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FOREWORD 

The George C. Marshall Space Flight Center of the National Aeronautics 
and Space Adminlstration in Huntsville, Alabama, for the past 5 years has 
investigated the applications of space technology and of space itself to the solu­
tion of speclO.c terrestrial energy problems. Great progress has been made in 
this brief period. Our pioneer work in microwave power transmission and in 
solar heating and cooling of residential and commercial buildings has lead to 
further development and progress in these areas. As a natural extension, the 

collection of solar energy in space using a Satellite Power System, first postu­
lated by Dr. P. E. Glaser, has also been under careful study and review at this 
Center. Substantial in-house efforts combined with numerous industrial con­
tracts succeeded in defining critical program elements, overall system and 
subsystem requirements, and necessary technology advancement requirements. 

The main thrust of MSFC's efforts is in the overall systems engineering 
and integration of Satellite Power Systems including supporting systems such 
as transportation, space construction base, and large space structures. 

This summary report presents our findings to date pertaining to the 
unprecedented number of systems, subsystems, and operational elements 
with complex interrelations. The many elements of the program were broken 
down into manageable entities and their most sensitive parameters werP defined. 
Numerous tradeoffs between options proceeded through increasing leve;! f 
depth in order to clearly show all areas that need concentrated technolo1;.. advance­
ment efforts. 

A carefully structured cost and economic . .malysis was carried out con­
currently with the generation of technical data. W1•h the conservative assump­
tions concerning cost growth and findings of these efforts, construction of the 
SPS could be technically and economically possible toward the end of this cen­
tury. 
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TECHNICAL MEMORANDUM X-73344 

SATELLITE POWER SYSTEMS 
AN ENGINEERING AND ECONOMIC ANALYSIS SUMMARY 

1. 0 INTRODUCTION 

1. ~ BACKGROUND 

Rapidly increasing rates of consumption of the Earth's available 
fossil and nuclear fuel stores are characteristic of this latter half of the 20th 
century. Global population is increasing, as is that fraction of the popula­
tion .vhich forms the energy consuming "middle class." This is true not only 
in the United States, Russia, Japan, etc., but also in what are termed emerging 
nations. As a consequence, we may expect existing global energy sources to 
i ast only to the following approximate dates: oil, 1995 to 20\>5; coal, 2030 to 
LOSO; and uranium (without breeder reactors), 2020 to 2050. As these energy 
sources are consumed, four additional factors emerge. First, their cost 
i· teadily increases as remaining quantities become more difficult to obtain (e.g., 
c )a] veins become thinner) • Second, their consumption releases additional 
r.>lh;tants to the biosphere (e.g., C02 removed from the atmosphere over 
thoui;a.nds of ye:> l:) by plants, which formed coal, is now being returned). Third, 
sinc1· l';:iergy sources are geographically concentrated (e.g., most coal reserves 
are in the United States, and most oil resources are in the Middle East), a poten­
tial for great international tension and possibly war may be created as reserves 
dwinc1e. Fourth, nuclear fission involves byproduct materials that may be used 
for w0apon production by either govenunents or outlaws. 

Th•1s, Jome attention is now turning to "renewable" or "nondeplet­
abk" energy sou1 e:s. Primary candidates for electric power appear to be 
nuclear breP.1.. r reactors, nuclear fusion, and solar energy. These are charac­
terized by ...1rying degrees of complexity, technical risk, pollution, cost, etc. 
Each cc .Jd reduce our dependence on imports and, if adopted by other nations, 
serve.. .o reduce international tensions. 

Solar power may be used directly for heating and cooling; it may 
also be used for t 11e production of electricity. Primary concepts for electric 
power 1•roduc~on on Earth arc photovoltaic (solar cell arrays or "farms") and 
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the thermal engine ''t.ower t.op." In the t.ower top concept a field of steerable 
mirrors (heliostats) focuses energy onto a t.ower-mounted heat absorber. This 
heat can provide steam or some other fluid t.o turn turbogenerators. 

Solar power plants on Earth suffer from the diffuse nature of solar 
radiation (insolation), reduction in insolation from clouds, haze, etc., the 
varying angle of the Sun's rays, and, of course, nightfall. A power plant located 
in space can receive nearly direct, unfiltered sunshine almost without interrup­
tion. For a given reception area, a space system will receive six times more 
energy per year than will the areas receiving the most sunlight on Earth and 
approximately 15 times more energy than a United States location with average 
weather. 

Jn geosynchronous orbit 35 786 km above the Equat.or, a satellite 
bas an orbital period of 24 h and remains in constant line of sight to stations on 
the ground. Solar power satellites in such orbits would generate electric power 
that would be converted to microwaves and beamed t.o receiving stations for 
distribution to consumers as conventional electr:l.c power. Figure 1-1 shows 
how receiving stations in various parts of the United states could be associated 
with a number of satellites in orbit. 

Thus, satellite systems can provide high availability ''baseload'' 
power without the energy storage or backup facilities that greatly impact the 
cost and operational flexibility of terrestrial solar power stations. Space also 
offers these advantages: 
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• Thermal pollution from the power generation process is released 
in space rather than to the biosphere. 

• The low gravity potential permits low-mass construction of the 
large areas necessary to intercept the solar energy. Conse­
quently, the total amount of resources useu is less than that 'for 
ground solar stations. 

• There is no oxidation or corrosion. 

• There are no tidal waves, earthquakes, etc. 

• The satellite systems are far removed from demonstrators, 
terrorists, etc. 



1.2 

1. 2.1 

MICROWAVE TRANSMITTER 

hOSYNCHRONOUS A ORBIT PATH 

---C'.i~/ """--POWER GENERATOR 

NOTTO SCALE 

Figure 1-1. Solar power satellites. 

POTENTIAL SYSTEMS 

POWER TRANSMISSION 

All solar power satellites will require a microwave power trans­
mission system ( MPTS). A circular transmitter that is nominally 1 km in 
diameter would mount the " ubes" which convert electric current to micro­
waves. This "phased array" uses a combination of mechanical and electronic 
steering oo direct the beam to the receiving station. Phase control is imple­
mented by a pilot beam transmitted from the receiver. Safety interlocking could 
be used, whereby turning off the pilot causes the power beam to lose coherence 
so that it is harmlessly dispersed. The receiving antenna has a nominal width 
of approximately 8 km. It consists of an array of small dipole antennas with 
integral power rectifiers and filters. The output is processed as required for 
compatibility with local power grids. It may prove possible to conduct farming 
beneath these antennas, since only a fraction of the sunlight would be intercepted. 
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1.2. 2 PHOTOVOLTAIC POWER GENERATION 

In this potential system solar cell arrays are connected in series 
and in parallel as required to provide the high voltage necessary for the trans­
mitter. Several types of solar cells may be considered as candidates: silicon 
(used on current spacecraft), gallium arsenide heterojunction, and several thin 
mm types such as cadmium sulphide. 

Solar cells require several advances to provide maximum benefit 
for power satellite use. These advances are increased efficiency of conversion 
of sunlight to electricity, lighter weight ( i. e. , thinner) , increased resistance 
to space radiation, and, of great significance, lower cost. 

One approach to cost reduction is the use of solar concentrators. 
Mirrors of thin metal or metallized plastic film would shine additional solar 
energy onto the cells. This causes increased cell output, so that fewer cells 
per satellite are required. Concentration ratio selection must, however, take 
into account the heating of the cells which tends to e,,ccur, since heating reduces 
efficiency. Cell cooling, possibly with metal fins, is an additional possibility. 

A lightweight structure of limited flexibility is required to support 
the cells. This structure will probably also be called upon to act as a power 
distribution system, i.e., carry electric power from the cells to the transmitter. 

An attitude control system is also required to align the solar arrays 
to the sunlight, providing a ''base" from which to point the transmitter antenna. 
Since the arrays face the Sun and the transmitter must face the Earth, a rotating 
joint must be providt:d. The electric power must cross this joint on its way to 
the transmitter. 

1. 2. 3 THERMAL ENGINE POWER GENERATION 

In this concept retlecting mirrors, probably in the form of a parab­
oloid, focus solar energy into a cavity absorber, i.e., the rays enter a hole 
in a sphere. This insulated sphere contains a beat exchanger assembly composed 
of an array of tubes. Gas (probably helium) tlowing through these tubes picks 
up thermal energy. The gas flow expands through turbines which turn the elec­
tric generators. The turbines also turn compressors which route the gas 
through the remainder of the system and back to the cavity absorber to collect 
more energy. 
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This system is referred to as th~ "closed Brayton cycle" and has 
been demonstrated for Eartl.-bat1ed use in sizes u:r to 50 MW. In a power 
satellite a number of engi •• :..:. (e.g., 50) may l>e used to promote redundancy. 
The major moving assembly of the engines, the turbocompressor, is supported 
on gas bearings for long life. 

The second law of thermodynamics permits·useful work to be 
removed only from a heat engine which has a temperature differential across it. 
Thus, a cooling system is required in the form of a radiator to reject heat to 
space. This cooling system and a heat exchanger {called a recuperator) are also 
part of the gas circuit. The radiator utilizes pumps which circulate a liquid 
metal that has picked up heat from the helium flow. The liquid metal passes 
through panels composed of tubes and fins that dissipate the heat. Meteoroid 
puncture of these tubes is a potential problem; however, it is possible to align 
the panels "edge on" to the prevalent meteoroid direction so that the puncture 
rate is acceptable. An alternative radiator panel would be one composed of 
heat pipes in which each has its own inventory of metallic working fluid, 

As \\ith the photovoltaic concept, structural and attitude control 
systems are required, along with the transmitte1· and its rotary joint. 

1. 2. 4 ADDITIONAL POWER GENERATION ALTERNATIVES 

The thermionic converter is a potential alternative to thermal 
engines or solar cells. These passive devices use high temperature thermal 
energy to produce direct current electricity. High solar concentration ratir s 
(over 1000) are required to achieve the necessary temperatures. Because of 
the high temperatures, the necessary cooling can be accomplished by fins 
att~'.?lted to the thennionic dil 'es. 

Finally, instead of a solar energy source, it may be possible to 
usf:. nuclear reactors. These could energize turbomachines to produce electric 
jJO\\er for the microwave transmitter. Breeder reactors could be used to extend 
our lranium resources; ''bomb grade'' fuels bred in these reactors would remain 
in g1~osynchronous orbit. 

1. 2. 5 Al!)(ILIARY SYSTEMS 

The space transportation of power satellites is generally considered 
to take place in two stages. Large reusable "space freighters" would be used to 
reach low Earth orbit. Another orbit transfer system would be used on the way 
to geosynchronous orbit. 
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1. 3 PAST WORK 

The possibility of satellite power systems (SPS) as a potential new 
source of terrestrial energy was first postulated, analyzed, and published by 
Dr. P. E. Glaser in 1968 and patent.Pd in 1973 [l-3). The George C. Marshall 
Space Flight Center (MSFC) followed the evolution of Dr. Glaser• s concept with 
great interest and proposed a major systems definitlon study in 1971. Con­
sequently, MSFC, upon request by the NASA Office of Applications ( OA), devel­
oped a ''Solar Power Utl.lizatlon Plan" in early 1972, which was followed by a 
''Twenty-Year Solar Power Development Plan" in the same year. Major sys­
tems studies were begun in 1974 and 1975, both under contract to industry and 
in-house by NASA [ 4-19] • 

This document is a status report of recent MSFC in-house study 
activities. These study efforts are a part of and follow an overall SPS program 
::ichedule, as shown in Table 1-1. 
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2. 0 STUDY OBJECTIVES AND GUIDELI'NES 

The satellite power system is envisioned as a supplemental source 
of energy for terrestrial applications late in the 20th century. This study has 
pos~ulated µ.1. .... gram options and spacecraft df>signs that can lead to contributions 
of 10 to 30 percent of the total electric energy needs of the United States begin­
ning in the 1990's. While considering the application of the SPS for the con­
tinental United States, some consideration has been given also to how the SPS 
migtit he utilized ac; an exportable resource. Future studies should explore 
more detailed implications of the SPS as a national exportable resource. 

Early study planning indicated a need to establish refere'!"ce base­
line designs to provide appropriate departure points for system sensitivity 
studies. These reference baselines included the photovoltaic, solar thermal, 
and nuclear concepts with major study emphasis being directed to the photovoltaic 
and solar thermal conversion co~cepts. 

The summary guidelines for the study were: 

• 10 GW power output at rectenna/utility power interface* 

• 20 mW ./cm2 maxirnwn power density at rectenna center 

• 30 year lifetime for system operation with a reasonable repair/ 
refu rbi shm ent/ m aintenaace philosophy 

• One additional SPS brou1~ht into operation each year* 

• E.1ch satellite to be assembled in low Earth orbit and transferred 
to gt0stationary orbit* 

• Assumption that a space station will be available in low Earth 
orbit to support assembly of the SPS and that some form of 
space station will be available in geostationary orbit to support 
operations and maintenance. 

After the p!'eliminary study investigation, trade studies suggested 
that some of the initial guiddines ( cicnote.d by asterisks) be considered for 
change: 

• Basic design paramete~·s indicated that 10 GW satellites would 
nominally have two or more microwave antennas, with some trade studies 
indic::iting that smaller satel!itcs with one microwave a!1tenna might be more 
economical. 
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One satellite per year may not be commensurate with developing 
a large contribution t.o energj· needs late in the century. 

• Altho·1gh th~ initial engineering position is based on fabrication 
and assembly in low Et.rth orbit, a better understandL'lg of fabrication and 
assemhly in geostationary orbit will be most desirable. 
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3. 0 DEFINITION OF SPS REQUIRE ATS 

The concept of a system of f'."'lC~-based solar power sateliites ric-~s 
not ~·ield or derive its being from a conventional requirement (,r set of require­
ments. In general, the SPS is propos~-d as a &upplemental source ot ~lectrical 
energy for terrestrial apr;lications. The need is evident, hut bro~·d a,'!ceptanl.e 
of SPS to satisfy the need involves tht. resolution of many complex :!.sst.:es such 
as economic competitiveness and environmental concerns. The total commit­
ment to SPS is dependent upon a long term ''learn as you go" process leading to 
a potential application during the last decade of this century. 

:~-1 



4.0 DETERl\DNATION OF SPS PROGRAM ELEMENTS 

An SPS responsive to the overall system requirements encompasses 
a large number of interrelated program elements and subelements. An appro) ' -
mate total of 600 of th~e have been recognized to date. Each one bas to be 
considered while defining candidate SPS concepts, ana each one is a part of the 
e~neering and economic analyses. 

The major SPS elements discussed in the following paragraphs 
for:n the building blocks of the overall study plan and are summarized in Figure 
4-1. 

4. 1 SATELLITE POWER ST A TION 

This element encompasses ~e power conversion options being 
studied. Ir. additior. to the photovoltaic and thermal solar energy conversion 
options, contractor studies are beir.g perforJT1ed on nuclear energy conversion 
systems ( . .\ppendix B). Each com·ersion option uses d rather similar microwave 
power conversion and transmisc;ion system as part of the satellite power station. 

I. 2 GROl~i> RECEIVING A~"Il DJSTRIBl'TION SITE 

This element includes the recei\'ing antenna for the microwave beam, 
the utility interfare with the n?lated electric ground distribution system, the 
safety s' -~em related to microwave exposure protection ana to the safety of 
r.1aintc-nance and senice acti\.ities, and th1.. maintenance and senice system. 

-1. 3 ~IA!\l"FACTl"RING, CONSTRFCTION, AND :MAINTENANCE 
OPERA TI OKS 

This element includes ground and orbital operations and their 
resp'?ctin· systems that support the required manufacturing, construction, 
assembly, and maintenance acthities. ..\ spedal operations management 
:icti,·ity ties to~ether equipment and manned operations and transportation and 
lof,!i ~tics requi renwnts. 

-I. ·I SP:\CF TRA~SPORTATIO:r\ 

T!iis eknwnt co:isists of fi\·c transportation syster.1s necessary to 
pro\·id(' oper:itional satdlik power systems: the heavy lift launcl1 vehicle 
(~II.I.\"), the personnel launch \·chicle (PL\'), the c:ir~oorbital transfer vehicle 
( n >T\") S_\"Sll"ll·. thC' personnl'l orbital tr~-. r T" \"Chicle (POT\') system, and 
local space traris1·n•tation \·ehid<· (I.ST\') '.J .,LC'ms. 
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5. 0 DEFINITION OF SPS CONCEPTS 

5.1 SOLAR PHOTOVOLTAIC 

The i.oitial photovoltaic concept developed for study of the SPS is 
illustrated in Figure 5-1. Overall dimensions for this configuration. designed 
to supply 10 GW of power to the utility interface, ara a maximum length of 
21. 05 km, a width of 9. 53 lun, and a structural depth of v. 215 km. The antenna 
is located at the center of the configuration to minimize distribution losses. 
With the selected 20 kV de distribution voltage, these losses are a greater m:ies 
factor than the nonmetallic carry-through structure at the center of the antenna. 
The significant mass influence of power distribution at 20 kV can be effectively 
eliminated by distributing power at 40 kV. The nonmetallic structure could 
possibly be eliminated by using the powel' distribution mast as the central load 
carrying structure. 

The solar ar .. -ay of Figure 5-1 is sized for a perpendicular attitude 
~ith respect to the Sun. This minimizes the solar array area and, in turn, the 
mass of the array. HowevE~, the mass of the attitude control propellant, the 
complexity of the rotary joint to correct for the rotation (approximately 23°) of 
the antenna with respect to the rectenna, and the complexity of the attitude con­
trol system to maintain solar pointing are increased. Early study results 
indicated that compari;;on of the solar perpendicular attitude to a perpendicular 
to orbit plane attitude results in comparable overall system masses; however, 
the lower complexity of the perpendicular to orbit plane attitude and later study 
mass estimates suggest a trend toward this attitude for future configurations. 

The solar array consists of trapezoidal shaped modules that are 
493 m square at the top and 215 m deep. The sides of the trapezoid are 
typically aluminized film reflectors th:>.t provide a concentration ratio of two for 
the solar cells located at the base of the trapezoid. The solar cells are passively 
cooled. 

Thr: planform shape of the photovoltaic configuration is elliptical. 
This shape is an efficient structural conf: guration with regard to the distribution 
of large quantities of current to the geometric ~enter and, when analyzed for 
attitude control propellant consumption, results in a sl ightlv lower mass system 
in comparison to an optimized rectangular configuration, because the elliptic 
sha.iJe is widest at the center where the structural bending moment is greatest. 
Pertinent dedcriptive data for this configuration are shown in Table 5-1 f,.,r 
a two antenna configuration. 
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TABLE 5-l. SUMMARY CHARACTERISTICS OF THE PHOTOVO!.. T AIC SYSTEM 

Baste Charactcrlsttcs Subsystem \Iv "ightti 

Current Concept Weight 

Subsystem Characteristics Subsystem/ Component (kg x 106) 

Solar Array Solar Array 73.01 

Concentration Ratio 2 _/\_/\_/\_ Blankets 46.48 

Total Array Area (Planform) 191. 53 km 2 Concentrators 4.17 

Solar Blanket Arca 88.04 km2 Tension Mechanism and 
Hardware 1.01 

Cell Weight/ Area o.513 kg/m2 Nonco'lducttng structure 7. 34 

Watts Output,' Module Area 237 W/ m2 Buses, Switches 9. 54 
Mast 4.46 

Mforowavc Antenna (Two} Microwave Antennas (Two) 14.48 
Diameter 1 km 
DC-RF Conversion A•nplttron 

Amplttrons 4,76 
Waveguides 6.84 

Configuration 
mF Amplifier 1. 36 
Phase Control 

Shape Elltpttcal Electronics 0.08 

Attitude Orientation Pc1·pendicular to Sun 
Power Dt11tributlon 0.80 
Contour Control 0.24 
Structure 0.40 

Rotary Joints (Two) 0.40 
Me<:hant sm 0.18 
Structure 0.22 

Control Systems 1. 73 
Actuators u.87 
Propellant/ Year '·· 86 
Subtotal 89.91 
Contingency ( 30% ~ 26.97 

Total System 117. 09 



The solar array area is 88 kmz, the antenna diameter is 1 km, and 
the system mass is approximately 117 x 106 kg, which includes a contingency of 
30 percent. 

Alternate photovoltaic configuration concepts are shown in Figure 
5-2. These concepts feature two antennas, one on each side of the SPS or at 
each end, and in each option the antennas are nominally 5 GW each. A side 
location minimizes '1istribution losses but causes an attitude control propellant 
increase, because this offsets the advantage of having the major axis of the 
elliptical shaped SPS perpendicular to the orl>it plane for minimum attitude 
control propellant. 

Two antennas, when used to transmit 5 GW each of power to the 
ground, will reduce the pcwer density to one-half as compared to tra.11smission 
of this power by one antenna of the same sh.e. This is potentially a desirable 
configuration change, since transmission of 10 GW of power with a 1 km diameter 
antenna from a geosynchronous Earth orbit at a frequency of 2. 45 GHz results 
in a peak power density at the center of the rectenna above 20 mW icm2• 

For the transmission of 10 GW (Jf power, two complete 5 GW power 
systems are lower in weight than a single power system with two antennas 
because of the large distribution losses for the larger solar array when distri­
buting power at 20 k\'. This conclusion could change if the distribution voltage 
was raised to 40 kV. In any configuration, each transmitting antenna has a 
companion ground rectenna. 

An end location of the antennas is shown by the configuration at the 
bottom of Figure 5-2. This antenna location does effect minimum attitude 
control propellant, but distribution voltage must be high to reduce distribution 
power loss. 

5.2 SOLAR THERMAL CONCENTRATOR 

A typical solar thermal concentrator configuration is shO\\'n in 
Figure 5-3. This configuration consists of 544 independent modules sized to 
minimize demonstration costs by the delivery of indhidual components to Earth 
orbit by the shuttle. The number of independent modules for solar thermal 
concepts which have been studied ran~es from ~ to approximately 550. RecE,1t 
optimization acthities indicate the appropriate number of independent modules 
•\·ould be nearer the small end of the spectnun. AC power is distributed from 
the modules of Figure 5-3 to antenna locations, where the power is convertr>d 
to de and transmitted to the ground. Each powC'r module consists ')f a concen­
trator, with a concentration ratio of approximately 2000; a "light pipe" absorlwr 
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Figure !l-2. Solar photovoltaic SPS configuration options. 

that minimizes thermal losses and focuses incoming solar rays to appropriate 
surfaces for absorption; and a thermioni~ conversion system that operates at 
high temperature (approximately l '315° C) in combination with a Brayton cycle 
conversion sy~.er.1 that operates at low temperature (approximately 1038°C). 
Overall dimensions of thi:J configuration for production of Ill GW of power are 
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approximately 5 x 10 km for an elliptical arrangement of the power modules and 
a center location of the single antenna. The proftle of an individual concentrator 
module is shown as a detail of Figure o-3. The total area of the concentrators 
is 322 km2, the output per module is 540 W /m2, 8.41d the t.otal. estimated mass is 
221 x 106 kg. The orientation of the configuration is perpendicular t.o the Sun. 
Pertinent descriptive data for this configuration are presented in Table S-2. 

An alternate configuration concep~, which features end locations for 
the antennas, is shown in Figure 5-4. A trade study has been conducted t.o 
identify the configuration with an optimum number of modules for minimum mass 
and to determine the cost of the operational system. The results of this stmiy 
show the optimum number of modules to be approximately 40. 

5.3 NUCLEAR 

A typical concept of the nuclear Brayton configuration is shown in 
Figure 5-5. In this configi1ratfon an antenna 1 km in diameter is located between 
the nuclear modules and their required radiator area. A simplifying feature of 
the nuclear system is that occultations in orbit do not interrupt system opera­
tion. However, radiation problems make interfaces with this system complex. 
Also, an estimate of the mass of the nuclear system shows it to be quite heavy, 
approximately 300 x 106 kg. A schematic of the nuclear Brayton cycle system 
is shown in Figure 5-6. The concept shown utilizes a molten salt breeder 
reactor with continuous fuel reprocessing. The temperature limit of the molten 
salt limits the turbine inlet temperature and the operating efficiency of the 
Brayt.on cycle, which, in turn, affects the overall system size. The current 
trend is, therefore, to use a system with a gaseous fuel reprocessing system 
to relieve the above temperature limit constraint. 

5.4 CONCEPT COMPARISON 

Data comparing the photovoltaic, thermal concentrator, and nuclear 
concepts for satellite power are shown in Table 5-3. The nuclear system, having 
the smaller dimensions, is the more compact of the three systems. The mass 
estimate for the ohotovoltaic system, however, shows this system to be the 
1 ighter of the three. 

5-7 



~ 
I 

00 
TABLE 5-2. SUMMARY CHARACTERISTICS OF THE SOLAR THERMAL CONCENTRATOR SPS 

Bafiic Characteristics Subsystem Weights 

Current Concept . Mass 
Subsystem Characteristics Subsystem/ Ccmponent (kg x 106) 

Energy Collection and Energy Collection and 
Conversion Conversion 144.30 
Concentr~.tion Ratio 2000 Concentrators 3.09 
Concentrator Total Area 32. 2 krn2 Support Structure 8.90 
Concentrator I Radiator (Ratio of Area) 3. 7/ 1 Thermionic Diodes 10.85 
Watts Output/ Module Area 540 W/m2 Turbomachtnery I Generator 51. 88 

Fower Distribution AC 
Absorber 2.17 
Radiators 60.70 

Microwave Antenna (Two) Lines (Fluid) 2.77 
Diameter 1 km Fluid 3.45 
Taper 9 dB Motor Pumps (Fluid) 0.49 
DC-RF Conversion Amplitron 

Power Transmission 10.41 
Configuration 

Microwave Antt;nna/Subsystem 14.77 Shape Elliptical 
Length/ Width ~.o Attitude Cofltrol 0.78 
Microwave Antenna Location End Actuators 0.31 
Number of Modules 544 Propellants/ Year 0.47 

Structure Subtotal 170.26 
Collector Module Hexagonal Contingency ( 30% ) 51.08 
AI.tenna Hexagonal 

Total System 221. 34 
Attitude Orientation Perpendicular w Sun 
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Figure 5-4. Solar con..;entrator concept evolution. 
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6.0 DEVELOPl\IE:NT OF SPS TRADE0FF AND EVALUATION CRITERIA 
AND Sll\ILLATION PROGRAMS 

SPS TRADEOFF AND EVALUATION CRITERIA 

l\lost of the trade studies that lui. ve been conducted to date were 
perf<. nned to obtain an understan<iing of the radvant.ages and disad .. "antages of 
\·arious schemes rather than to eliminate Oiii:ions. The results of many of these 
studies ha Ye indicated very slight difference; in one approach versus another, 
and with further study and increased understanding, some conclusions could 
actually change. I!l most cases where one scheme appears better, the less 
favorable options were uot eliminated from consideration but less effort may 
haYe been deYoted to their further study • 

. Most tradeoffs ''ere acco' . ished to minimize the mass and cost 
of the SPS program. Howewr, there 3 re some limiting constraints that are not 
as tangible as mass and cost that had to be considered. ~lany emirnrunental 
issues had to be consi~c?red, such ai: vr•erational emironment, microw~ve beam, 
\·ehkle emissions, and other terrestrial impacts resulting, from the nature and 
magnitude of i.he SPS program. For example, t.~e power density le\•el at which 
micro\\a\·e beiun-ionosphere int€ractions are e.xpected to occur was used as an 
upper limit wit!; a resulting effect on the sizt: of the microwave transmission 
system. 

:\Iaterial properties, su~h as thermal limito.tions on thf: microwave 
structure were considered. The lifetime and reliability of materials and equip­
ment wen: important par:a-.1eters that had to be studied. Other factors such as 
the out:ige time for Maintenance on turbomachines were considered in the trade­
offs. Factors such as program risks because of uncertainties in technological 
forecast were examined. The availability of resources was considered :tlso. 
Tungsten was eliminated as a choice for radiators in the solar thermal concept 
because of the limited resen'Pr: of tu."1gsten. Safety was also an important item 
for consideration. 

Finally, comparisons were made of the Yarious SPS concepts such 
as photoYoltaic, thermal, an-:! nuclear; and, of course, the SPS pro~ram itself 
w2s compared to r.'temate cor.·;entional and future power systems. 

6.2 Sll\IULATION PROGRAl\IS 

6. 2.1 SYSTL\lS DESIGN ANALYSIS l\IODELS 

System design analysis models hc..ve bE:en deYclopcd for both the 
photovoltaic and thermal SPS conf".:pts for use in trade studies, sensithity 
analyses, and to assure consistent and com1 atible designs. This h:is been 
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accomplished through the use of integrated computer models that simulate not 
only the key design parameters but also their interactions. 

To date most of the effort for the photovoltaic SPS has been devoted 
to the solar array portion, since this is the most massive and costly element of 
the SPS. The s.lbsystems and related elements simulated within the model are 
the solar array including structures and power distribution, the microwave 
antenna, tte rotary joint, attitude control, the rectenna, and space transporta­
tion. Figure 6-1 gives an overview of elements included in the model. 

The primary outputs of the photovoltaic SPS model are total mass 
and unit cost. Secondary outputs include detailed mass and cost statements; 
blanket, reflector, and planform areas; number of HLLV launches; -etc. Some of 
the design parameters included are: concentration ratio, temperature effects 
including passive radiator concepts, cell and reflector characteristics, and 
power distribution mast/feeder line mass and efficiency losses. Since all the 
m'.ljor elements of the SPS are included, a more optimum overall SPS design can 
be established. For example, from an attitude control standpoint, it is desirable 
for the SPS to be long and slenPer when oriented perpendicular to the orbital 
plane. However, from a power distribution standpoint, a circular concept is 
preferred. With this model a concept can be chosen th<J.t i;ives the minimum 
total mass or cost. Thi::; model allows the study of vari~tions in solar cell and 
reflector characterisU.cs, concentration concepts, planform configuration shapes 
~ e. g , rectangulr c, diamond, or elliptical), the impact of center-n-')unted 
versus end-mounted antennas, the ir..pact .:>n the number of HLL V launches based 
on the mass of the different segments of the SPS, payload density, mass and 
volumetric efficiency, HLL V payload capability, shroud size, and many other 
el~ents. Trade studies that have been accomplished to date include solar array 
orientation trades (perpendicular to orbit plane versus perpendicular to Sun), 
concentration ratios, power distribution efficiency, and planform length/width 
trades. Sensitivity studies have been conductP.d which include variations in the 
SPS efficiency chain from the solar cell to the ground power interface, power 
distribution voltage and efficiency, variations in the solar cell, and reflector 
characteristics. Results of these and other trade and sensitivity studies are 
contained within th!s report and were used in deriving some of the specific 
observations i!lcluded in Section 11. o, Summary Baseline Definition. 

Planned future studies include the investigation of alternate con­
centration techniques, variations in planform configurations, variations in SPS 
output iJOWer levels, different power distribution and structural schemes, the 
impact of space fabricated versus collapsible structures, etc. 
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To date the thermal model is not as highly developed as the photo­
voltaic model but has been used for preliminary analysis in determining the 
optimum number of concentrator modules. 

The developme:it of these models began in-house in April 1976 and 
modifications and improvements have continued since. As promising ideas 
appear they are incorporated into the modi"ls so that their overall impact on the 
SPS can be evaluated. Current plans are to continue in this activity so that 
better SPS designs can evolve. 

6.2.2 TRANSPORTATION MODEL 

The transportation model romputes flight rates, ~nvent.ories, ~.nd 

engine and vehicb buy dates per year for the support vehicles of a given SPS 
with a designated assembly location. 

If the SPS is assembled in low Earth orbit (LEO), the COTV only 
transfers the lov-i d;ir,s (attitude control propellant and spare parts) needed to 
resupply the SP • are on-line. If the SPS is assemblec-1 'n ~t:•.5J."11d1r:1nous 

Earth orbit (li. .li logistics am! construction materials .nust t1C: transferred. 
The model comr· th~ COTV construction and logistics !:i;..;ht;; rer yt:<>r based 
on the quantity el m~. ~:ial to be transferred and the payload of 1ne vehicle. 
This flight rate co nbi •. t:d with the propellru.1t per flight, engine life, time t.o 
change engine, checkout time, and trip time yields the propellant, engine buy. 
and inventory required per year t.o support the transfer of cargo from LEO to 
GEO. 

The POTV flights per year, engine life, and propellant per flight 
are inputs to the model and yield POTV engine buys and propellant required per 
year to support the transfer of personnel from LEO to GEO. 

The HLLV flights can be divided into five categories, i.e., con­
struction, logistics, orbit.il transfer vehicle ( OTV) engine, OTV propellant, 
and OTV delivery flight:;. Construction and logistics flights per year are based 
on the HLLV payload and the construction or logistics material required. The 
OTV engine flights per year are based on the COTV and POTV engine buys for 
that year along with the mass of each and the HLL V payload. The OTV propellant 
flights per year are based on the number of COTV and POTV flights for tJ1at year 
and the propellant required for each along with the HLL V payload. The OTV 
delivery flights per yea"t" are based on the required COTV and POTV inventories 
for that year along with the engine and stage weights for each and tile HLLV 
payload. The HLLV inventory is based on the total flights per year and tile 
average turnaround time between flights. Vehicles expire after 10 years or 500 
flights, whichever comes first, and buy datc~s arc computed on this basis. 
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The shuttle flights per year required for crew rotation and the 
vehicle inventory are inputs to the model. These inputs together with a IO year, 
or 500 flight. life are used to compute the shuttle buys per year. 

An information flow diagram of the model is given in Figure 6-2. 
Sample results for the photovoltaic and thermal SPS 's assembled in LEO or GEO 
are given in subsection 9. 2. 

LEO t'R GEO ASSEMBI Y 
SPSWEIGHT/YEAR ------.... 
LOGISTICS WEIGHT/SPS - YEAR---
COTY PAYLOAD --------M 
COTY PROPELLANT WEIGHT ----­
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CHECKOUT TIME -------... 
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mrsm 
POTY FLIGHTS/YEAR 
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POTV ENGINE WE 
POTV STAGE WEIG 
POTVINVENTORY 
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HT 
IGHT 

HT 
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T/YEAR 
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/VEAR 
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Figure G-2. SPS transportation model. 
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7.0 SATELUTE POWEB STA110N 

7.1 PHOTOVOLTAIC POWEB CONVERSION SYSTEM 

7.1.1 REQUIREMENTS AND ANALYSIS 

The SPS solar array is required to produce sufficient power output 
to deliver 10 GW to a ground station designated to receive, condition, and trans­
mit the power to the utility interface. This pbotowltaic system design allows 
for typical solar array degradation and will provide the required output power 
without maintenance for 5 years. After 5 years, the array output will be main­
tained by repair and maintenance operations as the need arises. The system 
shall be capable of satisfactory performance for at least 30 )'E.ars. 

The overall efficiency of the photovoltaic concept. excluding solar 
cells, is currently calculated to be 52 percent; this efficiency chain is shown in 
Figure 7 -1. The solar cell output power of 19. 4 GW encounters los~es in the 
electrical connections, the power conductors, the rotary joints, and in the 
operating power to the SPS subsystems. The microwave system receives 17. 3 
GW for conversion and transmission. After reception and cic-R F conversion, 
10 GW at low voltage is available from the de power grid at the ground s•te. 
The dashed block of Figure 7-1 shows unconfirmed grol.ald system losses 
estimated as discussed in section 8.1. The low conversion efficiency of photo­
voltaics makes the solar array size highly sensitive to all system losses. 

Distribution of large quantities of power across the spacecraft is 
inherent to the SPS and indicates that high voltage distribution is desirc:able to 
minimize losses in conductors. Selection of ~stribution voltage has little effect 
on array configuration, although losses cause increases to the solar array area 
required. Power distribution and control are discussed in subsection 7. l. 4. 

To evolve the appropriate geometric solar array configuratitJn, an 
early decision must be made on the concentration ratio of the solar energy 
collection scheme. Integral to the concentration ratio selection process is the 
consideration of how structural weight, solar blanket weight~ and, ultimately, 
the cost can be minimized. 

Although the results are not conclusive for all concentration ratio 
geometries, some trades have been completed rFig. 7-2) that indicate the con­
centration ratio should be near two for the geometry considered in the study 
thus far. 
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Characteristics of various photovoltaic systems were studied tn 
select a solar cell technol0gy suitable for the SPS. The rapid progress in this 
technology makes assessment of practical performance goals difficult. The work 
reported here has assumed the availability and utilization of high efficiency low 
cost silicon solar cells, although competing technologies show promise. The 
rationale for this choice is the availaLility of user experiePt "'• the broad indus­
trial basis for semiconductor silicon, and the known availability of silicon. 
Table 7-1 summarizes c~ndidate photovoltaic device progress up to mid-1976. 

The design and application of low mass solar arrays has been a 
continuous problem in spacecraft design. The most common solutions have been 
t.he mounting of solar cells on the spacecraft or on special iigid panels, and 
these represent methods that are probably no'. ieasible for the SPS. Recent 
requirements for large lightweight solar arrays for space station and the solar 
electric propulsion stage ( SEPS) have resulted in a substantial body of useful 
lightweight array engineering data. T!1e use of plastic film materials has 
received a great deal of effort, and products of this technology have been flown 
in small solar arrays. The largest, highest performance a1-ray presently under 
construction is that for the SEPS, rated at 23 k\\, which is the latest power 
collection technology from which to evol vc the SPS. The construction of the 
SEPS array has been used extensively to derive the SPS design reported herein. 

The potential for increasing the output of solar cells by sunlight 
concentration is subject to solar cell perfonnance constraints, e.g., the loss of 
conversion efficiency at elevated temperatures and illuminatkn levels. The 
aspects of maintaining reasonable cell temperatures at low levels with moderate 
concentration (l0ss than 10 Suns) were investigated. The literature concerning 
photovoltaic de\ices under increased illumination was re\iewed, and it was 
concluded that silicon technology was satisfactory for the less than 10 Sun level. 
Several concepts for cooling the solar cells were studied, and one of the more 
promising concepts is depicted in Figure 7-3. This concept may be capable of a 
savings of 34 percent in mass and 22 percent in planform area, and a 40 °C 
temperature reduction at the solar cell as compared to the original configuration 
utilized in the SPS study. The;.;e typAs of configuration changes will be factored 
into the next phase of study acthity. The integrated reflector/radiator concen­
trates sunlight on the thin narrow solar cell assembly, which is thermally 
coupled to the reflector rarliator. 

7.1. 2 SOLAR ARRAY ~PI3SYSTEl\I 

Th<' SPS solar cell blanket/reflector concept used for this study is 
illustrated in Figure 7-4( a) and considers the structure as an integ rnted part of 
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TABLE 7-1. EFFICIENCIES C. 7 PRESENT SOLAR CELLS 

Cell Type Efficiency ( <'f ) Comments 

Single Crystal Silicon 13 to 15 Commercially available; experimental devices 
repo1'ted with higher efficiency; estimated 
practical efficiency is less than 21 % ; 17 to 19'Yr 
is probably more realistic; has history of 
reliability and is in wide use. 

Polycrystalline Silk~n Laboratory devices only. 
Large Grain s~ze 7 to 8 3 to 4 mm diameter grains. 
Small Grain Size 4 3 x 10-4 to 5 x 10-4 mm diameter grains. 

Copper Sulfide/Cachnium 6 to 7 Commercially available; polycrystalline; some 
Sulfide estimates indicate 10% is the practical maxi-

mum but others have higher hopes; commercial 
units are 3 to 4%, and French workers report 
1r:; ; reliability is reported to be low (probably 
due to humidity and process). 

Gallium A rs..:.nide Laboratory devices only at present. 
Single Crystal 14 to 15 Maximum practical efficiency approximately 21 % • 
Polycrystalline - No data available. 

Cadmium Telluride 5 to 6 Laboratory devices only; mostly European 
work (France and Germany) • 

Cadmium Sulfide/ 12 Laboratory devices only; single crystal. 
Indium Phosphide 

Schottky Barrier Types Laboratory devices. 
Metal Oxide/GaAs 13 to 10 
other Types 



CELL/CONCENTRATOR BLANKET 

SOLAR CELL RIBBON (1 CELL WIDE) 

Figure ,·-3. Trough configuration "With concentrator radiators. 

the concept to develop the concentration r'.)tio. It is a simple flexible solar cell 
blanket composed of solar cells mounted on thin plastic film stretched across a 
lightweight structure. The structure also .-,upports a prismatic surface of 
metalized plastic film to serve as a concentrator (concentration ratio of two) 
for the solar cell blanket. 
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Some of the more prominent feature:.. of the solar cells used in this 
study a ... e: 18 percent efficiency cells, and very thin cell covers and substrates. 
More d. ?;;&,iled features of the SEPS and SPS solar array characteristics are 
given in Table 7-2. The selected sola1· cells are sbnilar to those in present use 
upgraded to higher perhrmance. The characteristics assumed for the solar 
cells seem reasonable for advanced silicon solar cells. 

While the concept of Figure 7-4(a) represents a conservative 
adequate design, other concepts (Fig. 7-4, b through d) are postulated that 
have inherent advantages of higher concentration ratios and efficiency as a func­
tion of !Jetter te1.1perature control characteristics. 

The performance features presented in Table 7-2 can be obtained 
by minor technology improvements - decreasing assembly losses, reducing the 
unused planform area, and improving thermal characteristics of the solar cells. 
Low radiation degradation in geosynchronous orbit and low thermal cycle 
degradation (because of the relatively small number of eclipses) help maintain 
the array performance. These performance figures take into account the effects 
of off-normal reflectance and absorption of sunlight, optical characteristics of 
the reflector and solar cells, variation in solar insolation due to Earth orbital 
eccentricity, and minimal solar radiation. Geosynchronous m1cro1·· eteoroici 
damage ~- · mall. No allowance has been made for energy storage for eclipse 
operatiors. 

Table 7-2 compares the characterist.J.cs of a typical present light­
weight array design with those projected for the SPS, based on SEPS technology. 
The improvements lie almost entirely in the area of solar cell performance and 
tae handling of the large solar cell blanket/ con~entrators, including the automated 
manufacture of these assembl.i.es. 

7. 1. 2. 1 HIGH EFF1CIENCY SOLAa CELLS 

MoiSt of the SPS study activity to date has concentrated on silicon 
cells of moderate performance, but a key to the t-Uccess of SPS is the selection 
and di:?velopment of a high efficiency solar cell technology (silicon or other). 
Many new types of cells are postulated, and some of these are shown in Figure 
7-5. The vertical multijunction (VMJ) e;ell in Figure 7-5(a) supplies power at 
a high voltage dependent upon the nwnber of junctions used in its manufacture. 
The use of high voltage power transmission is desirable to reduce conductor 
losses, but many problems remain before large quantities of VMJ cells of high 
performance can be assured. Thin film photovoltaics, typified by the cadmiwn 
sulfide (CdS'· system, arc shown in Figure 7-5(b). Thin film photovoltaics are 
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TABLE 7-2. SOLA~ ARRAY CHARACtERISTICS 

Characteristic 1976 SEPS Projected for SPS 

Solar Cell N/P Silicon N/P Silicon 

Cell Size 2 x 4 x o. fl2 ' n 2 y 4: O. 01 cm 

Cell Cover O. 015 cm Silica o. 007 cm Silica 

Cell Efficiency 11.4'" 18'·: 

Cell Effective Area 92'': 97": 

Assembly Lo~ses 7 r '~ • ;J ( 
r:r· 
;J ' 

Temperature De:::-atmg :;3. 8'; ,,, 55°C 91": "' 52°C 

Cell EfficicnC'-' d ,~. (i . 15. 1 ' 
Beginning of Life (BO!.) 

Cell Stackin~ nn Array 7U. ·l': 91. 2"' 

Array Substrate Kapton/FEr Kapton, FEP 

Substrate Thicknes::. o. 005 cm ( 2 mil) O.U03 cm (lmil) 

l'ltra\iokt and Particulate 25. I 10: 
De'.~radation 

I 
0 

Array \\ ci~ht 11.%9 kgim 2 o. ;)13 kg 111 • 

Array Pcwer 7·1. 2 \\' 
0 

] Iii, (i \\ " m· m· 

Specific Power 71),(j \\' 
0 

ll1" " :321i, G \\ Ill" 

?\ote: Tensioning stn1cturc and attachment hardwar~· not included. 
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typically manufactured by vacuum vapor deposition onto thin plastic films, but 
characteristically these obtain only low efficiency (up to perhaps 10 percent). 
Further study of various thin film systems may indicate advantages for their use 
on SPS due to the potential low cost, low weight, and simple construction. 

Figure 7-5( c) depicts the solar cell selected for this study - a 
thin silicon cell with wraparound contacts, low area surface contacts, and some 
form of textured surface to improve optical performance. Cells typical of this 
design (constructed in COMSAT Corp. laboratories and called "nonreflective" 
or "black'' cells), have recently shown conversion efficiencies in tile 15 percent 
range. Further advances are expected in the future. 

Solar cell performance i;; adversely affected by increased cell 
temperature. It is desirable to prevent that part of the solar spectrum unusable 
by solar cells from being absorbed in the cell and heating it. Figltre 7-5(d) is 
a plot of the characteristics of an "optical bandpass" filter that performs this 
fimction. Only the spectral region capable of ex~iting the photovoltaic process 
is passed; ultraviolet and infrared radiat on are absorbed or reflected by the 
filter. The filter may be integrated into the ,·eflector surface or the solar cell 
and cover, or may be on all surfaces. Such filters are composed of fractional 
wavelength thick layers of various m~terial applied by vacuum vapor deposition. 
An optical filter is sensitive t.o the direction of impinging light, but the SPS array 
pointing is adequate to prevent detuning of the filters. The manufacturing 
technology for optical filters is well known, being applied to virtually all optical 
surfaces on a commercial basis, but :ipplication to the large SPS surfaces will 
require study and development of automated (possibly in space) manufacturing 
techniques. 

7. 1. 2. 2 SOLAR ARRAY FLEXIBLE SUBSTRATES 

The plastic composite substrate selected for th .; baseline SPS solar 
array is composed of Kapton, a polyimide film, and FEP fluoroethylene, such 
as Teflon. These materials have received extensive study for space applications, 
and studies of space station and electric propulsion arrays have selected 
them also. Present technology enables fabrication of printed circuitry on such 
substrates, much like the circuits needed for solar cell interconnection. Small 
arrays using this construction have been operated. For the SPS, a light low 
cost interconnection method is desirable. This indicates that welding methods 
may be preferable to the soldering :methods most commonly used in the past. 
The HELIOS solar probe used an array wif.h automatically welded interconnec­
tions, and other projects have used sem:f.automated or fully automated inter­
connections on a small scale. These techniques form a basis for the study and 
development of an SPS oriented assembly process. 
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Handling of the large, flimsy solar cell blanket and concentrator 
films is a problem that will require further study. These handling techniques 
are probably impractical under the Earth's gravity; therefore, they may require 
d lel.opment and verification in Earth orbit. 

7.1. 2. 3 KEY ISSUES 

The particular photovoltaic system selected impacts the amount of 
solar concentration, the planform area, the structural design, the thermal 
design, and the manufacture and application of the solar array. Final selection 
of an SPS photovoltaic syskm will be dependent upon the results of research and 
development of the competing alternate photovoltaic systems and systems studies 
of the integration of these technologies into the SPS project. Table 7-3 smnma­
rizes some of the key issues in the selection and conceptual design of an SPS 
photovoltaic system. 

Sl-5 power distribution is a critical performance area. The power 
lost in transmission from photovoltaic device to the microwave conversion sys­
tem is a substantial fraction of the total generated power, resulting in undesired 
and costly oversizing of the solar array. Transmission losses may be minimized 
by using high voltage transmission, but this poses inherent technology hurdles 
in handling and controlling the high voltage. 

Other key issues, which need further study, relate to the power 
needed to support the upkeep and maintenance of the SPS; the power supply 
during edipse of the SPS (not necessarly to maintain power transmission but 
to support station activity); and the power needed to maintain SPS attitude 
control, communication, and control within the SPS. 

7.1. 3 SOLAR ARRAY STRUCTURE SUBSYSTEM 

7. 1. 3.1 PRIMARY STRUCTURE 

The primary solar array structure consists of current carrying 
structure, non-current carrying structure, and dielectric structure. The 
currPnt carrying structure utilizes the lateral beam trusses by proper beam 
element sizing and by electrically isolating the conducting lateral beams from 
the nonconducting longitudi.1al beams. Approximately 45 percent of the lateral 
beams must be increased in cross sectional area above that required for 
structural purposes to meet the current carrying requirements. This is 
accomplished by increasing the material thickness of the basic structural 
elements. The non-current carrying structure consists of longitudinal heam 
truss members and tensioning wires. The support structure between the arrays 
is referred to as the dielectric strJcture and is assumed to be fabricated from n 
fiberglass type material, such as an S-glass/epoxy composite, so that it is trans­
parent to the microwave beam from the transmitting antenna. 
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TABLE 7-3. KEY ISSl'ES FOR SPS POWER GENERATION AND DlSTRIBUTiON 

• Array Performance is Highly Sensitive to Many Parameters 

Solar cell thermal coefficients and thermal properties 
Solar cell cover or surface optical properties 
Reflector ( "!oncentrator) physical properties 
Radiation degradation performance of all components 
Other environmental effects on all components 
Thickness and size of basic cells 
Output voltage and current (and possible requirement for voltage regulation) 
Interconnection requirements and characteristics 
Substrate characteristics 
Off-~un pointing (especially for concentrator versions) 
Transportation and assembly of very fragile arrays 

• SPS Pow·~r Distribution can be a Critical Performance Area 

Powe1· loss is substantial (ECON at 8 percent loss gives up 1. 4 GW) which reflects into larger 
impacts on array and/or concentrator 
High voltage distribution introduces additional penalties along with benefits 
Long life of conductor structure at elevated temperatures 
Rotary joints or contacts for power transfer from array to microwave system 

• Power Required for the Control and Maintenar.ce of the Station 

- Includes thrusters. communications, up!~eep of systems, lucal transportation 

• Ground Power Conversion. Conditioning. and Distribution 

Rectenna output may require change to be compatible with distribution networks 
Small changes on the ground can reflect into large changes on the SPS 
H terrestrial energy storage is required, technology solutions must be considered 



The structural cross section geometry utilized for the baseline solar 
cell array structure is shown in Figure 7-6 and is based upon the structural con­
cept developed by the Grumman Aerospace Corp. The lateral truss geometry 
conforms to the required geometry of the reftectors and solar cell blanket, 
eliminating the need for secondary structural members. The length of the 
individual members provides adequate structural depth for bending stiffness. 
These characteristics are necessary to achieve very low structural planform 
area densities of o. 05 to O. 15 kg/m2• This structural concept was incorporated 
into an elliptical planform to achieve minimmn overall SPS weights and to 
accommodate power distribution through some structural members. 

A listing of the primary characteristics and requirements of the 
solar array structural config"-lration is presented in Table 7-4. These charac­
teristics and requirements a:re the primary drivers in determining and defining 
major structural parameters such as beam sizing, tensioning cable sizing, 
materials selection, etc. Structural assembly considerations such as beam end 
joining concepts and tensioning wire attachment concepts were excluded, since 
fr.eir influence on the size and mass of the total configuration is considered to be 
minimal. 

A comparison of recungular and elliptical planform shapes indicates 
a structural mass advantage for the elliptical shape. The longeron cross sec­
tional area is au indicator of the size of the structural elements used to construct 
all major structural members and, hence, is an indicator of total structural 
m<\SS. A comparison of the candidate shapes based on the first mode bending 
period is shown in Figure 7-7. For given stiffness sizing criteria, the com­
parison of structural maso of an elliptical planform to a rectangular planform, 
either of equal lengtr 01 equal length-to ·width ratio, is indicated. A systems 
comparison of the weight differences must also consider other mass drivers, 
such as shear and bending moment loads occurring during orbital transfer 
maneuvering and attitude control propellant requirements. Curren+ comparisons 
indicate propellant mass advantages for the elliptical planform shape. 

Further comparisons were made between the el1iptical and rectangu­
lar planfcl"Ill configurations by evaluating the effects of orbital transfer plYlpul­
sion systems in clifferent locations. The location options considered in the study 
are: 

1. A 66 720 N thrust transfer propulsion system located on the 
microwave antenna 

2. Two 33 360 N thrust transfer 1"'ropulsion systems located on 
the ends of the configuration 
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TABLE 7-4. SOLAR ARRAY STRUCTURAL CONFIGURATION 
CHARACTERISTICS AND REQUIREMENTS 

Minimum Structure Area Density 
7 t.o 21 kg/m2 

High Bending Stiffness (First Mode 
Bending Frequency ~ 2 cycles/h) 

High Bending Moment Capability 

Structural Member Utilization for 
Power Distribution Buses 

"i 
! 
Cl 
0 
i 
r 
c:I z 
Ci z 

= I .. .. 
rr: 
ii: 

32 

JO 

28 

26 

ELLIPTICAL PLANFORM 
L/W. 2.0 

24 L•21.2km 

• Widely Spaced Truss Members 
• Minimum Secondary Structure for 

Reflector and Solar Blanket 
Support 

• Eliminate Excitation of Structural 
Modes from Attitude Control 

• Minimize Degradation of Solar 
Orientation Because of Deflection 

• Longitudinal Member Strength 
Consistent with: 

Gravity Gradient/ Attitude 
Control Torques 
Orbit Transfer Thrust Loads 

• Lateral Member Minimum Cross 
Secb.vuaJ. Area Sized for Po" c r 
Distribution Through Structure 
to Central Power Mast 

ALL PLANFORM AREAS 
• 1801un2 
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ALUMINUI~ LONGE RON CROSS SECTION AR£A. on 2 lcno2l 

Figure 7-7. Comparison of rectangular and elliptical planfo1m gcoT"Ptry. 
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1. Two 33 360 N thrust systems extended beyond the photovoltaic 
structure, a distance assumed to alleviate plume impingement complications. 

Deflection and slope cuue plots for the two planform configurations during 
orbital transfer thrusting for tile three different propulsion concepts show the 
elliptical configuration to have the advantage over the rectangular configuration 
with the transfer thruste1·s antenna mounted. With the transfer thrusters end 
mounted, deflection and curve plots favor the rectangular configuration. How­
ever, as will be shown later, end mounted thrusters induce a much higher 
moment on a photovoltaic structure than do antenna mounted thrusters. 

Sizing of shear stabilization cables was conducted by determining the 
change in structural stiffness, as indicated by the first mode bending period, 
with the change in cable cross sectional area, assuming the cable material to be 
steel. w:th increasing cross sectional area, the first mode bending period is 
asymptotic to a value where shear stiffness is infinite (Fig. 7-8). As indicated, 
this is achieved with very small cable sizes. :. ~able size of o. 065 cm2 

was used in all subsequent analyses. 
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For different values of solar concentration ratio, the structural 
cross se\}tion geometry must change, since the primary structural members 
align with the reflectors and solar cell blanket. The geometrical variations 
indic'.lted here are based upon maintaining a constant spacing between the upper 
longitudinal members. With increasing concentration ratio, the height of the 
structure, H, in Figure 7-9 increases, thus increasing structural moment of 
inertia and improving structural efficiency. However, with increasing concen­
tration ratio, the total planform area must increase for a given power output to 
account for the decreasing solar cell efficiency that occurs as a result of 
increased temperature. It should not be concluded that options do not exist or 
cannot be developed that allow increased concentration ratio while retaining 
relatively high efficiency (Fig. 7-4, e). 

For the structural cross sectional geometrics indicated previously, 
the change in first mode bending period was determined as a function o~ the 
structural member size, indicated by longeron cross sectional area. As can be 
seen in Figure 7-10, the SLructural member size increases with decreasing 
concentration ratio for given stiffness criteria. A longeron area of o. 605 cm2 

with an overall structural height of 214 m results in a first mode bending fre­
quency of less than 25 min, which satisfies the 30 min upper limit. 

The basic structure which waf shown earlier for the photovoltaic 
power system, is a beam truss. This beam truss is triangular in '.:'ross section 
and consists of nine V-hat cross section longerons. These longerons are 
packaged into three small beams, nominally 1 rn in height, located at the \'ertices 
of the truss beam. 

The truss beam longitudinal loads are carried through the V-hat 
section longerons which are sized at O. 03H cm thickness and are shaped as 
shown in Figure 7-6. These longerons are fabricated from 2219-TG2 aluminwn 
and fail by local crippling at a compression load of approximately 4000 N. This 
failure mode is assumed independent of length, and the \·alue is plotted as a 
horizontal dashed line in Figure 7-11. The Euler buckling failure mode is 
length dependent as shown on the same plot. The two curves intersect at a point 
corresponding to a longeron unsupported length of approximately I. 8 m. This 
point can be described as a design point where longn"'On failure could be expected 
to occur in crippling and/or buckling under a .iooo 1' compressive load. To 
increase the longeron unsupported lcni.,rth beyond 1. ':l m wou]n lPwer the load 
bearing capability of the longeron, according to the Euler buckling curve. 

A family of curves representing Euler buckling loads for the small 
triangular beams located at the vertices of the basic truss beam and consisting 
of three longerons is prc>scnted in Figure 7-12 for berm heights ranging from 
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L = 433 m ----• .. ~1 

CONCENTRATION 
CONCENTRATION RATIO 

0 (degrees} RATIO (AREA} (EFFECTIVE) H(ml W(m} Simi PLANFORM AREA (km2) 

68 2.44 2.10 316.06 177.61 340.88 193 

65 2.29 2.00 261.15 189.45 288.15 182 

62 2.11 1.89 214.36 205.05 242.78 177 

59 1.94 1.76 174.60 223.18 203.68 168 

56 1.75 1.62 137.46 247.56 165.81 158 

Figure 7-9. Effect of solar concentration ratio on structural cross section geometry. 
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3 

o. 35 to 1. 5 m. Also shown in Figure 7-12, by a horizontal dashed line, is the 
allowable crippling load for this three-lvngeron triangular beam. The allowable 
crippling load value was determined by assuming that all three longerons are 
equally loaded in compression • •• 1d fail simultaneously. Thus, the crippling load 
plotted on the chart is the maximum allowable compressive load. Curves in this 
figure may be interpreted the same as for the longeron curve plot of Figure 7-11. 
For instance, the maximum practical di1:1tance between supports for a 1 m beam 
would be approximately 43 m. 

Figure 7-13 is a plot of Euler buckJing loads and a crippling load for 
a large beam truss. Data arc shown for beam truss heights ranging up to 20 m. 
Since the large beam truss carries axial compressive loads through nine V-hat 
section longerons, the axial crippling load is nine times that of a single longeron. 
The curve plot is interpreted the same as for Figures 7-11 and 7-12. 
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Longitudinal gh'der loads were computed and plotted for orbital 
transfer =ind attitude control thrust conditions. Figure 7-14 shows the results 
plotted against longitudinal distance from center. Also shown is the limit load 
capabf!ity of a girder sized for stiffness. When utilizing the thrusters for the 
orbital transfer (LEO to GEO) propulsion, it now l>E'comes e\iOent that location 
of tht.-,e thrusters at the e:\."treme gc...._ met:ic distanct-s from the center of gra\'ity 
of t.he satellite will produce the worst case sh-ucture design. The preferred 
location of the orbital transfer propulsion would be near the center of the con­
figuration. T• e attitude control girder loa<.1 &hvwn occurs when opposing end­
mounted attitude control thruster groups fire in opposite directic.ns. All loads 
shO\m are assun1ed for static load conditions and are a\'eraged across the struc­
ture width. 
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Figure 7-14. Longitud.u1al girder load distribution for orbit 
transfor and attitude Ct'ntrol thrust. 

10 11 

In sum'llary, it has been shown that the photovoltaic structural 
requirements can be met '"ith a basic solar :?rray structure consisting of large 
triangular truss girders ranging in IE .. ~ to 433 m with shear stiffeners pro­
vided by cro!"s-bracing cables. The truss ~irders are fabri •eel from smaller 
trian~lar beams which have V-hat st · 1n lon~erons and channel sectiun lateral 

. mem' ~rs. Truss girders 11re ab•· ·r. .1 ·ned by cross-bracing cables. Heig:1t 
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considerations for the smaller triangJlar beams range from "· 7 m t.o more than 
1 m. Height considerations for the large truss girders range from 5 to 20 m. 
Nomi!l3.l sizing of all members will require further iteration and refinement. 
Beam side loads imposed by Ll)p tensioning requirements of the reflectors and 
solar cell blankets mt1st be ~ddressed. Effects of thermal distortion and manu­
facturing anomalies must also be considered. Final beam truss -;izing will 
depend on these additional considerations, plus any <"hanges in orbit transfer 
thrust loads. Beam truss girder height requirements can be reduced consider­
ably by reducing the beam lellb~· In high bending stress areas, additional 
intermediate lateral members could be installed to decrease the effective length 
of the longituillnal beam truss girders. This would not require a change in the 
overall bay size nor would it affect the reflector panels and blackets. 

"j. 1. -t POWER DISTRIBFTtON AND CONTROL sn~YSTEl\1 

. .\ simplified diagram of the selected power distribution system is 
shown in Fi~re 7-J.3. The solar array is dhided into 792 modules producing 
2:! ~!W each. The solar array modules deYelop 20 kV which permits connection 
directly to the amplitrons \\ithout complex power conditioning equip1.·ent. 
C ircc1.1t protection and rnltage regulation are pnnided at each module. The 
very lar<Je conductors required to transfer power to the amplitrons are the most 
sigmficant consideration to the power distribution system. l\lethods were 
deYeloped to n·inirnize the mass required for power conduct.ors, and criteria 
were established for combining the functions of power conductors with structural 
suppo1t. 

7.1. l.1 POWER CO~"DCCTORS 

The selecteri rnltage of 20 k\. is relatively low when compared to 
terrestrial transmission linPS operating at 382 k\' ac and 750 Vdc. The low 
Yoltaf!;e was selected to reduce po•,·er conditionJrig; requirements, but it created 
the necessity to transmit a larg( ..::urrent. Th~ taf:'k for the SPS was to transmit 
11{ A owr a distance of 20 mi. This obviously required large conductors (or 
strncttir"s). Cornpar<'d to terrestrial transmission lines, the SPS task was 
easier because of the freedom from corona effects but more difficult from the 
standpoint of heat dissipation. 
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Figure 7-15. Electrical power distribution. 

Characteristics of power conductors were driven from the require­
ment that a conductor must have sufficient surface area to dissipate the I2R 
power loss for a given surface tempe-rature. Conductor weight can be decreased 
without increasing temperature if a larger surface area is provided. Therefore, 
the power conductors for the SPS were in Uie form of alwninum tubes on sheets. 
The penalty for reducing conductor rr.ass is an increase in power loss, as shown 
in Figure 7-16. This power loss must be compensated for by increasing the size 
of the solar array and corresponding nonconductive structure. The resulting 
increase in array weight ia included on the samP figure. The curve& represent 
one-half of the 792 module !"Olar array. 
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Conducting structure was utilized for the lateral feed buses shown 
in Figure 7-15. A limited analysis to verify compatibility with structural require­
ments showed that the surface a'!'ea provided by the baseline structure was ade­
quate if thickness was increased. Thickness had to be increased by steps as 
modules we~ progressively connected along the length of the beam. This 
increased the mass of the structure by a ratio of 8 to 13 for the particular beam 
analyzed. Overall, the combined structure/power conductor weight was reduced 
by a ratio of 17 to 13 as a result of eliminating separate requirements for power 
conduction and structural support. 

7.1.4.2 HIGH VOLTAGE POWER TRANSMISSION 

While the total mass of the SPS can be reduced by transmitting at 
increased voltages (Fig. 7-18), the possible mass must be weighed against 
increased high voltage solar array /transmitter tube problems and the complexity 
of power conditioners. The relationship between mass reduction of power con­
ductors and technology risk can be analyzed by considering the following power 
system options: 

1. Operate the solar array, power line, and transmitters at 20 kV: 
13. 6 x 106 kg conductor mass. 

2. Increase the operating voltage of the transmitters, power line, 
and solar array to 40 kV: 6. 8 x 106 kg conductor mass. 

3. Increase the operating voltage of the solar array and power ime 
t.o 400 kV, and provide power conditioners with a specific weight of o. 456 kg/kW 
at the transmitter tubes: 8 x 106 kg conductor and conditioning mass. 

4. Operate the solar array at a low voltage, the power line at 400 
kV, and provide power conditioning at each end terminal: 16 x 106 kg conductor 
and conditioning mass. 

For all options except option 4, the solar array was Qperated at a relatively high 
voltage when compared to present satellite solar arrays. This creates a con­
siderable technology risk to the solar array development program because of 
the lack of analytical and test data on high voltage effects. Studies and limited 
vaC\aum tests have been conducted on small solar arrays biased at 16 kV, but 
the test results were inconclusive. There has been no flight test verification, 
and the highest voltage being considered for an advPnced technology development 
program is the 400 V SEPS array. 

A solar array voltage of 20 kV was established for the baseline SPS 
design because this was the voltage selected for the transmitting tubes (see 
subsection 7. 3. 4. 1) , and it was assumed that power regulators could be avoided. 
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Figure 7-18. Power distribution voltage trade. 

Consequently, there are two possible high voltage problems to be considered: 
( 1) pcwer loss due to interaction of the space plasma with the solar array and 
( 2) "sparking." Based on preliminary investigation of solar array power loss 
~aused by plasma interaction, a power loss of O. 02 percent was predicted for 
operation at synchronous orbit. It should be cautioned that this is a preliminary 
estimate based on tentative analytical math models and that flight testing should 
be undertaken t.o substantiate power loss prediction methods. For the second 
concern, solar array sparking, it was postulated by Lewis Research Center 
l 14, 15} that sparking might be controlled by insulati~ all conducting surfaces 
floating negative with respect to the space plasma. Provisions for insulation 
were not incorporated into the design of the solar array because of the lack of 
design data defining the Sinn·king phenomena. Special emphasis studies have 
been initiated t.o analyze high voltage effects, but results are not expected for 
some time. 

For the second option it was assumed that the operating voltage of 
the transmitter tubes was increased to 40 kV and the voltage of the solar array 
and power line was increased correspondingly to 40 kV. By a first order 
approximation, the mass of the conductors was reduced irom 13. 6 >-- 106 kg to 
6. 8 x 106 kg. The power loss due to plasma interaction was increased from O. 02 
percent to o. 04 percent. The effect of sparking remained undetermined. Option 
2 is the lowest mass option for power distribution that requires the development 
of a 40 kV transmitter tube and a higher voltage switch gear. 
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For those believing that voltage problems in space are minimal, the 
third option is attractive. The solar array and transmission line are operated 
at 400 kV, and power conditioners are provided to reduce the voltage for the 
transmitter tubes. Although this appears to be a high technology risk option, it 
cannot be rejected until more is known about high voltage effects and specific 
tube requirements. 

The f:lnal option considered was similar to terrestrial transmission 
systems where power conditioners are provided at each end of a high voltage de 
transmission line. This option allows independent selection of opera.ting voltage 
for the transmitter tubes and the solar array as may be necessary depending on 
technology development. The mass required for power conditioning at e2.ch end 
of the transmission line makes this option the highest weight approach. 

7. 1. 4. 3 SWITCH GEAR 

In-line circuit protection is required for each 22 MW module in the 
system, as shown previously in Figure 7-15, to prevent power feedback from the 
main lateral buses. Crossed-field (Penning) discharge circui~ breakers rated 
at 20 kV, 1. 1 kA were tentatively selected. One feature of the distribution sys­
tem is that lateral feed buses are not tied together (multiple circuit slip rings 
are required) ; therefore, excessively large circuit breakers are not required 
for isolation of the ·vertical feed buses. Solid state shorting switches are pro­
vided on the solar array to short circuit array sections during maintenance. 

7. 1. 4. 4 POWER CONDITIONING 

The system voltage is regulated to within 1 percent to satisfy requi!'e­
ments of the amplitrons. The voltage of a solar array varies as a functicn of 
co1U1ected load, solar array orientation, solar cell temperat1.1re, and aging. The 
method selected for voltage regulation is to sequentially short out sections of 
the array. The location of the partial 6hunt regulators is indicated in Figure 
7-15. The effects of solar array faults need to be analyzed also. 

7. 1. 4. 5 MAGNETIC FORCES 

A brief analysis was performed t.o estimate magnetic forces acting 
on power conductors. A model, consisting of a ring of four positive and four 
negative thin walled tl.•bular conductors, was developed for the analysis. The 
total current was 105 A. Based on preliminary calculations, the forces appeared 
to be of a manageable level. The radial pressure tending to collapse each tubular 
conductor is 138 N/m2• Differential forces are 2. 2 N/m and 1. 8 N/m. The 
outward radial force on the eight: conductors comprising the ring was 4. 4 N/m. 
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7.1.4.6 CONDUCTOR MASS FACTORS 

There appear t.o be several promising design appl'Ol1l'hes for reducing 
the power conductor mass of the 20 kV system, although the system engineering 
required to evaluate the approaches was not attempted 1n most cases. Factors 
cuotributing to conductor mass can be listed as follows: 

1. Array Shape - Conduct.or mass and power loss are functions of 
length. If length ls rbubled, both mass and power loss are doubled. The shortest 
conductor length ls obtained from a split ch'CUlar array with the antenna located 
at the center. The large reduction in mass and power loss possible for a circu­
lar array is shown in Table 7-5. 

TABLE 7-5. CONDUCTOR MASS AND LOSS 

SPS Antenna Number of Mass Loss 
Configuration Location Antennas (kg x 106) (%) 

Circular Center 1 5.;:, 9 

Elliptical Center l 8.6 13.5 
(Reference) 
Elliptical Long Axis 2 10 15 

2. Antenna Location - Power is collected from a d•F" -.buted solar 
array source and concentrated at the transmitting antenna. Tl" - ·, conduc-
tor size increases near the antenna. When th2 antenna is locat1.. ~ the extremi­
ties of the solar array, the major portion of the conductor masE is likewise 
located at the extremities. The result is increased structure L.ass, less 
opportunity t.o utilize conductive stiucture, and increased conduct.or length. 
The increase in conduct.or ; lass anu loss is shown in Table 7-5 for a case where 
two antennas are located on the long aJris of an elliptical solar array. 

3. Conductor Structure Axis - For the wame type structure of the 
SPS, it is considered overly complex t.o route power in both X- and Y-directions. 
A parametric comparison of combined conductor and strur.tural mass for several 
possible options is as follows: (a) no conducting structure, 34 x 108 kg, (b) 
conducting structure for X-axis only, 29 x lo& kg, ( c) Y-axis c;nly, 26 x 108 kg, 
and (d) X- and Y-axis, 21x108 kg. Option (c) was selected, although some 
studies have indicated that it ls possible t.o approach the ideal 001 dition of 
option ( d) through a deliberate basic design approach with the goal of reducing 
conductor mass. 
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4. Bus Material - Al1nnlm1m reduces conductor mass by 57 percent 
as opposed to copper for a given temperature and bas been selected for the 
structural material. 

5. Bus Configuration - As discussed previously 1 thin conC:.£ting 
sheets or tubes with favoratle thermal view factors are preferred for power 
conduction. However, considf!ratton must be given to reducing power loss 
caused by interaction with the space plasma. Power loss is proportional to 
exposed cob.ducting surface area and can be significant under certain plasma 
conditions. 

7.1.4. 7 REQUIRED TECHNOLOGY ADVANCEMENTS 

The primary concem in the power distribution subsystem was the 
large structures required for power transmission. The major technology 
requirement lies with the assembly of large structures in space; however, the 
conduction of power across structural joints must be given attention. The most 
immediate technology concern relates to the interaction of the space plasma with 
high voltage solar arrays. studies are underway to further analyze the phenom­
ena, but additional effort is required to obtain experimental verification of 
power loss calculations and proposed solutions to reduce sparking. A consider­
able effort is in progress to study the other voltage problem - spacecraft 
charging. This activity should be continued. 

Three types of in-line commercial circuit breakers have potential 
application for the SPS: ( 1) crossed field (Penning) discharge devices with 
interrupting capacity of 100 kV, 2 kA, (2) vacuum interrupters with capacities 
to 20 kV, 15 kA, and ( 3) modified ac circuit breakers as preferred by the 
Europeans. Studies should be undertaken to find the most suitable breakers. 

The baseline SPS utilized a partial shunt switching regulator to 
control bus voltage, but there are several competitive system options that would 
require de-to-de or dc-to-ac and ac-to-dc power conditioners. The list of 
candidate active circuit components that should be evaluated includes hydrogen 
thyratrons with capacities to 50 kV, 10 kA and solid state thryistors with 
capacities to 2 kV, 1 kA. 

7.1. 5 FLIGHT MECHANICS 

7. 1. 5.1 STATION KEEPING 

Station keeping for the SPS is concerned primarily with two major 
phases: the assembly in low Earth orbit and the operational phase in geosynch­
ronous equatorial orbit. 
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During assembly in low Earth orbit, the major perturbation that must 
be corrected is that resulting from aerodynamic forct.s acting on the system. 
The aerodynamic drag force acting on the system is 

D !:::$ 4. 4 x 10-4 (A) N 

where the prnjected area (A) is measured in square meters. The area is con­
tinually changing during the SPS assembly. Assuming the solar array is 25 per­
cent deployed at the end of the assembly and the start of the transfer to geo­
synchronous orbit, the SPS will experience an aerodynamic deceleration of 2 x 
10-5 g, which will require a propulsive for~-e of 26 000 N to maintain altitude. 

Station keeping the SPS at its operational geosynchronous orbit is 
complex in that stringent position control must be maintained in the presence of 
a number of perturbing forces that tend to cause the spacecraft to drift from its 
position. The perturbations that are encountered include those due t.o Earth 
oblateness, solar and lunar gravitational attractions, solar raJiation pressure, 
and microwave pressure. The gravitational anomalies due to Sun, Moon, and 
Earth oblateness produce short period oscillations in all the orbital elements, 
but the major perturbation of concern is the nodal precession in the plane of the 
perturbing body. This nodal precession causes a long-period oscillation of the 
inclination of the spacecraft orbit to the Earth's equatorial plane. By remaining 
unchecked, these perturbations would cause the inclination of the SPS orbit to 
increase t.o a maximum of 15° in approximately 26. 5 years. Table 7-6 shows 
typical motions that might be imparted to the operational SPS by gravitational 
anomalies. 

TABLE 7-6. SYNCHRONOUS ORIDT PERTURBATIONS 

Motion 
a 

Perturbation Disturbing Force Plane of Motion (degrees/day) 

Nodal Regression Oblate Earth Equatorial O.OJ.34 
Solar Gravity Ecliptic 0.0018 
Lunar Gravity Lunar 0.0040 
Combined Equatorial o.0188 

Inclination Combined 0.0023 

a. Typical values expected; actual values dependent on launch date and time. 

Because of the large area of the SPS, the dominant perturbing force 
in the operational orbit is due to solar radiation pressure. Assuming a solar 
radiation constant of 4. 5 x 10-s N/rn2 (no reflection) and an area of 242 x 106 rn?, 
the solar pressure exerts a force of approximately 1090 Non the SPS. This 

7-33 



solar pressure produces short-period (24 h) • long-period (approximately 1 year)• 
and secular variations to the orbital elements of the SPS. If the SPS has the 
design capability to accommodate the orbit variations caused by the short-perlod 
perturbations. then the major impact of the solar radiation pressure is the change 
of the major axis of the orbit, which is cyclic over approximately 1 year and 
causes a change in the orbital mean motion with a resulting longitudinal drift of 
the SPS. Figure 7-19 shows the combined effects of the perturbations on the 
longitudinal position of the SPS. If station keeping maneuvers are conducted 
every 30 days, a velocity of approximately 3. 7 m/s will be required to correct 
the inclination, and a velocity of 14 m/s will be required to correct altitude and 
elllpicity of the operational orbit. 

7.1. 5. 2 LEO TO GEO uRBITAL TRANSFER-MISSION AND PERFORMANCE 
ANALYSIS 

7. 1. 5. 2.1 BACKGROUND 

Previous studies at MSFC. both in-house and contractual, have 
shown that high specific impulse, low thrust electric propulsion provides a sig­
nificant economic advantage over present and projected chemical propulEtion 
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Figure 7-19, SPS longitude shift due to perturbations. 
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systems for the transporting of massive payloads from LEO to GEO or other 
intermediate orbital points. Consequently, low thrust electric propulsion 
becomes a prime candidate for the transporting of a self-powered solar power 
tatelllte from a low Earth assembly orbit ( 435 lan) to a geosynchronous 
position. 

The theoretical feasibility for implementation of this very complex 
problem has been demonstrated; however, the challenge is so great that the 
complexities and anomalies involved are unequaled by any space venture that 
has been attempted. 

7 .1. 5. 2. 2 MISSION PROFILE 

A projected mission profile for LEO to GEO orbital tranr.fer will 
have to take into consideration a number nf t,-ades to arrive at the optim11m set 
of initial orbital parameters that will in effect ci~fine the aseembly orbit ior the 
construction of the SPS. Outstantllng among these trades are: 

1. HLL V and electric propulsion perfor.nance penalities and 
limitations 

2. Thermal cycling (loss of thrust due to shadowing) 

3. Solar array (Van Allen Belt transit) degradation 

4. Economics associated with long versus short trlp times 

5. Aerodynamic drag in LEO 

6. Th1116t load limitations on SPS structures. 

Several f4;erations .Jf these trades have been performed, and trends are develop­
ing such that a tentative or preliminary mission pr1..1file and associated assump­
tions may be stated at this time. A first significant assumption is that a nearly 
total sunlit orbit is assumed for the transfer phase of the mission. 

Assumption of an SPS assembly orbit of 435 km and 55° inclination 
will eliminate the nec2ssity ar..u cost of a chemically augmented (hybrid) propul­
sion system while utilizing only low thrust propulsion for orbital transfer. 
Opportunities for sunlit orbit interception and SPS transfer occur at this point. 
However, an HLLV performance penalty of approximately 25 percent (with an 
analogous increase in launch cost) will be incurred for G5° inclination launches 
when compared to due East ( 28. 5°) inclination launches. Some study data indi­
cate that this penalty may be reduced to less than 10 percent for multistage 
HLL V's, but this must be further substantiated. If an SPS assembly orbit of 
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28. 5° inclination is assumed, a chemically augmented propulsion system will be 
needed to provide an acceleration of approxhnately 10-3 g for approximately 21 h 
to boost the 1. 4 x 108 kg SPS payload (chemical system mass not included) to an 
altitude of approximately 2037 Ian to intercept a totally sunlit orbit. '!'hus, the 
trade is between the cost anc! complexities of the chemically augmented propul­
sion system versus the increase cost because of performance penalties of HLLV 
launches to a 55° r.ssembly orbit. 

First iteration <'onclus1ons for a smaller scale SPS indicate that 
these relative coats nearly cancel each other. If, however, it can be demon­
strated that HLLV launch penalties can be reduced to less than 10 percent, then 
an economic advantage is evident. 

For this study, an SPS assembly orbit of 435 km and 55° inclinatior. 
is assumed, utilizing low thrust electr;c propulsion for orbital transfer from 
LEO to GEO and taking from 60 to 100 days to arrive on station. A second 
imponant assumption for SPS LEO to GEO orbital transfer is t.hat a low thrust 
sortie through the Van Allen radiation belt will cause an exposed (nominal cover­
slide assumed) photovoltaic array to degrade to a significant de~ree. 

Previous in-house studies have provided considerable insight into 
the problem of degradation by charged particle rP.diation witP regard to design 
impacts and operating procedures for SPS transits through the "hot" portion of 
the radiation belts. Analyses have shown that at altitudes of 5556 to 7408 km, 

· 1s electrons an eeiUlvalent intensity on the order of 10 1 MeV 2 d will penetrate a 
cm ay 

3 mil cover-slide and reach the vulnerable portion of a solar cell. The fastest 
expected SPS tra .it time through this region using low thrust propulsion is on 
the order of 4 days, which will result in an almost instantaneous pJwer degrada­
tion of exposed solar arrays on the order of 2fi percent. Although this altitude 
range describes only the "hot" portion of the belt, sib'llificant array degradation 
occurs :.nan altitude range from as low as 1852 km to approximately 13 890 km. 

The implications are apparent. Figure 7-20 shows that h . times 
on the order of {iO days from LEO to GEO require many thousands of magneto­
plasmadynamic ( MPD} thrusters requiring very large quantities of power. A 
sign.ificant portion of the total spacecraft pc,wer generation capability must be 
available for the electric thrustP-rs during the orbital transfer phase. If solar 
cells arc the energy collecting devices. then those exposed are subject to greater 
degrees of degradation. 

Referring to Figure 7-20, extending the allov.able trip time to 100 
days significantly reduces the power requirement of the propulsion system and 
subsequent degradation: thus, extending the mission trip within the constraints 
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of achieving a totally sunlit orbit would be cost effective. other economic 
factors regarding allowable trip time will need to be fac"'..ored into these studies. 

7.1.5.2.3 ELECTIDC PROPULSION PERFORMANCE EVALUATION AND 
REQUIREMENTS 

Two designs or concepts of electric ion thrusters receivr:d signifi­
cant attention for application to the self-powered SPS orbital transfer capability. 
These are a !Of\ cm electric ion thruster and a 10 cm MPD thtuste.?r as defined 
in the midterm review of NASA Contract NASR-31444, "Payl'l&d UtiJtzatfon of 
SEPS (PLUS)," by The ~ing Company on March 2, 1976. These 1hrusters 
are only concepts and will require a substantial technology advancement effort 
to be available in the SPS projected operational tin.e frame. 

For reasons that will become apparent during this discussion, the 
MPD electric thruster CODCt.pt appears to have significant performance advan­
tages ovet" ot.ber electri(· 1ster concepts ant.I is therefore a suggested base­
line for SPS application. 

Figure ';'-2::. shows .. "elative pcrfc rmJADce cxpec'ation and system 
masses for both the 100 rm ion thruster and the MP:> thruster propulsion sys­
tem -• From Figure 7-21 it is seen that a sho!'t trip time (less than 100 days) 
produces an expone1 .. .tl rise in the propulsion system mass for the 100 cm ion 
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ft l'USter concept, holding the SPS payload mass constant. This is explained by 
the notaUons on Figure 7-20 that a munber of power processing units (PPU's) 
are required equal to the number of 100 cm ion thrusters needed. The PPU's 
for this thruster concept are quite heavy, weighing nearly 1600 kg each, while 
the relative mass of the needed PPU's fnr the MPD thruster concept is negligible 
by comparison. A sjgnificant mass reduction in t.Oe PPU concept for the 100 cm 
ion thruster will reduce the demonstrated performance advantage of the MPD 
thruster con. pt. 

This mass penalty places severe limitations on the performance of 
a 100 cm ion propulsion system. For example, Figure 7-20 shows that the 
propulsion power requirements for a 100 day trip time will equal the power 
producing capability of the entire SPS solar array. This means that the degrada­
tion factor of 50 percent will result in staggering and unacceptable power and 
economic losses. The conclusion is that the 100 cm electric ior. thmster con­
cept does not appear feasible for 3PS application as presently envisioned. 

Figure 7-21 also shows that the L-:.ass fraction ratio of total system 
mass to payload mass for the l\IPD 60 to 100 day trip times has a range of I. 23 
to I. 197, respectively. The argon propellant requirement for this trip range id 
approximately 15. 55 x 106 kg, assuming a specific impulse of 7000 s for the 
suggested baseline l\IPD thruster. The nwnber of MPD thrusters reqr red for 
a 60 day LEO to GEO orbital transfer is 30 000, each thruster havil:1g an 
assumed thrust level of 6. 85 N. 

Figure 7 -22 shows the expected initial system acceleration as a 
f .. nction of the number of electric thrusters required, whid1 can also be equated 
to triti time in days when used with Figure 7-20. 

Earlier in-house structural analysis for the photovoltaic SPS concept 
indicated that a system acceleration level of 1. O x io""" g for orbital transfer was 
a near li""lit for the specifi~ structure design. This acceleration limit corre­
sponds to 4pproximately 20 000 baseline l\IPD thrusters and a trip time of 90 
ctays. This specific acceleration limit is compatible with the present missic .1 

profile range of trip times. 

The initial system acceleration requirements shown contain a small 
margin for steering losses. For a strictly orbit raisirg application, thrust 
vector pointing is nearly perpendicular to the radius vector for an initially 
circular orbit. Thrusting for inclination changes by SPS, however, requires 
considerable out-of-plane th1uster steering and ~iecessitates a considerable 
gimbaling capability for f:he orbital tr nsfer thrusters. The mission profile, as 

7-39 



-.s 
z 
0 
~ c 
llC 
Ill _, .. 
§ 
:IE .. ... 
CD 
> 
CD 

! _, 
c 
~ 
i 

PAYLOAD MASS• 1.1888 X 18' Ilg 

1a-4 

& 10 16 20 25 30 

NUMBER OF THRUSTERS (X 1a3t 

Figure 7-22. Total initial SPS system acceleration due to orbital 
transfer thruster firings. 

35 

set forth earlier, for maintaining a nearly total sunlit orbit will require simul­
taneous orbit raistt:-- and inclmation changing (out-of-plane) st~ering to be 
successfully accomplished. 

These analyses, although set forth i:.)r a photcvoltaic SPS concept, 
shou!d appl) in a near proportional manner to a solar thermal SPS concept. An 
advantage of the solar thermal con~ept is the absence of a solar arny degrada­
tion problem. ff<'· · er, some studies nave indicated that the Van }lien rad1at!o'l 
may cause mirroi- . olber retleciiv.:: Purfaces to suff,,.r degradation of original 
r.roperties if exoosed during LEO to GF.O orbital transfer. 
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7.1. 5.3 ORBITAL TRANSFER PROPULSION 

Assuming the SPS is assembled In low Earth omit ( 435 krJl) with 
subsequent transfer 1X> its geosynchronous orbit. a.i Integrated SPS propulsion 
system will be required to perform the t1'8118fer as well as maintain attitude con­
trol at all Umes. The SPS propulsion system will also have to provide orbital 
drag makeup during assembly in the low omit as well as correct for orbit dis­
tortion because of solar pressure. Geosynchronous station keeping propulsion 
requirements include count.eracting the eftects of solar pressure, Sun and Moon 
induced inclination changes, Earth ellipticity induced drifts, and possibly micro­
wave recoil. Attitude control propulsion requirements include counteracting the 
effects of gravity gradient torques (in both the LEO and the GEO) and, possibly, 
microwave recoil and antenna angular accelerations. 

This subsection is devoted primarily to discussing the propulsion 
requirements for orbit transfer. The propulsion requirements for attitude con­
trol are discussed in subsection 7. 1. 6. 2. However, the omit transfer propulsion 
system(s) can be used (at a reduced allocation) to aid in station keeping and 
controlling the attitude of the SPS. 

The major portion of the cost of the SPS propulsion system inwl ves 
transporting the propellant reqt :red for the LEO to GEO transfer from the 
Earth's surface to LEO. To minimize this amount of propellant, and subse­
quently the cost, the SPS propulsion system must utilize an engine capable of 
producing a specific impulse much greater than co11-ventional ~1-emical engines. 
The high specific impulse achievable with electric propulsioL is attractive, 
particularly when considering the availability of a large amount of onboard power. 
In designing a propulsion system to transfer a photovoltaic SPS from the assembly 
LEO t.o the operational GEO, numerous design variables must be considered, 
such as follows: 

1. A low SPS acceleration level will be required (:5'. O.O·IJ. g). 

2. Continuous tangential th"'."USting t.o maximize propulsion use 
efficiency is desirable. 

3. Plume impingement aVC'idance st.:ems necessary. 

4. Earth occultation, if unavoidable, will allow electric propulsion 
unly during the sunlit portion of each orbit, thereby requiring on-off operation 
of electric thrusters with subsequent thermal cycling; the effective f: hadow time 
is ir.creased by any thruster start delays. 
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5. A chemical propulsi<'n system will be required at least for atti­
tude control to assure Sun orientatioll during the occultation. 

6. If the numerous electric thruster start transients cannot be 
allowed, a chemical propulsion system will be needer to climb to a continuously 
sunlit orl>it. 

7. In addition to providing attitude control, propulsion (electric 
and/or chemical) will be needed for atmospheric drag makeup and solar pressure 
corrections. 

8. Since the physical size of the SPS limits maneuverability, the 
transfer propulsion system ( assmning a continuously sunlit orbit) will have to be 
integrated mto the SPS structure such that continuous tangential thrusting can be 
allowed without plume impingement or on-off operation of electric thrusters. 

Operating electric thrusters in an on-off manner as required by 
occultation of the SPS is undesirable because of thruster thermal cycling during 
on-off propulsion operations. Ur l l further system definition indicates a more 
desirable optimizatioL, a chemical propulsion system is assumed to boost the 
SPS to a sunlit altitude and inclination such that continuous electric propulsion 
can be expected. The exact orbital parameters are yet to be derived (considering 
low cost), consequently, the chemical propulsion system required to perform 
the transfer has not been sized. However, it will be desirable to begin the trip 
in advance of solstice to provide a transfer window and to maximize the available 
unocculted trip time. Should the geosynchronous transfer burn not be initiated 
Juring the launch window, the SPS may have to remain in LEO for another year 
until the Earth's shadow is again in the proper position with respect to the SPS 
orbit. The electric propulsion system required to perform the L::!:O to GEO 
transfer mU£1t be selected on the basis of low transfer cost (dollars/kilogram 
SPS) • The various orl>it parameters and mission requirements must be 
established. Then, for a briven SPS (size, mass, and acceptable acceleration 
level), the characteristics (number of thrusters, masses, etc.) for different 
types of electric propulsion systems t~ satisfy the mission requirements are 
computed. The cost of the electric propulsion systems are computed based 
upon a credible cost model. The transfer cost based upon the inherent range of 
pP.rformance (specific impulse) for each type of electric propulsion system and 
the transfer cost versus varying propulsion times are calculated. Other 
parameters to be considered include launch cost and the economic factor of 
radiation degradation. The type, size, and required performance of the 
electric propulsion system to satisfy the mission requirements at the lowest 
cost can then be selected. 
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The chemical system selected to boost the SPS from LEO to a con­
tinuous sunlit orbit ls Oz/Hz using a high pressure, pump fed, tug type engine. 
This selection is preliminary and is based on the higil specific impulse of <>z/112 
(approximately 470 s) minimizing the launch cost because of less propellant 
needed in LEO. Integrating high thrust chemical engines into the structurally 
fragile :;PS presents a problem. This problem is still under Investigation. 
Also, the large initial mass of the SPS in conjunction with the /J. V that the 
chemical system is to satisfy requires a long burn time (possibly up to 24 h) • 

The types of electric thrusters considered in this study are the MPD, 
the arc jet, the ion, and the reslstojet. The arc jet and the MPD thruster are 
considered as variations of the same plasma device and will both be categorized 
under the broad heading of MPD thruster. The resistojet thruster is eHmtnated 
because of its inherent low specific impulse characteristic. The ion thruster is 
well known, whereas the MPD thruster is not so well understood. Table 7-7 
summarized the phy1:dcal, electrical, and performance characteristics of an ion 
thruster and two MPD thruster concepts that are potential candidates for use on 
the SPS. The ion thruster and one of the MPD thrusters were proposed by The 
Boeing Company. The other MPD thruster is a Jet Propulsion Laboratory (JPL) 
proposal. Several versions of the ion thruster concept have been operated in 
space, and a 30 cm beam diameter design will be used on the SEPS. The 100 cm 
ion thruster presente'i in Table 7-7 was postulate<! and its characteristics were 
obtained by extrapolation from 30 cm thruster data. These data have high con­
fidence. In contrast, the MPD data are speculative; only some general design­
trend historical data exist on which to 1>ase its characteristics. This becomes 
apparent by contrasting the Boeing and JPL proposals. However, many MPD 
concepts have been designed and ground tested with appreciable success. 

Although ion thrusters are essentially state-of-the-art and have the 
potential to deliver an attractively high specific impulse, MPD thrusters appear 
to offer many advantages when applied to the SPS. The most significant differ­
ence is the number of power supplies. A 30 cm ion thruster with a single 
cathode may require as many as 14 separate power supplies for operation. Each 
hypothetical 100 cm thruster with 10 cathodes may require as many as 31 power 
supplies, if the cathodes must be independently supplied. Ion thrusters cannot 
be ganged on power supplies because of transient interactions. Thus, each ion 
thruster must have !ts own power processing unit which, as shown in Table 7-7, 
can be quite massive. In coJ'ltrast, l\iPD thrusters may be ganged in series '.lr 
parallel onto a common power supply providing a vastly simpler propulsion 
system. Since both a:-cs and magnets tend naturally to operate at lov: voltage 
and high current and since there are few a::!tive components in an MPD thruster, 
t.hc power supply required fo't' opPration can be very simple. MPIJ thrusters 
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TABLE 7-7. ELECTRIC 111RUSTER CONSIDERATIONSa 

Item Boeing Ion Boeing MPDb JPL MPD 

Propellant Argon Argon Argon 

Diameter (cm) 100 10 23 

Specific Impulse (s) 18 000 10 000 2 551 

Voltage {V) 10 000 300 300 

Current (A) 39.8 1 958 25 000 

Beam Current (A) 8.33 0 0 

Thruster Power {kW) 398 587 7 500 

Thruster Efficiency 0.837 o. 820 0.50 

Number of Cathodes 1 1 1 

Number of Power SuppliP..s 8 1 1 

Thruster Mass (kg) 100 40 3 000 

Power Processor Mass (kg) 199 0 0 

Specific Masi:i (kf./kW) 3.66 1. 9 1. 35 

Flow Rate (mg/ s) 21.37 100 12 000 

Thrust (N) 3.77 9.81 300 

a. Data were t.aken from References 12 and 13. 
b. Preliminary baselinP- selection. 

can, tl1erefore, use solar cell power directly witl1 little power processing equip­
ment. However, the operation of MPD thruster.; at low voltages is not Without 
penstlties. High power operation requires high ~!::..:i.rical current, which trans­
latrs w heavy and/or cooled power cables. The payoff for MPD thrusters is 
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that there is no space charge limitation as there is with ion thrusters, which 
means that a single MPD thruster may be able t.o produce orders-of-magnitude 
more thrust (high thrust per unit area) than any ion thruster. Of course, as 
more thrust is generated, the power requirement of the thruster will increase 
proportionally, so that cooling and associated mass penalties may be incurred. 
However, MPD thrusters are operable at very high temperatures, are capable 
of high spec1fic impulse, and are structurally small and intrinsically simple 
devices that should effect a significant cost advantage. Hence, they are attrac­
tive for application t.o SPS. 

It should be noted that several thousand electric thruster& may be 
required t.o transfer the SPS from LEO to its GEO station; therefore, in the 
interest of minimizing mass, and consequently cost, the propulsion syste!D that 
requires the least total mass and cost would be preferred. A preliminary 
analysis indicates that the transfer propulsion cost is minimum when using an 
MPD propulsion system to transfer a photovoltaic satellite from LEO t.o GEO. 
Although selecting the optimum thruster size is not germane to this study, the 
Boeing MPD is selected as a preliminary baseline. Figure 7-23 presents the 
design concept of the 100 cm ion thruster. Figure 7-24 shows the MPD thruster 
design concept proposed by The Boeing Company. This thruster has an anode 
exit diameter of IO cm. The outside diameter of the 40 000 A turn magnet, 
which can be operated in series with the cathode, is approximately 30 cm. 
When operating at an input pawer of 587 kW, this thruster does not require 
cooling equipment. Boeing proposed this thruster concept t.o serve only as a 
manufacturing vehicle for estimating cost. There is no technology precedent 
for this thruster. Figure 7-25 presents the MPD thruster design concept 
proposed by the JPL for comparison. 

Propellants such as hydrogen, helimn, ammonia, lithium, nitrogen, 
sodium, potassium, argon, or cesium may be used for M'PD electric propulsion 
with some efficiency variation between each. However, environmental con­
siderations dictate the use of argon as the propellant. Argon also has the 
property of good density but \\1ll have to be tanked under cryogenic conditions. 
Th .. cryogenic properties of argon arc similar to those of oxygen; therefore, 
the technology for long term storage as well as resupply of cryogenic argon will 
have to be established. 

Several concepts for mounting the orbit transfer electric propulsion 
system on the SPS are under consideration. One concept involves the use of end 
mounted thruster modules as shown in Figure 7-26. Each module is expected 
to require 360° of gimbal motion per Earth orbit revolution, such that continuous 
tangential thrusting can be maintained. A preJ iminary structural analysis 
indicates, however, th&t the SPS bending loads allowed by ..his conc0 pt are 
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excessive. Therefore, mounting of the thrusters on the back of the antenna 
(assuming the antenna is located in t.lie center of the EPS) is being considert:d 
for use in conjllllction with the end mounted modules. An undesirable plume 
impingement '>roblem results, however, as the antenna rotates during thrusting. 
Another propulsion system mounting concept involves locating most of the 
thrusters on the back of the antenna and using smaller thruster modules arw>und 
the periphery of the SPS for attitude control. Still another concept involves 
mounting the thrusters on each curved side of the SPS. This lattet mounting 
concept is advantageous in that the thrust is uniformly distributed across the 
surface of the SPS and bending is minimized. However, this mounting concept 
incurs st.eering losses and requires undesirable on-off operation of the thrusters. 
The thrusters on one side operate for approximately one-half orbit and are 
turned off; then, the thrusters on the ot• er side are turned on for the other 
one-half orbit. This process would continue until the SP5 attains geosynchrono\ts 
orbit. 

In summary, an 0 2/H2 chemical propulsion system is proposed to 
maneuver the SPS from its low assembly orbit to a continuous sunlit orbit for 
electric thruster operation. Chemical propulsion must also provide attitude 
control during occultation. Based on cost, an MPD electric propulsion system 
is proposed to perform the SPS LEO to GEO transfer maneuver. To provide 
tangential thrust during transfer and to provide attitude control using transfer 
thrusters, end mounted SPS thrustt!r '!"odules, mounted on gimbals, appear 
necessary. 

7 .1. 6 ATTITUDE CONTROL SUb2YSTEM 

7.1.6.1 GROUND RULES/GUIDELINES 

The following grourd rules and guidelines are applicable to the 
attitude contrc l subsystem: 
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• Accuradr·c... - Attitude Control and Pointing Control 

Mair · · iy: :1. 1° in three axes 

Microwave Antenna Pointing 

Coarse: :± 1 arc min in two axes; less than 8° about lin? of sight 

Fine: :±.3 arc s in two axe& with respect to the g-ound rcctenna 
center 



7 .1. 6. 2 

• An antenna gimbal system will provide coarse antenna pointing. 

• Fine pointing and stability l)f the microwave beam in two axes will 
be provided by a phas~ control system. 

• Reaction control system thrusters will provide the actuation forces 
for attitude control and station keeping. 

• A pilot beam (or other means) from the ground :. •,:)ctenna will pro­
vide the information necessary to compute the microwave beam 
pointing errors. 

ATTITUDE CONTROL COORDINATES 

Figure 7-27 defines the main body and microwave antenna coordinates 
that are to be used in the pointing and attitude control definitions and discussions. 
In the reference poir.tton the antenna coordin~ .. es X A, YA, and Z A are in alignment 

with the m .. in body coordinates XB, YB, and ZB, where: 

1. The ZB axis is normal to the solar array and aligned to the Sun. 

2. The XB minimum inertia axis varies seasonally between X-POP 
anaX-PEP. 

3. The YB axis in the plane of the solar arrays forms a right hand 
coordinate frame. 

·.•. 1. 6. 3 OPERATIONAL ATTITUDES 

The reference operational attitude (Sun oriented at all times) has the 
body axis ZB aligned with the solar ve~tor. At the solstices (Fig. 7-28), the 

XB axis is perpendicular to the ecliµtic plan<.>, and at the equinoxes, XB is per­

pendicular to the orba plane. Between these r11ajor seasons, the attitude varies 
to meu ;;he Sun pointing conditions and to maintain structural cl~arance for the 
rotating microwave antenna. 

The antenna, in tracking the ground rectenna, rotates 360" per day 
about the XB axis. I:. addition, at the solstices the antenna must tilt and roll 

±23. 5° ea"h orbit. A constant tilt angle per orbit is required during the equi­
noxes. This tilt anr;1e at equinox is a function of the geographical location of the 
r ... ctenna. Between the major seasons, the total tilt angle varies arc.·nd the 
eq:·tnox tilt angle. 
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Figure 7-27. Solar photovoltaic SPS attitude control coordinates. 

The .±:23. 5 ° roll of the SPS main body ZP axis about the sunline that 

occurs yearly provides stn1ctural clearance 10r the microwave antenna as it 
pas bes through the XB ··YB plane during its 3b0 ° per day rotation. 

An alternate operatknal attitude maintains the XB axis perpendicular 

to the orbit plane, the YB axis in thL· orbit plane, and the ZB axis in ~ sunward 

dir~c~ion but varying through a :!23. 5c yearly misalignment with the sunline. 
This eliminates the large per orbit antenna tilt and roll angle variations and 
should improve tht:: overall pointing accuracy and simplify the antenna pointir1g 
system design. However, an increase in solar panel area is required to allow 
for the deviations from the sunlinc. 
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7.1.6.4 DISTURBANCE TORQUES 

The external torques on the SPS, listed in the approximate order of 
importance, result from the following sources: 

• Gravitt gradient 

• Antenna rotary joint friction 

• Solar pressure 

• Microwave antenna recoil pr~ssure 

• Aerodynamic 

• Magnetic. 

The gra,ity gradient torques are the predominant disturbances. 
Reaction control thrusters are used to counteract these torques. Figure 7-29 
provides a plot of the peak gravity gradient torques about each of the three axes 
of an SPS configuration oriented in the reference attitude. The •· -axis torques 
vary cyclically with a period of 12 h and have the peak values shown. The large 
Y- and Z-axis torques are secular in nature and are a result of the ±23. 5° offset 
from the orbital plane required seasonally to maintain the Z-body axis aligned 
with the solar vector. 

The alternate X-POP orientation greaUy reduces the magnitude of 
the Y- and Z-torques and consequently the reaction contl'Ol system propellant 
~onsumption. In this alternate orientation the magnitudes of the gravity gradient 
torques about Y and Z are essentially functions of the attitude control system 
deadband which has been assmned to be 1°. 

The magnitudes of the gravity gradient torques are also direct 
functions uf the inertia differences of the three axes. From a fuel consumption 
standpoint, it has been found generally desirable to minimize the inertia 
difference \Iy-l Z) to reduce the cyclical torques about the X-a.xis. 

7.1.6.:i PROPELLANT CONSUl\lPTIOI\ 

Reaction control system (HCS) propellant consumption estimates 
for both station keeping in geosynchronou::> orbit and attitude control for gravity 
gradient torques of a Z-solar oriented SPS have been calculated (Table 7-8). 
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TABLE ';'-S. PHOTOVOLTAIC SOL." R POWER SATELLITE Fl'EL 
CONSl'l\IPTJO"JS ( Z-AXJS SOLAR ORIE~T ATIO~) 

• Station Keeping 

• Solar Pressure 

- Complete Compensation 261 7 -13 

- Adjust Orbit Period Only 60 :WO 

• LunariSolar Inclimaion Changes 29 ·HO 29 HO 

e Ea rh Ellipticity Drifts -I 000 -l 000 

Total 93 6-10 kg "year 295 183 kg/year 

• Attitude Control Gravity Gradients 

• X-Axis Tort.toes 219 27li 219 276 

• Y-Axis Torques -!25 308 -123 308 

• Z-Axis Torques 203 138 203 138 

Total B-17 722 kgiyear 847 722 kg year 

• Totals 941 362 kg year 1 l-12 905 kglyear 

Note: Specific Impulse = 714 ~s kg-1• 

The two total estimates differ in the concept for station keeping in the presence 
of solar pressure. The greater value results from complete c..:>mpensation of 
the solar pressure by the RCS. The smaller value was obtained by assuming 
that the cyclical orbit eccentricity \\ith a period 01 <.1pproximately 1 year was 
not corrected, but the rnore critical orbit period was corrected. 

The alternate orientation of X-POP requires approximately 274 000 
kg/year of propellant to compensate for gra\'ity gradient torques. 

A systems tradeoff analysis was made using the systems desig,11 
analysis model for tv.m X-POP and one Z-solar orientation concepts. In one 
X-POP case !.~e array area was increased approximately ·I percent to ~ompen­
sate for solar angle-of-incidence losses to give an average output of 10 G\\'. 
The other X-POP case was for a minimum output of 1 O G\\' in which the array 
area was increased approximately ~ percent. Output for the Z-·solar case was 
a constant 10 GW since the array was maintained pe111cndicular to the solar 
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vector. The analysis was based on the large trough concentrators with an array 
of elliptical planform and 2 to 5 GW antennas. For each case a concentrat.or 
angle and an array planform length/ width ratio were chosen which gave the 
minimum t.otal program cost. The optimmn conctSitrator angle for the X-POP 
cases was larger than for the z-solar case due t.o the lower average solar 
incidence. Also the optimum length/width ratio for X-POP was larger. As 
shown in Figure 7-30 the dry weight is less for the z-solar concept. However. 
the propellant requirements are substantially greater resulting in a larger total 
30 year mass (Table 7-9). Initial cost for Z-sola:- is less than X-POP 
primarily due t.o the smaller array area. However, the total cost over the 30 
year lifetime accounting for the time value of money is slightly less for the 
X-POP case with an average output of 10 GW. The significance of these 
alternate orientation fuel mass trades has a great impact on the m.itenna pointing 
control system complexity as shown in Figure 7-30. 

TABLE 7-9. PHOTOVOLTAIC SPS ORIENTATION COMPARISON 

Vertical Roll About 
Microwave Antenna Microwave SPS Roll Number 

Beam Rotation Line of About Sun of Antenna 
Orientation Motion About X Sight Required Gimbals 

Z-Solar 47° /Orbit 360°/day ±23. 5° Yes 3 

X-POP 0° /Orbit 360°/day ) No 2 

7. 1. 6. 6 THRUST ER MODULE 

As mentioned in subsection 7. 1. 5. 3, the SPS will require a propul­
sion system to ~atisfy control and station keeping requirements while in LEO 
and GEO. Attitude control will also be require<l during the transfer from LEO 
to GEO. While in LEO, attitude control and station keeping of the SPS will be 
necessary during and after assembly, and the demands on a propulsion system 
to satisfy these requirements are expected to be considerable. Atmospheric 
drag makeup is expected to be the single greatest contributor to this problem. 
The problem of determining the requirements and sizinti a propulsion system 
for controlling and station keeping the SPS in the LEO is complicated and is still 
under investigation. Th€·refore, a discussion primarily of the propulsion 
requirements for controlling and station keeping the SPS in GEO is contained 
here. 
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A worst case impulse requirement for controlling and station keeping 
a 1. 16 x 108 kg photovoltaic SPS in GEO is calculated to be 8. 0 x 109 kg-s per 
year. Thus, the yearly propellant mass required will be large. To minimize 
this amount of propellant, and subsequently the \!Ost of yearly resupply, electric 
propulsion appears necessary for controlling and station keeping the SPS. 
Assuming that SPS end mounted thruster modules are baselined for the LEO to 
GEO transfer, these modules can also be used to provide pitch and yaw control 
as well as station keeping. In both cases, the number of thrusters necessary is 
much smaller than the number required for transfer. The remaining thrusters 
are considered to be spares. SPS roll control, however, will have to be pro­
vided by smaller separate modules located on the Y-axis of the spacecraft. A 
graphic representation of the location of the thruster modules on the SPS was 
shown previously in Figure 7-26. Thrusters required to protJuce torques about 
the X-axis are at fo:.ir locations on each side of the SPS, while the proper thrust 
direction for producing torquPs about the Y- and z-axes results from rotating 
the end mounted thruster modules. 

Using each of the three electric thruster concepts discussed in sub­
section 7. 1. 5. 3, a propulsion system was sized to i:,atisfy the requirements for 
controlling and station keeping the SPS. The results of this analysis are SUlJl­

marized in T~ble 7-10. With gravity gradient torques being the design driver, 
the total number of thrusters required to counteract the disturbance torques 
about the appropriate axis w&s determined. It is realized that thruster con­
tingency will be required for the modules used t.o provide roll control. The 
propulsion system mass is based on the specific mass of each propulsion system 
type, i.e., 3. 66 kg/kW for the Boeing ion, l. 9 kg '::'·' for the Boeing MPD, and 
1. 35 kg/kW for the JPL MPD. The propulsion system mass consists of the sum 
total of the masses of such items as power conditioning units, control systems, 
cabling, vaporizers, actuators, isolators, thrusters, neutralizers, support 
structures, etc. Masses attributed to such items as propellant, pr:>pellant tank 
structure, propellant expulsion, valves, plumbing associated with tankage, 
residuals, reserves, etc., are not included. The propellant mass is based on a 
control and station keeping total impulse requirement of 8. O x 109 kg-s per year 
(worst case). ln th1,..; case, not only is the orbit period of the SPS continuously 
adjusted because of the influence of solar pressure, but the SPS is maintained 
over one point on the Earth at all times. The propellant tank mass was calculated 
assuming a tank mass fraction of o. 93 and that the required propellant was con­
tained in a single tank. Propellant contingency was not taken into consideration. 
Items such as propellant expulsion devices, plumbing, insulation, valves, etc., 
are included in the propellant tank mass. 
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TABLE 7-10. ELECTRIC THRUSTER CONSIDERATIONS FOR PHOTOVOLTAIC 
SPS ATTITUDE CONTROL AND STATION KEEPING 

Item Boeing Ion Boeing MPDa JPL MPD 

Number o: Thrusters Required to (X) 416 (X) 160 (X) 8 
Cmmteract Disturbance Torques (Y) 608 (Y) 234 (Y) 8 
About Appropriate Axi sh (Z) 290 (Z) 112 (Z) 4 

Propulsion System Mass (kg), 1914078 564 342 202 500 
Propellant and Tankage Excluded 

Propellant Mass (kg)C, Worst Case 444 464 800 034 3 136 157 
per Year 

Tank Mass (kg), Including Plumbing, 33 455 60 218 236 055 
Insulation, etc. , (Mass Fraction = 
o. 93) 

Total Propulsion System Mass for 2 391 997 1424 594 3 574 712 
Control and Station Keeping (kg) 

Total Power Required per Axis (kW) (X) 82 784 (X) 46 960 (X) 30 000 
(Y) 241 984 (Y) 137 358 (Y) 60 000 
(Z) 115 420 (Z) 65 744 (Z) 30 000 

Approximate Minimmn Thruster (X) 13 >< 13 (169) (X) 3 x 3 (9) (X) --
Planform Dimensions (Area), (Y) 28 >< 28 (784) (Y) 6 x 6 (36) (Y) -
m x m (m2) (Z) 20 >< 20 (400) (Z) 4><4 (16) (Z) --

a. Prelimini:lry baseline selection. 
b. Thrusters required to produce torques about the X axis are fixed at four locations on each side 

of the SPS while the proper thrust direction for producing torques about the Y and Z axes result 
from rotating the two end mount.ed thruster modules. 

c. Based on a control and station keeping total impulse requirement of 8. 0 x 1a9 kg-s per year. 



A comparison of the three total propulsion system masses indicates 
that the use of the Boeing MPD thruster results in the least total propulsion 
system mass required for attitude control and station keeping. Lower mass 
usually means lower cost; however, the yearly propellant requirement of 800 000 
kg for the Boeing MPD system in comparison to 444 464 kg for the Boeing ion 
system over a period of 30 years could be significant and should be given further 
consideration. 

The total amount of power needed to operate the required number of 
thrusters for each axis was calculated. For the roll control thruster modules, 
it js assumed that, while thrusting in one direction, the power to the thrusters 
in the opposite direction is off. Howevex, operating electric thrusters in an 
on-off manner is questionable (because of lifetime considerations); therefore, 
power to the proper elements of each thruster may be necessary to keep the 
">perating temperature constant. The propellant flow could, perhaps, be cut off 
to the thrusters that are not needed at a particular time. Hence, the power 
required for the roll control axis could be double that shown in Table 7-10. Since 
the end mounted thruster modules are required to provide co:drol about two axes 
as well as maintain statior. kee;>~l'~, power to the required thru:~ters in these 
modules is also never c.<ne~ted to be turned off. 

Assuming the thrusters can be mounted on the SPS in a square 
pattern, the approximate minimum thruster planform dimensions and area were 
calculated for each electric propulsion concept. 

7.1. 7 MAINTENANCE AND REPAIR 

7.1. 7.1 COLLISION DAMAGE 

Requirements for maintenance wiJl arise from two primary sources: 
collision damage and component failure. Satellite population provides the basis 
for estimating expected collision damage. Th~ increase in satellite population 
projected for the SPS era (Fig. 7-31) demands close scrutiny to assure that the 
large areas of SPS at LEO and GEO are safe from potential collision. For the 
large SPS spacecraft (approximately 150 x 106 m2) and large satellite population, 
it is expected that during construction in LEO 10 collisions/month will occur, 
which will decrease to several per year in GEO. The spike of 20 collisions/ 
month .:it 1000 km should not significantly increase the total number of hits, 
since the SPS will quickly pass through this region en route to GEO (Fig. 7-32). 
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Figure 7-32. Potential col11sion frequency. 

Severity of collision damage will depen<.i upon \Uhat part of the 
spacecraft is impacted. The relative susceptibility of various subsystems to 
collision damage is a function of exposed planform aren (Table 7-11). Note 
that any one collision encounter may impact mort: than one subsystem. Thus, 
the total number of impacts t: .. ...:eeds the total SPS collision encounters. Table 
7-ll indicate.3 that the reflectors, solar cell blanklets, and array :;trr')ture are 
the elements most likely to sustain collision damage. These eiements, however. 
are the most easily repaired and incur the least probable consequences of a 
collision. The space station and other relatively 1:1mall elements would probably 
expt-ct only tv.-o or three LEO impacts and only one in GEO, during the 30 year 
program. 
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TABLE 7-11. DAMAGE RATE~ FROM COLLISIONS 

Unit Area LEO ( 500 Ian} (-~0 

Total SPS 155 x 108 120.0 4.00 

Blankets 75 x 108 58. 0 1.94 I Reflectors 150 x 108 116.1 3.88 

Array Structure 31x106 24.0 0.80 

Dielectric 10 x 108 8. 0 0.27 

Antenna o. 8 x 106 0.62 0.021 

Power Mast 1x108 o. 774 0.026 

Propulsion System 3 x 108 2 • .,_I) o.e8 

Rotary Joint 0.08 x 108 0.062 0.002 

Space Station 0.08 x 106 0.062 0.002 

7.1.7.2 COMPONENT FAILURES 

The number of components involved in an operating SPS will demand 
sophiflticated :llaintenance philosophies even if the components are designed for 
P.Xceedingly lor..g life. For analysis of maintenance, logistics, etc., some failure 
rates of components must be postu1ated, and these are given in Table 7-12. With 
a 30 year operational lif ... , amplitrons present the greatest problem. Present 
similar devices have a lif-:i c1 slightly over 1000 h or one-eighth year. The 2. 5 
million units of an SPS will ._ c an expPcted failure rate of approximately 10 
per hour. Other 11ntenna anu propulsion system element'l have a lesser, but 
still quitt; ·.gnificant, failure rate. If the assumed reliabilities cannot be 
achieved, maintenance requirements of the SPS will be more demanding. 

Automatic repair facilitir q are assumed. 0.1e concept for antenna 
maintenance would consist of an automated truck that would contbuou:ly drive 
over the back side qf the antenna exchang!ng entire subarray wafers having failed 
components with spares. When a full load of failed 1:.ubarrays has been gathered, 
they would be delivered to an automatic repair station, exchanged for repaired 
subarrays, anrl the route continued. The automatic repair statior.s would 
dfoassemble amplitrons, rebore, exchange conduction bands, recoat electrodes, 
etc. , retaining 80 percent of the: original component. 

Repair of the aut.o, ·"tic repair facilities thcmsel .-es would be 
handled by the crew if the f~ilure rates of the 20 expec~ed st&tions can be kept 
to approximately 20 failures per w~ek. As shown in Table 7-13, the total crew 
per shift for operat!· "ls and maintenance is approximately four. 
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Failure Rates 

Amplitrons 

Other Antenna Elements 

Propulsion System 

Sola I' Arrays 

Rotary Joint Sections 

Communication and 
Data Equipment 

Local Transportation 
Equipment ( L Tf~) 

Implications 

TABLE 7-12. SPS MAINTENANCE 

Failures 

30 year Life, Approximately 4 Failures per 10 per hour 
Million Hours ( FPMll) (a! 2. 5 x 106 Units 

30 year Life, Approximately 4 FPMH 2 per hour 
rrr o. 5 x 106 Elements 

25 ooo hours, Approximately 4 FPMH _ O. 4 per hour 
ttt 104 Elements 

Graceful degradation over 30 years 

Considering motors, brushes, electrons, 
etc. 

30 year Life, Approximately 4 FPMH 
(ct 104 Elements 

1000 hour Mean Time Between Failure 
( MTBF) (w 20 Units 

Approxlmately l per month 

0.4 per hour 

Approximately 4 per week 

Automatic repair facilities will be required. 

Repair 'Facilities 200 hour MTFB@ 20 Stations App1'0ximately 20 per week 



TABLE 7-13. SPS CREW FOR GEO OPERATIONS AND 
MAINTENANCE 

Activities Man-Hours/Year 

Systems Monitor and Traffic Control 8760 

Repair Stat10n Maintenance 2 x 8760 

Other Maintenance 

Solar Arrays 1764"'1 

Mast 77 

Rotary Joint 930 

Communications 624 

Propulsion 1280 > O. 875 men/shift/year 

Antennas 1225 

Space Station 416 

LTE's 832 

Consmnables Resupply 520,..-

33 948 4 men/ shift/year 

Total for Three Shifts: 12 men 

7.1. 8 REQUIRED TECHNOLOGY ADVANCEMENTS 

The technology advancements required to build an SPS solar atray 
as described herein are indicated by the discussions in subsections 7. 1. 1 and 
7. 1. 2 and wii1 be summarized here. 

Solar cell performance characteristics will need improvement to 
reach the assumed range oi 17 to 19 percent. This improvement must be 
accompanieu by a reduction in mass and radiation sensitivity (particulate 
radiation), by a reduced power deg:".'adation over the operational life, and 
probably increased cell sizes, although this study has used present cell sizes 
as the baseline. 

7-66 



The support and exploitation of silicon-alternate technologies may 
produce more cost effective solutions to the photo\'Oltaic conversion problem. 
Several candidates should receive further study and support. Development of 
silicon-alternate technologies should not, howta~r, ignore the availability of 
raw materials. Silicon, for example, is approximately 45 000 times more 
abundant than gallium, and the energy economics of re[lource isolation must not 
be ignored (see subsection 9. I. 3). A further study of resource and energy 
economics should be conducted at an eady stage to assure that the selected 
photovoltaic system can ~upply enough energy to pay for its extraction from the 
raw material. Some simplified calculations indicate the revenue will offset the 
monetary investment in a silicon photovoltaic SPS 2.fter a few months of opera­
tion. but similar work for other systems remains to be done and will require 
access to information that has not yet bef'n made available because of rroprietary 
and other interests. While some sbldies indicate great potential savings in the 
energy used to refine and process silicon, these savings have not been 
demonstrated. 

Many advanced cell concepts require special processing steps such 
as selective etching t.o texture silicon surfaces, fine geometry control for vertical 
multijunction cells, and complex contact metallurgy. These aspects of cell 
manufacture must all be exa.-nined to identify and exploit advantages in 
performance. 

Solar cells have been used with thick, heavy glass or silica covers 
for protection from radiation and other dam.age. The SPS baseline has assumed 
that a very thin, light plastic can be used for this function in the GEO environ­
ment. !'his assumption has little evidence to support it, and m·· -h effort will 
be needed to verify and test light plastic covers. There is evidence that some 
of the silicon alternates will not require such pro• "!tion; if this is proven, such 
characteristics may override the desirable attributes of the silicon. 

Similar requirements hold for the flexible substrate, but the prob­
lem is simplified by the fact that the substrate need not be transparent. Struc­
tural and life properties of the substrate need investigation. Test and engineer­
ing data for detailed design of the supporting structures must be derived and 
verified. 

Finally, the environmental aspects of the solar array technology 
selection wilJ need study. These include material toxicity, handling, waste 
products, and impacts of manufacturing large quantities of solar cells and 
related components. 
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7. 2 THERMAL CONVERSION SYSTEM 

The SPS solar thermal concept configuration has a smaller area 
and a higher effidency than the pbot.ovoltaic concept. Of the possible thermal 
conversion systemR available, the cascaded thermionic-Brayton system is the 
most efficient and :.-equires the least concentrat.or/radiat.or area and, hence, the 
smallest satellite planform area. 

7.2.1 REQt IREMENTS •• ND ANALYSIS 

The power requirements for the microwave antenna of the solar 
thermal concept are the sam~ as for the pbot.ovoltaic concept. Howl:!ver, because 
of lower power distribution losses, the b1.11Q power required at the output of the 
thermal conversion equipment is less than that required at the output of the solar · 
arrays. This was not considered in this study, however, and the bus power 
required of the tt. 3rmal conversion system was set at 17. 6 GW for a ground e 
power output of IO GW • This margin, which could he up tG 10 percent, can be 

e 
considered as a contingency to compensate for increased pointing requirements 
of the reflectors or the total satellite (perpendicular t.o sunline instead of per­
pendicular to orbit plane) in th£ solar thermal concept. 

One approach to the study of the solar thermal concept has result.. .1 

in four extremely large l><)wer modules to produce the 17. 6 GW required bus 
e 

power. Component sizes are attendantly very large. Liquid metal r: ~tors 

are requirt!d that must be assembled and welded on-site. It is expected that the 
on-orbit assembly and maintenance equipment could be smaller and have a 
larger utilization factor if a large number of Eimaller power modules were used. 
A small power module will likely be required for 1he early phases of the SPS 
development program, and the impact of stopping the development cycle at a 
small size was assessed. Advantages of a small mochtle include: 

I. Absorber/receiver/conversion system (excluding radiator) can 
be ground assembled and remain a high density launch package. 

2. Surface and pointing accuracy of reflector surface (due to the 
shorter focal length) are reduced 

3. Redundancy is provided ( i. e. , several modules may fail before 
a signifkant SPS power loss is experienced). 
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-l. One turbomachine per absorber/receiver allows a IX>Wer module 
to l>e shut down for maintenance or repair without affecting the operation of other 
tu1 Jomachines. 

5. Primary radiator ruid distribution line and manifold require-
1 ~nts are reduced. 

6. Integration into ::t shallow, planar, modular structure is 
.ll.jowed. 

7. Smaller more manageahle components are used. 

8. "Boot-strap" startup is allowed with small start up energy 
st1•rage requirements. 

The disadvantages of a small module include: 

1. \\'eight-to-power ratios are higher. 

2. There is a lower Brayton cycle conversion efficiency for a 
gi,·en ~ T. 

3. The small module is incompatible \\ ith the two-a.'Cis orientable 
''flat-facet" concentrator approach. 

/4'" ~r the baseline was initially established with 544 turbomachine/ 
abso rbcr modules, an analysis was conducted to study the effect of \·ariations in 
the number of modules for a 10 GW SPS. There are certain advantages and 
disadvantages for a small number of modules as sho\\11 in the pre,·ious list. All 
of th1: factors listed were not quantified, but data were generated or obtained 
form Jst of the primary items. Factors that were considered include turbo­
mach:nE ry weight and ;.mtage time as a function of turbomachinc generating 
capacity. Histo;:lc:.1 data indicate that the time to repair or perform maintenance 
for large turbnmaL..1ines is greater than that of smaller units. Absorber weight 
was an:tlyzC'rl .. scd on tJ1e unit size. Since the radiator requires the same area 
to c:issipatl .• g-i\·cn amount of heat for small or large radiators, the effect of 
radiato; ,\·ei~ht \\as nep;lccted. Total SPS weight is shown in Figure 7-33 as a 
funct1.,1. ol tlw number of turbomachines for variations in the number of turbo­
m;.,:ninc s per absorber. The discrete points are indicated by points on the curves 

· mor · th:11~ one tur1:omachine per absorber. For example, if there are 40 
turboma :-hincs pc: absorber, the total number of turbomachines will vary in 
i ncrf'nwnts of <!1) as 40, 80, 120, etc. A preliminary assessment indicates that 
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40 to 50 LUrbomachines would be more optimum than the current 544 units. Also, 
there are indications that it may be somewhat advantageous t.o have a small num­
ber of turbomachines per absorber. This secondary conclusion could change as 
the pointing requirements for the concentrators are further studied. This analysis 
shows that ihe total weight of the thermionic-Brayton SPS could be reduced by 
approximately 20 percent primarily because of reductions in the turbomachinery 
WC"i14"ht. 

The thermionic-Brayton cascaded system haJ merit only if the 
thermionic diodes can operate at temperatures well above the maximum possible 
Brayton turbine inlet. temperatures. For 1985 technology, ti Brayton turbine 
inlet temperature limit of 1026°C was projected. The performance efficiency 
of the thermionic diode projected for the same time period was 17 percent at an 
emitter temperature limit of 1826°C and a collector temperature of 1026°C. 
The Brayton cycle conversion efficiency is approximately twice that of the 
thermionics for approximately the same AT. If higher Brayton turbine inlet 
temperatures could be allowed (up to 1426°C), the complexity of adding the 
thermionics in a cascaded system could not be justified on a performance basis. 
However, with the projected 1985 technology and the proposed hybrid thermionic/ 
Brayton configuration, an effective overall cycle efficiency of 45. 5 percent can 
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be achieved for the hybrid system, compared t.o 36. 7 percent for a Brayton cycle 
alone. This results in approximately 20 percent less thermal output required 
from the concentrat.or/absorber and 30 percent less primary radiat.or area 
required for the hybrid system in comparison t.o a Brayton only system. 

7.2.2 HYBRID THERMIONIC-BRAYTON SYSTEM DESCRIPTION 

Some recent studies [ 7 J have based the concentrator design on the 
use of several thousand orientable ''flat facets" that reflect the Sun's image t.o a 
common point, a classical "black body'' cavity. The cavity is shared by several 
Brayton engines. Smaller modules, double curved "spherical facets," a light 
pipe selective surface absorber, and a single thermionic-Brayton cascaded con­
version system coupled t.o each absorber were examined 1n this study. The 
unique characteristics of this conceJlt will become apparent in the following 
description. 

Figure 5-4 depicts the overall thermal SPS concept. The structure 
is a hexagonal honeycomb composed of struti;1 and cables with the absorber/ 
receiver located on one face of the hexagon and the reflector facets mounted 
across the opposite face. Each of the 37 required facets is assumed t.o have a 
ring around the perimeter that supports a thin shell reflect.or. Two facet types 
may be used, a pure reflector or a combination reflector/radiat.or facet. While 
a pure reflect.or facet surface may be a highly polished metal or metallized 
surface with low emissivity, the reflect.or/radiator facet must have a specular 
reflecting, low absorptivity, high emissivity surface, such as rear metallized 
teflon or acrylic film, or a metal surface with a silicon monoxide overcoat. 
One approach t.o this construction of the reflect.or facet uses the ECHn II 
technique of a laminate of polyester film and aluminum foil. In formmg, the 
aluminum is stretched, and thereby work hardens, and results in a rigid thin 
shell. The baselined radiator is a conventional tube-fin radiator. The definition 
of a lightweight radiator with a liquid manifold about the perimeter and heat pipe 
distribution throughout a thin shell reflector/radiator v. as deemed beyond the 
scope of this study. The 37 facets have a curvature and are oriented to have 
overlapping images at the absorber/receiver location. Each facet has a con­
centration ratio of approximately 56, and the combination of 37 results in a 
concentration ratio or mo;-e than 2000. 

A block diagram and energy balance for the system is shown in 
Figure 7-34. Characteristics are given for one of the requireJ 544 modules. 
The dc-ac rotary converter (not shown) is a necessary part of the thermionic 
diode power circuit before the energy goes onto the satellite power bus. The 
reflector efficiency is assumed to he 90 percent with silver or an enhanced 
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reflectivity coating. The light pipe selective surface absorber has 95 percent 
efficiency. The light pipe section has an inner surface, such as silvered quartz 
or polished metal with a silicor monoxide coating, that has low solar absorptivity, 
high specular reflectance, and i:Jgh emissivity. High absorptivity and low 
emissivity characteristics are desirable for the base region. 

It is unlmown whether such properties can be attained at thermionic 
temperatures with tungsten or other pure metals, or whether such performance 
~an be attained with optical filters. If the emissivity of the base region increased 
from the o. 2 asswned, the energy passing through the thermionic diodes would 
be reduced but the losses to the outside of the absorber/receiver would not be 
increased significantly. The thermionic diodes receive all the energy except 
the 5 percent cavity loss, the 20 percent that is absorbed by the light pjpe from 
the visible spectrum on its way toward the base region, and that which is 
::..osorbed by the light pipe from the infrared spectrum on its way from the base 
region toward the mouth of the cavity. The Brayton cycle rec~ives all the 
thermal energy except the 5 percent cavity loss and that which is converted to 
electricity in the thermionic diodes. Conduction losses through the sidewall 
itlsulation have been assumed to be negligible. Table 7-14 is· ... ummary of 
the characteristics of this system. 

7.2.3 THERMAL RADIATOR SUBSYSTEM 

Radiator location is a prbnary consideration since the radiators 
are large and comprise a high percentage of the total mass. Considering the 
options available, three locations were studied, each of which had specific 
advantages. These options were assessed to determine if any one had an ove::­
riding advantage. The locations assessed are indicated in Figure 7-35. 

Options 1 and 2 of ~r the smallest integration problem since the 
feed lines are in the vicinity of the absorber and turLomachinery. Option 2 
seems to have an advantage over option 1 because part of the inner truss struc­
ture could be common with the radiator support. However, the radiator sizing 
is made difficult by option 1 because the view factor degrades as the required 
depth is increased. Because of the view angle from the reflector, the available 
radiator width using option 2 is much smaller. Using option 1 a 360 m width is 
available, while option 2 provides, at maximum, 210 m; thus, the radiator 
heigh~ has to be greater in option 2 than in option 1. As a re&ult, the feasibility 
of option 2 is questionable. 
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TABLE 7-14. SUMMARY CHARACTERISTICS OF SOLAR THERMAL CONCEPT 
WITII SPHERICAL REFLECTOR FACETS AND THERMIONIC-

BRA YTON CONVERSION SYSTEM 

• Spherical Surface, Hexagonal Shaped Reflector Facet 

45. 7 m across flats, 1810 m2 

Intercepted slllllight with 92. 36 percent reflector utilization factor, 2.26 MWt at 1353 W/m2 

With reflector efficiency 11 r = 90 percent and absorber efficiency 11 A = 95 percent an average 
f&\.!et produces 1 • 9 3 l\JW t 

Thermionic conversion efficiency is 17 percent} Ef'" ti total ff . 4 5 r:: 4 t . . . J.ec va e iciencJ 1 .. .,, • a percen 
Brayton conversion efficiency is 36. 7 percent 
Thermal input available to thermionics is estimated at 1. 93 MW t - 20 percent ( 1. 93) = 
1. 544 MWt 

Thermal input available to Brayton is estimated at 20 percent ( 1. 93 MW t) + 1. 544 MW t -
17 percent ( 1. 544) = 1. 6675 MW t 

Electrical power output of thermionics is 17 percent ( 1. 544 MW t) = 262. 48 kW e/ facet 

Electrical power output of Brayton is 36. 7 percent (1. 6675 MW) = 611. 97 kW I facet 
t e 

Total electrical power/ facet is • . . . . . . • • • . . . • . . . • • • • • 874. 45 kW 
e 

• For 17. 6 GW at Generator Terminals, 20 127 Facets are ReqL~red; with 37 Facets/ Module, 
e 

544 Modules are Required 
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TABLE 7-14. (Concluded) 

Conversion Cycle Heat hejection Required is 1.93 MWt - 0.87445 MW = 1.0555 MW +Solar 
Input to Radiator e t 

Assuming E: = O. 75, a = 0.10 for Sun side and E: = o. 90 for space side of radiators; 177°C 
effective radiator temperature. (The required radiator area is 950 m:! or 478 m2 of a two 
sided radiator.) 

For 37 facet module, 10 facets must be a combination reflector/ radiator 

• One Thermionic Module/ Brayton Engine on Each Module 

Each engine/ generator output is 22. 64 MW high voltage ac 
e 

Each module thermionic array output is 9. 7 MW low vo1tage de 
e 
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Option 3 offers potential advantages since the radiator can be 
an integral parL f the facet structure. However, there are two major prob­
lems. The fir~t :s the NAK mass between the radiator and the turbomachine. 
The NAK alone can wei¥,'1 more than 136 000 kg, depending on the allowed flow 
losses. This mass is greater than the radiator mass for opt!on l. Secondly, 
the facet surface is not continuous, having NAK line connections between the 
facets. 'I'his study has not revealed any mass advantage for option 3. 

Based on the study to date, option 1 is the best choice. The radia­
tor wiL consist of two panels that are 180 m long and approximately 60 m high. 
A summary of the mass assessment for the three options ls presented in r·· : 
7-35. 

These conclusions are based on an inlet temperature of 245°C, ....... 
outlet temperature of 110°C, and tube-fin type construction. The SPS concept 
configuration does not complement the radiator size, since the radiators have 
to be structured relatively close to the main structure. With the exception of 
C.t>tion 3, the view factor can never be greater tl,an o. 5. Nevertheless, minimum 
combined radiator/support structure mass is represented by a combination of 
options 1 and 2. 

The radiator size is very sensitive to its inlet and outlet tempera­
tures. Some consideration has to be given to the effect of turbomachinery 
efficiency on radiator temperature. The sensitivity of radiator size to the iulet 
temperature is illustrated in Figure 7-36. If the inlet temperature is too low, 
the entire system suffers a severe mass penalty. Since total SPS cost is most 
sensitive to mass, tradeoffs are necessary between turbomachinery performance 
and total system mass. For this study a design point, as inwr.:~ted, was selected. 
Optimization of the radiator mass and area on a cost basis has not been 
complett ;. 

7. 2. 4 POWER DISTRJBUTION AND CONTROL SUBSYSTEM 

Based on a preliminary analysis, an operating voltage of 20 kV de 
was selected for the thermionic-Brayton system. Low voltage de power from 
the tliermionic diodes is converted to 20 kV by a rnotnr-generator set or Wl 

equivalent static converter. The output of the thermal engin..; is converted to 
20 kV de with rotating generators. Th~rmionic-Brayton modules p.rnnucing 
.l2. 25 MW are connected through circuit breakers in groups of 40 to ~c..i rnam 
power lines. Thin wall alwninum tubes are used for all power conduct;()r,,;. 

7-77 



1000 
(92.90) \ 

\ ~T ACRO~., RADIATOR, °F (°Ct 

\ 
\ 

800 \ 
(74.32) 

\ \ 
rt)- \ 

\ 30fl 0 \ 
\ (16fi.6) - 245\ )( \ N (136.1~ 

.§ \ \ 
600 \ \ \ ... (55.74) ' \ Cl 

\ DESIGN POINT - ' )( 

' c-i. ' '\ .. 
' <t.. 

' w ' cc 400 ' <t. 
cc (37 .16) 
0 
I-
<t. 
5 
<t. 
cc 

200 
(18.58) 

275 375 475 575 
1•1s1 1190.51 124&.1) l301.6l 

RADIATOR INLET TEMPERA~URE. °F (~,_., 

Figure 7-36. Radiat.or sizing sensitivity for option 1 location. 

7-i8 



Generator mass required for 14 GW output from the thermal engine 
is a major concern. Even with a specific mass of 0.453 kg/kW, the mass would 
be 6. 3 x 106 kg. However, this specific mass appears to be an achievable goal 
for the SPS. The projection is based on Atomic Energy Commission studies [ 17) 
for liquid metal cooled machines, on work underway by Wright-Patterson Air 
Force Base on machines for laser and radar applications, and on large comm~r­
cial generators. Specific weights below o. 9 kg/kV A were defined through point 
designs in an Atomic Energy Commission funded study, while Wright-Pattenon 
had demonstrated short term operation of O. 045 to o. 113 kg/kV A machines [ 16 J. 
Commercial water-cooled generators are available with specific weights of 
o. ~BS kg/kV A at 1500 MW ratings. 

The efficiency chain for the system postulated for the SPS is shown 
in Figure 7-37. Estimates of com;,>.ment masses are included in the figure. In 
ccmparison to the solar array distribution system, power loss was approximately 
t~e s9~.e but system mass was doubled for the thermi\lnic-Brayton system. 

A 400 kV, 400 Hz transmission system was studied for compari­
~on. Sttp-up transformers were added at the power sources to increase the 
n!tage level to 400 kV for transmission. The slip-ring assembly used for the 
baseline de system was replaced by a rotary transformer/rectifier circuit to 
provitle 20 k~: de for the transn.itter tubes. Power line mass and loss were 
reduced considerably from the 20 kV de system, but the advantagP was lost 
through added requiremen..s for transformers and rectifiers. As a result, the 
systerr. • ..owe1· loss for the two systems was equal but the mess of the 400 kV ac 
system exceeded the mass of the 20 kV de system by 9 x 1o6 kg. 

7. 2. 5 MAINTENANCE AND REPAIR 

Collision damage and component failure will be the sources of 
maintenance requirements for the thermal conversion system just as it is for 
the photovoltaic system. Since the total area is approximately one-fourth t...t.t 
of the photovoltaic system, the collision rates should be proportionally sm~.!ler. 
The consequences of impt.cts on the concentrators are more significant, however, 
in view of the maze of plumbing, valves, radiators, etc. Fluid loss could become 
si~ficant even if individual reserves are provided for each concentrator cell. 

Plumbing component failures will probably be more serious than 
amplitron failures. Automatic installation of plumbing spares will be required 
to maintain operation. Automatic plumbing maintenance will demand innovations 
and a designed maintainability philosophy. Automatic maintenance of the antenna 
systems i8 ab 1escribed in subsection ' ~ .., . 2. 

:n 7-79 



-:J 
I 

a:> 
0 

COMPONENT, kt X 106 2.87 2.81 0.61 2.13 •.12 0.47 
COOLING, kg X 106 0.57 0.31 0 0 0 0.03 
COMPONENT, kg/kVA 0.45 0.45 0.11 0.11 0.28 0.03 
COOLING, kg/kVA 0.09 0.0& 0 0 0 0.002 

,-, 6.76 ;'- 20kv j XMTR THERMIONIC 6.32GW GW '\ .38 GW 18.79 G 18.7GW LINE 
DIODES I M )- - ( G J 17.39GW• 

17.3GW ,_/ ,,.. 
SLIP RING 

EFFICIENCY 0.91 0.94 O.H& 0.996 0.93 0.-

COMPONENT, kt X 106 6.61 1.63 
COOLING, kg X 106 1.30 0 
COMPONENT, kt/kVA 0.46 0.11 TOTAL 

COOLING, kg/kVA 0.09 0 23.88 x 1ol kg 
11.Jn LOSS 

( J 8 
13.41 

THEP.MAL 14.34 GW 13.48 GW ,.....,., GW 
ENGINE 

0 

EFFICIENCY 0.94 0.996 

*ROTATING MACHINERY OR STATIC POWER CONVERTERS 

Figure 7-37. Power distribution efficiency chain, thermionic-Brayton. 



7.2.6 FLIGHT MECHANICS 

7. 2. 6.1 STATION KEEPING 

Station keeping requirements for the SPS thermal conversion con­
cept will basically be the same as those for the photovoltaic concept, described 
in subsection 7. 1. 5. 1. Both concepts will be subject to the same type of dis­
turbances, although the magnitude of the aerodynamic and SG~ar pressure per­
turbations will be different because of different areas and masses. A separate 
analysis has not been conducted for the thermal conversion concept. 

7.2. 7 ATTITUDE CONTROL SUBSYSTEM 

7. 2. 7.1 GROUND RULES/GUIDELINES 

For the thermal conversion system, the grc-und niles and guidelines 
are identical to those given in subsection 7. 1. 6. 1. Here, of course, the ZB body 

axis in the reference attitude is normal to the plane of the concentrator ~rray. 

7.2.7.2 ATTITUDE CONTROL COORDINATES 

The attitude control coordinates are identical to those giv~ in sub­
section 7. 1. 6. 2, with the plane of the solar array replaced by the plane of the 
concentrator array. 

7.2.7.3 OPERATIONAL ATTITUDES 

The reference operational attitude discussion presented m sub­
sect.ion 7. 1. 6. 3 for the photovoltaic conversion system also applies to the 
thermal conversion system. However, the alternate operational attitude with 
XB perpendicular to tlie orbit plane is not acceptable with fixed facets in the 

solar concentrators, and the ZB axis of the thermal conversion system must be 

maintained in alignment with the solar vector !o an accuracy of ::1:1°. 

7.2.7.4 DISTURBANCE TORQUES 

The gravity gradient torques are the predominant external dis­
turbances. Peak values of the gravity gradient torques are: 

TX = 9. 76 x 105 N-m 
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Ty = 3.35 x 1o6 N-m 

Tz = L44 x 106 N-m 

The thermal conversion system contains a large number of rotating 
machines. If all the machines are oriented t.o have the individual momentum 
vect.ors additively aligned, a t.otal momentum of approximately 6.14 x 108 N-m-s 
is present on the SPS. A brief study was made of the effect of this state on an 
uncontrolled SPS in the presence of gravity gradient t.orques. The l.b.ree cases 
studied were for zero momentum, nominal momentum, and a momentum 1000 
times the nominal. The results indicate that the SPS performed identically with 
the zero and nominal momentum values. Therefore, no special machinery 
orientation is required t.o provide cancellation of the individual momentum 
vect.ors. The large momentum case provided a significant increase in the 
stability of two axes because of gyroscopic stiffness. Also, the large momentum 
case indicated the need for a control law that conforms t.o gyroscopic torque 
relations. Figure 7-38 provides plots of the angular rotations versus time for 
each of the cases studied. 

7. 2. 7. 5 PROPELLANT CONSUMPTION 

For thrusters having a force of 6. 85 N each and a specific impulse 
of 714 Ns kg-1, the propellart required to counteract gravity gradient t.orques is 
3. 35 x io:i kg per year. 

7.2. 8 REQUIRED TECHNOLOGY ADVANCEMENTS 

TechnC'logy advancements are required on each major component 
of the solar thermal SPS. 

7. 2. 8.1 CONCENTRAT, lR 

The last solar concentrator technology work was done in the I960's 
for the Sunflower !)rogram [ 20 J and the solar Brayton (Le RC) work. Concentra­
tors were made o1 foam-backed, aluminized, polyester film "Japanese Fan" with 
petals of ALZAK aluminum and rigid glass substrate mirrors. Sizes up to 
approximately 9 rn in diameter were constructed and tested. N0~,e of these 
approached the lightweight requirements of ::>PS. Some work was done by Goodye:ar 
in the same time frame on lightweight inflatable a11tcnnas approximately 9 m in 
diameter. Ground tests, but no flight tests, wPrc performed. The closc>st 
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configuration to a large area, lightweight, reflecting structure having a weight­
to-area ratio comparable to the SPS that has beer.• flown was the ECHO II 41 m 
diameter, gas pres~tlre inflated, rigidized sphere. 

It has been suggested that a better low curvature reflect.or, as 
required for SPS, would be one made up of a composite, laid up on a mold on 
the ground, and impregnated with an ultraviolet curing epoxy. The structure 
would be gas pressure deployed and would be allowed to cure in the ultraviolet 
space environment. 

One proposal is to create the required concentration by overlapping 
the images from thousands of flat facets. Construction of the individual facets 
can be simpler than construction of the double curved reflectors usually used. 
A large number of facets are required for a high concentration ratio. Large 
module sizes are desirable to reduce the total number of facets required t.o 
collect a given quantity of energy. This concept does not scale readily to small 
power module sizes. 

'7. 2. 8. 2 ABSORBER 

The absorber required for the solar thermal version of SPS has 
not been developed beyond small scale (small aperture) test modules. A solar 
absorbing cavity was tested as part of a solar Brayton program in the 1960's [20). 
This program did not progress beyond the component test phase. Present 
efforts to develop large solar absorbing cavities are concentrated on ground 
solar power applications. The operating temperatures of the ground systems 
will be lower than those required for SPS, but the analytical tools developed will 
be applicable to the space system analysis. Small laboratory models of light 
pipes have been built and used to provide uniform illumination in laboratory 
testing (21-23]. However, a light pipe, with the selective surlace properties 
required for SPS, has never been constructed. 

7. 2. 8. 3 THERMIONIC-BRAYTON CONVE. tSION SYSTEM 

The conversion system equipment technology required for this 
system is similar to that required in other spac~ and ground power systems. 
Consequently, a reasonably consistent technology development program already 
exists for the basic components. Thermionic diodes for use with a reactor 
source and Brayton equipment for use with isotope or reactor sources have been 
under development for several decades. Extensions from this base required for 
SPS encompass increasing the operating temperature and efficiency of the Bray­
ton equipment and increasing the efficiency of the thermionic doides. The diodes 
are restricted from using tungsten for the emitters because of a limitation of 
available tungsten, and molybdenum is being substituted for SPS use. 
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7.3 MICROWAVE POWER SYSTEM 

For all SPS concepts under consideration, the microwave system 
is a common element. Current SPS system concepts require microwave 
antennas to be capable of transmitting several gigawatts of power at 2. 45 GHz. 
The microwave system is currently focused on a 5 GW syst.em. 

7. 3.1 REQUIREMENTS AND ANALYSIS 

The microwave power system consists of those elements that are 
necessary to receive power from some source, transfer it across a rotary 
gimbal system, convert it to RF, form a nearly coherent beam, and transmit it 
from synchronous orbit to Earth with Oigh accuracy. The current baseline 
microwave system consists of two major subdivisions, each contributing to the 
overall efficiency of the system. The major components are: ( 1) the 1 km 
transmit array with its power distribution system, de-RF conversion devices, 
phase control subsystems, and radiating waveguide; and ( 2) the 8. 5 x 11 km 
rectenna for receiving the RF energy, efficiently converting it to de, and 
recombining in an appropriate manner for practical power distribution systems. 
The manner in which the efficiencies of individual devices and systems are 
weighted in producing an end-to-end de-to-de efficiency of 58 pn'Cent is indi­
(!ated in Table 7-15. These efficiencies ultimately determine the performance 
of the system. 

TABLE 7-15. MICROWAVE POWER SYSTEM EFFICIENCIES 

Efficiency (% ) 

Antenna Power Distribution 99 

DC-RF Conversion 82 

Phase Control 97 

Waveguides 97.5 

Propagation 98 --
Total 75 

(DC to DC System Effkiency -
56-;:) 
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Figure 7-39. 9 dB, 1 km transmit antenna. 



Studies have shown that a tapered gaussian power distribution of 
transmitted energy is most useful and efficient. A value of 9 dB has been 
selected in this case as the near optimum power taper level. Because of the 
physical lirnitations of discrete components and in order to standardize on some 
fundamental building blocks in constructing the transmit array, this 9 dB power 
taper is accomplished in eight steps from the center to the edge of the antenna. 
This approximates an ideal gaussian distribution (Fig. 7-39). The array is 
built up of 1652 rectangular subarrays which in tum are constructed from the 
1 x 2 m basic waveguide de-RF converter assembly unit. Each subarray 
contains 230 of these basic elements. 

Another important item in the antenna system is the structure. It 
relates directly to the phase control of the microwave beam and to the pointing 
accuracy of the overall system. A very rigid structure will be required to 
support the 1 arc min pointing requirement and the thermal distortion limits of 
the subarrays. The structure requirements are such that performance should 
be given priority over cost. 

The receiving portion of the microwave system is referred to as a 
rectenna because of the use of many small dipole elements. Each dipole element 
receives RF power and, through a highly efficient arrangement of special diodes, 
filters, and distributing bus system, converts the power to useful de energy with 
high efficiency. The baseline system characteristics are contained in Table 
7-16. A further analysis of each element of the microwave power system is 
included in the following discussion. 

7.3.2 TRANSMITTING ANTENNA STRUCTURE 

The selected structural configuration for the microwave trans­
mitting antenna is built from a single truss column structural element which, 
in turn, is assembled with other elements to form equilateral pyramids. These 
then are joined with other like pyramids to form a TRI/HEX structural module. 
The assembly sequence is portrayed in Figure 7-40, which also includes 
assembled waveguide/ -~nplitron subarrays. Each of thE- waveguide/amplitron 
subarrays are mounted on the main structure by adjustable (possibly screw­
jack type) mounts that permit in-plane alignment of all subarrays. Structural 
load determination, element sizing, and material selection are still in progress 
with aluminum and graphite epoxy the two mo3t promising materials. 

The desired characteristics and requirements of the structural 
system are: 
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TABLE 7-16. CHARACTERISTICS OF 9 dB MICROWAVE SYSTEM 

Antenna Transmit Aperture 

Subarray Size 

Basic Element Size 

Number of Subllrrays 

DC Input Power t.o Antenna 

Power Tube 

Array Aperture Illuminations 

Phase Control 

Mechanical Pointing 

Electronic Beain Steering 

Rectenna Dimensions 
at 35° Latitude 

Peak Power Density 

Density at Edge of Rectenna 

Beam Interception 

Power Output of Rectenna 

Total Antenna Weight 

1 Ian diameter ( o. 785 ian2) 

20 x 23 m 

lX 2 m 

1652 

8.5GW 

Amplitron 

Eight step, truncated 
gaussian amplitude distribu­
tion with a 9 dB edge tape 

Adaptive and Command 
system 

±1 arc min 

±3 arcs 

8.5 x 11 km 

23 mW/cm2 

2 mW/crn2 

90 percent 

5 GW 

58 percent 

7. 24 x 106 kg l Total Microwave System Efficiency 

---··-----------' 
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Figure 7-40. Structural module and assembly buildup from common structural element. 



• High Structural stiffness 

- Beam Pointing Accuracy of 1 min of arc 

- Slew Rates 

- High Mass Area Density of Waveguide/ Amplitron 

• Low Thermal Distortion/Thermal Stress 

- Beam Pointing Accuracy 

- Relatively Severe Therrn::i.l Environment 

- Moderately High Structural Temperatures 

- Thermal Gradients Across Structure 

• Load Paths f0r Waveguide/ Amplitron Subarray Panel Support 
and Co::tour Control 

• Zero .Joint Stiction 

- Linear Response to Changing StroM-i_!!"'...l Load Conditions 

• Structural Dampening 

- Rapid Recovery from Dynamic Disturbances 

Near zero joint stiction can be approximated by excluding bearing-type joints in 
the structure design. Improved methods to increase structural dampening are 
design goals, but inherent rnateri&l dampening may prove to be satisfactory 
when weighed against other possible alternatives. 

7.3.3 ANTENNA THERMAL CONTROL 

7. 3. 3. 1 STRUCTURE ':. .!ERMAL ENVIRONMENT 

Figure 7-41 shows the configuration and arrangement on the 
anter.na structure of the amplitron with its passive fin radiators. Since the 
waveguides arc insulated from the amplitron radiators by reflective radiation 
::;hielcl<>, the bulk of the amplitron waste he?t is directed toward the ante>nna 
primary strJcturc. lHstribution of radiated microwa\'C' cncrg;-, and correspond­
ing waste heat, is taperer! according to a gaussian function fror, the ce>ntcr to 
the edge of the antenna. 
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The maximun1 waste heat flux from the amplitrt:in au ... arra~s .LS 

established by the maximum operating temperatu::-e of the amplitron and the size 
of the fin radiator required to dissipate the waste heat. For ~ arnplitron rated 
at 5 kW of radiated microwave energy and 85 pt!rcent efficiency, o. 882 kW of 
waste heat mu.Jt be dissipated, which requires a 48 cm diameter fin radia' r. 
At minimum spacing between radiators, the maximum package density of t'".e 
amplitrons is 4. ~ :;.er m2• Thermal analysis studies in'..iicatc that 87. 5 percent 
of the waste heat is directed toward the primary structure. An assumed 
additional 200 W of amplifier waste heat produces a total waste h~at flux of 
3. 5 kW /m2• This value determines the maximum anticipated structural element 
temperatures. 

7. 3. 3. 2 STRUCTURAL TEMl ERATURES 

Structural temperatures of the microwave antenna are show•, , 
function of radiated waste heat for flat structural eler.1ents both parallel an.._ 
perpendicular to the antenna plane. Fc,r parallel structi1ral elements, one .,_ 
absorbs heat from the antenna while the other ~ide radiates he4t to opace, so 
that its temperature can be lowe:ed by lowering the emissivity value of the 
absorbing side. For a perpendicular member, howeve,r, the sides of the 
elements are both absorbi'.lg and radiatL1g, so that its ternp~rature is independent 
of emissivity and is given by the curve E: = 1 (Fig. 7-42). AJthough se-wra1 
factors not considered here can increase structural temperatures (solar heating, 
structural shapes cl!rved for efficiency, and d~graded emissiv~LY Yal~es). maxi­
mum structural tempera.~ures f re not expe~~o;;d to preclude ti • u:: uf aluminu:.n 
or graphite epoxy at the n:aximum was~.: heat flux of 3. 5 !:'~· / m2• 

7. 3. 3. 3 STR _"CTURAL TEMPERATURE GRADL~NTS 

The in-plane structural temperature 6radiP'1t& from the center tc 
the edge of the antenna are e>.1:rcme and can be af:socjatcd directly with the 
waste heat profile. TranFver.:;e structural ten1perature f,radjents are minimal 
over mur.h of the antenna. Avcrii.ge flux to a point on thr: structure does not 
change very much with distance, as ~au be seeP. by the view anglP depicted in 
Figure 7-43. Near the edge of the antenna, transverse gradients become more 
pronounced because of the increased viev• of sp·1ce with increased distance from 
the antenna. 

7. 3. 3. ·-l STRl1CTURAL COOL-DOWN RATE l!\ THE EPHTH'S .:iHADO\\ 

The cool-d0wn rate for a o. OG cm ::iluminurn plate parallel tu and 
near the center of the antenr.a is approximately rl°C min (Fig. 7-·l·!). Th<: 
combined structural/thermal design impact to the antenna will n-quire much 
more detailed study, 
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Figure 7-44. Cool-down rate in Earth's shadow. 

7. 3. ~ l\llC~.OWAVE GENERATION S~YSTEM 

7. 3. 4. 1 INTRODUCTION 

The amplitron or crossed-field amplifier was selected as the can­
didate RF generator for this study. It is to be emphasized that a final selection 
cannot be made at this time because of necessary technological advancements in 
all RF geneiators tinder consideration. There are no known RF generators 
available today that have the required characteristics to ma.he the SPS econom­
ically or technically feasible; however, the required advanc~ments are within the 
forecast technology with little risk or need for technological breakthroughs. 

Primary factors to be considered in the selection of the generators 
are reliability, efficiency, lifetime, size, mass, and radio frequency charac­
teristic5. The selection was narrowed to vacuwn tube devices, since solid state 
devicPs, at !Jresent, produce lower power and have low efficien1_,'.y compared to 
vacuur.;1 devices. The most promising vacuum devices are the klystror. and the 
amplitron, which have the best potential of being developed to the e:>.tent 
necessary for the SPS. 
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7. 3. 4. 2 THE KLYSTRON 

A diagnmunatic representation of the klystron amplifier is shown 
in Figure 7-45(a~. ...n electron beam is emitted and formed by a heated cathode 
and electron gun 1 -.c electron beam is then accelerated by a positive potential 
on the RF cavities. The beam is also velocity modulated by the RF input. The 
resultant action between the velocity modulation and the tube geomet!'Y causes 
the electrons to "bunch" or become density modulated. Power is then extracted 
from the beam by conventional means such as employing a loop or iris coupling. 
The electrons, after power extraction. are collected by the collector ancde. 
The primary advantage of the klystron over the amplitron or other tubes in 
producing high power lit:s in its geometry. The beam formation, RF interaction, 
and beam collection are separate and independent regions; thus, each region may 
be designed to perform its own function independent of the others. Since the 
collector electrode is the primary heat dissipator, its shape and size can be 
designed for the power under co:csideration without regard to the other functional 
regions of the tube. A 50 kW tube has been proposed as an RF generator for 
the SPS. The gain of the klystron is dependent on the number of cavities and, 
therefure, its length. Gains in excess of 80 dB are possible. 

7. 3. 4. 3 THE Al\IPLITRON 

The amplitron is a crossed-field device in which the electron beam 
is perpendicular to tl1e magnetic and electric fields. The basic structure of 
the amplitron is shown in Figure 7-45(b). The electrons are emitted by a cold 
cathode upon RF signal injection. Amplificatio!l is similar to that of the travel­
ing wave tube and is a result of the interaction between a traveling electro­
magnetic wave and a rotating space-charge wave. The space-charge waves are 
formed by the interaction between the electron beam and the crossed electric 
and magnetic fields. The amplitron is a relatively low gain device with typical 
gains of 7 to 10 dB. The low gain is not a handicap, since the RF input power 
is not lost but appears as a part of the output. Also. the amplitron acts as a 
low insertion transmission line when not energized. These characteristics are 
employed by cascadint; the amplitrons in the transmitting array. Should a tube 
fail, the RF power will fe"!d through the nonoperating tube without a serious 
effect on the SPS. 

7. 3. 4. 4 Al\IPLITRON /KLYSTRON COl\IPARISON 

The amplitron was selected for study purp<_,ses primarily because 
cf its greater P.fficiency and potentially greater lifetime. Smee both tubes will be 
operating as dissipation-li.mitcd device.~, the useful output power is proportional 
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a. Diagrammatic representation of the principal. parts of a three-cavity klystron. 
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b. Principle of operation of the amplitron; rotating spokes of space 
charge induce currents int.o the microwave circuit and provide 

efficient amplification of the microwave input signal. 

Figure 7-45. Klystron and amplitron vacuum devices. 



to 11/l-1}, where fJ is the device efficiency. The amplitron is predicted to be 
approximately 4 percent more efficient than the klystron. When comparing an 
81 percent efficient klystron versus an 85 percent efficient amplitron, the above 
proportional factor causes the klystron to have approximately 25 percent more 
power to radiate or reject than the amplitron, assuming that all factors are equal 
except the 4 percent disparity in efficiency. Figu1-e 7-46( a) is a plot of the 
proportional factor 11/l~ for efficiencies ranging from 80 to 90 percent. As can 
be seen, a device which is 85 pereent efficient can produce an output power S. 67 
times its dissipation, whereas a device which is 81 percent efficient can only 
produce 4. 26 times its dissipation. Figure 7-46( b) is a plot of the klystron output 
relative t.o an 85 percent efficient amplitron versus the klystron differential 
efficiency. In reality the difference would be smaller, since the klystron's 
geometry allows active cooling and its magnetics may run approximately 50°C 
hotter than the amplitron, which makes its heat radiator more efficient. A 
klystron system would generate more heat for a given power output and place 
more demand on the heat rejection subsyBtem. 

The a.mplitro11: has a potentially long life, since a pure metal 
secondary emitting cathode will be usad for which there is no lmown life limita­
tion. In addition, since the cathode 1s not heated, the overall construction of 
the system is simplified. The kly~tron, on the other hand, has a heated cathode 
and an active (heat pipe) cooling i:.ubsystem, which add complications and 
limited life components. The kly3tron amplifier has better radio frequency 
interference (RFI) characteristics than the amplitron. RFI characteristics are 
important since interference may result t.o conununication channels and other 
related users of the radio frequency spectrum because of the very high power 
levels of the SPS microwave beam and its spurious noise and harmonics. The 
klystron is a linear device and has spurious noise of 90 dB relative t.o the funda­
mental, whereas the arnplitron is a saturated amplifier with spurious noise of 
40 dB relative t.o the fundamental, making the klystron more suitable at th.is 
time relative to RFI. 

7. 3. 5 SUBARRA Y SUBSYSTEM 

The 1 km transmitting antenna consists of 1652 20 x 23 m subarrays 
(Fig. 7-47), each individually adjustable by mechanical screw-jacks. The sub­
array consists of 230 basic elements ( 1 x 2 rn). These elements are the lowest 
replaceable units (LRU) in the transmit array. The LRU was sized based on 
two primary considerations. First, the 2 m2 area allows one to eight arnplitrons 
to be mounted on any LRU, which provides an eight-step powej.· taper. Second, 
the LRU should be small enough to be hanclled by a man inside a repair module. 
The LRU is small ent,ugh w be removed or replaced from the rear of the 
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antenna, so the machine doing the removal does not have to cross the face of the 
antenna while it is radiating. This design does not preclude removal of an 
entire subarray, but this would have to be accomplished on the fl\.nt or radiating 
portion of the antenna with the disconnection occurring from the rear. 

The size of the subarray resulted from three primary considera­
tions. First, the subarray should be large enough to minimize the loss resulting 
from gaps between the subarrays. Second, a dimension was chosen that was 
workable with the LRU. Third, since it is necessary t.o maintain the flatness of 
the subarray, a dimension was chosen that coincides with the 60° structure load 
path and matches the hard points of the structure. Figure 7-47 is the basic 
subarray design with an example of an eight-arnplitron LRU. This subarray 
would actually be completely covered with 1840 amplitrons. The basic subarray 
size and LRU size would be identical throughout the 1 km antenna. Since there 
are eight steps or eight power quantizations from the center of the antenna to 
the edge, there are eight different feed systems for the LRU' s. The subarrays 
have slotted waveguide radiating apertures with dimensions corresponding to the 
transmission frequency of 2. 45 GHz. The current design uses amplitrons in a 
cascade arrangement, where one arnplitron provides the drive for the next 
amplitron in the chain. A maximum of eight and a minimum of one are cas­
caded. Each I.RU has a driver amplifier and a phase controller that allows 
phase control at the I.RU level. Also, each amplitron has an adjustment for 
phase control. The waveguide metal thiclmess was chosen as 0. 5 mm to 
minimize the weight of the antenna. l\lanufacturing tolerances for the slot 
dimensions will be on the order of 0. 025 to 0. 0 50 mm. 

Although the subarray has been sized at 20 x 23 m, this ~.co1gn is 
one of many that can satisfy the requirements •Jf the microwave system. 

7. 3. 6 PHASE CONTROL 

One of the most critical technology items necessary for the micro­
wave power system is the phase control subsystem. Although mechanicol means 
of pointing the 1 krn planar phased array antenna may be achievable to \\ithin 
approximately +1 arc min, overall efficiency and safety for an acceptable system 
will demand greater beam pointing accuracy. Beam pcinting and focusing 
accuracies in the single digit arc second range require electronic means of 
phase control. Phase relationships between elements of the planar array deter­
mine the transmitted beam pattern, directivity, and degree of side lob~ 
suppression. These factors have a significant effect on overall system 
efficiency. Since there are many v2riable parameters that potentially change 
the phase relations and, thus, the transmitted beam pattern, a positive adaptive 
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form of phase control is needed to compensate for ionospheric and atmospheric 
changes, thermal deformation of structures, and phase variation in transmission 
lines and electronic system components. Figures 7-48 and 7-49 illustrate the 
two basic methods for array phase control. One or both of these methods, with 
refinements, will accomplish the very critical control of be&Dl pointing and 
focus. 

TRANSMITTING ARRAY 

COMMAND RECEIVER 
& DISTRIBUTION 

COMMAND - PHASE FRONT CONTROL 

COMMAND LINK 

PROC­
ESSOR 

Figure 7-48. Microwave power transmission system phase 
front control concepts. 

The simplest system of the t-NO, the Command system (Fig. 
7-48), utilizes a network of sensors on the gro\Old receiving antenna to compare 
the received pattern to a computerized model. Changes in received pattern are 
interpreted by the ground computer as representing errors in the transmitted 
phase and are relayed via telemetric links to the solar power control station as 
a remedial command. This system obviously requires a sophisticated interpre­
tive program relating ground antenna variations to the nature and location of 
changes required on the transmit antenna. The exact number and type of 
sensors required for such a syst.em remain undefined, but they will proL 1bly be 
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TRANSMITTING ARRAY 
SUBARRAV (REPRESENTATIVE) 

PILOT BEAM 

REFERENCE SUBSYSTEM 

RECEIVING ANTENNA CRECTENNA)~ 
Figure 7-49. Microwave power transmission system 

p1 !ase front control conceµts. 

sensitive power density indicators with rapid response charectelistics. If one 
such sP:sor were required for each 100 m2 of rectenna area, the total number 
required for the proposed system would approach one mi11ion. 

The Command system offers a valid system for safety monitoring 
and control, but does not appear to possess a capability of resolution to the 
degree necessary for high order phase corrections. 

The Adaptive phase front control system (Fig. 7-49) requires 
a calibrated phase Nferenc9 distribution system at the transmitter array, llnking 
subarray elements to ~.he central reference signal. It also requires at least 
1652 receiver units (on~ for each subarray) to accept the ground developed pilot 
beam, compare it to the :eference signal, and make appropriate phase adjust· 
rnents. The heart of this system is the reference signal and its distribution, 
and this is the phase that requires the most develo,>ment. A number of ways to 
carry out phase reference distribution have been discussed including cali-
brated coaxial line, space-fed laser techniques, and combinations of these. It 

7-102 



appears, currently, that some form of calibrated hard-line transfer will be. 
required in conjunction with a form of the subarray-to-subarray transfer 
scheme proposed by JPL. Space-fed and other concepts require continuing 
study and analysis to determine the best design candidate. 

Both Adaptive and Command systems req'Jire complex eom­
puterized systems for control algorithms. Control capability will improve as 
historical data are compiled. The Command system appears to be the most 
direct system for safety control of the microwave beam, because it directly 
senses microwave intensity and intensity changes on the rectenna itself. Multi­
ple sensor networks on both the transmitter array and rectenna \\ill monitor 
distributed thermal and strain characteristics. These sensor outputs will also 
be fed into the computerized phase control subsystem. 

7. 3. 7 CO!\Il\IUNICATIONS, CONTROL, AND DATA MANAGEl\IENT 

Although detailed design data are not available on this system, it 
is meaningful to discuss some observations that have evolved. Based on the 
current photovoltaic baseline, there will probably be at least three separ:ite 
data management systems, one for each solar wing and one for the antenna. 
These three systems will be interfaced to a control complex that will be 1ocated 
in the manned mochlle. The r\esign of each of these systems will be affected t.y 
the same requirements affecting the SPS, i.e., thermal environment (especially 
on the antenna) , long data transmission distances across the SPS, space charg­
ing, and high current voltage considerations. However, with the possible 
exception of the unique effects of space charging, present technology should be 
adequate for all foreseeable needs. Another important design criterion will be 
the reduction of the potentially very large data rates (up to 150 megabits). 
Considering the total nw11bcr of acth'c components that will contribute informa­
tion to the data management system, the importance of schemes to reduce this 
rate becomes evident. l\Ia.ximum use of rnic~·oprocessors at the data source 
and a large number of data distributors will be required in addition to the three 
separate data centers and the ccntnl control _ystcm. Figure 7-50 rcr 1·cscnts a 
preliminary block diagram of the microwave power transmission system. Only 
one computer processor unit is shown, although there would probably be several 
linked to a master system. Each of the boxes shown is considered to contribute 
significantly to the data system. In comparison t0 any kno\\11 data management 
system to date, this system would be rather costly, complex, and massive. 
However, when compared to the overall SPS, Lhc commW1ications and data 
management subsystem will probably represent approximately 1 percent of the 
total cost and less than 1 pc!·cent of the total "eight. 
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7.3.8 

7. 3. 8.1 

MICROWAVE POINTING AND CONTROL 

GROUND RuLES/GUIDELINES 

The ground nil ~s and guidelines given for the photovoltaic conver­
sion system apply to the microwave power system pointing and control subsys­
tem. One possible exception could be the use of control moment gyros (CMG) 
as stabilizing and control actuators for the antenna structure. For this exception 
to be feasible, however, an improvement in the present momentum to weight 
ratio CMG technology must be realized. 

7. 3. 8. 2 POINTING AND CONTROL CONCEPT 

Pointing the transmitting antenna array to the ground rectenna with 
the desired accuracy requires the following approach: 

• Orientation of the SPS main body to the reference attitude will be 
to an accuracy of ±1° in three axes. 

• Acquisition of the ground rectenna by the microwe.ve beam, and 
maintenance of this pointing direction, to an accuracy oft 1 arc min in two axes 
with an error of less than 8° about the line of sight will be accomplished by a 
gimbaled antF nna pointing control system. 

• Fine pointing of the microwave beam trJ an accuracy of ±3 arc s 
will be accomplished by the antenna phase control subsystem. 

Initial acquisition of the ground rectepna will be accompiished by 
processing orbital parameters, tl.e known attitude of the SPS with respect to 
Sun and r 1th coordinr.tes, and the rectenna location with respect to the SPS. 
After coarse pointing of the antenna, a scru· sequence may be required for final 
acquisition. If a scan sequence is required, attitude errors will be obtained by 
processi11g a portion of the pointing information obtained by the pha ..... control 
subsystem. 

For a given orbit and SPS attitude, the predominant antenna 
motions required to maintain pointing are well defined. For example, a rotation 
of 360° per day about the XB axis is required as the Earth and SPS rotate 

synchronously and the ZB a.."Xis is oriented in a sunwardly direction. The antenna 

tilt motion and roll about the line of sight are also well defined once the SPS 
reference attitur'~ has been acquired. Therefore, these predominar.t motions 
can br.: prenrogrammed to take place in a well defined time sequence. 
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The effects ,,.f extenal and internal disturbances will be sensed by 
~d phase control subsystem. These senac::l pointing errors will then be ust.d to 
modify the preprogrammed antennP motions to maintain pointing acquisitior to 
the desired accuracy. 

7. 3. s. 3 OPERATIONAL ATTITUDE IMPACTS 

The two operational attitude a!te:-•. ates were discuased in subsection 
7 .1. F. 3 for the photovoltaic conversion system. Table 7 ... 10 summarizes the 
predominant antenna motions that result from each of the two attitude~. The 
basic 360° per day rotation is required for either attitude. I-!owever, the z-solar 
orientation requires large angular vertical and roll motJon. ~.;nee the large 
motions for the Z-solar attitude must be controlled to the spee;ified pointing 
accuracy requirements, the pointing task for this attitude is critical. The X-POP 
orientation greatly simplifies the pointing task, since the requirements are for a 
360° per day t·.Jtation with the antenna tilted at &e fixed angle required to point 
to the ground rectenna.. Therefore, even though additional solar panel mass is 
required for tlie X-POP .rr.Jde, the simplified antenna motions appear to make 
the X-POP mode the desirable attitude orientation. 

7. 3. s. 4 Gil\IBAL CONFIC-URATIONS 

The antenna gimbal system ( rc.!ary joint) rr.ust provide the following 
functions: 

• Rotate the antenna 360° per day with reEipect to body coordinates. 

• Tilt the antenna as a function of the geo&raphical location of the 
ground rectenna. 

• Maintain the desired ont:nta~ion of the antenna wlth respect to 
the rectenna about the microwave beam line of sight. 

• Correct for any perturbations of the microwave beam pointing 
direction. 

• Minimum loss powur transfer. 

The mechanical assembly requires the eq?1~valent of two or three 
gimbals depending on the geometry of the mountin~ structure and the ~IlS 
attitude orientP.tion. :if the active area of the solar conversion :::ystem is main­
tained normal to •he solar vector, structural offsets of 23. :J 0 can be supplied 
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for the anterma mount to permit antenna rotation of 360° IJ€'r day about a plane 
peipendicular to tr.e orbit. These structural offsets eliminate th~ netd for large 
tilt and roll n•otions of the antenna. 

There are many options possible for the ~imbal <..--onfigur:-ition. ..\n 
e:\.-tensh·e trade study and design effort is required to optimize th~ system from 
'..he standpoints of transportation, assen.bly, complexity, and IX'inting perform­
a.,c-.-. 

7. 3. 9 POWER DISTRIBl'"TIC··, .\~:D CO~TROL Sl'BSYSTL\I 

Ele.!trical power is suppliec b_\. 2-1 main buses. Circuit breakers 
arc located at the power sources for r "Otection of the po\\ er subsystems, and 
additional circuit 1- e:akers are located on the anterma section to prO\ide pro­
tection and bus control for :he amplitrons. PO\\ c·r is distributed on the ant 'Ula 
system b~· thin-walled aiuminwn conductors. Power conditiont.'rs a re located 
at the power source, and load \"oltagc is sensed re111otcly. 

7. 3. IO ROTARY JOI:XT Sll3SYSTL\IS 

Present concepts for SPS require the power transmittin~ antenna 
to rotate about one or more axes \\ith respect to the main stn1cture. notation 
is necessary to allow the solar collectors to be Sun oriented while the trans­
mitting afltenna remains pointed to a fixed ~round rectelUla. (See .subsection 
i. I. G. 3 for a discussion of the required antenna operational attitudes.) Rotary 
joints must provide stroctural stabi!ity and mechanisms to pro,·ide the proper 
antenna orientation as well as a means to transfer power. 

Preliminary analysis has indicated that the use of slip ri~s and 
brushes for transferring power acros~ a 360' continuously rotatin~ joint will be 
more efficient and h.1\·e less mass than other concepts. Flexible cables arc 
prime candidat-: s for usf> across joints that ha n• lim itcd freedom. 

The highest rate of rotation neccss<.ry is 3l•0° pcy- day. With a 
design lifetime of 30 years, brush wear should not be a problem if slip ring 
OLH,1eters arc held in the order of tens of meters. Sc,·cral existing combina­
tiuni:, of brush and slip ring materials ha ,.e shO\m low cnou~h wear rates tr he 
considered for this application. l"l1lcss acth·e coolin~ is incoqlOrated, inchca­
tions are that tnc brush areas that limit brush current densities to reasonable 
le\·els will not be the detcn11i11ing factor in sizin~ the rotary joint, rather 
structural and thermal considerations will detennine the joint dimensions. 
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The number of individual power circuits 1-equired across the 
rotating joint also infiuences the design. For simplidty llf design, it would be 
!:>enc:ficial to minimize the number of circuit"3 across th~ joint; however, this 
compli~ates the powe:- distribution network and switch gear nl.'Cessary to handle 
e:~tremcly large blocks c.,f p..1we1·. 

'j. 3. 11 REQPJRED TECHNOLOGY AP.\'ANCEMENTS 

The SPS could bE: protiuccd with today's techr-logy but would be 
1;;-rr,ssly ineffident and prohibitively expensh~. Many ad\·ancements in technolc,gy 
are required to produce an SPS with the projected efficiencie~ and acceptable 
economics. The following paragraphs will summarize' the more imporl'Vlt 
advancements nec.<led on the microwave power system. 

The transmitting antenna structur~ will require advancement in 
space m2.Dufacturing of lai-ge beams, thermal coatings that maintain th~ir 
stability over 30 years, assembly and scrvke techniq11es for the OVE'ra.ll struc­
ture, and improved ground analytical techniques and methods for simulating 
static and dynamic pMperties of large structures in spr:tce. 

Although the act1.1al power tube has not been selectec!, both prim~ 
candidates require some technology advau<;ements. The amplih'on projected in 
this study ar.d in the Raytheon report roes not exist; thert"fore, the development 
of a low noise and highly efficient tu:'E- is a n~essity. Tl,e oper.. ::athode con­
struction and high power will require safeguards ag~inst arcing. Materials 
will have to be developed that withstand the heat generated and to maintain the 
retentivity of the magnet. The klystron, altho~h more widely used, would 
require technclogy advancement to operate at the projected level of efficiency • 
. <\dvancements are required in active cooling, safeguardb1g a~l'linst arcing 
because of open cathodes and high rut.Tent, ana cathode rnac..erial for hot cathod~s 
that will last 30 years. 

The subarray subsystem will require technology advancement for 
space manufacturing of waveguides that meet th£' tolerances and low loss require­
ments of the system. New materials \\ill have to be developed that 3re !nset1si­
ti veto thern1al distortiori and yet easily conduct mkrowa\·cs. 

Current phase shifting dtvice::. operate in discr~te steps of scwr'll 
degree!:>. :--:cw dc'llices will be 11ce'led that :?re continuousl,v \·::iriablC' with resolu­
tions ir· the oroer of fractions of degrees. Completely nev. rncthvL!~ of phase 
control need to be developed. 
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Current technology is ade<1uate for the p-;inUng control sub.qystem. 
lkwewr, the lal"l!e size of tht- systems required will necessitate new as~emb:y 
techniql1cs. If control moment gyros are necessary, they wouJd require tech­
nology ad\'ancement t.o increase the momentun1~to-mass l'3tio. 

The rotary joint subsystem rec1wres new assembly techniques and 
development of materials that degrade very little O\"eT 30 years. 
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8. 0 GROUND RECEIVING AND DJSTBIBUTJON SIT~ · 

8. 1 REQUIREMENTS AND ANALYSES 

Only preliminary analyses have been made to define the require­
ments and concepts for an SPS ground system required to interface the SPS with 
the existing utility systems. Subsequent integrated system studies that include 
the imol vement of the utility industry are planned to establish specific realistic 
design and operational criteria. 

The primar1 functional requirements of an SPS ground system are 
summarized as follows: 

• Receive microwave energy from the SPS and convert it to 
electrical energy. 

• Condition power with the proper characteristics. 

• Measure and control the power routing. 

• Deliver electrical power to existing utility system( s). 

• Provide a reliable means of monitoring and controlling the 
microwave beam and SPS subsystems, as well as ground subsystems. 

• Provide the necessary i)rotection and fault isolation capabilities 
for the system. 

• Provide communications and data management capabilities to 
enable monitoring, assisting, or directing operational activities and to ensure 
crew safety. 

The major obje~tives of the SPS ground system design will be: 

• To provide low maintenance subsystems and equipment capable 
of handling up to 10 GW of power. 

• To assure that the overall SPS system will be safe and provide 
dependable service for at least 30 years. 

• To minimize the size of operational crews and costs. 

• To economically optimize system performance. 
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A concept of an SPS ground system that accommodates the fore­
going requirements is shown in Figure 8-1. Requirements for energy storage 
have not been confirmed (dashed lines) and were not included in the SPS studies. 
The SPS concepts studied were based on an output power requirement between 
5 and 10 GW from the rectenna/power grid and the efticiency chain given in 
Figure 7-1. As indicated by the last dashed block of the chain, an additional 
loss of 8 percent would be incurred if subsequent ground systems were included. 

Conclusions can be summarized as follows: 

I. A separate, essentially self-sufficient SPS ground system "Aill 

be reo"ired for each SPS deployed. 

2. A major part of this system will be centralized at the SPS 
receiving site. 

The conclusions were based on the observations that: 

• Studies indicate a separate rectenna will be required for each 
SPS microwave/antenna system. 

• Most of the monitoring, control, and operational requirements 
are inherenUy related to a given SPS and its corresponding rectenna and ground 
subsystems. These must be closely coordinated and dedicated to the given 
system. 

• The location, size, and capacity of the SPS receiving site will be 
primarily determined by microwave/rectenna requirements. Thus, the control 
center and other ground subsystems should be located at the SPS receiving site 
to enhance simplicity, performance, and oper:itional convenience of the system 
and reliability of the controls. The system, however, must provide and be 
responsive t.o external interfaces as depicted in Figure 8-1. 

Considering the rectenna described later and other requirements, 
it appears that a receiving site would occupy an area of approximately 120 km2• 

8.2 RECEIVING ANTENNA SYSTEM 

8. 2. 1 SUPPORT STRUCTURE 

No explicit analysis has been made for the rectenna supporting 
structure; however, some preliminary observations are apparent as follows: 
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1. The large size of the rectenna, 8. 5 x 11 km, will require a 
significant quantity of supporting structures to develop ~propriate look angles 
and shapes. 

2. Alignment and accuracy requirements are not exp~cted to be 
critical. 

3. Conventional construction materials are expected to be adequate. 

4. Construction allowing accessibility for conventional long term 
maintenance and repair will be required. 

5. No unusual thermal environments are expected to exist in and 
a round the antenna. 

8. 2. 2 RF-DC CONVERSION 

This subsystem, commonly called the rectenna, collects the RF 
energy and converts it to de. The power grid accumulates the power at a 
relatively low de voltage and distributes it to thP- de switch yard which centralizes 
and controls the flow of power to other subsystems, as P.xplained in subsection 
8. 3. This discussion will be limited to the collection and conversion of the RF 
energy and the charactt.ristics of the safety zone. There are numerous variables 
that determine the overall size of the recten!lf including RF frequency, size of 
the transmit array, power taper on the transmi"L 1r> ay, geographic location, 
fraction of the total beam interception, pointing .i.ccuracy of the antenna, and 
random phase error. These variables can be analyzed and evaluated for a given 
SPS design. Figure 8-2 represents the current status of these variables. The 
elliptical rectenna is 8. 5 x 11 km and consists of approximately 13. 6 billion 
conversion elements. A single element consists of a half-wave ilipole, an 
integral low pass filter, a diode rectifier, and an RF bypass capacitor. The 
dipoles are de insulated from the ground plane and appear r.is RF absorbers in 
parallel to the incoming RF wave. Their de outputs are in a parallel and series 
combination to result in the desired output voltage and current levels. 

The RF ground distribution pattern (Fig. 8-3) p=oduced by the 
current baseline antenna system allows determination of the size of the ground 
receiving site once the acceptable power density level is established. A lack of 
standards prevents the establishment of exact parameters on minimum RF 
density; however, the effect can be analyzed by arbitrarily selecting various 
minimum RF densities. For an RF density of O. 01 mW/cm2, the safety zone 
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would be an ellipse with a minor axis diameter of 34 km, and for o. 1 mW I cm2, 

it would be 16. 2 km. The chiference in the area for the two examples is approxi­
mately 900 km2• Another important aspect of the rectenna is the conversion 
efficiency of the dipole element, which tends to fall off rapidly at low power 
densities. The baseline was constructed to keep the density at the edge of the 
rectenna at 2 mW /cm2• 

A design feature that has concerned designers of the rectenna is 
the waste heat of approximately 585 MW generated by a 90 percent efficiency of 
conversion. While this is a large amount of waste heat, it does not represent 
a problem to the rectenna. The 585 MW constitute an average of 40 mW per 
diode for each of the 13. 6 billion diodes in the rectenna. This level of heat is 
well within the design limits of the diode. 

Future analyses will attempt to derive techniques for terrestial 
application of waste heat in the proximity of the rectenna. 

8. 2. 3 COMMUNICATIONS, CONTROL, AND DATA MANAGEMENT 
SUBSYSTEMS 

The emphasis in this study has not been on the communications, 
control, and data management subsystems; therefore, detailed design require­
ments are not available. However, considering the functional requirements of 
subsection 8.1 and the central role of the SPS receiving site in the supei-vision 
of the system and operational activities, it becomes apparent that several 
communications and data management systems will be required. Typical 
communication links associated with space and ground interlaces have been 
indicated in Figure 8-1. 

The greatest most complex requirements will be those for moni­
toring and control of the microwave beam and the numerous elements of the SPS 
subsystems. These must be closely coordinated and functionally integrated with 
the control and data management subsystems servicing th~ rectenna and other 
subsystems of the receiving site. 

The command and adaptive phase control systems will be part of 
the central system with many sensors located in the safety zone. The size of 
the receiving site may dictate many intermediate data collection points, with RF 
relay to the central control system. If this is true, RF interference could 
become a problem. However, present technology should be adequate to solve 
such problems associated with the data management subsystem. 
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Communications and control interfaces are required to coordinate 
operations and to be responsive t.o utility interface demands. Considering the 
magnitude of the system and component numbers, it is anticipated that a highly 
automated data management subsysf E "ll will be needed for the utility interfaces. 
Similar requirements may be expected between SPS receiving sites when the 
system is expanded. Typically, such communications are via dedicated land 
lines; however, in later cases RF links may be necessary. 

8. 3 POWER CONDITIONING, DISTRIBUTION, AND UTll.ITY 
JNTERFACES 

The capacity of an SPS receiving site, rated for 5 to 10 GW, would 
be approximately two to three times that of the larger generating plants currently 
being constructed. This should be an appropriate size for the era beyond 1990. 
In some regions a site may be able to supply more than one utility system, while 
in areas with large load concentration, several sites that are linked together by 
a large transmission network may be needed. Such links would have require­
ments similar to the utility interfaces and would not affect the concepts previously 
described {Fig. 8-1) • 

Practically all the power transmitted and distributed in the United 
States today is 60 Hz ac. Although transmission standards may change, it is 
not likely that distribution systems will be changed significantly before the SPS 
era, because of standards established with consumers and equipment suppliers. 
Thus, it may be expected that the bulk of SPS power will ultimately be converted 
and distributed to consumers as 60 Hz, ac, three phase/one phase power at 
13. 2 kV. 

Therefore, it was assumed in this study that 60 Hz, ac, three phase 
power would be transmitted from the SPS to the utility interfaces. Howcve!', the 
option to transmit high voltage (approximately 1 MV) de power is retained, and 
technical performance/ economic trade studies of ac versus de transmissio'n are 
to be performed. Typically, three to five separate transmission lines operating 
between 300 and 400 kV would be used for a 10 GW plant. Assuming that the 
utility interfaces will be within 150 mi of the receiving site, a transmission 
efficiency of 98 percent was projected. 

The projected efficiencies of transmission and of the major power 
handling subsystems at the receiving site are shown in Figure 8-1. Since ac 
transmission was selected, the power conversion and regulation subsystem 
would consist of multiple, static, semiconductor dc-to-ac inverters that convert 
the primary power to 60 Hz, ac, three phase power and regulate the ac voltage. 
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Inversion efficiency was optimistically projected as 95 percent. The inverter 
outputs would then be transformed t.o the transmission voltage and routed to the 
transmission lines within the primary transformation/ switch yard. 

It is noted that, if high voltage de transmission is selected, de/de 
conversion at the SPS site and dc/ac inversion within the utility system would be 
required. The two conversion steps will make it difficult for the de app1uach 
to surpass the efficiency of the ac system. 

The power conversion subsystem receives relatively low voltage 
de power from the de switch yard of Fi~re 8-1, which centralizes and controls 
the de power recei1ed from the rectenna/power grid. The output voltage :rray 
be in the order c,f several hundred volts; therefore, large buses and switc.-n gear 
will be req.iire... This yard also provides essential backup protection for the 
rectenna and fault isolation/power rerouting capabilities for tile receiving site 
and ground system. The efficiency of 99. 8 percent indicated for the de switch 
yard also includes the power required to energize the receiving site and to 
support the control centers. 

8.4 SYSTEM SAFETY 

8. 4.1 SAFETY ZONE CONTROL SUBSYSTEM 

A important point·concerning microwave power transmission is 
the effect that microwave exposure may have on man and other life forms in the 
vicinity of the rectenna. Diverse opinions exist as to what, if any, biologically 
adverse effects are prevalent as a result of high power density microwave 
transmission. In the Cnited S1 ates the current microwave exposure standard 
for man is 10 mW/cm2• In other countries, (for example, the U.S.S.R.) the 
expos';lre level is duration dependent and is much lower at 1 mW /cm2 for 6 s. 
Over an 8 h exposure period, the standard drops too. 01 mW /cm2• Based on 
the present United ~tate~ stand.ird, no safety zone around the rectenna would oe 
required. 

If the United States standard was lowered to O. l mW /cm2, a safety 
zone representing an ellipse with a minor axis of 16. 2 km and a major axis of 
21.1 km would be required around the rectenna. 

Since microwave exposure standards are somewhat loose in the 
United States, further studies should be made and more precise standards 
adopted with these results factored into the overall design of the SPS. 
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8.4.2 ON-ORmT MAINTENANCE SAFETY 

A preliminary safety analysis has been performed tor several 
identifiable mis·don and task phases associated with constructing and serocing 
the SPS. The phases cover fabrication, assembly, preoperational checkoui. and 
maintenance. Potentially hazardous situations were identified in virtually all 
phases. Jn view of the limited actual experience data base available in tne 
assembly and maintenance of large spaceborne structures under zero gravity 
conditions, a large portion of the analysts reli3s on engineering judgment; 
fUrther analyses are required to identify additional potenttally unsafe conditions 
that may exist. The foll~ asSlDllptions are made on astronaut participation 
in the previously mentioned mission phases: 

1. Astronaut skills are at a monitor and maintenance level. 

2. Equipment used to fabricate structural members and the ante.una 
is automated. 

3. The SPS is assembled essentially by sophisticated assembly 
jigs supported by a few free-flying teleoperators. 

4. Pre-operational checkouts are automated, and malfunctions 
are corrected by free-flying teleoperators. 

5. Maintenance is performed by free-flyi-og teleoperators and 
robot trucks. 

This analysis was performed assuming that assembly operations are based in an 
orbiting construction facility and that maintenance operations are based in a 
space station attached to the SPS. 

The investigative effort consisted of determining the degree of 
crew involvement in the mission phases in order to gain an overview of astro­
naut participation and man-machine-structure relationship. Then, gross 
potential hazards were identified. This information is listed in Table 8-1. 
Where astronaut participation is listed as a monitoring function, he will take 
the required corrective action in case of equipment malfunction. This may 
involve extntvehicular activity or the reprogran1ming or manual control of a 
teleoperator. As hazards become better defined, special safety procedures and 
equipment will be evolved tl'"J protect the crew. 
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I ...... .... 

Phase 

Orbital Fabrication 

Assembly Storage 

Storage Retrieval 

Transport Sep;rnents 

-

TABLE 8-1. OVERVIEW OF MANNED PAI.TICIPATION 

Crew Potential Safety 
}'cnction Involvement Hazards 

Stock Load Monitor Packaging Failure Causes 
Equipment Damage 

Fabricate Monitor Material Breakage 

Remove Assembly Operate Jammed Manipulator 

Stock Unload Monitor None 

Deploy awl ~~move Remote Monitor Collision/ High Damage 
l\Ianipulator System and/ or Potential 
Free-Flying Teleoperatori:. 

Jet( s) Fail to Cut Off 

Deploy I Frre/ Remove/ l\lonitor Failed Jet( s), Fuel 
Stabilize Re·110te l\Ianipula- Loss, and System Failure 
tor System and/ or Free-

Sunlight/ Darkness Errors 
Flying Tclcoperator 

Stabilize Thrust Monitor Failed Jet( s), Fuel Loss : 

Thrust Early I Late Contact 
other Vehicle 
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_J 

....... -. 
; 
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OD 
r .... 
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Phase 

Rotary Joint Assembly 

Antenna Segment to 
Segment Assembly 

Activate Assemblies 
Individually 

Preoperation 

TABLE 8-1. (Continued) 

Crew Poter tial 8afety 
Function Involvement Hr· cLrds 

Orient Operate/ ExtravehicUJar Activity/ 
Secure Extravehicular Structure Collision, Htgh 

Activity Damage Potential 

Operate Initiate Extravehicular Activity 
Irradiation 

Extravehicular Activity 
Tether Breaks 

Install Mont tor ailed Jct( 1:11), Fuel Loss 

Premature Latch and 
Need for Redock 

Sunlight/ Darkness 
Extremes 

Rigging Monitor Cable Overload 

Checkout Monitor 
Initiate 

Final Alignment Monitor and 
Clear Equipment Verify 



TABLE 8-1. (Concluded) 

-

I Cl·ew Potential Safety 
Phase Function 111volvement Hazards 

-
Activate :\ntcrma Checkout Monitor l!:lectrical Shorts 

Microwave Leakage 

Scheduled ;\laintcnancc Hcfurbi "h/ Repair Array Monitor Electrical Shorts 
Cycle Components 

O,·b!tal Decay Correction Temperature, SunJight/ 
Darkness Extremes 

Unschedultd Refurbish I Rei; air Array Monitor Structural Failure, 
Maintenance Components Microv.ave Leai<age, 

Electrical Shorts 

Refurbish/ Repair Damaged Maintain Electrical Shorta, 
Girder( s) SW\light/ Darkness 

Extremes 



The estimated rem dosage for astronauts on board the space station 
or construction base is listed in Table 8-2. This is predicted for a 435 km 
orbit, and it is expected to be approximately tht! same for the geosynchronous 
orbit. The suggested exposure limit rn given in Table 8-3. The alignment 
p •.. ~ess of the SPS 11'"\Y involve the use of laser/reflector devices, turnbuckles, 
screw jacks, cables, or other tensioning apparatus to attain and maintain 
structural alignment. Extravehicular activity would possibly be required to 
finalize the alignment activities, or at least pro,·ide redundancy or a double­
check. Safety measures should be taken to arnid astronaut presE>ure suit contact 
\\ith the laser beam during aligrunent, the possibility of a tensioning cable 
breaking and striking an astronaut, and tearing of the pressure suit on sharp 
edges of t11" structure. Alignment of the antenna during power transmission is 
possibly the most Geri~us safety problem of all to the astronauts. Some of the 
potential safety problems could be minimized by ,)roviding .. protective areas" 
or special protective containers for thi> astronaut to work in or move into during 
the more hazardous phases of the aligrunent. 

TABLE 5-2. ESTIMATED DOSE 01' BOARD SPACE STATION (re.n) 

Bone l\Iarrow Skin Ocular Lens Testes 
Constraint (20 g.·cm2) ( 10 glcm2) ( 10 g/cm2) ( 15 g/cr12) 

A \'en.ge Daily Dose 0.3 0.6 0.6 o. 1 

30 Days 9.1 17 17 12 

Yearly 111 207 207 146 

TABLE 8-3. SUGGESTED EXPOSURE LIMITS (rem) 

r 
Constraint Bone Marrow Skin Ocular Lens Testes 

A vcrage Daily Rate 0.2 0.6 0.3 0.1 

30 Days 25 74 37 13 

Yearly 75 225 112 38 

Ca~er 400 1200 600 200 

' ~ ' • I ' l. : I ' ' ' I '' ' l ( I ~ 

, '. • , _,_) L - 1' ·I? 
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The SPS will have large scale sensor networks which \\ill be 
monitored by a computer. The computer will be programmed to give warnings 
and take precautionary action in case of hazardous m~functions. 

s. -1. 3 GROl"ND :\IAINTE~ANCE SAFETY 

·A·he rectenna field and surrounding area will be instrumented to 
measure thl' radiation levels, and a ground warning system will indicate when 
these rates exceed hazardous limits. These data will also be relayed to a 
central computer complex that has control over the beam. In case the beam 
exceeds the safe intensity limits within the rectenna field o~: outlying areas, a 
messa~c will be relayed to a command point to defocus the beam. The rectenna 
field \\ill be maintained by \·chicles \\ith remote manipulator syst.ems to remove 
and replace failed components. The high voltage areas will be governed by 
procedures that confonn to the national electric code. 

~. -1. -1 CO:\L:\ll1\1CAT10NS Sl"BSYSTEl\l SAFETY APPIJCATIONS 

The communications link be' ~., the SPS and the ground receiving 
and distribution site will be a \ital part 01 crall system safety plan. A 
com·cnticnal two-way link will relay routinl .ce and data communications 
between the SPS and ~round computers as they intell>ret the multiple large scale 
sensor net\\orks on the transmitter array, the rectenna, and its associated 
safety buffer zone. It will not be necessary for the ground computer complex 
to have direct access to all SPS sensor network outputs nor for the SPS computers 
to access all glY)tmd sensor data. Eacli system will operate independently 
utilizing the de\·cloped .:>r processed information from the other for control, 
status, and safety outputs. For example, one of the safety outputs would be in 
the fom1 of a command to the SPS phase control system to defocus the micro-
wa ,.e beam \\hen inll'nsity safety limits arc exceeded. The "commai. · hase 
control" s~·stem (subsection I. :3. Ii) forms a set of inputs that could : t in 
issuance of a "defocus" command. Critical commands of this nature l . ·; on 
multi1.1c sensors or s~·stcms that are cross-refcrnnccd and linked with time 
dcla~ s, where appropriate. Beam defocus \\ill be the primary means of top 
ll•\el safct~· and could be accomplished by direct cnmn~and as described or 
initiated b~· an c:-;tcn, '-·d intcrniption of monitoring capability, such as communi­
cation link failure. 

The large size of both SPS and the ~round receiving systems will 
nu:essil~1te e:-;tcnsi\·c monitoring, caution, and warning networks with audible 
and \ isual \\a rnings for out of tolerance RF kvcls or impending shutdo\\11 con­
dition::,. .-\lthough highly automated, both systems would also call for central 
nonitoring stations with continuous surveillance crews. 
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REQl"IRED TECHNOLOGY ADVANCEMENTS 

Technology ad,·anccmcnts are needed in the following areas: 

I. l"nderstandin14 the effects of microwa,·e radiation on the human 

~. l"nderstanding the effects of radiation in outer space on the 
human bocly 

3. l "nclerstanding safety hazards to the astronaut crew durin,_; 
rn aintenance and construction of the SPS 

-I. Dcn·lopment of procedures, codes, and equipment to protect 
th._• en·\\ durin~ on-orbit ~onstruction and maintenance of the SPS 

:;. De,·elopment of procedures, codes, and equipment to protect 
ground personnel during the operation of the SPS 

(i. De,·clopment of an impro,·cd pressure suit for astronaut use 
during cxtra,·ehil'ular acti\ity 

-;- • Dc\·elopment of serdce ,·chicles for on-orbit and ground 
maintenance. 
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9.0 RESOURCE ANALYSIS AND FUEL CONSUMPTION 

9.1 GROUND OPERATIONS 

9.1. l INDUSTRIAL CAPACITIES 

An analysis was performed for a program of thirty 10 GW SPS's to 
be built over a 30 year period. A phot.ovoltaic silicon cell concept with a mass 
of 116 x 106 kg was chosen for the industrial capacities study. The study also 
included the transportation and propellant requirements for both the HLL V and 
LEO t.o GEO transfer. To obtain an idea of the potential impact on, and com­
mitment for, material resources that would be needed for a program of this 
magnitude, the a\·erage annual r3<1uirement was compared with current United 
States production in Table 9-1. 

TABLE 9-1. MATERIAL REQUIREl\IENT AND PRODUCTION 

Current r. S. Predicted 
Requirement Production Production in 2000 

Item (kg x 106) (kg y 106 ) (kg x 106) 

Oxygen 3521 15 500 58 500 

Hydrogen 703 155 -
A r<.;on 44 22 -
Silicon ;;3 500 900 

Aluminum 1G7 5 000 24 000 

Graphite 11 - HG 

Kapton 9 - -
Copper 5 2 930 4 900 

The conclusions of this analysis arc as follows: 

I. The rcquirenwnts for oxygen, hydrogen, and argon indicate a 
need for expanded processing capabilities. 

2. The requirements for altuninum and copper indicate little impact 
on the industry. 
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3. Silicon is the second most abundant element on Earth but is 
never found in the free state. The problem of manufacturing low cost solar 
cells is recognized as a major development effort that is not associated with 
mate rial availability. 

4. The prod1.1ction of graphite and Kapton was nol assessed for 
this analysis. 

5. If galiun1 arsenide is chosen as an alternate t.o silicon for solar 
cells, the availability of both galium and arsenic must be considered. 

9.1. 2 ENERGY BALANCE ANALYSIS 

An analysis was conducted to assess the energy required t.o pro­
duc.e a power satellite and the time required for an SPS to generate an equivalent 
amount of energy. A concentrator concept ·with a mass of 185 x 106 kg was used 
in this study since it is heavier and, hence, more energy intensiv~. This 
analysis included all energy necessary for processing of SPS materials and 
replacement parts and for ground transportation including both rail and truck 
transportation. Orbital transportation was included for wth the ground to LEO 
and LEO to GEO phases. Rectenna and microwave transmission corridor 
(approximately 100 km 2) was assumed to be unavailahle for agricultural use, 
specifically corn production. 

The production of one SPS i·equires -!. 5' 10 11 k\\'h of thermal 
energy as sunnrarized in Table !)-2. If instead of producing an SPS this thermal 
energy was conYertcd directly to electrical energy with a cPm·ersion efficiency 
of :30 percent, the electrical Pncrgy produced \\ould he 1. :35' 111 11 kWh. The 
SPS produces "i. il · 10 10 k\\'h electrical energy per year, consequently the SPS 
would return the C'nerg) in 1. 7 years. This compares favorably with estimates 
for conventional ground systems. 

fl.1.:3 :\IATEHJAL RES0l1RCES 

Jn general, none of the required resources are expected to be in 
short supply. The expected l!nitcd States consumption of some materials until 
the year :!Ot10 is sho\rn in Figure 9-1 compared to Fnited State's rcsource:s. The 
tem1 "HC'scnC's" applies to resources that arc known to exist and that can be 
mined with current technology and economics. "Jrlcntified :\la}1!;inal Hesources" 
apply to tl10s,. that arc known to exist and could conceivably be produced 
economically in the future' at hiµ,hcr prices or with proper adYances in tech­
nology. ''11.\vothC'tical lksourccs" attempt to quantify deposits that have' so far 
dudt>d discoYery in J,11uwn areas oi fayorable ground. ''Speculative Heserves" 
refer to new rcg;ons that have' potcntia.i for nc\\ discoveries. 
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TABLE 9-2. ENERGY CONSUMPTION FOR PRODUCTION OF SPS 

Total Energy 
Item (kWh} 

Satellite l\lass 7.6 x 109 

Ground Transportation (Satellite Materials) 4.6x 107 

Replacement Parts s.c x 108 

Low Orbit Transport System 4. 3 x 1011 

Orbit Transfer of SPS and Parts 4.1 x 108 

Assembly Station (Prorated) 4.0 x 106 

Rectenna and Transmission Corridor 1. 5 x 1010 

Total 4. 5 x 111!.i. 

At present, the rnited States imports 90 percent of its alun1inum 
as alumina and bauxite. The remainder is produced from domestic bauxite of 
which 70 million tons are known to exist. However, aluminum is t:he third 
most abundant element in the Earth's crust ( 8 percent), being excteded only by 
silicon ( 28 percent) and oxygen (-Ii percent). The enormous ident.fied resources 
arc contained in a variety of other aluminous materials that pose t•· ,.nological 
problems. The most promising of these arc hir-:-h alumina clay~ . 1·sonite 
in the rlch oil shale deposits of Colorado. 

rnitcd States resenes of tungsten arc much less U. m the projected 
demand through the year 2000. Hence, the use of tungsten in the solar thermal 
and nuclear c~nccpts was eliminated. Appro:'\imateiy half of the known worid 
rescrYcs \\ould ha\'e been required for this application (most of which arc in 
China). :\Iolybdcnum \\hich is far more abundant was chosen as an alternate. 

For the photo\oltnic baseline conr.cpt, the solar cells were :issumcd 
to bl· silicon. If galium arsenide is chosen as an alternate. the a\·ailability of 
both galium and arsenic must be considered. 
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9.2 TRANSPORTATION OPi:. lATIONS 

9. 2.1 ASSUMPTIONS AND ANALYSIS 

The following assumptions were made as guidelines in the trans­
p_ortation analysis and LEO versus GEO assembly trades: 

• One 10 GW SPS goes on line per year for 30 years. 

• An SPS assembled in LEO is 24 percent heavier than one 
assembled in GEO because of the orbit transfer engines and 
propellant. 

• A photovoltaic SPS assembled in LEO has 11 percent more solar 
cells ti-an one assembled in GEO because of solar cell degrada­
tion during the LEO to C'EO transfer. 

• A phot.ovoltaic SPS assembled in GEO requires less attitude 
control propellant per year du£: t.o its smaller size. 

• An SPS assembled in GEO requires 88 persons for 330 days and 
then goes on line. Work on the next SPS begins :l5 days later, 
after the assembly facility and equipment are refurbished. 

• An SPS assembled in LEO requires 120 persons for 330 days 
and then 60 days for self-propelled orbit transfer. During the 
ascent phase, the assembly facility and equipment are refurbished 
for 35 clays and then work begins on the next SPS. 

• The SPS is assembled with the aid of a local space transporta­
tion system. This system was not included in the transportation 
analysis but is described in subsection 12. 2. 6. 

• In the LEO assembled SPS scenario, the POTV delivers an 
initial crew to the SPS to prepare for operation after the SPS 
has passed through the radiation zone. A COTV later returns 
all construction equipment from GEO to LEO. 

• The GEO operations crew size is 12 persons per SPS. 

• Each person stays in orbit for 1 year, and one-half of each crew 
is rotated every G months. 

• Each SPS in GEO has a space station and logistics depot con­
nected to it. 
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9.2.2 

• In LEO, the logistics and OTV engine and propellant depots are 
in an orbit different from the construction depot so that there 
are two HLLV launch windows per day. 

• The HLLV delivers its payk:..d into an 80 x 435 km orbit. The 
kick or second stage of the HLL V may circularize, rendezvous, 
and dock the payload with the appropriate depot, or a LEO tug 
may perform these functions. 

• The COTV retrieves its payload from a LEO depot and delivers 
it to GEO. 

• The shuttle rotates personnel between Earth and a LEO space 
station. 

• The POTV rotates personnel between LEO and GEO. 

LOGISTICS EQl11Pl\IENT AND TRANSPORTATION 

A transportation analysis has :leen performed for a 30 year pro­
gram with either a photovoltaic or thern1al SPS assembled in LEO 01 Gb ). The 
mass of the photovoltaic system assembled in LEO is assu::-ned to be 1-H. is ' 
101

' kg with logistics resupply requirements of 1. 3u '-, 106 kg· year. The photo­
voltaic system assembled in GEO i~ assumed to have a mass of lOi. ·rn · 106 kg 
with logistics resupply requirements of 1. lu '- 10" kg/year. The thermal SPS 
_ssembled in LEO is assumed to have a mass of :n-t. -tu> 106 kg, while the GEO 
assembled version has a mass of 221. 34 x 106 kg. The logistics resupply is 
o. SG · 106 kg year for both. 

For each SPS case outlined above, nine transportation cases were 
analyzed as follows: 

1. Gas Core Reactor ( GCR) POTV 

a. GCR COTV 

b. Single Stage to Orbit (SSTO) HLLV 

2. Chemical POTV 

a. GCR COTV 

b. SSTO HLLV 
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3. Chemical POTV 

a. Chemical COTV 

b. SSTO HLLV 

4. GCR POTV 

a. GCR COTV 

b. Two Stage HLLV, Class 4 

5. Chemical POTV 

a. GCR COTV 

b. Two Stage HLLV, CJ ass 4 

6. Chemical POT\' 

a. Chemical COTV 

b. Two Sta~e HLL V, Class 4 

7. GCR POT.\' 

a. CCR COT\" 

b. Two Sta~c II LL\', Class 5 

"'· Chemical Pfff\" 

a. CCR COT\' 

b. Two Stahc JILL\", Class :> 

!). Chemical POT\' 

:i. Chemieul COT\' 

b. T\\o Staµ,c JILL\', Class.-, 



Specific characteristics of the vehicles mentioned are found in Table 9-3. Each 
case assumes that a shuttle can deliver 68 passengers from Earth to LEO and 
return. 

TABLE 9-3. DESCRIPTION OF VEHICLES 

HLLV COTV POTV 

• Single Stage to 0:-bit, Class 4 • Gas Core Reactor • Gas Corr Reactor 
Payload - 204 545 kg Payload = 363 000 kg Capacity= 6 Persons 
Turnaround = 127 h Propellant= 159 ooo kg Propellant = 1512 kg 
Includes a Kick Stage Vehicle• 37 000 kg Vehicle= 352 kg 

Engine = 32 ooo kg Engine = 305 kg 
• Two Stage, Class 4 Life of Engine = 10 Flights Life of Engine = 10 Flights 

Payload = 204 545 kg 
Turnaround= 132 h • Chemtcai • Chemical 

Payload = 2882 kg Capacity = 6 Persons 
• 1 NO Stage, Class 5 Propellant = 22 818 kg Propella.11t = 27 382 kg 

Payload = 409 091 kg Vehicle= 2404 kg Vehicle = 2882 kg 
Turnaround .. 132 h Engine = 201 kg Engine= 241 kg 

Life of Engine= lZ Flights Life of Engine= 12 Flights 

The results of the transportation analysis for the LEO assembled 
SPS's are given in Figure 9-2; the results for the GEO assembled SPS's are 
given in Figure 9-3. 

Several material depots and personnel space stations are required 
to support the transportation system and asserr..bly in LEO 01 GEO of an SPS. 
In the LEO asse1 .. oly scenario, a construction depot and space station along with 
OTV propellant, OTV engine, personnel exchange station, and lug:stics depots 
are required. In GEO a logistics depot and space station must be attached to 
each SPS. 

The GEO assembly scenario requires construction, OTV propellant, 
OTV engine, and logistics depots in addition to a personnel exchange . 'ltion in 
LEO. In GEO, there is a requirement for a construction depot with a space 
station along with a logistics depot and space station attached to each SPS. 

Results of depot and space station capacity studies for a LEO or 
GEO assembled photornltaic SPS are riven in Table 9-4. 

9.2.3 TRANSPORTATION LOADING AND VEHICLE OPERATIONS 

An analysis was performed to determine the mass of materials 
that must flow through the launch sight to build one SPS and operate it for 1 year. 
For this analysis, a photovoltaic SPS assembled in LEO was chosen along with 

9-8 



·'-

50000 

II) 40000-
.... 
J: 
c.? 
~ 
I'-

> 
:::: 30000 ..... 
J: 

20000 

10000 

PHOTrJ'J\Jl rA1C !:PS= 144 781 000 kg/year 
RESl.11 'l. Y = 1 ~55 900 kg/SPS-year 
POT\/ ·_ 1GHT~ = 930 
SHUr. IGHTS = 177 

' I 

1656 
GCR-COTV 
FLIGHTS 

I I 

2~686 

~HEMICAL 
COTV FLIGHTS 

-

-

-

50000 

40000 

30000 

'r 

THERMAL SPS = 274 460 000 kg/year 
RESUPPL V = 848 900 kg/SPS-yaar 
POTV FLIGHTS = 930 
SHUTTLE FLIGHTS= 177 

1049 
G'=R -t:OTV 
FUGl1TS 

129161 
CHEMICAL 
COTV FLIGHTS 

Fi,.:i.1n' ~}-~. LF< 1 assemhl.\· and op; ntions n ,J i~'nintenar.cc of the SPS with 
011t· c.n-linc pe1· )Car fer :30 years. 



I -

}()()()(,\. . 

:()0000 -

r 

30000 

20000 

'. 

10000 

PHOTO'. :ll TAIC SPS = 107 484 000 kg/year 
RESUPPL '.' = 1 163 500 kg/SPS-yeer 
POTV FLIGHTS• 1410 
SHUTT~E F'.. IGHTS 2 156 

10279 
GCR-COTV 
FLIGHT:; 

1294465 
CHEMICAi 
COTV FLIGHTS 

20000 

10000 

THERMAL SPS • 221 340 000 kg/yeer 
RESUPPLY • 848 900 kg/SPS-year 
POTV FLIGHTS• 1410 

19312 
GCR-COTV 
FLIGHTS 

2432168 
CHEMICAL 
COTV FLIGHTS 

Fi!!,1.1re 9-:3. CEO nssl•mbly and operations and muint<'nnn~c of the SPS with 
one on-line per ''car for 30 .1 '''.&rs. 



I .... .... 

TAHU·: ~1-·I, DF P< 1T Af'D SPAL Jo: STX! l' •N CAPACITIES FOH Pll< >T<>VOLTAJC SP8 

1- 1.1:r 1 :\sst•mhly Ci EO Assembly 

~umhl'r Maximum Number l\laxJmum 
F:icilH) H l·q11i n·d l ·'!iacity He4uJ red Capacity 

l.H 1 l'rinstntl·~inn lh'1"1t 1 (iO, f)(J 101; kl-\' 1 ~. 511 . io•: kg 

LL< 1 l'on~tn1dion Spact· Station 1 1~ll Persons 0 -
LE<> <JI'\' S11ppo1t Dt·pot 

l'<lT\' l' ropd I ant Sl'etion l ~. l)(J 101; kg l ·I. oo . 106 kg 

('( lT\' I<ngilll' Sl'dion 1 o, :IS 101; kJ,!; 1 0. 53 ·~ 106 kg 

P<1T\' PropC'llant Sl'ction 1 ~.oo ioli I:~ 1 3,00 106 kg 

POT\' l·.nµ.illl' Sl'etir,:l 1 o, :n 10 ,,~ 1 0, 35 ,,. 106 kg 

l.11).!.istics Section 1 13. (j(l .· 1011 kg 1 13,60.,. 106 kg 

l.1':() Pt. !'somwl I<xchan~c St~1tion 1 G~ Persons 1 68 Persons 

, ; H I Con st n1etion Uc pot II - 1 55. 00 ;.._ 106 kg 

(;Jo:() ('(•nstruction Spa~·c Station 0 - 1 88 Persons 

(; t-:< 1 1.o~i sties lkp!•t 1 SPS :i. 00 io" kg l/SP8 5, 00 x 106 kg 

I (;Fo <>perations Sp:.ict· Shttion 1 SPS l~ Pcr1mns l/SPS 12 Pcrso11s ·-



a class 4 two stage h'"l_ L V, a GCR COTV, a GCR POTV, and a 68 passenger 
shuttle. {Refer to Table 9-3 for vehicle descriptions.) The results of the 
analysis for the buildup ya.r and 1 year of operation are contained in Table 9-5. 
Operational flow diagrams for the HLLV, shuttle, COTV, and PCYfV are found 
in Figures 9-4 through 9-6. 

TABLE 9-fi. MASS FLOW THROUGH LAUNCH SITE rOR 
ONE PHOTuVOL TAIC SPS 

HLLV 

Construction 

Logistics 

OTV Propellant 

OTV Engines 

OTV Stage and Engine 

Subtotals 

HLL V Propellant 

Shuttle 

Crew Rotation 

Shuttle Propellant 

Total Weigh+& 

COTV Flights 

POTV Flights 

!J-12 

Buildup Year 
Each Year of 
Operation 

Mass Flow Ma.is Flow 
(kg x 106) Flights (kg x 106) Flights 

144.78 

0 

0.16 

0.38 

0.07 

145.39 

3637.32 

0.06 

5.14 

707.82 

0 

0.79 

1.86 

0.34 

710.81 

3.00 

3787. 91/SPS 
Constructed in LEO 

1. 00 (Returr. from 
GEO to LEO) 

2. 00 (Initial Crew 
Dcli·•ery) 

0 0 

i. 36 6.63 

0.60 2.92 

0 0 

0 0 

1.96 
I 

9 • ..i5 

48.87 

0.005 2.00 

3. -13 

54. 265.1SPS 
Year in Operation 

3. 7-t 'SPS-Year 

2. 00 'SPS-Year 
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Figure 9-4. HLL V operational flow diagram. 
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Figure 9-5. Shuttle operational flow diagram. 
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9.2.4 TRAFF1C CONTROL AND INVENTORY MANAGEMENT 

Primary trdfic around the SPS construction area will be in support 
of delivery of items of invt..ntory to or from storage. Traffic control, however, 
must begin on the ground with packaging of materials for delivery to the SPS. 
With one launch opportunity per day, several HLLV payloads may simultaneously 
be placed into suitable phasing orbits that may require several days of phasing 
time before final rendezvous can begin. Thus, as many as a dozen payloads 
may be in phasing orbits w.-iting for rendezvous opportunities at any time. 
Similar situations exist in coordir.'1ting operations of sh1:UJ.e crew delivery, 
LEO to GEO and return traffic, as well as local delivery of material and 
products to the SPS assembly sites. Even without a clear concept of the ele­
ments involvl'd, functional requirements can be somewhat defined, and they 
indicate the requirement for a higb ::egree of automatic tnffic control, large 
scale automatic collision avoidance equipment and procedures, and rapid con­
tingency assessment and reaction capability. 

DISPOSITION OF UNUSABLE ITEMS 

During the buildup, construction, and operation of the SPS, there 
"ill be many disposable items accumulated on-orbit that must have proper dis­
rosal. These items will consist of propellant storage tanks, OTV engines, 
.musable beams, amplitron hardware, depot facilities, spools, unusable solar 
blankets, etc. Since these articles must not be allowed to accumulate hap­
hazarclly in space, a temporary storage facility must be provided until th£y can 
be returned to Earth or disposed of otherwise. Storage and, certainly, return. 
of these iten : ~.n their present forms would probaMy be prohibitive. To alleviate 
this problem, a compacting or smeltering facility :.;hould be provided to improve 
packaging efficien~y for both temporary storage and later return to Earth. 
Another approach to the disposable items would be to build them in such a 
manner as to have a secondary application. For example, propellant storage 
tanks might be converted for use as a temporary shelter, or they might be 
attached to provide some structural element for the SPS. 

9.3 

9. 3.1 

MANUFI CTURING, CONSTRUCTION, AND :MAINTENANCE 
OPERATIONS 

REQUIREMENTS Am> G UIDELINF.S 

The prime fabrication and assembly location i'l LEO is at an altitude 
of &.,.-:.roximately 435 km because of logistics am! cost considerations. An HLL V 
wtll deliver cargo into the construction orbit, ana another vehicle will deliver 



the cargo to the construction and fabrication sites of the SPS. All equipment 
and facilities, e?'cept transportation equipment, will remain attached to the SPS 
throughout construction. Constructiun equipment and facilities, including the 
construction facility power sources, will remain in LEO after completing an 
SPS and will be utilized for subsequent SPS assembly. One SPS will be delivered 
to GEO each year for 30 years. Figure 9-7 shows a candidate schedule for 
assembly and delivery of three consecutive SPS's. Allowing 1 month for con­
struction facility refurbishment leaves 330 days for accomplishing assembly. 
The rates of assembly required to meet this schedule imply that as much ground 
fabrication be done as is consistent with high density HLLV cargos and that the 
remainder be fabricated and assembled with automatic equipment in 01·bit. 
Technology development should begin very soon to develop cognitive robots for 
automatic assembly and automatic maintenance. 

9.3.2 CONSTRUCTION 

A discussion of the construction of a photovoltaic SPS is presented 
.. ere. Assembly would begin with construction of the center portion of the power 
conduction mast which will be the backbone of the SPS. Fabrication of the arrays 
and rotary joint will begin after approximately 40 days. The arrays will be 
assembled around :i clam shell t)1le jig (Fig. 9-~). Beams are assembled 
around 0ne-half of the jig which rotates the structure into position to be attached 
to the existing strncture. \\'hile this half is being attached and outfitted with 
blanket packages and reflector packages, the other half of the jig; rotates out of 
the previous cell and begins assembly of the' nc:-..t cell. An s h jig cycle can 
assemble the '-'llll array cells and the 100 dielectric cdls in <'pproximately 300 

days. Guide ,\ires for later deplo) mcnt of reflectors and b1:·~1J...cts are installed 
as shown in Figure 9-9. Blankets are in folded packages; reflectors arc in rolls 
and installed at opposite ends to arnid interference. Beam fabrication could be 
perfonned either inside ttic .1ig or at some central site and transported to the 
jig. Rotary joint clements are likely to lw somewhat unique, lacking a rcpC'titiYe 
t)lW of operation ~md requiring more man inYohcmcnt either directly or \ia 
tel<: perators. Antenna fabrication can begin after some progress has been 
.ichic,·ed on the rotary joint. F1g1.1re !l-10 shows a Llp lcYcl allocation of the 
330 cb.ys allowed for const11.1ctio11 and indicates the quantity of material imnl Ycd 
in each task. 

Asscmt)ly of the antenna stnictun· ''ould he simihr to the array 
assembly in that beams would be assembled around a jig or scaffolding. Alih'll­
mcnt tolcr~nccs would probably J>rCYcnt use of a flip-flop jig, and jig movement 
by smooth linear motion probably would be preferred. Antenna structural beams 
and subarray units should be fabiic:.ited or constructed at a central site of the 
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Figure 9-7. SPS construction schedule, one per year for 30 years. 
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Figure 9-8. Array construction jig sequence. 
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Figure 9-10. SPS assembly timeline. 



antenna, probably inside the standoff mast, and transported to tht: assembly 
site with some type of LTE. Power for antenna fahrication and assembly may 
be obtained from deployment of a portion of the solar array, which should be 
available by the time the antenna assembly begins. After construction has been 
completed, 22 percent of the arrays will be deployed to pro\'ide power to the 
l\IPD orbit transfer engine. A GEO space station and control centf i· would be 
attachec-1 to and carried to GEO by the SPS and \\Ould receive the initial cre\V as 
soon as the SPS ;1ad passed the radiation zone. The crew would then begin 
deployment of the rest of the ~rrays. Since the blanket and reflector packages, 
guide wires, deployment cables, and winches have already been installed, this 
process simply requires activ:.ttion of the winche~ and troubleshooting those that 
do not function properly. 1 !le SPS should therefore be ready to begin operation 
shortly after achieving proper GEO position and orientation. 

9. 3. 3 l\IANUFACTURING A!';"D CONSTRUCTION ynUJ.Pl\IENT 

Table 9-G lists the assembly equipment and the facilities, with 
their estimated weights, required to assemble an SPS, and Figure 9-11 shows 
some of them. The power mast construction equipment consists of a large ring 
(approximately GO m in diameter) containing approximately 20 small beam 
forming devices for "extruding" stringers and devices for winding and welding 
a ribbon of skin around !he stringers. The skin may be rnultilayered to accommo­
date positive and negative current flow. Spools of skin and stringer material may 
be resupplied by free-flying remote c,, .. i.1·..>lled teleopemtors. 

Structural beams for the ~.:o!ar arrays, dk!ectric structure, and 
antenna will oe fabricated on-orbit by groups of machines '>i!l'lilar to the one 
shown h Figure 9-11. Beams fabricated by these machine.> may be further 
assembled into larger beams by larger automatic machinery. Material for 
these devices ·.vill be delivered on spools or reels. 

Th~ structural co1 •pt will require a highly f!Utomated manufacturing 
and assembly process. Fully al1iA-mated manufocturin~~' delivery, assembly, and 
checkout systems, all dP· '·ned to perform with a high degree of p.·eeision and 
reliability, will be re4u1. ,·. All systems will be designed with a fail-safe 
philosophy. Free flyers, ·I effectors, manipulators, cable layers, etc., 
should be programmed with sufficient decision-making capability to normally 
operate without men in the loop. Tools and ass.~ir ' techniques developed for 
the SPS assembly should find many applications in ~:!1er space fabrication 
endeavors. 

Waveguides may have b be fabricated on orbit because of their 
low density and, if so, will n·~uirc l'Xtrcmcly precise equipment for forming, 
~astening, and drilling or punching. Tni:s equipment shou~d proba?ly be locatPd 
on the standoff mast near the antenna. The antenna subarray assembly er:u1p-



TABLE 9-6. SPS ASSEMBLY EQUIPMENT AND FACILITIES 

Power Mast Construction Equipment 

Assembly Jig 

Solar Array Beam Fabricaticn Facility 

Dielectric Beam Fabrication Facility 

Waveguidt! Falrication Facility 

Antenr.a Subarray Fabrication Facility 

Antenna Unit Assembly Equipment 

Ct.ackout Equipment 

Local Transportation Equipment 

Maintenanc" Hangar and Repair Station 

Blar Deployment Equipment 

RefJ ector Deployment Equipment 

HLLV Cargo Hei;rievaJ Vehicles 

Vehicle Refueling Station 

Space Station 

Cargo Docking and Storage 

Large Assembly EquipID(.Jlt and Checkout Area 

Construction Power Units 

GEO Space Station 

60 000 kg 

120 000 kg 

67 000 kg 

1 000 kg 

7 000 kg 

4 000 I 

10 000 kg 

4 000 kg 

100 000 kg 

87 000 kg 

20 OvO kg 

20 000 kg 

24 000 kg 

1x108 kg 

1 x 106 kg 

12 000 Kg 

12 lJOO kg 

25 000 kg 

100 000 kg 

2 G76 000 kg 

ment will assemble the wavei.,~1icles·, amplitrons, power conditioners and distri­
bution net\\ork, phase cuntrol electronics, alignment eontrols and jacks, instru­
mentatiun, etc., into clements tliat can be delivered t.o and installed on the 
antenna st ruc~u re. 

Checkout eq11ipment will be divided into several categories, i.e., 
those rC'qu;red for solar arrays, the power conduction mast, antenna s11bJ.rray 
elements, free-flyer :.iiagnostks, and manufocturing equipment cliagnostics. A 
free-flying package may be required to \·erify phase front control on t!:· antenna 
sub:i rrays after inst11.llation. 
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Local transportation equipment is also divided into several cate­
gories and fs described in subsecUon 12. 2. 6. 

The cargo docking and st.orage areas and vehicle refuel1ng stations 
were sized from logfstlcs models as described in subsecUon 9. 2. 

Manpower for SPS manufacturing and construction is shown in 
Figure 9-12. 

9.3.4 TERMINAL FACILITY 

Because of the large amount of supplies involved, a terminal 
facility or depot must be provided t.o store and centralize many of the materials 
used for const.ructlon of the SPS. This facility would be capable of storing tanks 
of propellants, lubricants, cryogenics and other fiuids, beams, solar blankets 
and reflect.ors. spare OTV engines, etc. Docking ports would be provided on 
the facility to a.:.commodate both shuttle and tug vehicles. The depot would also 
be equipped with cranes, mainpulat.or arms, elevators, rail systems, etc. , for 
st.orage and retrieval of supplies and materials. No attitude control system is 
needed for the depot, since it is attached t.o the space station. Table 9-4 shows 
the capacities of the various depot depar -nents for both LEO and GEO facilities. 

9-25 



U> 
I 

N 
Q) 

CRIWJlttlFI 0 30 ·'· 90 120 ~r. .'r .. z1o, ~ .. zr. ~.~DAY• SP! CONIRUCIIQN I I I I I ,,,,,, 
CARGO WAREHOUSING 1 

I 
CARGO RETRIEVAL 1 
POWER CONTROL 1 
CAUTION a WARNING MONITOR 1 
COMMUNICATIONS CONTROL 1 
CONDUCTION MAST MSEMBLY 2 
ROTARY JOINT ASSEMBLY 4 
SOLAR ARRAY ASSEMBLY 2 
ARRAY SYSTEMS INSTALLATION 2 
ANTENNA STRUCTURE ASSEMBLY 2 
ANTENNA ELEMENT INSTALLATION 2 

fMillJliil Sl£1B6llml~ 
MA1NUMNG1 

ARRAY BEAM FABRICATION FACILITY 1 

DIELECTRIC BEAM FABRICATION FACILITY 1 
ANTENNA BIAM FABRICATION FACILITY 1 
WAVEGUIDE FABRICATION FACILITY 1 
ANTENNA ELEMENT ASSEMBLY 2 
AUTOMATIC REPAIR STATIONS Ii 
SPS OPERATION• MAINTENANCE 3 

I: TOTAL/SHIFT 33 

I 
28 

I 
33 

I 
29 27 

TOTAL/3 SHIFT II 78 88 87 81 

Figure 9-12. SPS assembly crew • 

... 
• 



10. O POWER MANAGEMENT [20-22] 

The objecttve of the power management function Is the central 
control, coordination. and integration of SPS status, operational maintenance 
base acUvitles, SPS loglstlcs, and ground receiving and distribution management 
required to sustain an operational SPS system. 

10.1 REQUIBEMENTS AND ANALYSIS 

The following requirements are established for power management: 

• Continuous status management of all operational SPS's 

• Management of all operational maintenance ba1:1es for SPS 

• Management of all operational logistics 

• Management of the ground receiving and distribution system 

• Interfacing with SPS manufacturing and construction management. 

10. 2 MANAGEMENT CONCEPTS AND FUNCTIONS 

Management concepts depend on certain criteria that can be 
derived from overall program requirements (Table 10-1). The Grom.man 
''level of authority'' organizational pyramid model has been assumed as fulfilling 
the requirements for power management. The levels of management, their 
structure, and power management functions can be identlfled as follows (Fig. 
10-1): 

• SPS status management involves a complete display and monitor­
ing of all vital operational functions of each SPS, the operation and maintenance 
of communication with SPS data and information management, and the coordina­
tion with the operational maintenance base for actions to maintain operational 
status of SPS. 

• Operational maintenance base management covers the establish­
ment of priorities and maintenance schedules for both SPS and base maintenance, 
the operation and maintenance of communication with the ground, data and 
information management, and the coordination with the SPS logistics manage­
ment for required materials and supplies. 
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TABLE 10-1. PBOGBAM REQUIREMENTS AND MANAGEMENT CRITERIA 

Program Requirements Management Criteria 
-

1. SPS operational program elements MulttdlscipUnary action ties 
require nmnerous diverse and 
concurrent activities. 

2. Ground location of management. Diverse location of personnel 
adminlstrattve. and technlcal 
personnel; GEO located main-
tenance personnel; ground-based 
and space-based logistics 
personnel. 

3. Diverse, complex. and lnterre- Unity of command 
lated activities require slngle 
authority. 

4. Complexity and multitude of Flexibility 
systems and operations require 
capability of shifting resources to 
unscheduled events and activttles. 

• SPS logistics management covers the tasks of SPS maintenance, 
crew rotation, and the provision of crew logistics and material trupplles for 
maintenance. 

• Ground receiving and dlstrlbuUon management includes the moni­
toring and control of the receiving antenna and the utility interface system, their 
maintenance and loglstlcs, and the systems safety provi~lons. 

The overall approach in power management ls shown in Figure 
10-2. Each SPS has its individual level of management that feeds all vital 
information to the central power management from where, in turn, required 
actions will orlglnate. 

10. 3 CONTROL MODEL 

The objective of the control model ls to satisfy the energy demand 
at the ground recel vlng and distribution sites according to establlshed SPS per­
formance criteria. 
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To that end, a control model will include the following elements: 

• SPS Orbit Control (Ground-Based) 

Coordinate Systems and Time References 

SPS Tracking 

Data Processing 

Computation 

Optimum Correction Maneuvers 

Commands and Communications 

• SPS Performance Control 

Energy Collection Control 

SPS Originated Variations 

Maintenance Shutdown Variations 

Solar Annual Variations 

Solar Cycle Variations 

Energy Reception Control 

Meteorologtcally Caused Variations 

Earth Precession and Nutation Caused Variations 

Mainter.ance Shutdown Variations 

Performance Compensation Control 

Grid Power Shift 

Satellite Power S1'~ft 
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SPS Malfunctlon Control 

Diagnostics 

Communications 

SPS Logistics Control 

Spares Planning 

Transportation Planning 

Schedule Planning 

Communications 

The systematic development of the control elements and their interrelations 
will be the sub;ect of future studies. 
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11. O SUMMARY BASELINE DEFINITION 

As the satellite power systems are studied, more lmowledge will 
be obtained as to the interactions, limitations, and impacts of such systems. 
Along with tMs study activity, many baseline concepts will be developed to aid 
in the understanding of the SPS program. These baselines will naturally change 
and evolve as study iterations are made. The final SPS design will probably be 
significantly different than can currently be envisioned. When a concept is 
defined and studied, problem areas can be identified and techniques to improve 
the design will be noted. Since the baselines of this study were established, a 
great deal of analysis has been cc.mpleted and several areas of potential improve­
ment have been noted. The next iteration baselines will be forthcoming when 
additional analysis is completed. 

11.1 PHOTOVOLTAIC 

One pLotovolt&ic concept that was used in this study was a 10 GW 
SPS of elliptical planform with two 1 km diameter end-mounted antennas. 
Further study of thjs ~onflt:,uration idtmtified some unfavorable traits, such as 
the elliptical confi~;-: .1-ation is not best suited for end-mounted antennas both from 
a structural and power distribution standpoint. It was noted much earlier in the 
study activity that for an SPS with a center-mounted antenna, the elliptical con­
figura';ion offered several advantages over the rectangular configuration. These 
included less structure and power distribution mass and less attitude control 
propellant. However, these advantages do not apply to the end-mounted antenna. 
It appears that the rectangle is better suited for the f .. -1-mounted antenna. For 
t.he center-mounted antenna the dian1ond configuration may be the most favorable 
for the power distribution and attitude control requirements. The impact on the 
structure and assembly has yet to be completed. 

Most of the previous SPS study activity assumed that the SPS solar 
array would be maintained peipenrlicular to the Sun ( Z-solar). After a trade 
study was completed which included both mass and cost analyses, it was con­
cluded that from a cost standpoint there W'lS only a slight difference in cost for 
Z-solar versus pointing perpendicular to the orbital plane (X-POP). The 
initial cost for the X-POP concept was slightly greater than that for Z-solar 
because the larger solar array is required to offset not always being pointed 
directly at the Sun. The total cost for the X-POP concept was slightly lower 
than Z-solar primarily because of the lower propellant requirements for the 30 
year lifetime. Tht! rotary joint requirements are also less severe for the 
X-POP orientation sirce a two-axis rather than a three-axis girnbal is required. 
Therefore, the next baseline which is established may be oriented X-POP rather 
than Z-solar. 
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Changes in the concentration schemes and concentration ratio!S 
have been studied. Preliminary analyses indicate that the overall mass of the 
SPS could be reduced significantly by using the reflectors as passive radiators 
for the trougj' concentration concept. This would requil-e using blanket widths 
uf approximately 1 cm to dissipate the heat rather than the current width of 
200 m. There are still some areas where analysis is incomplete. The impact 
of adding secondary structure to support the small width troughs is currently 
under investigation. The effect on orbital assembly operations and the impact 
for orientation perpendicular to the orbital plane has yet to be completed. There 
are several other concentration schemes also under investigation, some of which 
are parabolic and four-sided reflector configurations. However, the impact of 
X-POP orientation on the concepts has not been completed. 

One of the original baseline concepts studied included one 10 GW 
antenna. It was noted that this resulted in large microwave power density levels 
of 50 to 60 mW /cm2 near the rectenna. Th£. power density level at which micro­
wave beam ionosphere interactions are expected to occur (approximately 20 
mW /cm2

) was then used as an upper limit in the design of the microwave sys­
tem. This limited the output power level at the power interface to approximately 
5 GW for each antenna. Recent analyses have been conducted comparing the 
mass of two 5 GW photovoltaic SPS 's to that of one 10 GW SPS if both are 
equipped with 5 GW antennas. This comparison assumed that the antenna and 
rectenna designs were identical for both power levels and each 5 GW SPS had 
one center-mounted antenna and the 10 G\V SPS uad two center-mounted antennas, 
each pointing to a different rectenna. The dry weight of the 10 GW system with 
two antennas was 7 percent heavier primarily because of the de power distribu­
tion efficiency losses. In addition, the attitude conti-ol prooellant requirements 
for the 10 G\V SPS were approximately twice that of the two 5 G\\' SPS' s. The 
result of this analysis, which indic'.lted some merit for the 5 GW c· lCept over 
the 10 GW concept, should not be interpreted as assuming that four 2. 5 GW or 
three 3. 3 GW SPS's would be better than two 5 GW SPS's. The additional 
antenna ar.d rectenna cost would probably affect any additional savings in power 
distribution efficiene;y and attitude control propellant. However, there are 
plans to study various output power levels to determine the Lest design point. 
Also, the limit&tion of av:iilable space in synchronous orbit and its impact on 
the upper bou11ds of total program output for various SPS power levels ir: to be 
studied. 

In some of the completed sensitivity analyses it was noted that the 
total i;;ps mass could be reduced by approximately 12 percent if the de power 
di.~tribution voltage was increased from 20 to 40 kV. The impact on the ampli­
tror1 design and plasma interae;tions on the solar array are under study. Also, 
the previously described comparison of 5 to 10 G\V SPS's :might change if 40 kV 
rather than 20 kV was used for power distribution. 
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A new photovoltaic baseline wfil be e&'ablished when the previously 
mentioned analyses are comT)lete. Included will be the interaction of various 
elements of the SPS in order to minimize the overall mass and cust of the SPS 
program. 

11. 2 SOLAR THERMAL 

Most of the study activity for the solar thermal concept assumeri 
544 individual absorber/turbomachine modules. Preliminary analyses and 
trade studies have been completed. They indicate that the total SPS mass couJ.J 
be reduced by approximately 20 percent if the number of modules was deciv: l.Seci 
to approximately 50. This was primarily due to the mass of the turbomac.;.11n~s. 
other anaJyses indicate potential mass savings if the radiators were placed near 
the absorber rather than included on the back surface of the concentrator. 
Additional analysis is underway in other areas and, when completed, a new 
b'lseline will be generated. 

11. 3 NUCLEAR 

The study activity for the nuclear concept has switched to a UF6/ 

Brayton concept because of limitations in the molten salt breeder reactor which 
required a low temperature radiator. This caused this type of satellite to be. 
the most massive of any concept studied. 
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12. 0 SPS SUPPORTING .PROGRAMS 

12.1 SPACE CONSTRUCTION BASE (SPACE STATION) 

A space construction base will have the facilities to accommodate 
various manning lt:vels; for erecting large structures; for the conduct of 
scientific experiments and for application operPt.ions such as materials process­
ing, pharmaceuticals, and public service co~ micati,,ns; and for basing and 
servicing transport vehicles and free-flying spacecraft. The early space con­
struction base at I EO will have the facilities to provide limited capability in 
these areas for advanced technology w~rification, development, and iiemonstra­
tion. Limited production and operational capabilities may be provided in the 
area of materials processing and communications. The facility will provide for 
permanent occupancy by man iJ, Earth orbit, for continuws development and 
use of space for industrial purposes, and for advanced development of space 
science and applications. The facility will provide a space laboratory environ­
ment for final systems development, assembly, modification, and verification 
beyond the capabil'. ies of Earth-based facilities. The early construction base 
will be shuttle compatible and will provide for modular buil :lup. Larger diameter 
module elements may be required to suppr rt a larger capability construction 
base in the 1990's and beyond. 

12.1.1 SC.l£NARIOS i1ND CONCEPTS 

Various se;...:narics and basic concepts have been developed in 
response to the requirem:m~~·. for an earJy constructio11 base at varL>us levels of 
involvement. Emphasis ha: .-..:.:m placed on requirem.3nts during the 1983 
t.hrough 1987 time period. !n-house activities included tasks for development 
of basic c. ~·e station module configurations including habitability and subsystems, 
mission support, and logistics elements. Preliminary concepts and confir1ra­
tions are being developed for a number of dedicated elements that may have 
production and/or commercial c~.pabi~ity, such as materl.al processing. 

Beam manufacturing and aesembly modules, material storage 
modules, and construction platform concepts and pnliminary configurations 
were developed in support of SPS verification and demonstration programs. 
Figures 12-1 through 12-4 are representative of an early space station c..on­
struction base program and a basic module element. Preliminary analysis of 
a modular station buildup to accommodate up to 20 men could support construc­
tion of a subscale SPS and a p11blic service JJlatforrn p1-og:~~1:1. 
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Figure 12-1. Typical p1e-space station Jcenarto, 1980 through 1984. 
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Figure 12-4. Space station beam manufacturing. 

12.1.2 SUPPORT SERVICES 

DOCKING 
PORT 

The space station construction base provides the basic support for 
multidiscipline science and applications development and operations. The 
support includes accommodations for crew and subsystemo services such as 
environmental control and life support, power, communications data processing 
and instrumentation, attitude control system, and stabilization. Basic concepts 
and modular configurations were developed t.o accommodate a four t.o six man 
space station buildup that provides these services. These services coupled with 
a fabrication and assembly c.ipability and an earlier developed power:::·• "..1.ite 
provide a base for construction of a subscale SPS. Continued modular i.. J.c.\.p 
and minor modifications to subsystems will significantly increase the construc­
tion base capability t.o accommodate dedicated elements for large scale 
commercial test, manufacture, aa.d operations. 

12.2 TRANSPORTATION 

12. 2. 1 REQUIREMENTS AND ANALYSIS 

The transportation requirements to support the SPS during the 
buildup in LEO and transfer to GEO, and the SPS operational time frame dictate 
a number of special purpose transportation systems. Earth-surface-to-LEO 
transportation i ,~quirements dictate two basic systems: (I} heavy lift launch 
vehicles for SPS cargo, and ( 2} personnel launch vehicles for construction/ 
maintenance base( o) crew rotation and critical logistics support. Orbital 
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transportation basically falls into the same two categories; however, there are a 
number of issues yet to be resolved that exaggerate the number of options for 
propulsion systems that are candidates for orbital transportation systems. 

The basic issue, from an orbital transportation viewpoint, is SPS 
a· .:..embly location \i.EO versus GEO). Propulsive options th:i.t exist for SPS 
t ... ·ansportation when assembly is in LEO are low thrust electric propulsion 
devices that can capitalize on the electric power generation capability of an 
assembled SPS or SPS module. Electric propulsion is also desirable for the 
transfer of SPS's or assemblies frJm LEO to GEO, since the lightweight struc­
ture for SPS requires very low acceleration ( < 10-3 Earth gravity). When 
electric propulsion is employed as the cargo orbital transfer system, personnel 
transportation between LEO ~nd GEO is accomplished via a high thrust system 
with trip times to GEO of hours rather than the months dictated by low thrust 
options. If geosynchronous orbit assembly is assumed, the nature of the orbital 
transfer system changes because of the lack of a "free .. power source provided 
by the payload. GEO assembly does not eliminate electric propulsion as a viable 
option; however, the need for an independent power source and the trip times 
associat<:d with low thrust propulsion make high thrust propulsion a viable 
candidate. Further, when high thrust propulsion is employed for cargo orbital 
transportation, the need for personnel and critical logistics transportation, as 
well as cargo, can be met with the same system. 

The SPS assembly orbit location selection is dependent on a large 
number of factors other than the transportation issue and will only be resolved 
with sigr .1~a11t attention over the next several years. Since this is the case, 
this section of the report will discuss transportation systems that meet both 
requirement3. 

12.2.2 HEAVY LIFT LA UNCH VEHICLE SYSTEM 

Tl-e HLLV concepts d~scribed here arc &ized to deliver payloads 
t<• a 500 km ',.ircular orbit at 28.5° inclination. Two candidate HLLV's are 
d•!Scrihecl. Configura~ion details are given for a two-stage ballistic vehicle, 
follo\•'to by a description of a ballistic single stage-to-orbit ( SSTO) vehicle. Cost 
com,., ... risons for each vehicle are also provided. 

The two-stage configuration, shown in Figure 12-5, has two fully 
i·ecoverable ballistic stages. The upper stage uses seven space shuttle mab 
· :ngines (SSME). The lower stage has nine new LOX/RP-1 high chamber pres­
wre engir" s. A 8 896 442 N thrust engine was selected to be compatible with 
current test stand capability. 
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Figure 12-5. Two-stage ballistic HLL V. 

Payload capability is approximately 270 000 kg. The payload shrcud 
shown is sized for a density of 50 kg/m 3• The payload is cantilevered from the 
forward face of the second stage. 

Th·~ first stage burns for 148 s. After separation, doors are 
r1')~f~ over engine ope1.ungs in the base heat shield and the stage is rotated heat 
AhiPid forward for reentry. The stage is decelerated using r~romotors for 
landing. It is towed 313 km back t.1 the launch area, refurbished, and prepared 
for launch. 

The second stage terminates at perigee of a 92. 6 x 500 km orbit. 
l t apogte circularization delta V is pro\ided by orbit maneuvering system 
(OMS) motors. Following payload deployment, the second stage deorbits, 
reenters, retros, and la:1ds on a prepared landing site near the launch site 
where it is refurbished and prepared for reuse. 
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The OMS function is performed by RL-10 engines. OMS LOX is 
store? in independent spherical containers. OMS LlI 2 is in a separate container 
within the main hydrogen tank. 

An asymmetric aft skirt panel provides directional control during 
entry. Control is required to overcome flight dispersions so that the stage can 
return to the vicinity of the launch site. During entry the stage is rotated 
slowly on its axis. If lift is required, rotation is stopped and the aft skirt is 
located away from the desired direction. A O. 25 lift to drag ratio can be 
developed. 

During entry as the stage reaches approximately 25 000 m and 
Mach 2, it is rotated and a ballute is deployed. The ballute stabilizes and slows 
the stage. In the subsonic region three parachutes a-re deployed. At approxi­
mately 150 m altitude, two SSME's are ignited for final deceleration. The 
engines, which can be throttled, settle the stage to a soft landing on its landing 
legs. 

The booster is a sea landing ballistic entr) stage. The most 
forward component is an interstage forward skirt. The space forward of the 
LOX tank houses the upper stage engi..:es. The LOX and RP-1 tanks share a 
common bulkhead. The aft shell structure is primarily an aerodynamic fairing. 
The thrust structure distributes thrust loads into the external shell and provides 
the load path from the external shell to the hold-down posts. The hold-down 
posts support the stage on the ground and are the terminus for the heat shield 
radial beam structure. 

The base heat shield consists of two skins separated by 12 cm high 
stiffeners. Each inner skin is an assembly of two sheets rolled together. The 
inner of these has expanded ducts for water flow. Formed spray holes are 
drilled in the skin. When needed during boost and entry, water is sprayed onto 
the exterior skin. The steam is vented overboard through a metering orifice. 

The ballistic single stage to orbit vehicle, showr. in Figure 12-6, 
is a dual fuel tully rE coverable launch vehicle with a 230 000 kg payload. At 
liftoff its 48 engines provide a thrust to weight ratio of 1. 3. Twenty-four engines 
utilize LOX/RP-1 propellants; the other 24 are LOX/LU2 engines. The engines 
supply thrust vector control by differential throttling. Both engines represent 
a new engine development. The engines do not have protective d<.1 rs, instead 
a steam system provides active engine cooling during entry. 
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Figure 12-6. BallistiC' single stage concept. 

The stage structure in the base region is similar to that described 
for the ballistic first stage. The base heat shield is water cooled and is supported 
on a space frame structure. The materials used are also similar to the first­
stage ballistic case. An exception is the forward skirt and payload bay which 
use a Rene 41 honeycomb skin to enable the fully recoverable payload bay to 
withstand reentry heating. 

After 127. 4 s of flight time the LOX/RP-1 auxiliary engines are shut 
down. The 24 LOX/LH:: engines continue to accelerate the vehicle l!Jltil a 92. 6 x 

500 km orbit is reached. The vehicle then deploys the payload and a kick stage. 
The kick stage circularizes the payload orbit at 500 km. The SSTO is deorbited 
and rc~nters. As it approaches the landing site, 16 LOX/RP-1 e'l~ines are 
ignited to give a thrust to weight ratio near 3. The SSTO is decelerated to near 
zero velocity. All but four of the engines are shut down, and the stage settles 
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to a water landing in a prepared landing basin. The landing site is a 5 km lake 
adjacent to the launch site. A dredged basin is used in preference to open sea 
to reduce the effect of se.• state. 

In one :!oncept the 900 000 kg empty SSTO is towed out of tile landing 
basin through a canal to the launch area. At the pad area it is positioned over 
the launcher and anchored. A lock gate is closed, and the water is pumped out. 
The SSTO is then ready for on-pad servicing and launch. In a second concept, 
the launch pads are located around the periphery of the basin. 

Cost estimates were made for development, production, facilities, 
and operations of both the two-stage and SSTO vehicles. For a launch rate of 
300 per year, the development and facilities costs total approximately $11 
billion for each concept. Production costs to support a 15 year program are 
greater for the SSTO. 

Figure 12·- 7 gives cost per flight for each of the configurations over 
a range of acthity levels. For activity requiring 500 laW1ches per year, opera­
tions cost is broken into three elemenL. The shaded areas, which represent 
c~penchble har<lware, are a significant portion of the op( ldons costs. The 
shroud costs can vary over the range given by the angled line as payload density 
varies over a possible range required to support SPS. The significant cost 
effect of expending even relatively inexpensive hardware suggests continuing 
work to find ways to recover shrouds and the kick stage, or develop other uses 
in space for them. 
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Propellant costs for the SSTO are twice the two-stage value because 
of the required larger flow and the greater amount of LOX/LH2 used. 

Maintenance and program support costs are major cost elements 
for both vehicles. Stage maintenance cost is slightly higher for the SSTO than 
for the two-stage vehicle, because maintenance cost is a function of stage cost 
which is weight dependent. The SSTO is heavier; therefore, its stage main­
tenance cost is higher. SSTO engine maintenance cost is much higher than the 
two-stage engine cost, because the total installed thrust is higher and the number 
of engines is greater. Maintenance and overhaul ground rules were patterned 
after airframe and engine overhaul specifications for shuttle, with some modi­
fications to differentiate between water and land landing stages. 

Ground operations and program support costs have shuttle as their 
basis. Modifications were made to allow for the absence of crew and payload 
related functions. Operations and support costs for HLL V use a17l'roximately 
the same nwnber of people located at Kennedy Space Center per flight as shuttle, 
but the man-hours were adjusted linearly with the HLLV turruound time 
compared t.o shuttle. 

Major technology requirements are those associated with minimiz­
ing cost and improving performance. Cost is minimized by eliminating expend­
able hardware such as kick stages, shrouds, or ablative heat shield~. Payload 
improvements may be made by eliminating an actively cooled heat shield in 
favor of a passive system that will withstand the high heating rates and yet be 
salt water compatible. Each of the vehicles requires the development of new 
engines. A large LOX/LH2 engine and new LOX/hydrocarbon engines are required 
for the SSTO. A new high chamber pressure LOX/hydrocarbon engine is used 
for the two-stage booster. 

Landing modes for both land surface and water need development. 
These should include implications of surface atmospheric environment. The 
influence of salt water on the hot structure or engines must be determined. 
These investigations should include both parent metal effects and those of 
coatings and finishes. 

The evaluation of the two concepts provides the following observa-
tions: 

1. ThC' development schedule Pnd cost for each are about equal. 

2. npt'!rationally, the SSTO has shorter recovery and processing 
time and requires fewer launch pads. 
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3. Maintenance costs are lower for the two-stage vehicle, but its 
expendable shroud is a cost disadvantage. 

4. Cost per flight for the two-stage vehicle is slightly lower if 
dense payload shrouds are used. 

5. Weight growth performance sensiti\ity is much lower for the 
two-stage vehicle. 

12.2.3 PERSONNEL LAUNCH VEHICLE SYSTEMS 

The personnel launch vehicle system is assumed to be the shuttle. 
A variety of booster/external tPnk options have been evaluated in the l\ISFC 
Shuttle Growth Study under contract to Rock"Well international Corporation and 
in MSFC in-house transportation systems studies. The baseline shuttle (Fig. 
12-8) uses a solid rocket booster and an expendable LOX/LH2 external tank to 
supply propellants to the orbiter's main engine (SSME). Alternate configurations 
are shown in Figures 12-9 and 12-10 that use reusable liquid boosters and 
reusable boosters/ external tank, respec'ively. The range of cost per flight 
achievable with these systems is from approximately $8 rr.illion (reusable 
boosters and external tank) to $15 million (baseline). 

EXTERNAL TANK 

Figure 12-8. Baseline shuttle configuration. 
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The propul1:sion options that are currently being evaluated for a 
liquid b<>t -ter for shuttle are shown in Figure 12-11. Prime candidates for 
booster er.~ines are the space shuttle main engine with a shortened skirt 
(expansion ratio C'lf 35:1 optimized for booster application) alld a modifi~d 
SSME (dubbed SSBE for space shuttle booster engine) that can use LOX/RP-1 
propellants with hydrogen being used for engine cooling. The use of the F-1 
and the HiPc (02/RP-1) for this application has been deemphasized h~cause of 
the weight, performance, and thrust levels (or cost to provide deep ti.rottlii ., 
capability) on the F-1 and development costs for the HiPc (02/RP-1) eng•ne 
(estimated to be approximately $ 800 million) • 
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Figure 12-11. Liquid rocket booster cn~ne i::ant:lidates. 

The shuttle capabilities for delivering a payload to t.11e asseml:>ly 
orbit of 270 km at an inclination of 28. 5° (due cast· itmch from KPnnedy Space 
Center) arc from 25 GOO kg for the baseline shuttle with one 01\lS kit to 29 500 

kg with a liquid booster repl~cement for the solid rncket br te1 and intrgral 
01\lS. The 01\IS kit is added to the orbiter and is interoal to ti-ii' •layloal bay 
(requires 2. iG m of payload bay length). The ust: of the o!.·bit0r within the SPS 
program is primarilJ· for personnel tr:msier to and from LEO nncl possibly for 
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critical logistics resupplies. The n~ber of passengers that can be launched 
in the shuttle is more a function °/.; 'lftrgo bay lengtil " '\able than weiy;1t litting 
capability. The baseline shuttl~ ¥'&quiring one OMS • ..it) h'ls 15. 6 m C'f cargo 
bay length available, and i~· ;~.timated that a personnel m"duit! W(>Uld contain ... 
55 people. If the OMS kit as not required, approximately 70 people per ihght 
could be accommodated in the shuttle cargo bay. 

12. 2 • ..J: CARGO ORBITAL TPl\NSFER VEHJCLE SYSTEl\'1 

As described i 1 subsection 12. 2. 1, the orbital cargo transfer sys­
tem options can be divided into two uasic categories: ( 1) LEO assembly I vayload 
powered systems, and ( 2) GEO assembl}/indepP,ndendy powered systems. A 
discussion of each of these syst.ems iollows. 

12.2.1 J LEO ASSEMBLY/PAYLOAD POWERED SYSTEMS 

Since electric power generation ! :; inherent to the SPS or SPS 
assf'mblies, electric propulsion is a natural choice for at least initial considera­
tion. There exists a large variety of electric propulsion types, but for the 
purpose of examining the range of capahilities available, three thruster types 
are evaluated: ( 1) ion, ( 2) magnt.:toplasmadynamic, and ( 3) resistojet. 
Characteri::;tic.:s of these thrusters are shown in Figure 12-12. 

THRU6t. 3.77 N 

VVEIGHT. 100 kg 

18 000 s 

POVVER. 398kVV 

Ill ION 

ARC CONTROL MASl~ET 

POWER 
FEED 

M.•:.J"lTING 
sr·~uCTURf 

THRUST: 9.81 N 

VVEIGHT: 40.0 kg 

10 000 I 

POVVER: 587 kW 

(2) MPD 

ri~rc 12-12. Cru.didatc electric thrusters. 

p . ,-,. 

I' " 
/'i 

THFIU6T. 16/0N 

VVEIGHT 4200 kg 

'sp· 814 s 

POVVE Fl 1 .5 MVV 

(3) RESISTOJET 
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The ion thru .. ter is a demonstrated technology for low power sys­
tems (kilowPt-ts), and extrapolations can easily be made from this base ( 30 cm 
th1'USter) to a more appropriate ion thruster ( 100 cm) for SPS cargo orbital 
transfer. The ion system, in addition to being state-of-art, has the ::i.dvantages 
of high efficiency, long life, and wide operating range. Power proces '.ng for 
the ion thruster, however, makes this system expensive and heavy pe. kilowatt 
input to the thruster. Future analyses can profitably be applied to methods of 
returning the ion thruster assemblies back to LEO to low~r operating costs 
through reuse of fhe3e long life and relatively expensive components. Argon is 
used as the propellant for this study. 

Magnetoplasmadynamic thruster concepts are relatively specula­
tive. A significant amount of additional technology work is needed to specify 
configurations, performancf> characteristics, and costs. Conceptually, however, 
the MPD is a relatively simple device with Jow power processing requirements 
and, consequently, low hardware costs. An artditional advantage of tbe l\IPD 
thruster is that the thrust density (power density) is significantly 5reater than 
that oi the iou engine; therefore, f~ er thrusters are required to perform the 
SN orbital transfer to GEO. Argon is the propellant assumed here. 

Rcsistojets are basically the electrical resistance parallel of the 
nuclear (solid core) engine, ~ERVA. The performance ch!iracterislics of such 
an engine :ire similar? i.e., specific impul~e of approximately 800 s. Resisto­
je.ts are essential!: state-of-art, but are at significantly lower power levels 
than \\ill be required for the SPS application. In addition to the relatively low 
specific impulse (in comparison the ion and MPD, specific impulse is in the 
2 000 to 20 000 s range), the propellant is liquid hydl'Ogen and long term (several 
months) storage of LH 2 is substantially more Jifficult than storing argon. 

From the candidate electric thruster discussed and a relative 
tra11sµvrtation perfonuauce/cost comp::irison shown in Figure 12-13, the l\IPD 
thruster warrants increased technofogy attention. The relative perforn1a.11ce/ 
cost comparisons are based upon total costs from Earth surface to GEO. The 
results of the HLLV study indic:::ite $ 20 per pound is easily achieved with the 
fully reusable system; theref0re, this is used for the Earth launch cost. The 
performance of the i011 syskm is indicated by the launch cost contribut~on, and 
the ion system cost (expendable) pushes it to the highest value of the three 
options e\·aluatcli. The l\iPD and resistojct have relatively l(rn· cost hardware 
and, even thou~.1 the launch costs predominate (especially for the resistojct), 
the totals arc less. 
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Figure 12-13. El~drically po,,·t::red concepts comparison. 

GEO ASSEl\lBLY/I~"UEPENDENTLY POWERED SYSTEMS 

The nature of the orbit transfer function changes when assembly of 
the large lightweight SPS is in GEO. The acceleration limit is orders of mag­
nitude ~!":'.-dLer. Consideration for orbit transfer propulsion in this option is 
given to both high thrust (chemical and nuclear) and low thrust (nuclear electric 
with l\IPD thrusters). Chemical ( LOX/LH2) stages are state-of-art systems and 
low cost per unit hardware. Since the specific impulse of the LOX/LH2 systems 
is relatively low, staging either of tanks or of total stages (reusable) is man­
datory. The solid core nuclear stage is an option that offers almost double the 
specific impulse ( '325 s) of the LOXiLH2 system, but the mass of tht: nuclear 
(solid core reactor) engine degrades most of the specific impulse gain. ThE: 
solid core nuclear engine is a mature technology. A more speculati.ve nuclear 
engine that offers substantially greater specific impulse than either LOX/LH 2 or 
the solid core nuclear syst.em ust:s a gaseous cor-' reactcr. The specific 
impulse of this system is estimated to range from 1800 to more than 5000 s, 
and thrust levels on the order of 400 000 r-; are achievable. These high thrust 
options have been evaluated and orbit transfer performance/ cost comparisons 
are shown in Figure 12-H (including the nuclear elertric systern with l\~PD 
thrusters) . 

While the chemical system (the range covers staging options and 
expendable systems) and solid core nuclear system are existing or mature 
technologies, the gaseous core nuclear system and the nuclear electric system 
offer substanti&l performance/cost margins. Once again, trip times from LEO 
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Figure 12-14. Independently powered orbit transfer systems comparison. 

to GEO are a factor. The trip times for the nuclear electric systems are on the 
order of several months, whereas the high thrust gaseous core nuclear system 
trip time is less than 1 day. Economic trades Y<ill be require<!. to make a more 
definitive conclusion on this issue. 

As discussed in subsection 12. 2. 1, the high thrust orbit transfer 
systems can potentially perform the .dual function of ~rgo and personnel trans­
fers from LEO to GEO. The use of nuclear systems for personnel transfer will 
require more extensive studies of the radiation environment where crew modules 
would be located. 

12.2.5 PERSONNEL ORBITAL TRANSFER VEIDCLE SYSTEMS 

Personnel transfer vehicle options included in this discussion are 
sized for personnel and critical logi3tics resupply transfers between LEO and 
GEO. The only propulsive option ~valuated is LOX/LH2• All propulsive (all 
maneuvers of the transfer mission) and aeromaneuvering (aerodynamic braking 
on the return from GEO) vehicles are described. Fi. --ire 12-15 shows a typical 
configuration for an all propulsive orbit transfer vehicle. From a cost and 
orbital debris point of view, aingle and two-stage fully reusable transfer vehicles 
are preferred over the stage and one-half and two and one-half stage approacht·~. 

12-18 



RESUPPLY OR SPARES 
PAYLOAD MODULE 

CREW 
MODULE 

I ORBIT 
TRANSFER 
VEHICLE 

I 
I 

Figure 12-15. All-propulsive personnel and critical logistics 
orbital transfer vehicle. 

Aerodynamic braking/maneuvering to reduce the mission propulsive 
velocity requirements have shown a significant benefit in propellant mass require­
ments for a pel'Sonnel/logistics mission. The aerodynamic braking maneuver 
reduces the total mission propulsive velocity requirements by approximately 
2. 3 km/ s. The resulting performance gain is most significant on a round trip 
or retrieval mission, the mission type required for personnel transfers, 
exchanges, and return from GEO to LEO. A typical aeromaneuvering orbit 
transfer vehicle is shmffi in Figure 12-16, and a performance comparison 
between all propulsive and aeromaneuvering systems is shown in the Table 12-1. 
The performance comparisons are based on shuttle compatible systems. 

12.2.G LOCAL SPACE Tr'AHSPORTATION ff' 7 STEMS 

A variety of types of local transportation equipment will be required 
to accommodate sucl-i acthities as cargo receiving and handling, solar array and 
conduction mast material delivery, structural beam transp<.Jrtation, antenna 
subarray delivery and retrieval, an<l damage surveillance. Cargo receiving and 
handling will probably involve such transportation equipment as elevators, 
trolleys, long manipulator arms, and possibb conveyor belts. Array and mast 
material delivery and beam delivery will probably involve some type of auto­
m~tic free-flyers, since the distances involved may frequently P-x~eeJ 5 km, 
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Figure 12-16. TypicW. anromaneuvering orbital transfer vehicle concept. 

TABLE 12-1. PERFORMANCE COM ... .,ARISON OF AEROMANEUVERING 
VERSUS ALL PROPULSIVE ORBIT TRANSFEl< !EHICLES 

Performance (kg) 

Delivery Round Trip 

One Stage 
Aeromaneuvering 5 200 2 860 

One Stage 
All Propulsive 3 600 1100 

Two Stage 
Aeromaneuvering 15 000 8 200 

Two Stage 
All Propulsive 11 800 3 600 

unless a rapid trolley can be designed to operate on foil tracks. Some of this 
problem can be eliminated :r an HLL V cargo depot and a beam fabrication 
facility is located on the jig, but this may not be compatible with rotations 
required by the flip-flop type of jig. For transportation of antenna materials 
from the depot to and across the l-otary joint and to the antenna fabrication 
facilities, an elevator or cable c~r cc.ncept would probably suffice. Movement 
of subarrays across the antenna back s•1rface should use the same type of 
trolley that will be routinely utilized to l"eplace failed elements in the operational 
phase. Local transportation of personnel will be required for monitoring, 
damage surveillance, special extravehicult·.r activity construction, aligmnent, 
or maintenance. 
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13. 0 ENVIRONMENT AL EFFECTS ASSESSMENT 

There are profound mutual effects envisioned between SPS elements 
and the respective environment in which int.eractions would take place. The 
analysis, testing, and definition of resulting impacts on the SPS systems design 
are a major topic of present and future efforts. 

A summar:i1 review of SPS environmental inten·ctions covers the 
range from Earth surface to geosynchronous orbit. For convenience this range 
can be divided into the terrestrial enviromnent (Earth surface through strato­
phere) and the space environmem (ionosphere, thermosphere, magnetosphere, 
and the geosynchronous distance) 

The general approach t. ward assessing the multitude of interactions 
between SPS program elements and the variou~ environments is through careful 
analytical modeling of environmental parameters and the introduction of the 
applicable program elements. The resulting interactions will be evaluated 
against acceptable tole~!'!<'f' limits and introduced into the overall SPS systems 
definition efforts as design guidelines and constraints. The definition ot 
acceptability will have to rely on various political processes. 

Certain emironrnental interactions that are of fundamental impor­
tance and that possibly create global consequences will have first pri0rity. These 
are listed in Table 13-1. A summary of the major areas of potential SPS 
emironrnental interd.ctions is given in Figure 13-1. A special discussion on the 
SPS collision probability with other satellites and possible effects on main­
tenance activities is given in subsection 7. 1. 7. 1. 

Tasks are being initiated in the following areas: 

• Definition of the environment at geosynchronous orbit 

• Defirution of the physical processes that cause spacecraft 
charging and investigation of sheath perturbations around high 
altitude spacecraft 

• Quasi-static modeling of the environment interacting with SPS 
including effects such as: 

Differential charging 

Variable geometry 
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TABLE 13-1. FIRST PIDORITY ENVIRONMENTAL EFFECTS 

Physical Effects of Stratosphere Ozone Depletion 

Expected Acoustic Launch Effects 

Vehicle Failure Effects 

Land Usage Effects 

Ionospheric Microwave Interactions 

Biological Effects of Microwave Beam 

Communication, Meteorological, and Astronomy Effects 
of Microwave Beam 

Biological Effects of Space Radiation 

Magnetosphere Plasma SPS Interactions 

SPS Collision Probability with Other Satellites 

Secondary particle emission 

::\Iagnetic field" shadowing effects 

It.~rating models to include results learned from Scatha 
benchmark e:l\-periments 

• Definition of in sit.· bcnchn~nrk cxpcriment.s for Scntha relative 
to S PS and data an 'llysL-' 0f ATS-(i 

• Ex1Jcri1~~cntal modeling of aspects of SPS charging phenomena 
and data anal~·si.-; equipment 

• <.~u:.i::.i-1·mpirical nwdding of charging phenPmcna :1ffcc~ini-; large 
spa:..·c ::.tJ uclun s ( v. g., ~PS), melt.ding: 

Frnir-·llml'!ltal cffcc1-, ll1;1r •.'()ulri uni4uci\ aH(·ct l3rge actiYc 
.~1•:1{'(· c;tn1..:turv::. 

Jl• rlt1rL.!Li••ll" L1: Ll~( :111.i>H·nl <·11,J!'<lllllll·nl cn·atccl 11.\· brgC' 

;Jl'l''.l' ->pac•· ::.tniclurc:o 

- '-,\11·l~irc di~chargc· cli:1r;1l'lcrL;til's lniscd on aYa1labk statis­
l1"::; ,,f :-.pacccraft rn:ilfun:..·Li•111s. 
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14. 0 PROGRAM COST AND ECONOMICS 

14. 1 INTRODUCTION 

A cost and economic analysis has been performed on a typical SPS 
concept using the MSFC SPS photovoltaic design and ground rules as a baseline. 
The results to date, when compared to similar studies of existing and new tech­
nology power plants for the 1990's, definitely place SPS in contention as a 
potential competitive candidate for economic reasons as well as other considera­
tions. While the SPS is a complex, expensive, technologically advanced under­
taking, all of the alternate methods for producing power have serious technical, 
environmental, social, or economic problems as well. The results of this 
particular study show that if cost and technical goals can be met in a few key 
areas, an SPS program could cleanly produce and safely deliver electrical 
energy from space to anywhere on the Earth's surface at economically competi­
tive rates. 

14. 2 WORK BREAKDOWN STRUCTURE 

In order to promote equitable, complete, and understandable 
comparisons of SPS concepts, a work breakdown structure (WBS) has been 
developed 2 that provides a standard format for the reporting of SPS costs. The 
WBS successively subdivides the SPS program into the lowest divisions and 
elements for which costs can practically be estimated, collected, and compared. 
Each division and element is defined by a WBS dictionary. 

The \VBS for the SPS program differs somewhat from the typical 
WBS for government aerospace programs in that it has been developed to 
accommodate the financial involvement of the private sector. Entries for taxes 
and insurance have been provided, and distinctions have been made between 
capital expenditures (which are recoverable by annual depreciation charges and 
are not deductible as expenses) and operation and maintenance charges against 
income (which are deductible as expenses in the year incurred). As shown in 
Figure 14-1, costs have been divided into five major divisions: 

1. Design, development, test, and evaluation costs 
are the costs of the engineering analyses and testing necessary to convert the 
sy::;tem performance specifications into a validated design. 

2. "Satellite Power System Work Breakdown Stru\..'ture Dictionary,•· 
IN-PP03-76-1 published by the Engineering Cost Group (PP03), 
Marshall Space Flight Center. 
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Figure 14-1. Work breakdown structure. 



2. Initial capital investment costs are the costs associated witll 
initial procurement and emplacement of the plant and equipment. 

3. Replacement capital investment costs are the costs associated 
with capital asset replaci:>ments over the operating life of the SPS ( i. e. , sub­
system spare parts, overhauls, maintenance equipment, etc.). 

4. Operations and maintenance costs are the costs of expendables 
'i.e. , argon fuel for the MPD thrusters) , minor maintenance, crew rotation, 
etc. 

5. Other costs include the costs of truces and insurance. 

Although not corr.pletely shown in Figure 14-1, each of the five major cost 
divisions is then subdivided into the elements ( suc!J. as systems, subsystems, 
components, etc. ) at which level the cost analysis is performed. 

14. 3 GROUND RULES AND ASSUMPTIONS 

The SPS program cost estimate and economic analysis were based 
on the following ground rules and assumptions: 

• The cost estimate is in constant mid-1976 prices. 

• The estimate includes th~ cost of a 30 percent satellite weight 
contingency. 

• The estimate includes an across-the-board 15 percent cost 
contingency. 

• A plant load factor of 85 percent i& assumed. 

• .Ai space transportation to LEO load factor of 80 percent is 
assumed. 

• A typical l\lSFC photovoltaic 10 GW satellite configuration ( 116 
> 106 kg) is assumed. 

• Energy Research and Development Administration (ERDA) / 

Electric Power Research Institute ( EPRI) economic methodoloi.,ry3 

is utilized where applicable. 

3. Refer to The Cost of Energy from Utility-Owned Solar Electric Systems. 
ERDA/Jet Propulsion Laboratory 1012-76/3, dated June 1976. 
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14.4 

14.4.1 

• SPS initial operational capability is assmned to be 1995. 

• An SPS operational lifetime of 30 years is assmned. 

• A program of thirty or sixty 10 GW stations is assumed. (This 
report contains cost results of a sixty 10 GW station program 
analysis.) 

l\ifE1.'HODOLOGY 

COST MODELING AND ESTIMATING METHODOLOGY 

The cost estimates presented in this report were developed from 
the interim MSFC SPS cost model4 utilizing parametric cost estimating tech­
niques. Cost estimating relationships (CER) in this model were derived from 
&istorlcal and projected cost, technical, and programmatic data applicable to 
the SPS cost elements. Transportation and space construction base costs were 
derived in other MSFC studies and were included in the SPS cost estimate as 
throughp·rts. 

The interim MSFC SPS cost model is, as the name implies, at an 
early stage of development and will be updated next year by a more comprehen­
sive model. Although the costs are considered to be the best possible estimate 
at this time, the CER's have t en applied broaclly and generally to SPS subsys­
tems which are themselves in the early stages of definition. Because of these 
uncertainties, an overall system cost contingency of 15 percent has been 
included. In addition, other contingency factors including weight ccntingency, 
subsystem contingency, etc., have been used as appropriate and are so noted. 
These additional continge11cies should reduce cost growth due to unknowns and 
increase the validity of the estimate. Additional cost data are now being 
collected, normalized, and documented so that a more accurate cost model will 
be available for future SPS cost estimates. 

14.4.2 ECONOMIC l''ETHODOLOGY 

The primary criterion for economic evaluation of the SPS was the 
geDeration cost of electrical energy at the ground bus bar in mills per kilowatt­
hour (a mill is one-tenth of one cent). As stated, generation cost refers to the 
cost of energy at the ground bus bar and not the ultimate cost of the energy to 
the consumer. (A rule of thumb is that transmission and distribution costs are 

4. "Interim Satellite Power ~ysten Cost Model,'' IN-PP03-76-2 published by 
the Engineering Cost Group (PP03), Marshall Space Flight Center. 
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approximately equal to generation costs and, therefore, consumer cost is double 
the generation ,..,...<1t. However, it is generally not necessary to include trans­
missior ~nd £'" ~ration costs in a comparative analysis of alternate power 
plants, .:inc~ · 1ese components of cost would normally be the sai11t::: for all 
alternates.) 

The ge1..;ration cost for the electricity produced by an SPS is 
simply that price which must be charged for each kilowatt-hour of energy such 
that the total money investment in the systems has been recovered at the end of 
its useful life. If the time value of money did not havL' to be considered (result­
ing from the ract that investors in the system require a return on their invest­
ments), the price would simply be the total money invested (in mills) divided 
by t~" tot.al powe:::- generated (in kilowatt-hours). However, since investors 
( sto. ·.holders, bondholders, and noteholders) require a return before they will 
invest their money, these dividend and interest payments must be passed on and 
added into the generation cost. 

Thus, as shown in Figure 14-2, the generation cost can be calcu­
lated by dividing- the total expenU:itures, including the time value of money 
charges, by the total power generated. Realize that the resulting generation 
cost automatically includes p:-ofit, because the dividends paid to the stockholders 
are the profits. That is, revenue o 1er and above that used to pay for the 
operating costs, to repair the facilities, to r·'lY executive salaries, to buy new 
equipment, to pay debts, etc., is distributed to the shareholders. 

In actual praci:h:e, however, there are more sophisticated economic 
techniques available to facilitate the calculation of the generation costs than the 
method described. Specifically, prese11t value analysis ( discowiting) was 
employed in a manner consistent with tl:~ ~apital budgeting methodology that a 
private utility might use to determine the generation cost of its power plants. 
Although there arc minor differences in execution, the technique employed here 
is essentially identic11 in approach and result to the methodology reported in 
Footnote 3. 

14. 5 COST ESTIMATES 

Table 14-1 and Figure 14-3 show the estimated average unit life 
cycle cost for one SPS. Costs were estimated at the lowes·~ ,r.:acticable level, 
and a breakdown of the major SPS WBS elements with their respective costs are 
shown ~.n the table. The costs are further subdivided int.o four program cost 
divisions, which were described in subsecti'1n 14. 2. 
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TABLE 14-1. (Concluded) 

Initial Replacement Operations 
Capital Capital and 

Investment Investment l\h.intcnnnce other Total 

Transportation Systems 479 202 681 
llLLV 479 H8 627 
COTV 17 17 
POTV :l7 37 

Trar sportation Operations 9 570 l)33 2583 13 086 
llLLV 9 5'70 915 1800 12 285 
Shuttle D8 138 
COTV 18 180 198 
POTV .J(; 5 465 

Satellite Operations lUH l8:l 420 2 517 
Taxes :md Insurance 18 167 18 167 
Program :\lanagcment ancl Systems 

Engineering and Integration 1 729 1:>0 151 2 030 
Program Contingency 5 446 471 ·175 2 725 9 117 

--
Total 41 ';"32 4litiG 3642 20 892 "'O 352 
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1'he feasibility of SPS as a cost competitive energy producer 
depends on significant cost reductions in a few major arP.as. For example. 
Figure 14-4 shows the effect of solar cell cost on the electrical generation cost. 
Since current solar blanket prices foy spacecraft applications range from $ 5COO 
per m2 to $ 20 000 per m2, a cost reduction of two orders of magnitude is 
required. ERDA has set a goal of $64 per m2 to be attained by 1985. This is 
is an optimistic goal and is considered to be the low end of the range of 1985 
solar blanket prices. The MSFC sol'lr blanket cost shown in Table 14-1 is 
therefore based on $128 per m2 or double the ERDA goal to account for space 
rating and to add a margin of CC\ntingt:~cy. Although this estimate is still a sig­
nificant reduction from current prices, it appears attainable when considering 
the combined effects of projected technology advancements and of mass produc­
tion and lea ming. 

Another element considered to be a major cost driver is trans­
portation. Figure 14-5 shows the effect of launch to LEO cost on generation 
cost. It can be seen that approximately one order of magnitude reduction in 
the current shuttle launch cost is required by the proposed HLL V to provide a 
competitive • ·eneration cost. 

1aao---

10 ____________ .,... ...... _________ ..,.. ________ ---4 

10 100 1llllO 10.ll00 

SOLAR BLANKET COST 11978 dollon/m21 

Figure 14-4. Effects of solar blanket cost on SPS economics. 
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Figure 14-5. Effects of launch to LEO cost on SPS e'!onomics. 

The HLL V target cost range shown on Figure 14-5 is ~ 30 per kg to 
$ 150 per kg; however, current HLL V studies indicate that future transportation 
costs would more likely range between $ 60 per kg and $ 200 per kg depending on 
the class (size) of vehicle and the annual flight rate. Launch costs for a vehicle 
of the approximately 225 000 kg payload class with a launch rate of 600 per year 
are actually estimated at S60 per kg. Assuming SPS would require an HLL V 
with at least that payload capability and an annual flight rate of 600 to 800, the 
transrx>rtation operations cost was estimated at ::: 66 per kg to include a 10 per­
cent or more grov:th contingency. While this estimate represents a significant 
reduction from current launch co~ts, the HLLV concept of large payload 
capability, ma}:imum reusability, and short turnaround time is expected to 
establish the required low cast transportation for the SPS program. 

The sensitivity of gi~nerati0n cost to other SPS cost elements was 
also determined and found to be less sensitive than those mentioned previously. 
Fibrure 14-G shows the effect of structure cost on generation cost. Although the 
SPS economic feasibility is not dependent on a significant cost reduction in 
structural members, it could depend on the ability to develop fast and reliable 
structural assembly technique>s. 
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Figure 14-6. Effects of structure cost on SPS economics. 

Cost trades have been performed in other a_·eas such as the ~lar 
concentration ratio and the Z-solar versus X-POP array orientation. S£.e sUb­
section 7. 1. 6. 5 for results of these trades. 

The design, development, test, and engineering costs of the unique 
SPS elements plus the other major hardware programs that support the SPS 
(e.g., the space construction base and the various new transportation elements) 
are shown in Table 14-2. It is not yet knO\rn which of these support programs 
costs are to be attributed solely or in part to the SPS program. 

TABLE 14-2. DESIGN, DEVELOPMENT, TEST, AND ENGINEERING 
( l\llLLIONS OF 1976 DOLLARS) 

Satellite 5 150 

• Solar Array 4 340 
• Microwave Antenna 810 

Rectenna 470 

Support Equipment 4 230 
• Space Construction Base 2 890 

• Fabrication and Assembly Equipment I 340 

Transportation I G 590 
• HLLV ~ 030 

• Support Tugs 470 
• Cargo Orbital Transfer 3 540 
• Satellite Orbital Transfer 4 550 

SPS Fli~ht Demonstrations Tl3D 
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14.6 ECONOl\llCS 

14.6.1 SPS CONTRIBUTION TO THE ELECTRIC POWER MARKET 

The installed peak electrical capacity of the l'nited States is 
approaching 500 G\V. Although the rate of gro'\\1:h has slowed recently from the 
lagging effects of the recent recession, it is generally forecasted that the demand 
for electrical power will increase scarply throughout the remainder of this 
century and probably beyond. For the purposes of this portion of the study, an 
SPS power capacity, initial operating capability, and buildup rate were assumed 
in order to investigate the potential market capture of an SPS prvgram. The 
capacity chosen was 10 GW per SPS, corresponding to the l\ISFC baseline con­
cept. Incidentally, 10 GW is as large as power plants go today. A typical large 
nuclear generating plant is on Jte order of 3. 5 GW (made up of, possibly, three 
generating units). However, preliminary discussions with representatives of 
the industry have uncovered no serious problems \\ith future power plants of 
this size from the standpoint of integration into the utility grid (down time due 
to shadow occult::ition, for example, seems not to be a problem as long as it is 
precisely predictable, as it would be for SPS). 

The year of initial operating capability was chosen to be 1995, 
which seems consist,ent with an aggressive and orderly technology development 
program. A buildup rate was hypothesized that sought to maximize the market 
capture while not overstepping the bounds of reasonableness from technical, 
logistical, and capital availability standpoints. (This last subject, capital 
availability, is discussed in more detail later.) It was assumed Lhat between 
1995 and 2025, sb .. ty 10 G\\' stations would be brought on-line at the rate of one 
per year for the first 10 years. two per year for the second 10 years, and three 
per year frr the third 10 years. 

The installed SPS capacity resulting from such a program is 
graphed in Fi~re 14-'l, Shown also is a forecast of total Vnited States installed 
capacity requirements m·er the same period. It can be seen that by the end of 
the first quarter of the 21st century, the SPS program could be providing 
20 percent of our total electrical capacity needs. Considering the fact that we 
satisfy an increasing part of our total energy needs with electricity and also the 
fact that SPS would operate as a base load system and would thus provide more 
than 20 percent of the total electrical energy generated, SPS could make a 
significant contribution to the projected electriral cner14y ucmand.:;, 
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Figure 14-7. Contribution of SPS t.o United States installed electrical capacity. 

14.6.2 PRICE LEVELS AND THE COST OF CAPITAL 

To exercise the eCOJ!Omic methodology discussed in subsection 
14. 4. 2 and calculate the generation cost of the SPS program, it is first necessary 
to resolve several issues. Two of the more important &ssumptions the.t must be 
made regard prices (choosing price inflation rates) and the cost of capital 
(choosing an interest rate to use for discou11ting) • 

Prices in the energy sect.or of the economy have been rising at a 
rate higher than general price inflation. Power plant capital costs have been 
rising because of environmental and safety concerns, longer construction lead 
times, higher interest rates, etc., while operating costs have been rising 
primarily because of the scarcity of fuel resources. When comparing different 
types of power plants it is necessary, of course, to take these price changes 
over time into account. However, it is only necessary to account for the 
differential energy st>ctor price changt>s. There is no reason (with the exception 
of budget plannin~ purposes) to impact the cost estimates with ch&cng,es in the 
general price level, because any such changes will affect SPS and ot'1er types 
of power plants equally and thus have no relative effect. Thus, as shown in 
Fii;ure 14-8, price changes are broken down into two components, those attribut­
able to general price changes and those r<'c;:.;:~ng from energy sector price 
changes. In this study, general price changes la::ive been ignored (except 
for interest rate effects), and all costs are in constant dollars of mid-1976 
purchasing power. 
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Figure 14-8. Energy price rise relative to general prices. 

The difficulty, then, is to estimate the differential price changes of 
the various power plants being compared. There are many such estimates avail­
able in the literature for current and new technology power plants, and this study 
has used a composite of such estimates to compile ranges of likel~ costs for 
power plants other than SPS. For the SPS, sufficient analyses have not been 
completed to date to qtiantify any components of differential price inflation beyond 
those effects of general price changes. Whatever these components may turn out 
to bE'. (they are currently under .study), they will almost surely be less than those 
that affect t.'ie terrestrial systems which rely on depletable fuel resources. 
Therefore, while it may be argued that certain factors might cause the capital 
and operating costs of SPS to rise relative to general prices, the current results 
of this study are based on the assumption that SPS prices will rise at a rate 
equal to, but no greater than, general price inflation. 

As mentioned elsewhere, this economic analysis assumes sub­
stantial involvement of the private utility industry in the SPS prognm and that 
a large portion of the capital funds will be supplied from private sources. For 
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utlllty companies, the external mone1 market is reached p:dmarlly through the 
sale of stocks (equity financing) , bonds, and short term borrowing (debt 
financing). Profit from the sale of electric1ty is used to pay stockholder 
dividends and to pay the debt plus Interest (Le., the cost of capital). The 
portion of t.otal funds needed that are raised from these various sources differs 
among the utilities. Likewise dividends and Interest rates paid may vary widely. 
However, Table 14-3 can be regarded as depicting typkal assmnptions for the 
utility industry. 

TABLE 14-3. INTEREST RATE 

Oemra1 Beal Weighted 
MarketBate - Pdoe -- Bataof >< Capttallzatton • Bate of 
ofBetum Esoalat1on Return Ratio (CJ,) Betum 
(CJ,) ~ (CJ,) ('I>) (%) Souroe of Funds 

Bond and Note Debt 8 6 3 56 1.66 

Common Stock 12 6 7 36 2.45 

Preferred Stock 8 5 3 10 0.30 

4.4 

The interpre~ation of Table 14-3 is as follows. utilities raise 
approximately 55 percent of their extemal capUal needs from the sale of bonds 
and by borrowing, for which they incur 8 percent annual market interest c!larges. 
However, in the face of an assumed 5 percent price escalation, the real interest 
amounts to only 3 percent because the utility enjoys the opportunity to pay their 
debt with money that each year is declining in value by 5 percent. Similar 
inte1pretations hold f.or stock financing, such that a weighted rate of retum of 
approximately 4. 4 percent is a good approximation of the overall real rate of 
return for capital investment in the industry. (At 5 percent annual price infia­
tion, this corresponds to a market interest rate of 9. 4 percent.) For this 
evaluation, a 7. 5 percent .oeal rate of discount ( 12. 5 percent market rate) has 
been used, even though for the regulated utility industry such a rate of retum 
is most likely high. This diS<;..'lunt rate has been purposely chosen for conserva­
tism, to reflect economic risk, and to account f.or a certain amount of govern­
ment involvement and the corresponding 10 percent real rate of discount often 
required by the Office of Management and Budget ( OMB) for public investment 
projects. 

14-16 



14.6.3 INSURANCE AND TAXES 

In the area of insurance and taxes, this analysis departs from the 
methodology used in other SPS economic evaluations. That methodology con­
sists of applying fac1x>rs against capital cost to arrive at an annual cost t.o 
account for insurance and taxes. The various SPS concepts are very different 
in their capital intensiveness, and a single fact.or applied against the capital 
cost would not take this int.o account. With a computerized model it is just as 
convenient to calculate the insurance and taxes more precisely. The results 
reflect ground system property insurance and property taxes based on average 
rates being paid by the utility industry. Federal income taxes were estimated 
by applying corporate tax rates against the taxable revenue after taking the 
allowable deductions (depreciation, operating expense, interest, and taxes) • 

In addition, it was assumed that a certain percentage of launches 
would not successfully place the payload in orbit, and/or the launch vehicle 
would not be recovered. These losses could conceivably be insured in the same 
manner as commercial communications satellite launches are insured today. 
Of course, the underwriter for such insurance would charge a premium based 
on the long term probability of successful launches such that he would recover 
the expected payments plus make a profit. Alternately, it can be assmr.3d that 
the financial burden and risk of a program as large as SPS can only be bome 
by a joint enterprise arrangement between an aggregate of private companies 
(possibly including the federal government) and that the resulting joint enter­
prise would be large enough to absorb launch losses. Theoretically, for a 
program of the magnitude of SPS with many launches over time where the 
statistics of infinite processes approximately hold, the only difference between 
insuring and absorbing launch losses is the profit of the insurance underwriter 
( thel'P. is no tax difference because either losses or insurance premiums are 
deductible for income tax purposes). The study results reflect the assumption 
that the company absorbs launch losses. 

Finally, in the area of insurance, no provision for third party 
liability insurance has been included for two reasons. First, the definition of 
a premium is complicated by the fact that the insured event has a low probability 
with potentially large claims. Second, current rates for commercial satellites 
seem quite reasonable, and linear extrapolations to SPS yield premium costs 
that are essentially negligible (less than 1 million dollars). 
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14.6.4 CAPITAL AVAILAmLITY 

As discussed elsewh'9re in this report, the SPS program has the 
potential to produce power at rates economically competitive with other types of 
power plants projected for the 1990's. This is true even though the SPS program 
is very capit:il intensive {i.e., the major portion of the mq>ense of the SPS pro­
gram is the procurement and installation of plant and equipment) • The SPS is 
able to economically compet.e with less capital intensive power plants only 
because the SPS is much less expensive in the operational phase of the progrBDl. 
However, since the funds available in the capital market are limited, the large 
SPS capital requtremente could hamper the implementation of the program. 

It is somewhat analogous·to the situation of the space agency in the 
earJv 1970's when comparing various space t-'\DSportation options. Cost benefit 
analyses showed that a partially reusable space shuttle was more economical 
than expendable rockets and ~ fully reusable space shuttle was even more 
economical. Even though the fully reusable version was the most economical, 
the initial cost was simply too high for the agency budget, and the partially 
reusable version was chosen as a compromise. 

In the 1990's an SPS will probably require two to four times the 
initial plant and equipment expense of other types of plants. Already, even 
without SPS, the utility industry is concerned about the availability of funds to 
sustain the required growth in electrical capacity. However, the utility industry 
is accustomed to large capital requirements and, in fact, is the most capital 
intensive of all Unit~ States industries, accounting for approximately one-fifth 
of all United states ~ ... '1Stry plant investment. Many potential solutions to the 
financing problem are being investigated. These include increasing the attrac­
tiveness of external investment by such plans as tax free dividend reinvestment 
and increasing internal cash generation by increasing the investment tax credit, 
more rapid depreciation rates, allowing a tax deduction for dividends, etc. At 
any rate, the problem of power plant financing is not peculiar to the SPS; to 
supply the future electrical power needs of the nation, by whatever means, 
requires that ways be found to meet large capital requirements. 

14.6.5 GENERATION COST 

The SPS generation cost is given in Table 14-4 and Figure 14-9 
broken out by major WBS cost elements. For the typical SPS concept studied, 
the 1995 total generation cost in 1976 prices is estimated to be 62 mill/kWh. 
The largest single contributor to generation cost is the satellite itself which 
correspond& to 21. 9 mill/kWh or 35 percent of the t.otal. Although not shown, 
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TABLE 14-4. SPS AVERAGE UNIT GENERATION COST (1976 mill/kWh) 

I Initial Replacement Operations and 
Cost Element Capital Capital Maintenance other Total 

Satellite System 21.6 0.3 21.9 

Ground System 4.7 0.3 5.0 

Space Assembly and Support 1.2 0.4 1.6 
Facilities 

Transportation Fleet 0.7 0.1 0.8 

Transportation Operations 10.9 0.5 1.6 13.0 

Satellite Operations 2.2 0.1 0.3 2.6 

Taxes and Insurance 6.6 6.6 

Program Management and 2.1 0.1 0.1 2.3 
Systems Engineering and Integration 

Contingency 6.6 0.3 0.3 1.0 8.2 

Total 50.0 2.1 2.3 7.6 62.0 

-
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Figure 14-9. SPS av~rage unit generation cost. 



nearly two-thirds of this cost is due to the solar blankets. Total space trans­
por.tatlon cost (Beet and operations) is the second moat important oontrlbutor 
at 13. J mill/kWh or 22 percent. 

It is interesting to compare these results with Tai>le 14-1 and 
Figure 14-3. which listed the life cycle cost of the SPS by major contributor. 
Such a comparison reveals a shifting perspective of the Jl'ajor cost drivers o; 
ttie progra For instance, Figure 14-3 shows that in terms of life cycle cost, 
t!le cost of '°~ Ratelllte and the cost of taxes and insurance each contribute 26 
percent of the total. Howeve.·, m terms of generation cost, Figure 14-9 shows 
that the satellite accounts for 35 percent of the total while taxes and insurance 
are down to 11 percenL Tlrts is because the generation cost takes into 3CCOUllt 
tl:.e time value of money and ~.es a more realistic comparison of the relative 
importanc~ a>etween cost elements. The satellite is primarily an initial capital 
cost item and therefore incurs high financial charges. The taxes a. · insurance. 
on the other hand, are costs which are incurred at a later point in time and are 
therefore affected less by the time value of money. 

As stated previously. the generation cost of 62 mill/kWh is a 
realistic estimate for the MSFC baseline concept including a number of con­
tingencies and based on factors discussed throughout this report. In subsection 
14. 5, economic sensitivities to certain of these factors were discussed (launch 
costs, for example). In Figure 14-10 the 62 mill/kWh baseline generation 
co.rt has been expanded to a range of values or error bars, which correspond to 
a range of reasonable assumptions. This figure compares the expected range 
of the SPS r.eneration costs to the range of expected costs taken from various 
sources for other types of power plants for the 1990 's. The conclusion is that, 
w~. fle costs are uncertain for all of those power plants, the SPS is in the competl­
tivt range of generation costs predictions. 
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15. 0 PROGRAM PLAN, TECHNOLOGY ADVANCEMENT PL~N 

15. 1 PROGRAM PLAN 

The 1-'."0grarn plan for developing the SPS consists of four specific 
phases: feasibility assessment, technology advancement, development, and 
operational capability. The feasibility assessment phase of the plan began 
approximately in 1975 \\ith the formation of a team of engineers with representa­
i.ion from each NASA center to evaluate the potential of the SPS concept. The 
results of the team activity were a recommendation for furthe1· study of the SPS 
concept and an identification of key discipline technology drivers. The feasibility 
assessment phase is to end in 1980. The primary purpose of this phase of 
de\'elopment is to compare major competing concepts for the SPS and, at the 
feasibility level, resolve the major technology questions concerning each 
concept. At the end of this phase the number of concepts should be narrowed 
to approximately two and hopefully to a single preferred concept, since at this 
time l<t'*e ground and flight test programs a e envisioned that will be expensive 
to conduct on t' parallel and competitive basis. 

The technology advancement phase of SPS development is to begin 
in 1980 and proceed to 1987. This phase of development is to begin with a con­
tinuation of ground technolngy work initiated in the previous feasibility assess­
ment phase, is to have grou~d test work in support of a night test program, is 
to feature sortie at1d space station support flight tests, and is to be marked with 
the milestones of a l::O kW power module in the 1982 through 198-l time frame 
and a 2 l\IW subscale SI<~ in the 1985 through 1986 time period. 

To begin the development phase a commibnent to development of 
the SPS, to the required ground-to-orbit launch vehicle, and to the orbit-to-
orbit launch vehicles will be necessary. Within the development phase, the design 
and construction in orbit of a prototype or first unit SPS will be concluded and the 
dev~lopment of SPS production capability will occur. The production of as many 
as 100 to 125 SPS units is a possibility. 

The operational capability phase of the SPS is envisioned as begin­
ning in 1995. During this phase as many as 10 SPS units could foreseeably 
become operational per year. 

The SPS technology devclopme•.it plan consistent with the program 
plan just outlined is shown in Table lG-1. 
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TABLE 15-1. DEVELOPMENT /VERIFICATION PROGRAM OUTLINE 
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15. 2 TECHNOLOGY DEVELOPMENT PLAN 

The Phase I ground test program of the technology development 
plan is t.o consist of selected computer simulations and oomponent tests in each 
discipline related area of the SPS, such as the microwave power transmissiOn, 
power conversion, power distribution, attitude control, structures, assembly, 
thruster, and environmental impact areas. To be included are overall system 
test~ of microwave power transmission. Phase D of the ground t.est program is 
to inciude continued component tests in each discipline of the SPS, subsystems 
and systems tests, and tests in support of the flight test program. This second 
phase of the ground test program is expected t.o continue until completion of the 
SPS dev~ ~opment and operational status is achieved in the 1995 time period. 

A small GEO satellite ls an envisioned part of the technology 
development plan. This satellite, which is t.o be operational prior to 1984, is to 
be deliverable with the shuttle in an upper stage t.o geosynchronous orbit. 
Results to be derived from· this test are all systems operation and compatibility 
data that will reflect an acceptable selection of materials, thermal coatings, 
system locations, etc.; selected long duration component test data, such as on the 
power amplifiers; spacecraft charging data, microwave beam control, attenua­
tion, and scintillation; and RF intederence characteristics in the environmental 
impact area. 

A vigorous shuttle supported sortie mission program ls included 
within the technology development pl.an. This sortie program is t.o be required 
through 1987. The major features of the sortie program are COJlli.'IOnent and sub­
system tests in support of each SPS discipline area. -r-reconstruction tests are 
to be included in the sortie program to initiate learning on asseml.Jly of structure 
in orbit and installing subsystems. Sortie missions using a long duration 
exposure facility or equivalent carrier structure are envisioned for support of 
long duration test programs on materials, material coatings, systems requiring 
continuous exposure t.o tht. space environment, certain continuous cyclic opera­
tions, etc. , where manned interface is not directly required for obtaining test 
data. The sortie mission progl"a&-n resuJts are t.o be focused with the construc­
tion of a 150 kW power module from the shui!le. This module is t.o be capable 
of supporting an•J supplying power for low orbit ol.· '1EO space industrialization, 
t.o provide power to the space station, and t.o provide a technology base for 
construction of the subscale SPS. Potentially the power module could be con­
structed as subelements of the subscale SPS. 

The subscale systc.ms development portion of the technology 
development plan ls to be initiated in early 1983. The major hardware objective 
of this effort ls t.o be a subscale SPS, potentially of the 2 MW ground output size. 
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At least arguments can be made for a subscale SPS this size from the point of 
view of the microwave system. For the 2 MW size system, but not for a 
smaller poW!fC,r level, the microwave antenna would be a subelement of the full 
scale system and this subelement can have power taper as a test variable. Th~ 
subscale systems development effort is seen as having four major chronological 
parts: systems environmental and performance program, which is to provide 
tests of systems in which long duration and manned interface are combined and 
to provide qualification tests for subscale SPS subsystems; preconstruction 
techniques development, which is to be a continuation of preconstruction tech­
niques development from the sortie program and to be the effort that finalizes 
the procedures for fabrication and subsystem installation for the subscale SPS; 
construction base/site preparation, which is the buildup and organization of 
material and equipment to accomplish the subscale SPS construction; and sub­
scale construction, which is t.o be the actual construction of the subscale SPS. 
The subscale SPS is to provide the basic technology reference from which to 
construct the full scale SPS. The intent is that primarily the preconstructi.on 
effort for the full scale SPS be characterized by modifying subscale construction 
technology for the larger scale systems. In the subscale program the techniques 
and machines for manufacturing the basic structure are to be used for manu­
facturing the basic beam elements of the full scale SPS. Free-flyer handling 
and joining of beams in the subscale program will be applicable to the full scale 
program with modifications to procedures for beam size. The subscale SPS is 
to be operated in LEO to verify performance of the system and is to be trans­
ferred to GEO for further performance tests. The space statio·n is to be the 
control center for operating the subscale SPS in LEO or GEO. A potential 
concept for the 2 l\IW subscale SPS is shown in Figure 15-1 for the photovoltaic 
power conversion concept. A concept for the 150 kW power module evolving 
from the 2 MW subscale system is also included in Figure 15-1. 

Following ~.he subscale SPS development, the development of a full 
scale SPS prototype is setn as the next major milestone in the technology 
de\•elopment plan. Prototype development is to be a single and first unit develop­
ment to distinguish it from the operational SPS, although the prot.otype systei· 
will be operationally functio11al. 

The final item of the technology development plan is development 
of the capability to produce SPS's at the rate of 1 to 10 per year. This effort 
is to be completed by 1995. 
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16. 0 CONCLUSIONS 

The large number of system and subsystem elements \Dlder con­
tinued study required extensive tradeoffs and comparisons of many options in 
each area. These efforts are far from being complete and require further 
extensive in-depth analyses and optimizations; therefore, only the following 
tentative conclusions can be drawn at this time. 

• This study effort has improved and expanded the understanding 
and identification of critical technology areas and of required 
technology advancement and verification programs. 

• Progress has been made in further definition of the key issues 
associated with each program element. 

• Improved cost and economic analyses have shown that SPS 
remains cost competitive with other energy sources for the 
planned implementation period. 

• All study results indicate that further program definition efforts 
are warranted. 
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APPENDIX A 

SPACE-BASED SOLAR POWER CONVERSION AND 
DELIVERY SYSTEMS STUDY1 

A study of space-based solar power conversion and delivery sys­
tems was initiated by NASA, George C. Marshall Space Flight Center, on 
February 1, 1975, with ECON Inc., as prime contractor and with Grumman 
Aerospace Corporation, Arthur D. Little, Inc., and Raytheon Company as sub­
contractors to ECON. The initial stuLy effort ended November 30, 1975, and 
resulted in an interim report released :March 31, 1976. This phase of the study 
examined pote .. tial concepts for a photovoltaic satellite solar power system 
(SPS) (focusing on power levels of 5000 and 10 000 MW) and a power relay 
satellite, and studied certain aspects of the economics of these systems. An 
artist' s concept of the 5000 MW SPS is shown in Figure A-1. 

The initial phase of the study addressed the economic feasibility of 
an SPS. Potentially possible, but futuristic goals were set on the various tech­
nologies necessary for an SPS and the system capital and operation and main­
tenance costs estimated based on the assumption that all the goals are achieved. 
This effort led to an SPS capital cost estimate of $7. 6 billion and an annual 
operation and 'lllaintenance cost estimate of $136 million for the 5000 MW system. 
This system waa economically compared with terrestrial fossil fuel systems 
(coal and oil) over the period 1995-2025 as shown in Figure A-2. The line R in 
Figure A-2 relates the generation cost of electric power to the capital cost of 
an SPS assuming this operation and maintenance cost. Thus, given a price of 
power, this figure provides the allowable unit of cost of ao srs. 

Projections of the cost of power generation for coal and oil systems 
were made based on three scenarios: 

1. Relative fuel prices2 remain constant (C
0

,o
0

) 

2. The relative prices of coal increase by 2. 6 percent per year, 
and the relative price of oil increases by o. 67 percent (CA ,o A) 

3. The relative prices of coal and oil increase by 5. O percent per 
year(CB,OB). 

1. Syno;-c::is - NASA/l\1SFC Contract No. NASS-31308. 

2. "Relative prices" refer to the price relationship of all goods and services to 
each other. The usual practice is to consider one good as the baseline and 
calcul al,· all prices relative to it. Obviously, generalized inflation would 
not affect rdative prices. 
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Fi!:,'1.lre A-1.. Artist's concept of a 5000 MW SPS. 

Given the results sw1Hnarized in Figure .t\-2, t)i e conclus i ns of 
the first study phase are that, given appropriate technological advance s and 
continued increnst·s in the real cost of genc r::iting electrical 1ower by t errestrial 
systems, SPS might t>ecornc economically viable by the mid-to-late 19DO 's and 
that it is unlikely that U1e powe r n :lay satellite will become e conomicall y " :ible 
at o.ny tirn e over the study period - through 202G. 

The second study phast~ •. conducted during the pe riod F ebrua ry 1 
to .June: ~30, l~J76, examined in great<:~r depth the t eclmkal and c onomk <1sp<:ct s 
of SPS \Vith a f cus on thi;~ current c~onfii:,1111·ation soon MW syste1n . Jn tbi s phase 
of the s tudy, th following efforts were request.:id: 
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Figure A-2. Economic comparison of a 5000 l\fW SPS operating over 
the period 1995-2025 v i"1 terrestrial fossil fuel plants. 

1. Additional engineedng studies of the current configuration 
focusing in the following areas: 

a. Orbital system structures 

h. Control and station keeping analysis 

c. Flight me1:hanics and orbit transfer ro:~resse3. 

2. An analysis of alternative program plans focushg on the 
economics of low Earth orbit and geosynchronous orbit test satellites. 

3. An identifier.don of critical issues anJ technologies relevant to 
the constl"Uction and operation of a photovoltaic STS. 



•· A preUmtnal") tdeStflcatlon and analysis of ut1Uty interface 
la88811 and pmblema. 

Tile ~-- reflMmmt of cost estimates and costing metbodolo­
sies wu of paJticnlar !merest durlq this pbue of tbe study. To satisfy these 
ob;eott'9C8 P atgnteCllllt pert of tbe study effort was de'VOted to the development 
and ..., ul cost. and cost-risl analyata computer models. These models are 
used t.o combine ecouomlc 8llJ tecbnlcal data to provide Information for program­
maUc decls1an making. Thus. the results of t!le second .study phase differ from 
tbo&e of the first ~ pbase in t.;• haste ways: 

1. The.J are DODdetemWdstlc; fbat Is, results an given in the 
form of probabBtty dlstrlbuUons 1"8lller tban aiCCle number estim.ltes. 

2. It is net ass:ane1 tbai all technology l!;O&ls are met. rather the 
ohDt:e of adde""ling various levels 0: t-ecimoloo developments were assessed 
8llcl De co~ systcml coat itnpacts enluated. 

The renlts of the 009t ... ris\ msalysfs were used tn assess the economic viability 
0.: Tarlawl SPS devel011D&ent program plclDS and to identify the critical technology 
aft!Blt. The ecouomlc vlablltty. U>tlt ls. !be Dft PJ"98ent value, of the second 
SPS unit was assessed eubJ~ tc. ~Ile following assumptions: 

: The SPS tm:t avallablltty factor ts o. 959 that ls, it ls producing 
power 95 perceut of the time. This iDcl.ude& ~ower outages due t.o solar eclipses 
nea1' the equbnses. 

2. ·rae poyer output of the SPS unit decreases by 1 percent per 
year me to *'radation of various oomponents. 

3 ~ Thtt Ufetime of the SPS mat ls 30 years. 

4. The capital investment 14 llie SPS unit ls made in one lump-sum 
payment 2 yea'"' prior to the lnltial OJ>P,ration date of the SPS unit. 

5. The real price of power at the rectenna busbar ( 1974 dollars) 
increases .it the rate of 1 percent per year. · 

6. No charge ls 1r. :<f.. ~or tax'9s and lnsuran"" 

7. Present value c...r~putatlons use a discount rate of 7. 5 percent. 
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The probability distribution of net present value of the second unit is shown as a 
function of the price of power at the rectenna busbar on the first day of t.peration 
in Figure A-3. If the price of power at the busbar on the first day of operation 
is 30 mill/ kWh ( 1974), Figure A-3 indicates that there ts approximately a 
21 percent chance (approximately one in five) that the second unit will be 
economically viable. Given these results. it is the low probability of a sub­
stantial payoff that is used to develop and justify SPS development program plans 
directed toward the pursuit of the SPS concept. Each step in RUch a program is 
viewed as !l process of buying informati'ln necessary to make the decision to 
continue the development program. 

The major conclusions derived by the study to date are as follows: 

1. The SPS ir.ay be cost-effective with respect to terrestrial fossil 
fuel systems by 1995. 

2. Potential cost-effectiveness of SPS improves beyond 1995 due to: 

a. Increasing scarcity of nonrenewable energy resources 

b. Increasing environmental impact of terrestrial alternatives 

c. Continued technology development (learning). 

3. SPS has the potential for supplying approximately 10 percent of 
the U.S. energy needs by the year 2025 (equivalent to total present consumption). 

4. Jt appears that an economically viable and risk controlled pro­
gram plan tc; pursue the SPS concept can be developed. 

an SPS are: 
5. The technology areas critic..J to the successful dPvelopment of 

a. The ability of man to manufacture and assemble equipment 
in space 

b. Solar cell technology (mass, efficiency, lifetime, cost). 
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BACKGROl"~D 

APPENDIX B 

SYSTEl\IS DEF1l\1TIO~ - SPACE BASED POWER 
CONVERSION SYSTEMS1 

This 16 month study was still 3 months from conclusion when this 
summary was prepared. 

The study is investigating potential syste:ns for the generation of 
electric power in space. Electric powt;r would be i>eamed to Earth for use by 
consumers. Seven candidate power generation concepts were investigated (five 
have solar energy as the basic power source; two use nuclear reactors): 

1. Solar Brayton Cycle 

2. Solar Thermionic Dh diation Cooled 

3. Solar Photo\ultaic 

4. Nuclear Brayton Cycle 

5. Solar Thermionic Liquid Cooled 

6. Solar Thermionic/Brayton Cycle Cascade 

7. Nuclear Thermionic. 

In addition a Power Transfer System was investigated. This was - ."'stem of 
mirrors in geosynchronous orbit to reflect sunlight to ground solar power plants. 

At the 10 month point, a study extension placed emphasis on the 
first four of the J'reviously listed systems. 

DEMAND ANALYSIS 

Analysis of past growth rates in electric power generation capability, 
population trends, etc .• led to the baselinlng of the following SPS programs: 

1. Preliminary Summary - NASA/:MSFC Contract No. NAS8-31628. 
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End of concept definition phase 1979 

Completed technology verification phase 1987 

Initial operational capability 1996 

Total ground output of 155 GW achieved 2006 
(10 percent of national generating 
capactty2) 

Total ground output of 605 GW achieved 2016 
( 25 percent of national generating 
capacity2) 

THE POWER TRANSFER SYSTEM 

Fundamental optics pro\ides that the image cone from a mirror 
cannot have a smaller angular width than the cone to the (circular) source. 
The Sun as seen from the vicinity of the Earth has an angular width of o. 5°. 
Hence an image cast from a geosynchronous orbit mirror will have a minimum 
width of O. 5° as seen from the mirror. This is a width of 330 km at the Equator. 
Cons~uently the minimum area of illwnination is approximat.ely 86 000 km2• 

If the image strength is to be equal to a ''noon Sun" in the target area, it is 
necessary that the orbital mirrors have a total area in excess of the ground 
target area. After allowing for reflectivity losses and other inefficiencies, 
the smallest mirrors (for a "one Sun" ground image) had an area of 134 000 Ion2 

for a mid-U. S. location. 

Orbital mirrors of this type may have significant environmental 
impact. No target area could be found within the U. s. which is not currently 
occupied by at least 50 000 persons. The nearly constant illumination of the 
targ~t area would tend to produce high temperatures, perhaps 65°C, although 
storms may tend to form, partially obscuring the Sun and/or mirrors. 

SUMYSTEM ANALYSIS 

Several subsystems have broad utilization among the seven power 
conversion systems studied. These subsystems were consequently investigated 
individually for a wide range of operating parameters, permitting them to be 
parametrically described for optimization studies of the total systems (which 
are composed of several subsystems) • 

2 Based on a 4. 5 percent annual growth from 1976. 
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Radiators 

Radiator panel concepts were evaluated to identify that tube/fin 
arrangement producing maximum power dissipation per unit mass while pro­
viding a baseline level of resistance against meteoroid penetration. The result­
ant panels were included in a computer model which provided the total radiator 
system mass (for panels, manifolds, pumps, and pumping power penalty). 
Manifold mass was found to be extremely critical, requiring a change from a 
linear radiator arrangement to a more compact ''halo" which more closely 
clusters the radiator area around the heat source. Freezing of the liquid metal 
Quid of the radiator was found to occur during solar occultation. Radiators with 
heat pipe panels may be resistant to manifold freezing. 

Solar Concentrators 

The concept baselined for high concentration raUo (over 200) sys­
tems involves a large nwnber ( 5000 or more) of individual steerable reflectors 
which form an approximately paraboloidal surface. A relatively light structure, 
which is somewhat compliant to stresses from thermal transients, gravity 
gradients, attitude control system operation, etc., is used to support these 
steerable facets. The facets are composed of metallized plastic film tensioned 
by a support frame. A computerized model of these solar concentrators was 
used to determine the sensitivity of the following variables: 

1. Geometric concentration raUo (concentrator area ..;. aperture 
area) 

2. Number of facets 

3. Rim angle (angle between concentrator plane and aperture) 

4. Facet pointing error 

5. Sun angle relative to concentrator axis. 

A range of concentrator types was also analyzed for use with solar cells, includ­
ing both two-diriensional (strip) and three dimensional types. 

Mass estimating relationships were developed for these concentra-
tors. 
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An analysis of meteoroid effects indicated no problems for such 
concentrators; however, radiation effects could not be quantized and are there­
fore considered a potential problem. 

Therma! Engines 

Turbomachine systems were investigated by the Garrett Corpora­
tion, a subcontract.or. Available and "emerging'' materials were analyzed as 
candidates for the high temperature/high stress elements. Most promising were 
Astar 811C, a tantalmn alloy, and silicon carbide, a ceramic. All portions 
were designed for a 30 year :running life. Gas bearings are used throughout. 

The investigation also included two important portions of a closed 
Brayt.on cycle system: the recuperator (a gas-to-gas heat exchanger) and the 
cooler (a gas-t.o-liquid metal heat exchanger which interfaces the Brayt.on gas 
loop t.o the liquid metal loop of the radiator). 

Parametric descriptions of the above were developed for use in the 
Brayt.on cycle optimization process. A baseline engine size of 300 l\IW received 
primary emphasis; a 10 MW engine for pilot plant use will also be investigated. 

Thermionic Converters 

These passive devices direc--..Iy convert high temperature thermal 
energy into electricity. Thermionic diodes are mounted in the wall of the solar 
cavity absorber so that their electron emitters are exposed to the concentrated 
solar energy. The electron collectors with their associated cooling fin are 
exposed to space for heat dissipation. The voltage level of a series string of 
diodes must be kept low to avoid insulation breakdown. Rotary converters are 
used to step up the output t.o the level required by the transmitter. 

Initially tungsten was selected as the electrode material; however, 
all known reserves of this material would be required for the baseline SPS pro­
gram. A diode of nearly equal performance was later baselined using a molyb­
denwn emitter and a molybdenum-coated nickel collector. Subcontractor for 
thermionics analyses was the Thermo Electron Corporation. 

Cavity Absorbers 

The cavity absorber is a hollow sphere with an opening to admit the 
concentrated solar energy from the. concentrat.or. The tubular heat absorber 
assemblies for the Brayton cycle system or thermionic converters are mounted 
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on the interior walls. The cavity is insulated to reduce energy loss through the 
walls. The high temperature ir..sulation is comp<'sed of multiple thin layers of 
refractory metals separated by zirconia or yttria pellets. Retlection and 
reradiation losses through the aperture are functions of cavity geometry. 

Nuclear Reactors 

Dr. J. Richard Williams of the Georgia Institute of Technology was 
the consultant on reactors for this study. Breeder reactors were baselined 
because uranium resources will not last throughout the baselined program dura­
tion without them. Candidate reactor types were evaluated on the basis of their 
availabilitv by the time required, complexity of the fuel reprocess system, and 
achievable temperature with the required 30 year life (baselined for all satellite 
systems). 

Power Distrihution 

Photovoltaic systems all use series chains to produ-:.e 20 000 V or 
more as required b. '1e transmitter. Because the thermionic systems require 
rotary converters to step up the output which is limited tn approximately 25 V, the 
thermionics and Brayton cycle can use alternating current distributicn at high 
voltage. Pl~otovoltaic systems will thus use slip rings at the :rotary joint to the 
transmitter, while the other systems can 11se a rotary transfom·er. Nuclear 
power systems do not require a rotary joint because they are not Sun-facing. 
All systems req~re switchgear at various points in the distribut'ol" :network. 

Solar Cells 

Two solar cell types were selected for emphasis: conventional 
silicon cells and gallium arsenide ( GaAs) heterojunction cells. Performance 
in the 1990's was estimated by the projection of past improvement trends, taking 
fundamental limitations into account where required. A photovcltaic optimizer 
model assessed the impact of solar concentration, cell cooling, and cover glass 
thickness on total satellite cost. Silicon and GaAs systems were found to achieve 
a cost benefit from solP.r concentration and cooling. Solar concentration reduces 
the total cell "buy" and allows thicker cover glass with lower mass penalty. 
Cooling fins behind the cells reduce their temperature and raise cell efficiency. 

SYSTEMS 

The previously described subsyst~mo were integra ·ed by optimiza­
tion models to select design points for the total systems. Several initial findings 
were: 
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1. ThE: nuclear thermionic system was not technically feasible 
(with the molten salt breeder reactor) because radiator pumping power require­
rr ents exceeded the power output. 

2. The nuclear Brayton system was most massive because the low 
molten salt breeder reactor temperatures resulted in a low temperature (hence 
massive) radiator. 

3. The thermionic/Bra~ton cycle was lightest, but most complex. 

4. The power relay system (geosynchronous mirrors) had a high 
probability of severe environmental impact. 

System masses, costs, and launch pollutants were estimated for all systems. 

PRELll\llNARY OVERALL STUDY RESULTS 

At this point in the study, the following primary conclusions can 
be drawn regarding power satellites: 

1. At least three approaches to power generation in space appear 
to be practical. 

2. These systems have masses of approximately 108 kg for 
10 GW ground output capability. 

3. In a significant program (at least 300 GW total capability), 
power costs (busbar) can be a1lproximatcly 40 mill/kWh (1976 dol1ars). 
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APPENDIX C 

APPLICATION OF STATION-KEPT ARRAY CONCEPTS TO 
SATELLITE SOLAR POWER STATION DESIGN1 

INTRODVCTION 

During FY 75 NASA Study 2. 5 (Contract NASW-2727), The Aero­
space Corporation conceived a technique for building large devices in orbit with­
out requiring the large structures inherent in single satellite designs. In this 
concept the required large structure is divided into a number of physically 
separate segments, ~ach individually station-kept and orient.ed and so controlled 
that the combined operation of all the segments, taken as whole, proposes to be 
indistinguishable from that of an equivalent single monolithic structure. 

A company-funded detailed analytical investigation of the concept 
led to the premise that it has potential application to the design of large satellit.e 
solar power stations and served as a base for the present effort. 

STCDY OBJECTIVE 

The objective of the study is to assess the feasibility, practicality, 
and implications of segmenting the large satellite solar power station structural 
assemblies. Solar photovoltaic and '>olar powered Brayton systems are examined 
and po\\ er levels of 5 GW and 10 GW are considered. 

STl'DY APPROACH 

Five generic concepts were identified for assembling large satellite 
solar power stations: 

1. A rigid, monolithic structure in which bending, compression, 
tension, and thermal loads arc transmitted throughout the structure from one 
section tc. another. 

2. A structural array made up of indi\idual segments joined by 
hing;cd or universal joints which arc capable of transmitting tension on compres­
sion loads 1Jut not bending loads. 

1. Synopsis - ?\ASA 'l\ISFC Contract No. NASS-31842. 
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3. A structural array made up of individual segments joined by 
flexible wires which transmit tension loads but are not capable of transmitting 
compression or bending loads. 

4. A structural array made up of free-flying individual segments 
which are station-kept to maintain the array formation. Communication linkages 
exist rather than structural linkages. 

5. A structural array made up of individual segments which are 
attached to each other by a cable which is maintained in tension by gravity 
gradient forces. 

Six solar photovolt:iic and four solar powered Brayton conceptual 
designs were prepared. The following system comparison parameters were 
identified and comparisons made using, in each case, the monolithic design as 
a baseline: 

1. Assembly/deployment technique 

2. On-orbit power transfer technique 

3. System efficiency chain 

4. Station keeping requirements 

5. Guidance, stabilization, and control requirements 

6. Microwave requirements 

7. Power distribution requirements 

8. Technology requirements 

9. Dimensions of largest m~jor assembly 

a. Solar array 

b. Microwave transmitting antenna 

c. Reflecting/refracting antenna 

10. Weight of largest major assembly 
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a. Solar array 

b. Microwave transmitting antenna 

c. Reflecting/refracting antenna 

11. Total system weight 

12. System cost 

a. Nonrecurring 

b. Recurring 

13. Launch, initialization, and operations requiremems. 

STFD Y CONCLUSIONS 

It was concluded that it is feasible to consider c;egmenting the 
major structural assemblies of large satellite solar power stations, although 
several problem areas require more detailed analysis. 

In particular, the gravity gradient stabilized system appears to 
have special merit. This concept separates the very large solar flu.'\ collection 
assemblies (either solar arrays or solar collectors) into individual segments 
which are attached to each other in a linear fashion by means of the power 
distribution cable. It weighs approximately the same as the comparable mono­
lithic concept but alleviates two of the significant problem areas associated with 
the other concepts: ( 1) excessively l:irge structural assemblies and ( 2) exces­
sively large station keeping and attitude control pr0pellant expenditures. 

FUTURE PLANS 

The gra'vity gradient stabilized satellite ~olar power station appears 
to be feasible and to have a number of attractive features. It is proposed there­
fore to conduct a further detailed study in which a number of potentially viable 
gravity gradient stabilized satellite sola1 >owcr station configurations will be 
defined. Anal)tical methods will be developed to perform a detailed investiga­
tion of the orbital motions and shading characteristics of recommended sy::;tems. 
Critical subsystem problem areas, such as power distribution and management, 
will be identified and design solutions conceived and analyzed. An integrated 
development plan will be defined, leading to the implcmC'ntation of a full-scale 
operational system. 
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APPENDIX D 

FEASIBILITY STUDY OF THE SATELLITE 'POWER 
SYSTEM CONCEPT1 

The Space Division of Rockwell International is conducting a study 
of satellite power systems (SPS) for NASA's Marshall Space Flight Center 
under Contract No. NASB-31161, titled "Feasibility study of the Satellite Power 
System Concept." Within the general guidelines of a mid-nineties IOC date with 
subsequent buildup of capability to provide up to 600 GW of power over the next 
30 years, the principal objectives of the study are as follows: 

1. To ~otablish technical feasibility of the ooncept for acquiring 
solar energy in space, c9nvert.'.ng it to electricity, and transmitting it to a 
receiving antenr~ on Earth for distribution 'JVer conventional power lines. 

2. To estimate costs associated with development, production, 
and operational emplacement to define the range of economic visibility for SPS. 

3. To delineate systems hardware and operational processes 
which will require advancements in technology to ensure SPS program success. 

The study was begun on August 1, 1976, and is being conducted 
over a 5-1/ 2 month period. The first 4 months are devoted to the technical 
effort witt. presentation of final results scheduled for the end of November. The 
final montl.' and a half will be used for preparation, rerlew, and publication of 
the final report. 

Of the two solar energy conversion techniques, e.g., sch.r thermal 
and solar photovoltaic, the Rockwell study will investigate only the latter. To 
explore the potential of different systems hardware, design concepts, and 
operational approaches, Rockwell is analyzing the "reference" 8 GW photovoltaic 
configuration shown in Figure D-1. This high-aspect-ratio concept was chosen 
f;o yield reduced operational propellant requirements for attitude control, ... 
increase structural stiffness, and to remove potentially interfering structural 
members from the path of the radiated power to Earth. 

I. Synopsis - NASA/MSFC Contract No. NASS-32161. 
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Analyses of the reference concept will be bitsed on the use of 
gallium-allninum-arsenide ( GaAI...\s) solar cells. In the time trame of intcx-est, 
advances in G:> "lAs cell technology and !ncreased cell efficiencies may decrease 
Llanket weiFttts. The greater cell ~ffki!?DC.f will ~rmit a l"eWctioc in overall 
blanket area; however, the slightly grea1.cr weight of GaAlAs cells may not 
permit a significant cell blanket weight reduction. Tl:~ redur'd bl~nket area 
will requL.T less supporting strucU.re, resulting in reduced structura' weight. 

Th< reference microw'l\"c:? antenna structure being invco-Stigated h; a 
heX31;onal crmpression frame 'r•ith a !cnslon web. The domicmt adwntage of 
such a ::>tructu1-c will be to m!nimize its c;n-01i>i! construction time. All con­
struction operations fo1 the SPS will take place: at gf'osyi:chronous orbit, and 
the primary mode of tr'U\3fer from low~ geosy-1ch1onoW'i orbit u·ill be couven­
tional C'liemic:J prJpulsion. ..\d\":mtage will be taken of tte previous NASA­
contracted st\ldles of future tran"lpilrtation systems and power transfer \'ia 
microwave racti ition. 

The major~ .l:">ks are shown m Figure D-2, illustrating the 
degree 0f '.::mphasis or. analyses and definition of the reference satellite and on 
sssemb~y op\. rations - 'i'asks land 2. Th.?' 1hicles ~1 ~d for transport 
from Earth will be defineC.: in Task 3, and capital cos .. estimates will be made 
in Th.ik -l together wit:~ the definition of significant technological ad\'ancements 
needed tc ~ucces5fulJ, accomplish the program. 
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-...., ! -VEAR 

MC NTH 
----

WEEK Ot- STUDV --
TASKS 

1.0 CONCEPT DEF INITIO'\I 

•I s.>S CONFIGURATION 

S..tell1te Struc:tur• 

M1crowi1ve Ant•nfM 

Conhg•Jralion Conc8pll 
1.2 POWER CONVERSION 

Solar C•ll• Analv111 
Solar Ba.nk:>t Cef1mt1on 

Solar Concentr11or1 

Rolary Joint 

Wiring Analyt11 
1.3 POWER TRANSMISSION 

Antenna Concepl 

I RF Elements 

' Anlrnna Control 

Rectenna Con11der .. t1on1 
20 onelTAL OPERATIONS 
2.1 :TRUCTURES BUILDUP 

S.1ell1te St1U<.•ur• 

M1crl'wave Antenna 
Rolary Joint 

2.2 ASSF.MBLV OPERATIONS 
Env1ronment Con9lderation1 

Cons1ruct1on Sequenm• 

A-mbly Crew "eaurrement• 
2.J ATTITUDE CONTROL/STATION KEEPING 

Am,uda Control f'9<11.•· .. ment1 
Stallon K_,,.. RB11u1taments 

Control ConcepU 

1978 1977 

AUGUST SEPTEMBER OCTOBER NOVEMBER DECEMBEh JANUARV 

1 I 2 I 3 I 4 5lahlale 10111112113 1c!1111al11 11111120121122 2312•121121 

f-4--- 42% OF ENGINEERING HOURS 

1480 MAN·HOURSI 

I I 
1800 MAN·HOURSI 

1300 MAN·HOUHSI 

I 
I 

~ 20% OF ENGINEERING HOURS 

I 1280 MAN-HOURSI 

I 
1300 MAN.t«lU"j' 

(170 MAN·HOURll 

I 
Figure D-2. Study schedule. 



YEAR 1978 1977 
MONTH AUGUST SEPTEMBER OCTOBER NOVEMBER DECEMBER JANUAR• 

WEEK OF STUDY 1I213I4 61&1718]9 10111112113 14116111111 1e l19l20121p.r 23124126128 

3.0 TRANSPORTATION ._ 10% OF ENGINEERING HOURS 

3.1 EARTh LAUNCH 
Leunch Vehicle Coneept1 1100 MAN-HOURSI 

Performence/Weight E1timete1 

I Leunctl Fecilit-
.. AYLOAOS INTEo•· 'TION 

Dey loads Moduleritv 1130 MAN·HOURSI 

Ground/Orbltel Hendling 

I T ref fie Models 
3.3 ORBITAL TRANSFER 

OTV Concoipt I 100 MAN·HOURSI 

PerformencelW•• E1time• I OTV Operation. 
S.0 PROGRArMATICS ~ 18% OF ENGINEERING HOURS 

4.1 ECONOMIC COMPARISONS 
llystem1 Ca.t E1time• 1246 MAN·HOURSI 

Colt lenlitlvitiel I 
Cep1t11l/OptioM COIU 

I Uler Cost ~019Ctionl 
4.2 PROGRAt.1 PLAN 

I 
Oper•tionel Progrem (126 MAN-HOURSI 
Dwelopment ,..,. I 

4.3 TECHNOLOGY ADVANCEMENT 
Cr1t-I T Chnolotiel 1240 MAN·HOURSI 

T9Chrology Verificllt~ Plen I Technology F.-ibility lmpllaUionl 
15.0 REPORTING ,._ 10% OF ENGINEERING HOURS - 1380 MAN·HOURSI 
6.1 STAfUS REPORTS A I A A I 
6.2 BRIEFINGS A 6 
6.3 FORMAL DOCUMENTATION I - -- .. -::a ---r-

Figure 0-2. (Concluded). 
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