations of the inter-
actions of internal and external current flows will be performed with simulated
natural space and plasma environments and various dielectric geometries.

Vehicle Technology

Preliminary design studies will be conducted to define the technology
required for large, fully reusable launch vehicle systems with particular
emphasis on multiuse thermal protection systems, propulsion systems, structures/
materials, aerothermal, design, and integrated propulsion/configuration design.

Orbital Storage and Transfer of Propellants

The feasibility of the storage and transfer of cryogenic propellants on-
orbit will be established.

2.4,7 FLIGHT EXPERIMENTS AND PROJECT DEFINITION
A basic development concept embodied in this plan is that most of the
Key Technology Program, in support of key issue resolution, can be accomplished

through comprehensive analysis, and ground experimentation and development.
There is, however, a requirement for component level orbital verification
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testing to address issues that could not otherwise be resolved. The exclusion
of these flight experiments would not only jecpardize the credibility of SPS
but could in the long run require greater funding for SPS development., 1In
addition to analysis, ground tests, and component level flight tests, some
system-level orbital tests will be necessary for adequate demonstration of

SPS concept feasibility. The complexity of these tests 1s such that detailed
definition and planning must be initiated early in the Key Technology Progranm
to assure test results by 1990,

With regard to early Shuttle orbital tests the objectives and require-
ments of each experiment will be defined in detail., Bhuttle interfaces and
other orbital support requirements will be defined. .Relationships to other
experiments will be examined for possible common support requirements. Designs
will be developed. Flight test hardware will be fabricated if precursor ground
test artlcles cannot be used; where possible, ground test hardware will be
designed to meet flight requirements. Flight tests will be carried out. This
task will include the following experiments:

e Materials Test ~ Expose candidate materials to the ultraviclert,
particulate radiation, and plasma environment of GEO.

e Construction and Assembly -~ Orbital construction and assembly
demonstration which includes fabrication of beam elements, handling
of structural members, and assembly of a small demonstration article,

® Microwave Component Test - Operational exposure of microwave compon-
ents to the LEO environment to determine the impact on performance
characteristics.

The flight projects definition task will produce detailed definition and
planning for SPS flight projects which are to be accomplished during the
1986~90 period. Level of definition will be through Phase B studies.

The objectives and requirements of each project will be defined in detail.
Preliminary payload designs will be developed. Shuttle interfaces will be
defined. Requirements for other orbital support facilities will be identified
and preliminary designs for these facilities developed. Costs and schedules
will be defined for each project and for any required orbital support
facilities. The following potential projects are included:

e Construction and Assembly — Fabrication in orbit of a large structure,
requiring orbital manufacturing, and assembly of large, lightweight
structural members and attachment of subsystem elements.

o LEC Integrated Microwave Tests - A LEC demonstration of microwave
subsystem.

® GEO Inverted Microwave Transmission - Test article in GEQO which
includes pilot beam transmission from the satellite to ground while

receiving microwave energy from a ground based microwave array.

® Solar Array - Integrated solar array and power distribution system
test which could be included in the above projects.
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2.4.8 KEY TECHNOLOGY PLAN COSTIS

A top level summary of the development activities and funding require-
ments covered in the plan are presented in Figure 2.4-1. The technology
development activities which are to be initiated in 1981 and their associlated
funding requirements are summarized in the Table 2.4-1.

KEY TECHNOLOGY AREAS FY81 FYs2 Frgs FY84 FYBS TOTAL
2000 3000 00 3500 3000 15000
SOLAR ARRAY CELL DEVJANKEALING/ PAODUCTION PROCESEING! GALLIUM RECOVERY
0 l 0o 1506 J 1300 J 1000 8000
POWER DISTRIBUTION COMPUTER SIMULATIONS! COMPONENT RREADRUARD
0 [ 00 I 1300 { 1300 } [ 4500
STRUCTURES AND CONTROL MODELING & CONTROL TECHNIGUE DEV
200 I w0 I 00 , 1800 l 1000 5200
MATERIALS GROUND TEST / DEGRADATION MODEL DEV
100 ] 1300 l 1700 J 1300 l 1000 6500
CONSTRUCTION AND ASSEMBLY CROUND SIMULATIONE/ASSEMBLY TECHNIQUES & EGUIPMENT DEV
00 1300 2000 2000 2000 10000
TRANSPORTATION DEFIMITION GTUDIES/UOOSTER & ION ENGINE DEV/VEHICLE DESIGN STUDIES
2000 [ 5000 , 000 ] 2000 ! ¥000 28000
FLIGHT EXPEAIMENTS PAYLOAD DEFINITION/KEY EHUTTLE SORTIE FLIGHTS
00 1208 505 3000 4600 12000
FLIGHT PROJECT DEFINITION PAELIMINARY OF FiMITION/PHASE A & 8 STUDIES
TOTAL
FUNDING (THOUSANDS OF 1978 DOLLARS) 7100 14400 21009 23500 20200 86200

Figure 2.4-1. Key Technology Program Summary
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Table 2.4=~1. Key Technology Program - 1981 Starts

KEY TECHNOLOGY

FUND ING
{THOUSANDS OF 1978 DOLLARS)

SOLAR ARRAY

GaAtAs CELL DEVELOPMENT

SILICON CELL DEVELOPMENT

ASSESSMENT OF ALL CANDIDATE CELLS
POWER DISTRIBUTION

COMPUTER SIMULATION TO IDENTIFY POWER

DISTRIBUTION SUBSYSTEM REQUIREMENTS

DESIGN OF POWER CONBULTORS

SPACECRAFT CHARGING SIMULATION
STRUCTURES AND CONTROL

ASSESSMENT TQ TDENTIFY CONSTRAINTS

CONTROL POLICIES AND TECHNIQUES DEVELOPHMENT
HATERIALS

CANDIDATE MATERIAL SELECTION AND GROUND

TESTING

CONSTRUCTION AND ASSEMBLY

GROUND SIMULATIONS

SPS BEAM BUILDER TECHNOLOGY DEVELOPHMENT
TRANSPORTATION

BOOSTER ENGINE TECHNQLOGY

ELECTRIC THRUSTER TECHNOLOGY
FLIGHT EXPERIMENTS

REQUIREMENTS/PREL {MINARY DEFINITION

FLIGHT PROJECT DEFINITION
TOTAL

2000

koo

200

700

8o0

2000

800
7100
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2.5 ORBITAL TEST VERIFICATION PHASE

An essential requirement exists for major SPS subsystem test and evalua~
tion at LEO and geosynchronous altitude late in the 1980's. Current NASA
planning projects a major SPS subscale test article for LEO=-to~LEO microwave
testing. This same test platform can be boosted via electric propulsion to
GEQ to serve as an SPS multitest platform in both a GEO-to-ground and ground-
to GEO mode (functioning as an inverted test range with the addition of pilot
beam electronics).

2.5.1 SPS TEST PLATFORM EVOLUTION

It appears likely that SPS orbital test requirements and test system de-
finition will have to be satisfied through the evolutionary utilization of
NASA large structure space projects that evolve and are funded. Requirements
for multimission applicability, construction modularity, and a broad range of
power, size, and mass options, which include SPS test verification objectives,
will need to be evaluated and synthesized. The degree to which SPS technical
issues are resolved will be a function of the commonality between developments
in large space structures/large power modules (L8S/LPM) and the characteristics
of the final SPS system.

The configuration of the proposed large space power platform can be con-
sidered indeterminate at this point in time and will emerge as a product of
the Large Space Structures techmnology program and/or the SEP/PEP/OSM power
module development thrust as shown in Figure 2.5-~1,

This large orbital power platform can be effectively utilized for SPS
orbital verification testing in both LEO and GEOG. The early development of
GaAs-CR2 solar array technology is a key determinant in the definition of the
orbital test platform.

Figure 2.5~2 summarizes the possible evolution of the SPS multi-test plat-
form. TIwo developmental paths reflect (1) a high-~legacy large orbital test
system and (2) an alternative low-cost geosat system for early envirommental
and inverted test range evaluations. Both silicon and Gads solar array optioms
could be available to space system developments.

Figure 2.5~3 summarizes the principal system characteristics that could
be achievable for LSSP and SEP/PEP derivatives of an SPS orbital development
test article. With respect to the extent to which these development options
satisfy initial verification objectives of SPS technology, the issues involve
the following:

e Beam machine space fagbrication versus deployable/erectable
construction

e Silicon solar arrays versus GaAs solar arrays versus hybrid
array combinations

» Capability for both LEOC and GEC test operations
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GaAs CR2
SOLAR ARRAY
DEVELOPMENT

SILICON CR1
SEPS ARRAY
DEVELOPMENT

STD
SEPS BUS

LARGE
POWER
MODULE

Figure 2.5-2.

o POWER CONVERSION

® POWER DISTRIBUTION

o STRUCTURE

LSSP DERIVATIVE

v/ COULD BE ALL GaAs OR HYBRID
v DESIGN OPTIMIZED FOR LEO &
GEO HI-VOLTAGE OPERATION

v/ PROTOTYPICAL BEAM MACHINE
FABRICATION/JOINING

o POWER TRANSMISSION v MEDIUM POWER AMPLIFIERS
¢ DEGREE OF SPS v HIGHEST

VERIFICATION
® PROBABILITY OF EARLY v MODERATE

IMPLEMENTATION

INVERTED
TEST RANGE

SPS ORBITAL
TEST ARTICLE

SPS Multi-Test

Platform Evolution

SEP/PEP/QSM DERIVATIVE

v/ SEP SILICON ROLL-OUT ARRAY =
COULD BE HYBRID

v/ OPTIMIZED FOR LEQ OPERATION
= 200 VOLTS

Vv DEPLOYABLE ARRAYS - ERECTABLE
ANTENNA

v/ MEDIUM POWER AMPLIFIERS

/ MODERATE

v HIGHEST

Figure 2.5-3. SPS Test Platform Comparative Characteristics
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An SPS test article evolving out of the large space structures program
with beam machine construction is likely to provide the highest degree of
SPS technology verification for subsystems other than the MPTS. 1If the SPS
system is baselined for GaAs solar cells,the LSSP derivative again provides
the best technology verification results if an intensive GaAs solar array
development program 1s initiated by FY 1980Q. Characteristicg of the micro-
wave power amplifier will be determined during the microwave exploratory
research program and will drive the microwave antenna design configuration.

A mandatory development requirement for SPS technology verification,
leading to technical readiness by 1990, is the need for geosynchronous
environmental testing of integrated, prototypical SPS subsystems. This
requirement can be satisfied by transferring the proposed LEO subscale test
article to GEO by a self-contained electric propulsion system, to be used as
the test vehicle for verification of the solar array, power distribution, and
control subsystems. This offers the opportunity to perform integrated LEO
tests, orbit transfer radiation degradation evaluations of solar cells and
reflectors, and long-duration operational tests of solar array and power con-
versions, distribution, and control as a system supplying the multiple re-
quired voltages at the klystrons. An additional benefit from this approach
is the flexibility of payload return to earth.

2.5.2 SPS LEO/GEO MULTI-TEST PLATFORM CONCEPT

A representative Large Space Structures Program derivative of an optimized
orbital test article with high SPS legacy has been conceptualized as shown in
Figure 2.5-4. This configuration was developed to meet the following require-
ments.

[ TECHNOLOG Y VERIFICATION ELEMENTS |

® BASIC COMPOSITE BEAM ELEMENT - ABB

® TRIBEAM CONSTRUCTION - JOINTS

& MODULAR OTEP ELECTRIC PROPULSION

® MODULAR DOCKING PORTS FOR MICROWAVE
ANTENNA - PILOT BEAM TRANSMITTER

® MODULAR PROTOTYPICAL ROTARY JOINTS

® GaAs-CR2 FOLD-OUT SOLAR ARRAYS/HYBRID
SILICON CAPABILITY

® SHUTTLE-TENDED (LEO) - RECOVERABLE
AND REFURBISHABLE

® CONVERTABLE TO OTHER MISSIONS

. > b-
Figure 2.5-4. SPS LEO/GEO Multi-Test Platform =
(High SPS Legacy) )
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1. Tribeam construction, using space fabricated composite beams.

2. B8olar electric propulsion system for later ascent to higher earth
orbit,

3. Microwave antenna with adequate power to perform SPS Flight Demon-
stration of in-space transmission, to test:

a) Wave lobe quality at 16.5 km
b) Maximum heating condition

4. Antenna to be powered by either CR~l standard silicon SEPS array
blankets or advanced technology standardized GaAs CR~2 foldout array
blankets.

5. Low earth orbit construction, using Shuttle orbiter.

6. ©SPS test to be conducted initially in low earth orbit, then trans=-
ferred to GEO.

7. Capability for conversion to distributed chemical thrusters or to
interim upper stage (concentrated) propulsion system.

8, Design for legacy, applicability in national space program.

The proposed test article can be constructed in LEO with less than 5 Shuttle
flights.

‘The basic tribeam structure detail is shown in Figure 2,5-5. The concept
design logis is summarized below:

Feature Reason/Basis
® Tribeam Configuration ¢ Legacy for SPS, other large tribeam con-
cepts
e Joining
¢ Handling
¢ Wiring

e End Fittings
e Construction Fixture on Orbiter
e Applicability - Does Job

e Over Hang Cross Beams for e Reduces weight of tribeam structure
attaching Solar Blankets e Not necessary that all cross beams be
same length
s Size of Tribeam vs Cross e Multiples of General Dynamics composite
Beam for Solar Array beam bay spacing

e Trade: Weight and column strength for
potential growth

e Compatible with RMS reach from Orbiter (50'")

20m width permits 200m length for favorable

access ratio

e 20m width compatible with five, 4m wide
solar blankets (per standard SEPS Solar
Array)

e 20 meter wide major
cross beams

® 4,3 meter tribeam legs

e A large variety of methods
and equipment can be used
to build candidates (size
alone does not dictate)
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Feature . Reason/Basis
® RCS Pods Location e Provides large moment, minimizes thrust,

fuel weight
e Minimizes plume impingement on solar array,
while utilizing available structure
. @ Facilitates retrofit for later purposes

e Corners of solar array
e Ends of major cross beams

Modular docking provisions are illustrated in Figure 2.5-6 and include
three docking ports as described below:

Feature Reason/Basis
e Docking Ports

e Orbiter revisit:

Location near antenna e Near to vehicle C.G.
on ridge of tribeam e Close to area of expected major retrofit
opposite solar array (antenna, SEPS)
e Compatible with use of construction
fixture
e Between slipring/rotary e Slipring/rotary joint is major mass/volume
joint and solar array. item, probably brought up on later flight
Both ends of tribeam e Facilitates retrofit or replacement of
mechanical devices, SEPS thrusters, antenna
packages

e Docking ports aligned with major mass
axis of vehicle.

e Between antenna and SEPS e Facilitates retrofit of antenna/sensor
thruster/slipring rotary following SPS test phase
joint e Antenna is major, massive installation,

probably on later Shuttle flight

Design characteristics of the proposed SPS test article microwave antenna
are shown in Figure 2.5-7. The antenna consists of a 9m X 9m thermal test sub-
array and a 44m long linear phase control array. The antenna is designed to
fit into the Shuttle cargo bay and be deployed in LEO as shown in Figure 2.5-8.
The total array utilizes 279 1-kW power amplifiers. The rotary joint and dc/dc
converter subsystems are integral with the anteunna.

2.5.3 SPS GEOSAT PLATFORM OPTION

There are competing options for GEO utilization of the proposed LEO large
power platform as shown in Figure 2.5-9. The billion dollar investment requir-
ed for a large space power platform will preclude multiple vehicles and drive
space facility utilization toward optimum LEO applications for space power,
construction support and space industrialization projects.

If the large space power platform will not be available for geosynchronous
service, an alternate SPS option is utilization of a minimum-cost GEO multi-test
satellite. This geosat system would be a single wing element of the large power
module with a power level of about 100 kW and would perform as the geosynchron~
ous element of the ground to GEO inverted test range.
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Figure 2.5-5.

CENTRAL HIGH POWER
SUB-ARRAY
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Figure 2.5-6.
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THERMAL TEST ARRAY PHASE CONTROL TEST ARRAY
e 9 SUB-ARRAYS, @ 30 ELEMENTS EA, 2.92x L46 m,
FACH 2.92 x 2.92 m,
WITH 33 x 33 SLOTS. ® EACH ELEMENT = ONE HALF OF
BASIC 33 x 33 SLOT SUB-ARRAY
® 3 CUTER SUB-ARRAYS HAVING EITHER 33 x 16 OR
HAVE 16 KLYSTRONS 33 x 17 SLOTS {ALTERNATING),

EACH 1 kW OUTPUT
® SINGLE I kW KLYSTRON PER

® CENTRAL SUB-ARRAY ELEMENT, TOTAL RADIATED
HAS 121 ONE kW Rf POWER 30 kW.
TUBES

® TOTAL RF POWER
16 x 8 + 121 = 249 kW

® ALUMINUM WAVEGUIDE .05 cm (.020 in) WALL: TOTAL MASS 970 kg.

Figure 2.5~7, SPS Test Article Antenna

[

Pigure 2.5-8. Microwave Antenna Deployment
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® ADVANCED $PS TEST [& A LOW-COST ALTERNATIVE |
GEQy,  (SPACE RECEIVING

/ ANTENNA PLATFORM) V. LOW POWER (=100 KW) SINGLE WING
/ © ELECTRIC PROPULSION MODULE OF LPM OR SEPS
DEMONSTRATION (GEO TRANSFER)
/ ® LARGE GEO SPACE
/‘L _ LEO  PLATFORM v SEPS DEDICATED GEO TEST VEHICLE
A v PERFORMS 3 FUNCTIONS
 HI-POWER SPACE
/ STATION ® ORBITAL TRANSFER & PROPULSION
© CONSTRUCTION BASE TESTS
® SPACE FACTORY  PILOT BEAM/BEAM MAPPING END OF
0 INVERTED TEST RANGE
@ COMPONENT ENVIRONMENTAL
TEST BED
® CONSIDERATIONS [e"SYSTEM LIMITATIONS]
v ONLY ONELPM - 818 v PRIMARILY PILOT BEAM & BEAM MAPPING
FUNCTIONS

v COMPETING LEO MISSION QPTIONS
v COMPONENT LEVEL ENVIRONMENTAL

v LPM OPTIMIZED FOR LEO POWER LEVELS TESTING ONLY - LOW POWER

v 