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1 - Introduction and Summary

The principal objective of the overall ECON study was to achieve
increased understanding of the economic and technical aspects of space based
power generation and transmission systems. Grumman participation in this
contract was directed to a systems analysis of synchronous orbit-based
power generation and relay systems that could be operaticnal in the 1990
time frame. The contract was conducted in two parts, an initial contract
phase during the period of February through November 1975, and an extension
contract phase during the period of February through June 1976,

In the initial contract phase, Grumman's objectives were to: identify
systems requirements for the orbiting systems; provide estimates of cost
data for the orbiting systems, fabrication and assembly equipments, and
transportation systems; and to define near-term research activities required
to assure feasibility and development, launch, and operational capabilities
of such systems in the post-1990 time frame. In the contract extension
phase, Grumman's objectives were to provide technical support on engineering
issues which are critical to a viable initial economic assessment of the
photovoltaic concept of the Satellite Solar Power System. These included
analysis of structures, control, and station-keeping, and the formulation
of program plans and costs for the economic risk assessment by ECON.

Figure 1.1-1 shows the schedule of tasks for the initial and extension
contract phases and the periods in which they were performed.

During the initial study phase, analyses were performed using
several different "baseline" configurations because the design was in an
evolutionary state and was continually being improved as the results of
each study were reported. In most instances, the data presented herein
have been update? to the current baseline configuration. Where this was
not possible, the key parameters related to the configuration discussed
are identified. The following discussion describes the current baseline
configuration and the results of the analyses performed using this
configuration.

1.1 Baseline Satellite Solar Power Station

3 serles of system trade studies were conducted to evolve a
baseline SSPS configuration to serve as a starting point from which further
studies could be directed to define overall system design requirements.
Figure 1.1-2 depicts an overview of the baseline established. This SSPS
configuration generates 5000 MW of power, measured at the end of 5 years
into life, at the output of the receiving antenna. It has two large
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CONTINUOUS SUPPORT

STRUCTURE
—— 4.93 KM ——
T T - . @ CONCEPT DESCRIPTION
H COLLECTS SOLAR ENERGY USING PHOTOVOLTAIC CON-
f VERTERS & TRANSMITS POWER TO EARTH AS MICROWAVE
i ENERGY. THE MICROWAVE ENERGY IS RECTIFIED TO DC
J‘r 1: 5.92 KM POWER AT THE GROUND RECEIVING STATION
; | s CHARACTERISTICS
i — POWER 5000 MW
I / — WEIGHT 18.1 X 10% KG
" | - SIZE 13.1 X 4.9 KM
g3Km . HER — ORBIT GEOSYNCHRONOUS
= 13.1 KM @ R aee ~ LIFE 30 YR
e ‘ e — OPERATING FREQ 2.45 GHZ
" [ - DC-TO-DC EFFIC 58%
I | | — SOLAR ARRAY EFFIC 11.3%
| m » COSTS (1974 DOLLARS)
I ! _10c 1990-1995
I ] - DDT&E
I . DIRECTLY RELATED $20.4B
‘ i % . SUPPORT PROGRAMS $23.5B
J I W , .. UNIT COSTS $ 7.68
| L ' 5 5\ 5 - OPERATING COSTS 5218 M/YR (AT 50%
f SOLAR CELL CONFIDENCE LEVEL)

ST AN R AT AT AT VAT AN

BLANIKETS

MIRRORS & SUPPORT
STRUCTURE

Figure 1.1-2 Satellite Solar Power Station
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photovoltaic solar cell arrays, each approximately 6 by 5 km, interconnected !
by a carry-through structure of dielectric material. The 0.83 km diameter i
microwave antenna is located on the centerline between the two arrays and

is supported by the rentral power transmission bus (mast) structure that

extends the full length of the power station. The antenna is attached to

the mast by a rotary joint system with unlimited freedom of rotation in

azimuth (Easi-West) and +8 degrees in elevation {North-South).

The solar cell blankets, which are positioned between channel
concentrators, operate at an overall efficiency of 11.3% at the end of i
5 years into life. The microwave subsystem operates at a frequency of 2.45 [ !
GHz and has a dc-to-de efficiency of 58%. P *

Development cost for the satellite itself has been estimated at ST
$20.4B (1974). Supporting programs that could be developed independently ‘
of SSPS (for example, transportation vehicles, space stations, ete.) have E
been estimated to cost $23.5B (1974). The unit cost for SSPS has been e
agtimated at $7.6 B (1520 $/kw) (1974). Inciuded in unit costs are the Co
cost of the satellite subsystems, the cost of transportation, and the cost
of assembly. Operating costs for the satellite and ground receiving
antenna have been estimated at $218M/Yr. In arriving at this maintenance
cost, it was assumed that a space station is fully manned at all times.

Figure 1.7-3 summarizes the SSPS mass properties at the start and
conclusion of the initial study phase. The increase in mass from 11.5 x 10
kg is due to refined estimates of the nmicrowave subsystem resulting from
Raytheon's MPTS studies (NAS3-17835, see CR-134886)}. The largest increases
are in the microwave tubes and waveguides. Refined estimates of the
microwave efficiency chain are the dominant forces in the increase of the -
solar array mass from 9.6 x 106 kg to 12.3 x 105 kg. The array structure '
increased due to analysis that indicated that lateral support structure
was needed to improve column stability of the main longitudinal beams.

For purposes of comparison, a 5000 MW and 10,000 MW system are
presented. The power-to-mass ratios of the major subsystems are:

@ Solar Array = 0.7 kw/kg (power measured at output of array)

& Transmitting Antenna = 0.9 kw/kyg (power measured at output of
ground rectenna)

The major element efficiencies used in sizing the baseline SS5PS
are summarized in PFigure 1.1l-4.




[
I

=i} ety

AN PR,

SSPS MASS PROP.
AT START OF STUDY SSPS MASS PROPERTIES RESULTING FROM STUDY
5GW: 1 km DIAM 5GW: 0.83 km ANTENRA 10GW: 1.18 km ANTENNA
ANTENNA MASS MASS
SUBSYS/COMP kg X 108 | 18Mm x 106 %g X 108 LBM X 100 kg X 105 [Lem X 108
SOLAR ARRAY (9.57) (21.1) (12.30) (27.29) (23.38) (52.8)
e BLANKETS 6.11 13.47 7.83 17.25 15.66 34.49
= CONCENTRATORS 0.93 2.05 1.23 2.7 2.46 5.42
» NON-CONDUCTING STRUCT | 1.73 3.81 2.33 5.14 4.58 10.09
o BUSSES, SWITCHES 0.23 0.51 0.27 0.59 0.31 0.68
| o MAST 0.57 1.26 0.64 1.37 0.97 2.12
'MW ANTENNA (1.89) (4.16} (5.65) {(12.22) {10.74) (23.66)
o MW TUBES 0.63 1.39 2.33 5.13 4.66 10.26
. o POWER DIST 0.03 0.07 0.54 1.19 0.72 1.5
. o PHASE CONTROL ELECT 0.28 0.51 0.13 0.29 0.28 0.62
v e WAVEGUIDES 0.70 1.54 2.31 5.00 4.60 10.13
n o STRUCTURE 0.25 0.55 0.14 0.31 0.28 0.62
« CONTOUR CONTROL - - 0.10 0.22 0.20 0.44
ROTARY JOINT (G i) (0.37) (0.20) | {0.43)
o MECHANISM - - 0.066 0.14 0.003 0.20 -
s STRUCTURE - - 0.106 0.23 0.106 0.23
CONTROL SYSTEM (.02) (.04) (0.036) (.079) (0.055) {0.121)
e ACTUATORS 0.012 0.026 0.015 0.033
e PROPELLANT/YR 0.024 0.053 0.040 0.088
TOTAL SYSTEM 11.48 25.30 18.06 30.75 34.38 77.01

e MAJOR CHANGES IN CONFIGURATION

— REFINED ESTIMATE OF ANTENNA WET FROM MPTS STUDIES NAS 3-17835

- REFINED ESTIMATE OF MICROWAVE EFFIC CHAIN INCREASES POWER SOURCE SIZE

Figure 1.1-3

Mass Properties

-
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90% 13.7% 92% 99.5%
TRANSMITTING
ARRAY MW SYSTEM
CONCENTRATOR/ SOLAR SLIP RING
———p —— POWER —— 1y
TRANSFER
ATTITUDE CELL, 50u SISTRIBUTION
N=2
5 YR INTO
LIFE
TRANSMITTING MICROWAVE SYSTEM
96% 87% 96% 99%
RECEIVING
ARRAY POWER DC-RF PHASE
—» mistRiBution > converTER [—® controL [®| PROPAGATION —# ANTENNA
}..I
. SYSTEM
l.-l
|
()}
RECEIVING ANTENNA SYSTEM
90-95% * 87% 94%
TRANSMITTING BEAM POWER DISTRIBUTION
ANTENNA » COLLECTION »| RECTENNA » INTEREACE > SYSTEM

*+*DEPENDS ON ORBITAL ANTENNA AND GROUND RECTENNA SIZE WITH ASSOCIATED COST,
LAND USE, POWER DENSITY TRADEOFFS

Figure 1.1-4 SSPS Nominal System Efficiency Chain
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The total solar array efficiency is projected at 11.3%. The system
is sized to generatc 3000 MW of ground output power during the summer and
winter months, accounting for the cosine losses that result from fixing the
array normal to the eguatorial plane. The nominal solar cell efficiency
is 13.7% (5 years into life) at a concentration ratio of 2. The total
degradation due to radiation damage over 30 years is 20 percent. The
power distribution efficiency was selected through a mass tradeoff, which
considered power bus system material, cross-section, and operating
temperature.

The total microwave system efficiency, measured from the input bus
to the transmitting antenna to the output bus of the ground rectenna, is
58%. An amplitron efficiency of 85% has been reached experimentally,
adding confidence to our projection of achieving 87% over the next ten years.
Beam collection efficiency was selected based on minimum cost of the
product of the areas of the transmitting and receiving antennas.

Figure 1.1-5 shows the key inputs to this study from the Raytheon
MPTS studies. Specific mass, specific cost, and efficiency trends with
frequency are shown for the amplitron. These favor a selection near 2.45
GHz, which is in the center of the industrial microwave band. An output
power level selection at 2.45 GHz should be near 5§ XW for the individual
tubes.

A critical factor in the selection of operating frequency and system
power level is the ground power density. BAlso shown are peak ground power
density as a function of frequency and power level. Reference values of
power density are shown for sunlight (100 mW/cm2), the USA standard for
continuous exposure to microwave (10 mW/cmz), and an estimate for onset
of ionospheric modification (20 mW/cm?). Based on these trends, the
baseline system size was limited to 5000 MW, consistent with the biological
standards and the impact of ionospheric changes.

Figure 1.1-6 summarizes the tradeoff used to select the basiec solar
array configuration, A comparison of a Z-mirror corrugated design and a
d-mirror “"petal" design was made for various solar cell thicknesses and
concentration ratios. System mass was shown to be minimum at a concentration
ratio of approximately 2 for the options considered.

In an effort to simplify the mechanical devices used in the system,
solar tracking was rastricted to one axis. Solar tracking in the north-south
direction was not adopted. The impact of this approach on system efficiency
at the summer and winter solstices shows that the 2-mirror "corrugated"
design is more forgiving than the 4-mirror system. The 2-mirror approach
was baselined for this study.

Transportation costs were determined to be a large contrlbutor to
the total cost of the system. Figure 1.1~7 summarizes the tradeoffs used

1.1-7

e
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to identify transportation system characteristics needed to provide an
economically viable SSPS. A cost target of 4 mills/KWH wag established for
the launch system and orbit transfer vehicle based on an overall SSPS
competitive cost of 25 mills/KWH. To satisfy these goals, a launch system
must have a high recoverability rate or heavy 1ift capability. A heavy

lift launch vehicle with 181,000 kg payload to low earth orbit was baselined
for these initial economic studies. an orbit-transfer-vehicle with a specific
impulse in excess of 1000 sec desensitizes the effects of mass fraction on
overall SSPS cost for transfer to geosynchronous altitude. an ion stage

was baselined for this study.

1.1.1 Engineering Analyses and Major Findings

Using the mission scenario wherein the SSPS is assembled in low
earth orbit (LEO) and transferred in its entirety to geosynchronous orbit
(GEO) , structural analyses were conducted to evaluate the major load effects
resulting from LEO operations, the orbit transfer maneuver and cperations at
GEQ altitude. The major loadings considered were aerodynamic drag and
gravity gradient forces acting in LEO, the forces resulting from thruster
application during orbit transfer, and the thruster forces resulting from
attitude control and station-keeping maneuvering at GEO.

Rerodynamic and gravity gradient Forces commensurate with those
acting at an altitude of 370 km on the baseline SSPS with one half the solar
blanket deployed were evaluated. This configuration was representative of
the condition where a sufficient amount of the solar blanket was deployed
in LEO for providing power to the ion thrusters used for orbit transfer.

The resul+s of this analysis, as shown in Figure 1.1-8a, reveals that the
bending and torsion moments resulting from these forces are significantly
lower than the allowable limits. Thus, it was established that aerodynamic
and gravity gradient loads acting in LEO are not major Ffactors in defining
S5PS structural design requirements.

Loads imparted to the baseline structure from forces applied during
low thrust orbit transfer maneuvering were analyzed for three thrust
application techniques to determine orbit transfer trip times and their
impact on structural design requirements. One technique, representative of
ion thrust powered by the S5PS solar array, consisted of a concentrated
thrust, located on the antenna rotary joint at the center of the satellite,
gimballed to maintain the thrust force tangent to the orbit plane while
the solar array is maintained inertially fixed toward the sun. Other
techniques considered consisted of distributed thrust applied to the
solar array, in one case applied to the upper and lower edges and in another
uniformly distributed across +he entire array. The results of this analysis
are summarized in Figure 1.1-8b and show that the critical factor governing
the magnitude of allowable thrust is the maximum allowable axial member load.
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For the baseline analyzed, the maximum allowable axial member load, 5431 N,
corresponds to permissable trip times of approximately 300 days for the
concentrated thrust and 100 days for the uniformly distributed thrust.

The 370 day trip time may be reduced to approximately 170 days by a gradual
buildup of thrust over a period of one hour. Consequently, using the solar
array for powering ion thrusters to transfer from LEO t+o GEO, trip times
between 170 to 300 days are compatible with the baseline structure. Trip
times as low as 100 days could be achieved by applying thrust uniformly
dcross the entire array.

In performing the structural analysis, a structural model was
developed by representing the structure as finite elesent bar members
and concentrating the mass into node points (462 were utilized for half the
structure}. Modes and fregquencies for this model were computed and utilized
to analyze the structural loading resulting from attitude control system
thruster excitation and stationkeeping maneuvering. The results of this
analysis have shown that the on-orbit loads resulting from attitude and
stationkeeping maneuvering at GEOQ are about an order of magnitude smaller
than the allowable loads and, consequently, not a factor in establishing
satellite structural design regquirements.

An alternate mission scenario, wherein the satellite is transportéed

to GEO in major subassembly units, was analyzed to determine the structural "

loadings resulting to these units as a function of trip time. Two such
cases were investigated. One assumed the satellite was transported to GEO
in three segments of egual mass, and another in three segments of equal
area. In both cases, the results showed that higher thrust forces could

be accommodated by these subassemblies resuliting in trip times to GEO of
from 25 to 80 days. An additional analysis considered the use of a single
stage (LOX/LHp) chemical Orbital Transfer Vehicle (0TV) for transporting
subassembly modules to GEQ. The baseline OTV used delivers a payload of
72,560 Kg (160,000 1lbs) to geosynchronous altitude from low earth orbit.
Because of this low payload capability only 8 bays of structure (each 493m x
493m) could be transported per trip. The loads resulting on these segments
were approximately nine times greater than the allowable axial member loads
making this scenario unfeasible for further consideration.

A thermal-structural analysis has been conducted to evaluate the
structural loads imposed at GEO, both during sunlit and earth shadowing
conditions. Average temperature profiles were estimated for major members
of the baseline configuration during steady state sunlight conditions and
during the 1.189 hours of maximum earth shadowing conditions. Uniform
a/¢ values were utilized. These temperature profiles were utilized with
the structural model to determine the deflections and internal leads
resulting during two specific conditions, in earth shadow with the mast

1.1-13
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power off, and in sunlight with the mast power on. A Summary of these
results are presented in Figure 1.1-9 showing that in both cases, the
longitudinal expansion of the central mast causes perpendicular deflections
of the solar array with a maximum slope of 1.1 degrees (1 degree required)
over a small section. Unacceptable compressive iloads, more than 13 times
the design value, occur in the cables directly attached to mast. That is,
the cables require pre-tension loads 13 times the baseline value to prevent
them from slackening under the thermal conditions agssumed. It should be
noted that the results indicated are highly correlated to the temperature
differentials estimated between the structure and mast and should be further
substantiated before redesign is initiated. If, however, these results are
corroborated, potential corrections to be considered include strengthening
the structure to prevent local deflection slopes greater than 1 degree and
allowing the cables to go slack, strengthening the structure to permit higher
cable preloading, or isolating the electrical transmission from the mast
structure. Further design requirements and defindtion of the central mast
are planned during follow-on study activities.

Attitude control analysis for on-orbit pointing requirements were
conducted to evaluate the interaction between the roll control of the sun
oriented solar array and the earth pointed antenna. Results of a simulation,
which included models for structural compliance of the central mast and
significant structural modes, are summarized in Figure 1.1-10. These
results showed that the solar array limit cycle coupling has a significant
impact on antenna control. By tightening the array limit cycle ®o approximately
+.5 deg (1.0 deg is regquired), antenna pointing to +1 arc min was
achieved, It was also shown that a unidirectional slip ring drag torque
results during steady state operations, thereby avoiding attitude digturbances
from slip ring reversals. Further study is recommended to develop candidate

rotary joint designs in more detail with subsequent dynamic analysis.

The effects of orbital perturbations on ground rectenna output power
have been evaluated; the results indicate a significant impact on overall
system performance. Figure 1.1-11 summarizes the results of the station-
keeping analysis, defining the forces acting, the resulting satellite
motions and the thrusting requirements needed to control satellite relative
motion. Thruster maneuver corrections are identified, requiring thruster
application every 57 days for solar radiation eccentricity and earth
ellipticity effects. This duty gycle is based on controlling East-West
satellite drift to within £2.5°. For closer control tolerances, the duty
cycle must be increased. Inclination effects (North-South drift) requires
corrections on a vearly basis whereas solar radiation forces effecting
orbital period are nulled continuously. For thrust levels associated
with ion thrusters {4.45N), a total of approximately 14,000 thrusters are
required for three-axis translation with burn durations from 5 to 10 days.
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1.1.2 Program Flans and Costs

In support of the economic analysis of low earth orbit demonstration
satellites and geosynchronous earth orbit pilot plants, program development
options leading to the on-orbit operation of the first 5 GW satellite were
formulated and ROM cost estimated. Three program options were considered:

# Program I - consisting of the direct development of an
operational satellite.

@ Program IT - a two-step program consisting of a 500 MW pilot
plant placed at geosynchronous altitude prior to the placement
of the first 5 GW operational satellite.

@ Program III - a three-step program consisting of a low earth orbit
15 MW demonstration satellite, followed by a 1 GW pilot plant at
geosynchronous orbit prior to the placement of the first 5 GW
operational satellite.

A summary of the major activities associated with each of these programs is
shown in Figure 1.1-12. Also shown is the total ROM undiscounted overall
program costs. These data were compiled using Program III DDT&E and unit
production cost data, as generated during the initial contract phase, and
projected to Programs I & IT using the Koelle model. This projection is
based on the percentage of new technology estimated in the development of
the demonstration satellite, pilot plants and operational satellites of
Programs I & IT as compared with Program III. Assembly and operations costs,
however, were newly generated for all three programs, using a format similar
to that used in the initial study. The major differences used in arriving
at these cost estimates were in the types of transportation systems assumed
available and the accounting policies adopted in representing assembly
equipment and transportation system purchase costs. In these estimates,
equipment costs were amortized over their expected lifetime rather than
applied totally to the cost of demonstration and pilot plant satellite
pPrograms.

In combination with these program cost estimates, projections were
made of the advances in technology resulting from the accomplishment of
each of the major program milestones. These projections ware expressed as
the percentage by which the uncertainties in each of the risk model input
parameters are reduced. The values projected for the three program options
described are presented in Vol. III, Appendix E. In this data, the
percentage notation refers to the percentage of certainty to which that
speclfic input parameter is known, 100% indicating that the parameter
is accuractely known, the specific value being listed as "most likely".

The combined sets of data, that is, program cost estimates and
technology advancement projections, were used by ECON to evaluate the
methodology and provide results for the economic assessment of demonstration

and pilot plant satellites.
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A word of caution, regarding the use of the cost estimates and
technology advancement projections for each of the Program options described
is warranted at this point. The data derived were based on extremely
preliminary estimating techniques, assumptions and individual judgement, and
were not intended for use in establishing quantitative conclusions. Rather,
they were provided for use in developing a methodology by which an economic
assessment could be made. Thus, the results established using this data
should be interpreted accordingly.
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1.2 Power Relay Satellite

The Power Relay Satellite (PRS) is an orbital-based
power transmission system used for a concept comparison with
terrestrial systems expected to be operaztional in the 1990 time
frame. The PRS system transfers large amounts of power over
great distances using a microwave transmitter from a ground-
based, remotely located power generating plant. The microwave
beam is reflected by the satellite in geosynchronous orbit to a
ground-based receiving antenna located where the electrical
power i1s needed (see Figure 1.2-1).

The characteristics of the PRS used in the economic com-—
parison are also shown. 2 10,000-mw system utilizing a 1-Km
diameter reflector and 10-km diameter transmitter and receiving
antenna on the ground was determined to be the best compromise
of design wvariables.

The unit cost for the PRS is $8.6B for the system and
$13.1B for supporting systems. An operating cost for maintaining
the satellite, the transmitting antenna site, and the rectenna

site was estimated at $106M/yr. As in the operating cost estimates

for S5PS, a geosynchronous space station was assigned to each
unit for purposes of housing maintenance crews, equipment, and
spares.

Figure 1.2-2 summarizes the mass properties of the PRS
reflector. The total system was estimated at 0.4 x 106 kg with
the phase front control system electrorics the major contributor,.
The structural arrangement used in this estimate is the same as
that used for the SsPS transmitting antenna.

The PRS efficiency budget (prepared by Raytheon} in
Table 1.2-1 reflects the additional efficiency losses relative to
& S5PS receiving antenna. The SSPS requires transmission only
from the satellite to the receiving ground station. 2 95 percent
beaw collection was used for the up~ and down-legs. TIonospheric
loss of 2 percent for the two-way path is due to diurnal Faraday
rotation effects using a linearly polarized rectenna. This
could be eliminated with a dual polarized rectenna if shown to be
economical. A 53 percent efficiency is taken to be the nominal
PRS value.

Figure 1.2-3(a}, prepared by Raytheon, illustrates how
the transmitting antenna size (and reflector size) is determined
by the power density of its center, aperture illumination taper,
and total power transmitted. The latter depends upon receiving
antenna output power and system efficiency. For the evaluation
of environmental/biological effects, the key parameter is peak
power density at the transmitting antenna. This is because the
receiving antenna has the same diameter but lower power due to
system efficiency losses. The beam taper of 10 4B is a good
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e CONCEPT DESCRIFTION

1TKM TRANSFER LARGE AMOUNTS OF POWER OVER GREAT
REFLECTOR DISTANCES USING A MICROWAVE TRANSMITTER AT A
GROUND BASED REMOTELY LOCATED POWER

—
P - GENERATING PLANT AND REFLECTING MICROWAVE
~ OFF OF A SATELLITE AT GEOSYNCHRONOUS ORBIT TO
GES A GROUND BASED RECEIVING ANTENNA
svwc; N e CHARACTERISTICS
ORBIT - POWER 10,000 MW
— SATELLITE WEIGHT 0.42 X 10 KG
\ _ SATELLITE SIZE 1 KM DIAMETER
. \ — GROUND ANTENNA SIZE
. 10 KM \ - XMITTER - 10 KM DIAMETER
i XMITTER - RECEIVER 10 KM DIAMETER
N — ORBIT GEOSYNCHRONOUS
— LIFE 30 YR
— DC-TO-DC EFFIC 53%
_ e COSTS (1974 DOLLARS)
— I10C 1990 TO 1995
: — DDT&E
SEREE 10 KM RECTENNA . DIRECTLY RELATED $ 8.6B
% 10,000 MW POWER . SUPPORT PROGRAMS $13.1B
— UNIT COSTS $ 8.2B
' — OPERATING COSTS $106M/YR

Figure 1.2-1 Power Relay Satellite
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PRS Mass Properties




Table 1.2-1 PRS Efficiency Train
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Figure 1.2~3
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first choice for a 95 percent beam collection efficiency since it
results in relatively small reflector dimensions.

The tradeocff between capital cost, system output power,
and transmitting antenna peak- power_density is shown in Figure
1.2-3(b). Higher power densities than those assumed in the SS8PS

baseline can reduce costs, but there is greater risk of an
environmental impact.
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2~ ENGINEERING ANALYSIS OF SPECIAL REQUIREMENTS FOR
ORBITAL SYSTEMS, SATELLITE SOLAR POWER STATION

This section defines system requirements, alternate de-
sign concepts to satisfy these requirements, and reports anal-
ysis on sey performance, cost, and development issues associat~
ed with each concept in the following major areas:

® Large solar arrays

& Large structure

@ Flight mechanics and control

e Transportation, assembly and maintenance

e Microwave transmission.

Emphasis is placed on identifying operational and econ-
omic requirements for the orbitiny systems, and defines near-
term research activities which will be required to assure
feasibility, development, launch and operational capabilities

in the po-t-1990 time frame.

2.1 Large Solar Arrays

The solar array which comprises between 70 and B0%
of the orbital siystem weight must be defined with care to avoid
highly pessimisiic or optimistic results. This study has con-
gidered a Lroad range of performance, mass and cost para-
meters,

The following summarizes the pertinent results:

® A passively cooled gilicon blanket array tends to
show minimum weight at a concentration ratio of:

- Two to three for front-lighted design

- 8ix to ten for a two dimensional back-lighted
design

- Above 100 for a three dimensional back-lighted
design.

¢ A solar blanket cost range of $54/m2 to $150/m2
is reasonable. The lower number is in Jine witg the
ERDA goal for terrestrial arrays and the $150/m

2.1-1  BEPRODUCIBILITY OF THR
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is consistent with todays space gualified blanket
fabrication techniques for guantity production in
excess of 20 x 10® m* of array.

A beginning of 1ife silicon solar cell efficiency of
between 18 to 20% (Ceoncentration Ratio = 1) is a
reasonable span for aessessment of SSPS feasibility.
The upper level of efficiency can be achieved with the
following technology advances:

- Increase in collection efficiency (small effect)
~ Decrease base resistivity to 0.01 ohm-cm
- Higher doping in p and n regions.

@ Improvemen®t in radiation damage resistance and an-
nealing is key to SSPS feasibility. A problem with
low resistivity cells is a tendancy to have lower
minority carrier life times due to a highexr density
of recombination centers. However, this phenomenon
is process dependent. A research effort into the
nature and control of the formation of recombination
center could lead to high minority carrier life-
times in low resistivity ¢ells along with high ra-
diation damage resistance. Annealing methods using
lithium doped cells or through optical/thexmal
techniques should be pursued.

Other photovoltaic materials and concepts should be
evaluated in an overall study of concentration ratiov selection.
The work to date under this contract has looked only at the
silicon cell potential. A brief study of Gallium Arsenide
which can theoretically achieve higher efficiency than silicon
and is reportedly more resistent toc radiation and thermal de-
gradation, has shown considerable promise. Though potentially
more costly than silicon cells, the proper selecticn of con-
centration may provide a favorable cost picture. Cadmium
Sulfide solar cells are lighter and less costly than silicon
cells, but do not achieve the performance and stability of
silicon. Multi-junction, edge-illuminated silicon cells have
1aproved radiation tolerance relative to the conventional cell.
These cells can operate at high concentration ratios and could
offer some attractive configuration approaches. Multi-layer
solar cell concepts, which combine the short-wave chavacter-
isties of one material and the longer wave characteristics of
the silicon cell, have projected efficiencies as high as 30%.
Such a device will likely be heavy, but proper selection of
concentration may result in a favorable design.
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2.1.1 Solar Array Configuration Evolution

The 8SPS configuration evolution to date has consider-
ed the options shown in Figure 2.1-~1. Starting at the top of
the figure, the first two concepts represent configuration ap-
proaches using flat solar arrays. These approaches were char-
acterized by their high gross weights and extreme flexibllity
of the solar array assemblies, which was indicative of atti-

tude control problems. In the third concept, an attempt was
made to achieve a much stiffer configuration, one which, would
be less susceptible to gravity-~gradient torques. In this

"birdcage” approach, the solar blankets were distributed in
vertical strips around the periphery of two drum-like struct-
ures. All strips were oriented normal to the sunline, those
at the sides and rear of the drums viewing the sun through the
gaps separating the sails on the sun side. Mass was high,
however, due to the structural weight penalty and to the large
solar cell area.

In the fourth concept, lightweight reflectors were
nsed to concentrate the sclar flux onte smaller-size solar ar-
rays. In this, the "back-light" approach, the solar arrays
faced away from the sun, with thin-film coated mirrors mounted
on the booms used to reflect the sunlight back onto the work-
ing side of the solar cells. The mass of this concept was
considerably less than the earlier approaches. The next two
concepts are indicative of front-lighted designs with concen-
tration and will be discussed in more detail later in this
section.

A key systems issue to be addressed prior to selection
of the solar array coniiguration is to delineate the prelimin-
ary analysis of conceantration ratio shown in Figure 2.1-2.
This preliminaxy analysis was performed to determine weight
variations due to structural arrangement. It assumes that
sclar cell efficiency does not vary with increased concentra-
tion and does not consider the thermal control system weight
to achieve constant efficiency.

Though the model used in this analysis is simplified,
the results do indicate a trend. Back-lighted arrangements
result in lower specific weight for concentration ratios above
tWo. A two-dimensional, back-lighted design is lighter than
a three~dimensional design, though the pointing reguirements
may prevent achieving concentration ratios above ten. The
parabolic back-1it design is the most attractive mass for
high concentration, though if the degradation in cell efficien~
cy and increased weight for thermal control were added to the
parametrics, the resulting design may not be lower in mass
and cost than the low concentration concepts.
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An across-the-board design analysis is needed to fully
consider:

@ Concentration ratio

® Cell efficiency with increased temperature
® Thexmal control

® Pointing control

® Transportation and assemﬁly cost.

2,1.2 Silicon Array - Two vs Three Dimensional Front-Lit
Configuration

This preliminary study has concentrated on the silicon
solar cell's application to the S3PS. The solar cell data
used in solar array configuration trade-offs is taken from ex-
tensive Spectrolab studies on SSPS feasibility reported in
Ref. 2.1-1 and 2.1-2.

The solar cell blanket is a composite assembly of so-
lar cells, interconnectors, radiation shielding and substrate.
Present-day spacecraft solar arrays do not use the solar cell
"blanket" concept but rather are mounted to a rigid substrate
and coverglass for radiation shielding is bonded to the top of
the solar cell. These concepts are relatively massive with a
typical power to weight ratio of 22 W/kg.

Both NASA and DOD have extensively studied the "roll-
out” blanket design. The conventional roll-out blanket bonds
the interconnected solar cells to a plastic substrate and bonds

.silica or glass onto the solar cell as a radiation shield.

Power-to-weight ratio of 160 W/kg (without deployment mechan-
ism) are predicted. The current silicon solar blanket utilizes
a 200 um thick cell.

Spectrolab has proposed an ultra-light =z=olar cell blan-
ket with characteristics shown in Tables 2,1-1 and 2.1-2 using
100 ym and 50 um thick solar cells. The major road blocks to
achieving these thin solar cell arrangements is that of fabri-
cation and handling. It is projected that fabrication tech-
nology improvements over the next 10 to 15 years will be able
to overcome these road blocks.

%

it




Table 2.1-1 Mass of 50 pum Solar Cell Blanket (1985)

POWER TQ
MASS ACCUM MASS MASS RATIO,

ELEMENT mg/cm? mg/cm? W/kg
SOLAR CELL, 50 um 16.8 16.8 1590
FEP COVER, 25 um 5.5 22.3 1200
INTERCONNECT Ag MESH 1.4 23.7 1130
SUBSTRATE, KAPTON 1.8 25.5 1050
SUBSTRATE ADHESIVE 2.7 282 950
FEP, 13 um

CELL OUTPUT POWER = 26.7 mW/em? AT 27°C. AMO

AT BEGINNING OF LIFE

Table 2.1~-2 Mass of 100 pum Solar Cell Blanket (1985)

POWER TO
MASS ACCUM MASS MASS RATIO,

ELEMENT mg/cm? mg/cm? W/kg

SOLAR CELL (100 um) 28.6 28.5 930

FEP COVER {25 um) b.5 34.1 780
INTERCONNECT Ag. MESH 1.4 35.5 750
SUBSTRATE, KAPTON 1.8 37.3 715
SUBSTRATE ADHESIVE 2.7 40.0 665

FEP {13 um)

CELL OUTPUT POWER = 26,7 mW/cm? AT 27°C. AMO

AT BEGINNING OF LIFE
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In the development of sclar cell weights (Tables 2.1-1
and 2.1-2), no basic "scientific" discoveries were assumed;
that is, exotic new materials and forms (such as thin f£ilm
cells) were not assumed in evaluating SSPS feasibility, but
only reasonably projected improvements for crystal silicon
cells were included.

The ideal efficiency of a silicon solar cell has been
postulated in Ref. 2.1-3 as between 19 and 22%. rapers, Ref.
2.1-3, have outlined approaches for raising the typilcal 10%
solar cell afficiency to 20%. In fact, COMSAT, has already
reported 15% efficiencies in laboratory tests. hssuming a
nominal increase in collection efficiency and a voltage in-
crease consistent with 0.01 ohm-cm material, the efficiencies
given in Ref. 2-1-1 and 2.1-2 are below that predicted for an
ideal semiconductor.

Spectrolab used a computer preogram to extensively study
the affects of environment (e.g., temperature, radiation and
microwave fields) on the performance of the solar cells shown

in Tables 2.1-1 and 2.1-2. Primary emphasis was directed to-
ward defining solar cell performance variation with parameters
that influence configuration design. Therefore, the irradiance

and temperature dependent variable were studied for mirror/
filter configurations. Figure 2.1-3 presents the results of
this computer analysis. The solar cell efficiency is plotted

against concentration ratioc for a cell in orbit for five years
(a fluence of 10l5, clectrons/cm2 and a suitable damage coef-

ficient selected from the NASA Radiation Effect Handbook). Un-
der the assumed fluence and with one mill FEP teflon covering,

it ‘is projected that the non-annealable degradation of the so-

lar cell will be 6% after five years.

3.1.2.1 Two and Four Mirror Concentrator Configuration

This effort has concentrated on analyzing the two most
promising silicon cell solar array configurations studied over
the past few years. The first is a two mirror system FPigure
2.1-4, composed of corrugations of solar blankets ané concen-
trators ascembled on two panels and connected by a large dia-
meter central mast. The second concept, Figure 2.1-5, is a
four mirror system in a petal arrangement. The two panels of
the petal concept are alsa connected by a large diameter cens=
tral mast and stiffened with carrythrough structure running
the length of the entire assembly.
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The groundrules and assumptions used in sizing the con-
figurations are:

= Microwave efficiency = 58% measured from %he input
to the antenna bus system to the output of the rec-
tenna

@ Array distribution system effici-wuoy = 92% measured

from the output of the solar cell to the input of
the antenna bus system

» Solar hlanket weight
-~ 100 vpym thick cell = 400, 000 kg/km2
- E0 um thick cell = 282,000 kg/km2
® Concentrator blankets
- 20,000 kg/km2
® Central mast
- 48,600 kg/km length
® Structure
- 13,860 kg/km length.

The structural and central mast weights are normalized
to the SSPS weight statement and structural arrangement pre-
sented in Ref. 2.1~4. The unit factor for structure and mast is
in terms of total length of material used in the configuration.
The solar blanket weights are consistent with Tables 2.1-1 and
2.1-2.

A computer sizing program was used to prepare the
weight comparisons shown in Figure 2,1-6 for the 2 and 4 mirror
systems. The 2 mirror corrugated design is slightly lighter in
welght than the 4 mirror system for both the 50 pm and 100 um
solar cell concepts. Though the solar blanket area for the 4
nirror system could be driven to smaller levels than the corrau-
gated design, the structural penalties and decrease in solar
cell efficiency associated with increased concentration ratio
in the petal concept, balances the potential area advantage.

In fact, both configurations demonstrate a minimum weight at a
concentration factor of slightly above two.

Mass sensitivity to variations in solar cell effi-
ciency, microwave efficiency, solar blanket weight and system

2.1-12
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ground output power are shown in Figure 2.1-7. A 103 variation

in the efficiency will vary solar array weight 1.2 x 106 kg

while a 10% variation in microwave efficiency varies solar

array weight 1 x 106 kg. The 100 um solar cell results in a /

solar array that is 3.7 x 106 kg heavier than its 50 W m
counterpart.

2.1.2.2 Cost Comparison

2.1.2.2.1 Cost Factors - Three values for unit cost factors are i
given in Table 2.1-3 for the solar blanket, concentrators, struc-

ture, transportation and assembly. The low cost factor for solar

blankets is consistent with the national goal of $0.50/W (peak) |
by 1985, A cost of $0.50/W represents a cost of 0.0054 $/cm?2 '
($5/ft2) of solar cell area at an average solar insulation of .
1000 W/m2 (Ref. 2.1-5). The middle value of 0.0068 $/em2 is an
estimate of space qualified solar cells which utilize edge-defined

film-fed growth (EFG) of silicon ribbons. A EFG ribbon cell cost -5,
analysis, reported in Ref. 2.1-6, indicated that the total cell o

cost is 0.38 cent per cm?. This is added to the projected lami-
nation cost of 0.3 cent per cm?2 to arrive at a total of 0.68 cent
per cm2, The total solar blanket costs established in Ref. 2.1-5
for the high cost approach is 1.5 cents per cm?2.

To check feasibility, the projected coct spread for
the operational SS5PS solar blanket was compared with historical
data in Figure 2.1-8. 3 production learning curve was estab-
lished using actual experience on the initial 2 X 2 cm cell,
widely used on unmanned spacecraft, and the 2 x 6 cm cell
produced for the Skylab program. This established a 75%
learning curve for solar blanket costs using conventional
fabrication techniques. The high cost estimate $150/m2 for
the operational SSPS falls directly on this trend line.

Technology improvements in fabrication techniques
which can reduce the cost of today's blankets from 54000/m2

to $1200/m2 could be adequate to achieve the $54/m2 goal for
SS5PS. !

The p=0.75 estimate for concentrator mirror cost shown
in Table 2.1-3 is based on information from Ref. 2.1-5 which

places these costs at 0.07 cent per cm?2. More recent inguiries
into the cost of aluminized Kapton place these costs at 0.01
cent per cm2. ©The middle value shown in Table 2.1-3 is the

average of the low and high estimate.

The p=0.75 estimate for structure, $134/kg. was reported :
in Ref., 2.1-7 and represents the cost of preparing aluminum ‘

2.1-14
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flat stock for shipment to the S8SPS assembly site. (The flat
stock is fabricated into compression members at the on-orbit
site). The prefabrication costs included in the %$134/kg in-
clude cost of material, preforming, deburring, trimming, heat
treating, anedizing and some degree of chem milling in an aexo-
space shop (mostly hand made). The middle value, $44/kg, is re-
presentative of the lowest cost aluminum sheet metal part made
in an aerospace shop. The low value, $4.4/kg, is representa-
tive of the cost of mass producing the material to specifica-
tion 25.4 ¢m wide, 10 to 15 mil thick, anodized 5056-~0 condi-
tion aluminum) at the mill and by-passing all aerospace shop
work. The rate of on-orbit fabrication of structural elements :
working from the preprocessed flat stock has been estimated at -ff
191 kg/hr, Ref. 2.1-7. At this rate, the cost would run ap- .
proximately $59/kg of structure. This estimate has been used
under the p=0.25 list. The p=0.5 and p=0.75 estimates were
arrived at by lowering the basic production rate.

The assumptions used to establish transportation and :ﬁﬁz
assembly costs are shown in Table 2.1-4. The p=0.25 estimate :
assumes the availability of the Heavy Lift Vehicle and an ad-
vanced electric propulsion stage. Assembly is assumed to be
performed remotely at a rate of 4.5 kg/hr. Man's participation
in the operation is restricted to monitoring and maintenance of
assembly equipment. The p=0.5 and 0.75 values assume somewhat
higher levels of transportation costs resulting from using de-
rivatives of Shuttle rather than the development of a new
launch system. The rate of assembly has been lowered from the
4.5 kg/hr at p=0.25 to 0.9 kg/hr at p=0.75 in a remote assembly
operation (see paragraph 2.4).

2,1.2.2.2 Sensitivity Studies - A cost spread for three corru-
gated solar array confiigurations are shown in Figure 2.1-9,

The concept utilizing a 50 um thick solar cell at an efficiency
of 13.7% has been considered the "strawman" for the SSPS over
the past two years. Concept II indicates the cost sensitivity
to solar cell thickness and concept III reflects the combined
effect of increased solar cell weight and decreased efficiency.

The cost for the operational system solar array using
the low cost estimates is $380/kW, and $812/kW including
transportation and assembly. These totals represent a simple
sum of the cost elements. Costs can run as nigh as $1250/kW
using the mid-value cost estimates and as high as $2670/kW 4
using the high-end costs. Clearly they must be brought down to ”'
at least the mid-value estimates.

Doubling the solar cell thickness increases capital
cost 15% (Figure 2.1-9). The only contributor to this in-
crease is the cost of transporting the heavier array. A com- T
bined increase in solar array weight and a 10% decrease in '

2.1-17
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Table 2.1-4 Transportation

e o

and Assembly Cost Assumptions

CONFIDENCE LEVEL COST ELEMENT VALUE, $/KG COMMENT
.. TRANSPORT TO LEO 79 e MLLV WITH 181,000 KG P/L
P =0.25 ESTIMATE » TRANSFORT TO GEO 26 o ADVANCED ION
(OPERATIONAL SYSTEM) s ASSEMBLE 66 o REMOTE CONTROLLED ASSEMBLY
AT 9.1 KG/HR
e FAB OF STRUCT B0 e BEAM FABRICATION RATE =
191 KG/HR
e TRANSPORT TO LEO 121 e FLY-BACK DOL WITH 88,500 KG P/L
P =0.50 e TRANSPORT TO GEO 44 e 13.6 KG/KW ION STG
(PROTOTYPE PLANT) @ ASSEMBLE 121 @ COMBINED REMOTE AT 2.3 KG/HR
o FAB OF STRUCT g8 ® BEAM FABRICATION RATE =
166 KG HR
e TRANSPCORT TO LEO 179 DOL WITH 74,800 KG P/L
P=0.75 - s TRANSFORT TO GEO 106 e 25TG CHEMICAL
{DEMO PLANT) s ASSEMBLE 3 8 REMOTE AT 0.9 KG/HR
® FAB OF STRUCT 106 o BEAM FABRICATION RATE =
95.3 KG/HR
2.1-18
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i Figure 2.1-9 Solar Array Cost Compariscn
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efficiency, Concept III, increases capital costs 26% relative
to the "strawman". This increase reflects the added cost for
transportation and the increase in solar cell area.

Figure 2.1-10 presents a cost sensitivity to total
power generated by the satellite. & 10 W system which uti-
lizes the 50 um solar cell results in a net decrease of 6% re-
jative to the strawman. This suggests that the selection of
satellite powexr level will have a bearing on the cost competi-
tiveness of the ESS8PS.

The 2-mirror strawman design is compered with 4-mirvror
designs in Figure 2.1-11l. The strawman design is slightly less
than a petal configuratien with a concentration ratio of 3,
and 21% less than a design with a concentration ratio of 4.

Figure 2.1-12 presents the trends in a more general
solar array design/cost trade. golar array costs ($/kW) are
plotted against variations in solar blanket costs, solar blan-
ket mass/efficiency and transpuwrtation/assembly costs. The
solid line represents the SSPS goal for efficiency (13.7% @

N = 2}, mass (0.282 kg/mz) and transportation/assemhly cost
($182/kg {(see subsection 2.4). The dashed line shows the ef-
fect of an increase in transport/assemb.Ly costs to S1000/kg;
while the dashed/dot line represents near-term technology so-
lar blanket mass {(0.525 kg/mz) and efficiency of 9.7 @ N =

2 at a transport cost of $182/kg.

Significant improvements in solar cell performance and
design as well as louw-cost transportation are required to
achieve a cost effective blanket in the region of $55/m2, the
nation=l goal for solar blanket costs. A more in-depth as-
sessment of these trade parameters should be undertaken in-
cluding evaluation of the development costs reguired o
achieve the desired goa.. From an SSPS viewpeocint, more
dollars spent on low cost, ultra light, space gualified
solay arrays may be a better investment than devnalopment
of improved transportation systems. If the salar blanket
technology programs cannot feasibly achieve the performance
goals, development af low-cost zssembly and transport
systems would be the Fketter investment.

2.1.3 Gallium Arsenide Array

the multilayer Al-GaAs/GaAs ¢ell has been given more
attention in the past few years, and recent lab data shows
these cells to have high efficiency at concentration and to bhe
less susceptible to radiation degradation. Thinner cells and
potentially lighter weight is predicted. <Costs are not appar-
ently driven by materials availability according to Alcoa.

2.1-20
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Gallium is a by-product of the aluminum industry. The technology
required to reduce cost for this cell is similar to that fox
Silicon, namely, development of high productivity manufacture,

Estimates of Al GaAs/GaaAs performance in air mass =zerxo is
shown in Figure 2.1-13. These trends were derived from test data
provided by Varian Associates in Palo Alto, California. This
data was obtained using an experimental 1/2-inch diameter cell . :
operated at air mass 1.4 over a wide range of concentration and .o
temperature (L1<N<312; 30°¢c<T<200°C). The I-V characteristics and E S
spectral response at air mass zero (provided by Varian) was used : I
to roughly estimate performance at AMO. The measured sensitivity :
of efficiency to operating temperature was used to adjust per-
formance to the expected steady state temperature on a passively
cooled SSPS solar blanket. A comparison with the expected Si
performance is included in Figure 2.1-13. The data in this figure
is considered a low estimate. pa
Figure 2.1-14 presents solar array weight variations with
concentration. The Al-GaAs/GaAs configuration shows the potential
to achieve lower weight than the projected 5i blanket at concen-
trations of between six and ten. One major uncertainty in es-
timating the configuration weights shown is the structural weight
variations with variations in concentration. The structural
weight per unit area of solar blanket and mirror was extrapolated
from the 2~ and 4- mirror designs available at Grumman. These
are front-lighted designs using flat mirror surfaces. At some
higher concentration it would become advantageous to consider
back-lighted designs (see paragraph 2.1.1}. Therefore, a sen-
sitivity to the assumed structural trends is alsc presented.

The mass sensitivity studies indicate that the Al-GaAs/
Gaas solar array should be studied further.

2.1.4 Approaches For Improving Sclar Cell Performance

A number of approaches for enhancing solar cell perform-
ance, primarily by increasing the concentration ratio, have been
identified. The approaches include a heat pipe application, a
passive conduction heat transfer scheme, and the use of hetero-
junction techniques. The first approach makes use of a heat pipe,
made of mylar (or similar) film, in an inflatable "beach raft"
configuration with discrete cylindrical cells. This "pipe" or
vapor chamber could be used in conjunction with a number of local
concentrator designs, such as, the concept shown in Figure
2.1-15a.

The passive conduction approach utilizes local concen-
trators, with the reflector made of a conductive material tied
to the cell itself, Pigure 2.1-15b. The reflector thus becomes
an extended radiation f£fin which reduces temperature.
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Other concepts which have been identified for increasing
solar cell efficiency utilize heterojunction *echniques with
III-V compound materials such as gallium arseride (Gads), indium
phosphide (InP), gallium phosphide (GaP), and aluminum gallium
arsenide (AlGaAs). For example, in 1969, a p-S:-n-GahAs hetero-
junction cell was claimed to have an efficiency of 28%, and a
n-InP-p-GahAs was claimed to have an efficiency of 30%; the

arrangement shown in Figure 2.1-15¢ (Honeywell) was said to have
an efficiency of 30%.

Another heterojunction technique concept involves the
utilization of multilayered cells in which the upper layver, with
a high band gap (such as GaP), converts the higher energy photons
(current flow) and passes the remaining photons to the next
highest band-gap material {(such as silicon or gallium arsenide)
for further current generation. The lowest energy photons
eventually are passed to low band gap material such as germanium.
The advantage of the multilayered cell is that the total power
per unit area (or efficiency) appears capable of reaching a
theoretical maximum efficiency of 50% with further development.

Such cells can be arranged in stacked modules as shown in Figure
2.1-16. '

S5till another arrangement consists of a combination of
solar concentrator mirrors and various band-gap cells, Figure
2.1-17, in which mirrors reflect an optimized bandpass, such as
0.5 to 0.9 pm for the 8i or GaAs cells, 0.2 to 0.5 uym for the
GaP cells, and 0.9 to 2.5 um for the Ge cells.

All of these systems, however, regquire further develop-
ment, detailed optimizaticn, and the performance of tradeoff
studies. Several other solar cell systems also are presently
being evaluated for the SSPS application.

2.1.5 Summary of Issues

A major uncertainty that precludes arriving at a clear
cui statement of SSPS economic viability is the cost of the solar
blanket. Methods and technical direction for potentially achiev-
ing low cost silicon solar blankets have been identified. What

is needed is an active solar cell development program which
concentrates on:

® Fabrication ~ Development of methods to fabricate
low resistivity silicon materials:

- Methods for continuous growth of single crystal
ribbons

- Methods for highly automated, high rate assembly
of cells into integrated blankets
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® Improved Efficiency:

- Processes for achieving low resistivity silicon
solar cells

- Improvements in collectioa efficiency

- Improvement in doping methods to increase
radiation resistance

~ Development of simple annealing methods to main-
tain high cell efficiency with time.

Investigations into methods to improve cell efficiency
arc important to meeting SSPS goals. The efficiency must in-
crease from about 14% (N = 1) to 18% (N = 1) while reducing
thickness of the device from 200 pm to 50 pm. These investi-
yations should include experimental developmer: of new conver-
sion devices such as the heterojunction Ga AliAs/Gahs cell.

The need to reduce cell fabrication cost is critical
tn S5SIS. Large quantity production will naturally help reduce
cost but additional cost savings can be achieved with new
crystal growth processes and new automated cell fabrication
technic . es.

Large sola. arrays that can be effectively handled are a
key te S8PS. FPresently, solar arrays are made much like an art
mosaic¢, where individual cells are fitted, interconnected, and
bonded to substrate. Improvements can be achieved by developing
light-weight blanket encapsulation techniques, lightweight struc-
tural weaving technigues, new thermal control coatings, improved
radiation-resistant materials and better automated techniques for
integrating and testing the blanket. Automated blanket fabrica-
tion techniques are needed to reduce cost.

Solar concentration is shown to reduce SSPS cost. Low
mass mirror design concepts and their implementation are needed.
New antireflective coatings will help improve solar cell life and
performance. If high concentration is used, technigues for
fabricating lightweight structure and contour control are needed.

The SSPS will generate high voltage power in a rela-
tively stable thermal environment but must maintain performance
during a 30-year exposure to ultravioclet radiation as well as
trapped particle radiation. The objective is 6% degradation
over five years. Improvements in environment resistance can be
achieved by improved material, spectral wavelength matching,
high-voltage-plasma interaction Protection, meteorite hardening,
and development of annealing techniques.

“17%° REPRODUCIBILITY OF THE
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Multi-megawatt solar power generation reguires switching
protection at high veltage and current. Development of high
voltage switches and control devices are needed. Circuit design
must consider induced magnetic moments to reduce effects on the
overall spacecraft control. The high voltage also could lead to
corona formation that could reduce component life. 2 key trade
is to determine the extent to which the conducting busses can
also be used as structure. A tradeoff between ease of assembly,

cost, mass, reliability, and electrical efficiency should be
studied.

2.1.6 References

2.1-1 Spectrolab - 6011-03 Progress Report - "Feasibility
Study of Satellite Solar Fower Station," 1 October 1972.
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Large Structures

The large structures study had the following objectives:

L

&

Re-evaluate the SSPS two~dimensional, front-lighted
structural design

Estimate member sizes based on design requirements for
the operational environment and the compatibility of

the design with fabrication

Develop a structural model for use in loads, contxols,
and thermal response studies

Establish estimates for the non~conductive and
conductive structural mass for the array

Establish structural mass estimates for the antenna

Define key structural/materials issues.

Key results of the study can be summarized as follows:

L

The baseline structural configuration appears to be
incompatible with the thermally induced internal loads
during both sunlight and earth shadow conditions.
Longitudinal expansion of the central mast {estimated
at 149°C from power conduction heating effects) rela-
tive to the solar array structure results in perpendic-
ular deflections to the solar array. Maximum deflec-
tions of 50 meters were estimated for earth shadow
conditions, and maximum deflections of 22.6 meters
were estimated for sunlight. The maximum slope of 1.1
degrees which occurs for a small portion of the array,
exceeds the established 1 degree reguirement. As a
result, compressive loads of 11925 N occur in cables
directly attached to the central mast; this compares
with a design load for cable pretensicn of 890 N.

Analysis results are correlated to the tempera-

ture assumed for the central mast; a more refined
estimate of the central mast temperature profile thus
should be established, and further thermal-load
analyses then should be performed.

The assembled structure is compatible with the maximum
aerodynamic and gravity gradient forces applied during
low earth orbit operations.

%
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The assembled SS8PS is capable of supporting loads
applied from ion propulsion stages for transportation
to geosynchronous orbit. When applyving concentrated
thrust forces at the rotary joint (to achieve thrust
vector rotation) thrust magnitudes of not more than
5793 N (1302 1lb) are allowed; this results in trip
times of about 300 days. For a thrust application
uniformly listributed across the solar array, a maxi-
mum thrus of 13,802 N (3103 1lb) can be applied; this
results i. a trip time of approximately 100 days.

Transporting major SSPS subassemblies to geosynchronous
orbit using chemical propulsion systems is not feasible.
Thrust/mass ratios of typical chemical propulsion

system stages result in applied loads much greater

than the subassemblies can accommodate. Lower thrust/
mass chemical stages, commensurate with the allow-

able applied loads, provide inefficient perxformance.

Attitude control thrust requirements are not critical
in baseline structural sizing. Structural excitatiocn
by roll, pitch, and yaw thruster firings, with 14
symmetric modes considered (11 elastic plus 3 rigid
body) indicate structural loads significantly smaller
than allowable loads.

Although control £orces are low, significant reduc-
tions in array stiffness are not feasible if an adeguate
margin (factor of ten) is to be maintained between
contrel and structural freguencies.

Stationkeeping translational maneuver reguirements
are well within allowable thrust magnitudes. Thrust
forces of approximately 934 N (210 l1lb) applied at

the edges of the solar array compare favorably to the
allowable 2570 N (578 1lb}.

4.2.1 Solar Array Structure

2.2.1.1 Configuration

FPigures 2.2-1, 2.2-2, and 2.2-3 show the general cstruc-
tural arrangement of the SS5P5 vehicle. The main structural frame-
work for each solar array consists of a large diameter (80 m}
coaxial mast transmission bus, transverse bC power buses, and
non-conductive struts. Shear loads are transmitted by tension-

only wires.

Structural continuity between the two solar arrays

is supplied by the mast and non-conductive structure running out-
board of the antenna. The baseline array is 13.1 km {(8.14 miles)

long and 4.

93 km (2.9) miles) wide, with a .83 km {.52 miles}

diameter microwave antenna located approximately at its center.
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The total mass of the array in synchronous earth orbit is 18.06
x 10% kg (39.75 x 106 1b). With the exception of the carry-
through structure surrounding the microwave antenna (X = - 630
to X = + 630m), the structure is constructed of aluminum alloy.
The carry-through structure, which must have microwave trans~
parency, is constructed of S-glass/epoxy with quartz wire
tension braces.

The solar array structure consists of 20 longitudinal
(X-direction) truss girders inclined 30 degrees off the Z axis.
The truss girder consists of three 20 meter deep, 393 meter long
cap members; shear stiffness is provided by cross bracing cables.
The large diameter (80 m) coaxial mast transmission bus which
carries power to the microwave antenna is located on the lower
centerline (-%213.5m}. The mast member sizes are based on power
transmission requirements. The mast is also comnsidered part of
the primary structure and is included in the analyses. The
primary chordwise structural members are located at X630, X2109,
¥X3588, X5067, and X&546. As shown in Figure 2.2-1, these members
are made up of 246.5 x 20m and 493 % 20m girders. All the lower
members (at =-%213.5m) of these chordwise trusses are conductors
whidh carry electrical power to the main bus or mast. These
members are alsc considered structurally effective. Located at
each 493 meter interval within the 1479 meter bays, additional
chordwise members reduce the column length of the longitudihal
members. Analysis of the 1479m longitudinal members for combined
compression loads and bendiﬁg moments induced by blanket pre-
tension loads imposed the reguirement for additional supports.

Each primary member (20 m) consists of three l-meter truss
girder cap members stiffened by l-meter truss girders spaced at

40 meters and cross bracing cables. The l-meter truss girder is
the basic structural member; it consists cof three vee hat section
caps braced every 3 meters. The basic structural element vee hat

section .0381 ¢m {0.015 in.}) thick, is shown in Figure 2.2.3.

The material selected for the basic element in the study is 2219
aluminum in the T62 condition, and is roll-fcrmed intc the vee hat
section. The 2219-T762 alloy has the following room temperature
properities:

54 ksi

® Fiu
® Fey = 36 k=i

s E = 10.5 x 106 psi

@ p = (0.102 1b per cubic in.

The vee hat section was selected for several basic reasons:
the member will tend to have lower thermal gradients across the
section, and components can be automatically fabricated from raw
sheet stock using free flying modules, as shown in Figuvre 2.2-4;
the vee hat section also has flat surfaces which facilitate
attachment, whether by welding, bonding, or mechanical device,

2.2-¢
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2,2,1,2 Design Data

Reference 2,2-1 defines the control forces necessary to
correct for orbital drift caused by disturbances,such as solar
pressure of 3176N (714 1b) limit per side. Using beam theory, this
load was used to obtain member leocads and size the structure.

The 3176N limit forces applied at each tip of the array produced

a peak axial load of 7606N (1710 1lb) for the 20m cap member., The
7606N load includes an ultimate factor of safety of 1l.4. Since
+his member consists of 9 vee hat sections, the design load per

hat section of 845N (190 1b), ultimate, The 7606N ultimate load

is used in combination with the .7 N/m pretension load on the truss
girder applied by the solar blanket.

Basic design temperatures have been estimated toc be between
80 and 100°F, with proper coatings. Further studies are necessary

to evaluate possible thermal stresses and distortions.

2,2,.1.3 Basic Structural Element

The basic cap section of the one meter member section o
shown in Figure 2.2-3 was analyzed for column stability and the f
Euler column strength as shown in Figure 2.2-5, for wvarious
lengths. Using the ultimate design load of 845N, a spacing of
3 meters was selected for cross bracing. For the 20 meter member
which is made up of three one meter members, an ultimate design
load of 2535N (570 1lb} was used. A 40 meter spacing for cross
bracing was selected. The data shown in Figure 2.2-5 were de-

rived as part of "Space Fabrication Technigues Study Program
(NAS 8~31876)".

2.2.1.4 Mathematical Model and Natural Freguencies

A structural mathematical model was developed to determine
SSPS response to the following facteors:

@ Transport and On-0Orbit Loads

e Thermal Loads

o Control System Excitation

The baseline structure was idealized into a mathematical mcdel by
lumping masses into node peints, and representing the structure
by finite element bar members for the 20m deep element and bending

elements for the mast. To reduce the number of deygrees of
freedom, the antenna was placed at the geometric center of the
array and symmetry and antisymmetry was assumed. TPhe assumptions

used in deriving the model are given in Figure 2.2-6.
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Structure is symemetrical about antenna centerlines perpendicular and parallel to mast.

Anaiysis uses only half structure,

Antenna is included as rigid body, rigidly attached to flexible mast, and lies at center of structure,
Antenna has 6 degrees of freedom.

Mast is idealized as consisting of multiple beams with bending stiffness and torsional capability.
Mast moments of inertias are based on six current elements per polarity.

All other support structure is idealized as axial loaded struts.

Solar array elements lie in plane of blankets.

Total crass section area of non-conductive struts is 3.69 cm? {572 in.z} for aluminum and 12.32 cm2

(1.91 in.2) for dielectric.

Total crass section area of conductive struts is 10.80 cm? (1.674 in.z) for + bus and 21.61 cm> (3.35
in.2) for — bus.

Tension-only wires are replaced by single tension/compression struts — cross section area is .079 cm2

(.0123 in.2) for aluminum and .079 em2 {.0123 in.2) for quartz.
Model representing half structure consists of 1127 members and 462 nodes.
Satellite is distributed as lumped masses at node points.

Pynamic math model is reduced from the structural math model vsing consistent (Guyen) mass
reduction.

Figure 2.2-6 Structural Math Model Assumptions
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® HALF STRUCTURE CONSISTS OF 1127 MEMBERS AND 462 NODES

® SATELLITE MASS DISTRIBUTED AS LUMPED MASSES AT NODE POINTS
® TENSION—ONLY WIRES REPLACED BY TENSION/COMPRESSION STRUTS

¢ PROPERTIES (FULL STRUCTURE)

MASS =18.06 X 10° kg
(39.74 X 10° LB}

Xeg=0

Yeg=10

ZcG = 261.6M (858.3 FT)

IX = 2445 X 10'% kgm? (1.803 X 10’3 SLUG-FT?)
ly = 1.883X10'% kg-m? {1.389 X 10' ¢ SLUG-FT?)
iz = 2118 X 10! kg-m? (1.5652 X 10! 4 SLUG-FT?)

Figure 2.2-7 Structural Model Representation
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Table 2.2-1 §SPS Symmetric Modes - Structural Model - 1364
Deygyrees of Freedom

FREQ GEN MASS, GEN STIFFMESS,
MODE; C/HR kG X 10 (LB X 10°5) N/M {LB/IN.} DESCRIPTION
1| o 2.014 (4.440) 0 {0) RIGID ROTATION (0y}
2 0 9.013 (19.870) 0 {0} RIGID TRANSLATION (2}
3 0 9.013 {19.870) 0 {0} RIGID TRANSLATION {Y)
4 5.26 1.970 {4.343} 166.29 (.948) 1ST VERT BEND. {Z)
5 14.14 0.6859 (1512} 417.70 {2.381) 18T TORSION {8y
6 17.09 1.956 {4.311) 1740.68 {9.923) 1$T VERT BEND. ANT. OUT
PHASE (Z)
7 18.91 3.570 (7.870) 3889.76 (22.175) 18T LATERAL BEND (Y)
a 28.27 0.6080 (1.341) 1480.78 (8.442) 2ND VERT. BEND (2}
9 28.78 0.8385 (1.849) 2115.83 (12.062) 2ND TORSION (0}
10 32.21 1.037 (2.286) 3275.75 {18.675} 1ST CHORD BEND + 18T VERT
BEND (2}
1 39.28 0.5858 {1.300} 2796.34 (15.942) 1ST CHORD BEND + 2ND
VERT BEND (Z}
12 41.32 3.172 (6.994) 16500.19 {94.067) 2ND LAT BEND (Y}
13 45.24 0.7723 (1.703) 4814.34 (27.446) 3RD TORSION (8}

NOTE: GEN MASS AND STIFFMESS IS FOR 1/2 85P3

)
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Table 2.2-2 S5PS Antisymmetric Modes - Structural Model -
1342 Degreesg of Freedom

a FREQ GEN MASS GEN STIFFNESS
_st C/HR KG X 108 (LB X 10°6) N/M {LB/IN.) DESCRIPTION
1 0 2.473 {5.453) 0 0 RIGID ROTATION (6 2)
2 0 2.195 {4.839) 0 Q RIGID ROTATION (€+)
3 o] 9.013 {19.870) 0 0 RIGID TRANSLATION (X)
4 9.36 £.8832 {1.847) 235.85 {1.343) 1ST TORSION {6y}
5 15.65 1.971 {4.345) 1470.79 (8.385) 1ST VERT BEND. (Z)
6 i9.93 0.7238 {1.596) 875.68 {4.992) 2ND TORSION ()
7 29.30 5.382 {11.866) 14072.25 {80.226) 1ST LAT BEND. {Y)
B 30.83 1.231 (2.714) 3564.54 {20.321) 18T CHORD BEND. + VERT BEND. (2)
9 35.05 0.7767 {1.712) 290429 {18.572) 2ND VERT BEND, + CHORD BEND. (2)
10 35.85 0.9206 (2.030) 3603.66 {20.544) 3RD TORSION ()
11 35,98 0.8570 £1.889) 3381.18 {19.276) CHORD BEND + VERT BEND. (X)
12 41.72 5.713 (12.595) 32091.72 (182.958) 2ND LAT BEND. {Y)
13 43.02 1.478 {3.259) 8332.30 {47.502) IN PLANE BEND. {Z)
+ VERT BEND. (Z)
14 52.42 0.8633 {1.903) 7175.85 {40.909) 3RD VERT BEND. +
CHORD BEND (Z)

NOTE: GEN.MASS AND STIFFNESS 1S FOR 1/2 85PS
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An isometric view of the structural model is shown in
Figure 2.2-7. The top deck, bottom deck, concentrator wire
bracing, and structure between decks are shown in Figure 2.2-8,
Each active mode has three translational degrees of freedom, node
points on the mast have three additional rotational degrees of
freedom. The symmetric model has 1364 degrees of freedom, and
the antisymmetric model has 1342 degrees of freedomn. Excluding
the wire bracing, the half structure has 462 modes and 1127
members.

As part of the checkout of the structural model, modes
and frequencies were calculated using NASTRAN. Thirteen symmetric
modes (3 rigid + 10 elastic) and fourteen antisymmetric modes
(3 rigid + 11 elastic) were determined. These modes are sum-
marized in Tablegs 2.2-1 and 2.2-2. The lowest symmetric elastic
mode occurs at 5.26 cycles/per hour, as shown in Figure 2.2-9.
This bending mode will be excited by symmetric thruster forces,
such as those used in transport from low earth orbit to geosyn-
chronous orbit. .Lhe second symmetric elastic vibration mode
occurs at 14.14 cycles/per hour, as shown in Figure 2.2-10.

This torsion mode is the lowest mode that is excited by roll con-

trol thrusters in their present configuration. The lowest anti-
symmetric elasiic mode is the torsion mode shown in Figure 2.2-11
{9.36 cyecles/per hour). The second antisymmetric elastic vibra-

tion mode occurs at 15.65 cycles per hour as shown in Figure
2.2-12, This bending mode is the lowest mode that is excited by
piteh control thruster firing.

The full size structural model data were used for the
contrul analysis summarized in paragraph 2.3, The structural
model was reduced to a dynamic model using the NASTRAN consistent
(Guyvan) reduction technigque. The reduced models, with 174 degrees
of freedom {symmetric) and 162 degrees of freedom (antisymmetric),
were used to determine SSPS response to on-orbit and transporta-
tion thruster loads.

2.2,1.5 Transport Loads - LEO to GEO

Loads during transport £from low earth orbit (200 n mi) to
geosynchronous orbit were .investigated for the total S58PS as well
as for major segments. Although the thrust application is general
in nature, an underlying assumption is that ion thrusters that
are distributed or in clusters will be used for propulsion. The
solar array itself will supply the power for these thrusters.

Thrust forces related to 90, 150, and 365 day transit
times for the complete SSPS were established. Figure 2,2-13 shows
preliminary s.atic bending moments for these trip times that
would be produced by thrusters mounted centrally on the rotary
joint (soc as to maintain the thrust tangential to the orbit
plane). A comparison of bending moments with the allowable
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bending moment (12.7 x 106 N M) indicates that trip times of 365
days are acceptable. Also shown in Figure 2.2-13 are bending and
torsion moments resulting from aerodynamic drag and gravity
gradient forces in LEO. These loads, as shown are well below
allowable limits, The inertia loads should be increased further
(1.5 to 2.0) to allow for thruster startup transients. With a
magnificatien facter of two, the allowable centrally applied
thrust would be 5338 N (1200 1b); this corresponds approximately
to a trip time of 315 days.

Distributing the thrust on the face of the S5SPS would be
a more efficient method of transport, from the point of view of
loads. Moreover, a distribution of thrusters along the outboard
edges of the array (X = = 6546m) being considered for station-
keeping would reduce plume impingement effects. Therefore, SSPS5

responses to a 100C0N step force were calculated for the following
¢ases:

8 Center Load
s Edge Load
# Distributed TLoad

The reduced dynamic model previously discussed was used
to determine the response of 183 critical member ioads. The
maximum response due to 1000N step load for various memler types
is summarized in Table 2.2.3. Using the maximum allowabLle limit
load in an axial member (5431IN = 1221 1b) as a criterion, the
values of Table 2.2-3 were used to determine the allowable thrusts
shown in Figure 2.2-14. For the center load, the allowakbie thrust
would be 5793N (1302 1b), rather than the 5338N (1200 1b) obtained
using static analysis and a magnification factor of two. For the
edge load case, the allowable thrust would be reduced to 2570N
(578 1b). As expected, distributing the thrust yields the highest
allowabla total thrust (138028, or 3103 1hb). Note that the
maximum compressive load in the support wires varies from -220
to ~-650N for the thrsese cases. The wires must be pretensioned
to values greater than these levels to remain effective. In the
mathematical model, the antenna is mounted with its plane per-
pendicular to the thrust; however, the resulting load factors

are below the allowable antenna value {Nyall = 3.5 x 10-4) in all
casSres.,

If the SSPS were divided into three segments for purposes
of transport, thrust levels could bLe increased,. Two such cases
were invzsstigated, Figure 2,2-15:

e Case A - Segments of approximately egual mass

@ Case B - Segments of approximately equal length
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Table 2.2-3 SSPS - Summary of Internal Loads (N} #nd Moments (n-M) - 1000N B
Stepload . .
. ] =
CENTER CENTER EDGE B EDGE DISTRIBUTED DISTRIBUTED _
) i
AXIAL MEMBER ;
UPPER DECK FRAME !
MEMBER LOAD 132 1.5 105] —4775 |[105| 6349 105 -—-402.8 105| 3357 132 —5.01
LOWER DECK FRAME
MEMBER LOAD 107 | 591.9 134 —7.06 | 107 | 4325 07| —843.0 134 294 [107 -3935
DIAGONAL — FRAME
MEMBER LOAD 54 53.7 125 -394 |[122 65.9 54 ~78.5 125 257 123 —33.6
UPPER DECK LONG.
MEMBER LOAD 68 34.2 40| -9375 |[140| 2113 143 —81.7 40| 4325 141 -54.5
LOWER DECK LONG.
MEMBER LOAD 145 | 430.6 145 -255 | 145 48.2 145! -1036.3 145 47.2 145 —194.6
MAST SUPPORT
VERTICAL LOAD 63 211 | 131 —-.58 | 131 3.08 63 -5.92 131 12 63 -2.14
o CONCENTRATOR WIRE
ro LOAD 75 324 76 —33.4 76 86.9 75 —-83.9 76 15.52 75 —-15.0
: |
b UPPER DECK WIRE
w BRACING LOAD 175 573 | 174 -159 | 176 30,7 175 -8.93 174 8.95 175 —2.37
LOWER DECK WIRE
BRACING LOAD 98 10.2 97 ~7.45 | 97 17.5 98 ~20.9 97 3.43 98 —4.72
FRAME WIRE .
BRACING LOAD 60 £9.8 127 ~72.9 59 86.0 60 —B6.5 127 49.9 128 —47.2 i
MAST SUPPORT WIRE
BRACING LOAD 102 29.8 101 -306 | 101 86.1 102 —82.6 101 14.7 102 —14.4 H
BEAM MEMBER L
MAST SHEAR LOAD, Vy 91 [ 7321 85 | 7321 25 | 1713 31| —-1713 85| 345.3 91 —~345.3 3
MAST SHEAR LOAD, V., 0 0 0 0 160 336 |154 —3.36
MAST SHEAR LOAD, V, 153 |  628.0 —629, gz | 773 86| -773 158 | 3049 153 —-304.9 ;
MAST BENDING MOMENT ;
My 28 .08 34| —.059 155 236 [161| -.235 34} 12,840 28 —12,840 U
MAST BENDING MOMENT
My 163 | 1024600 57 | —826,480 |157 | 1323000 | 163 |—1,532,200 157 | 372,920 163{ —468,970
MAST BENDING MOMENT, ;
M., | 162 016 182 | —.017 162 | .055 162 —.062 162 | 2008.6 |162] 1174 ;
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FORCE FORCES FORCES
DESCRIPTION CENTER EDGE DISTRIBUTED
ALLOWABLE TOTAL THRUST, M (LB) | 5793(1302) | 2570 (578) 13,802 (3103)
MAX. AXIAL MEMBER LOAD, N (LB} 5431 {1221) | 5431 {1221) 5421 {1221)
MAX. WIRE LOAD (COMP), N (LB) 422 {-95) —223 {—50.2) —651 (—146)
MAST BENDING MOMENT, N-M (FT-LB) | 5,936,000 3,038,000 5,473,000
(4,378,000) (2,904,000) (4.774,000)
ANTENNA LOAD FACTOR 9.06 X 10°® 6.18 X 100 1.51 X 167

Figure 2.2-14

Comparison of Internal Loads and Moments for SSPE
{step Thrust Input) -

Transport
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CASE A —6550 l 6550 CASEB
I im
13 !
| —2108
Y ‘ |
—630
M I —2108
--630
1
C) +630 f CJ
+2105
+630
+2109
|
1
+6550 +6560
CASE A CASE B
SEGI& I SEG 1l SEG 1 & I SEG Ii
MASS, 6.01 X 108 6.01 X 10° a.70x 108 8.51 X 10°
KG (LB) {13.25 X 109) t13.2a x 105 | (10.37 % 109 {18.99 X 10%)
LENGTH, 5920 1260 4441 4218
M {FT) (19,423) (4133) (14,570} (13,839)
WIDTH, 4230 4330 4330 4330
M (FT) {14,208) (14,206) (14,206) {14,206}
My 15.0 % 108 2.30 % 108 115 X 108 .23 % 108
ALL, 6 6 6 6
VLN (FT-LB) (11.06 X 109 (1.70x 108} | (8.5 X 10°) (6.1 X 109
My L 127 X 1058 - 12.7 X 1066 12.7 X 1066
NN (ET-LE) {9.33 X 105 (9.33 X 10%) (9.23 x 109)
STATIC THF{USATLL 17,148 66,554 21,318 41,840
N {LB) (3855 (14,962) (4792) (9406)
STEP THRUST,, | 8576 33,277 10,658 20,920
N (LB) ‘| (1928) (7481) (2396) {4703)
N 29 x 10 113x10°% | a62x 10 4.93 % 10

Figure 2,2-15

Significant Factors Concerning Inertia Loads and
Moments Due to Orbital Transfer -

Centrxal Thrust
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The structure in each case is segmented at a frame station, and
the existing frame is assumed to remain with each segment to avoid
dangling longitudinal members. Loads were calculated for a
centrally applied thrust on each segment; results are summarized
in the figure. For the Case A, in which each segment is of
approximately egual mass, the allowable thrust for a suddenly
applied thrust is 8576N (1928 1lb) on the outer segment and

332778 (7481 1lb) on the central segment. The antenna must rotate
in a manner such that its plane is parallel to the direction of
thrust, since the allowable lcad factor perpendicular to its

face is exceeded. For Case B, in which each segment is approx-
imately equal in length, the allowable thrust for the outer
segments increases to 10658NW (2396 1bY, and the thrust for the
center segment is 20920N (4703 1b}. In this case, also, the
antenna plane must be parallel to the thrust direction.

The use of a cryogenic 0TV for transport was investigated.
The OTV assumed had a payload capability of 711680N (160,000 1b)

with a combined load factor which varied from .25 to .4. Because
of the low payload capability relative to the total 3SPS, only
small segments can be transported. For example, B8 bays of struc-

ture, excluding concentrators and blankets, have a mass of
71,487 Kg . {157,600 1b). One bay (493 x 493m) with concentrators
and blankets, has a mass of 48,082 Kg (106,000 lb]. The total
force on this segment (189,134N) is well above the load that can
be tolerated by the axial members (4 x 5431N = 21724N). This
method of transport thus is not feasible for array segments.

Preliminary inertia loads and allowable thrust values
for various forms of S$SSPS transport have been considered, since
the thrust application methods investigated were general, specific
means of achieving the required thrust must be investigated. For
example, ion thrusters are capable of producing thrusts only of
the order of .44N (.1 1b), thousands of these thrusters thus
would have to be mounted in order to produce the regquired thrust

levels. The following specific problem areas must be investigated:

» Number of thrusters reguired

# Methods of attachment

® Method of thrust vectoring

@ Effects of plume impingement
For full SSPS transport, the centrally located thrust force has
the advantage that it can be vectored by rotating it along with

the movable mast. However, a distributed thrust allows a sig-
nificantly greater total thrust to be used and must be considered.
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Segmenting the SSPS for transport provides greater thrust
values (shoriter transport times), but introduces the problem of
rejoining at geosynchronous orbit. Since the two cases investi-
gated are not necessarily cptimum, the following areas should be
investigated with respect to segmentation:

e Methods of rejoining segments for structural and
electrical continuity o

e Methods of docking segments at geosynchreonous orbit.

Ncte that the allowable thrusts summarized herein include
a magnification factor of 2 to account for suddenly applied loads.
nllowable thrust can be increased if the thrust is applied slowly
or increased in steps over a long period of time relative to the
58PS bending frequencies.

2.2.1.6 on Orbit Thruster Loads

A previous study (Reference_z.z—l)'generated.attitude
control force-time.histories for the SSPS in geosynchronous orbit.
In both roll and pitch, the disturbance torgue was assumed con-
stant, and the control thrusters continuously exerted force in
coupled pairs at the extremities of the array. In the nominal
yaw orientation, the S8PS experiences zero disturbance torgues,
and the vaw response was calculated by assuming an initial
yaw attitude of .00l radians. The thruster force time histories
are shown in Figure 2.2-16. The maximum thruster force in '
roll is 33.8N (7.6 1b), in pitech is .58N (.13 1ib), and in
yaw is 55.3N ({(12.4 1b).

Modes and frequencjés for the reduced dynamic model of
the SSPS were used in conjunction with the applied forces de-
scribed to obtain vehicle response. Maximum deflections,
accelerations,; and critical member loads (183) were obtained.

Roll response was calculated for 4000 seconds using 14
symmetric modes (11 elastic + 3 rigid body). The elastic modes
ranged in frequency from 5 to 50 cycles/per hour. The maximum
deflaction (elastic) is directly undex the thruster forces
{coordinate 157) and is .079m {.29 in.). & plot of the de-
flection time history at coordinate 157 is shown in Pigure
2,2-17. Note that after the initial transient (O to 2000 sec),
the response slowly decays at approximately 14 cycles/per hour.
2 structural damping value of g = .0l was assumed for all modes.
A summary of the maximum internal loads is given in Figure
5.2-18. The maximum axial load in the monitored membexs is
78.2N {(17.6 1lb); the maximum load in a wire is only. 3.93N
{.88 1b). The maximum torsion on the mast is 34990 Nm (28772
in-1b). The distribution of internal load suggests that a large
amount of the torsion is resisted by the mast. ' :
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Pitch response was calculated using 14 antisymmetric T
modes (1l elastic + 3 rigid body) with the elastic modes ranging ;
in frequency from 10 to 57 cycles/per hour. Again, the response g
was determined for 4000 seconds, with g = ,01 damping for all ;
modes. The maximum deflection (elastic) is directly under the ;
, thruster force (cocrdinate 31), and is .00078m (.0029 in,). a i
e plot of the deflection time history at coordinate 31 (mast tip)

is shown in FPigure 2.2-17. Maximum internal loads are summarized :
o in Figure 2.2-18. The maximum axial load in a member is .13N I
P (.029 1b), and the maximum wire load is .037N (.008 1b). The : i

maximum pitch bending moment is 145.7 Nm (112.8 in.-1b). y

Yaw response was determined using the same modes and
damping as were used for calculating pitch response. Maximum
deflection, which occurs at the outbeard tips of the array
(coordinate 3), is +.00549m (.020 in.). The deflection
‘s response of coordinate 3 as shown in Figure 2,2-17, decays at

approximately 10 cycles/per hour,

;; Maximum internal loads for Yaw are summarized in Figure
2,2~18. The maximum axial load in a member is 3,578 (.80 1b),
t o and the maximum wire load is .968N {.22 1b). The maximum mast
‘ yaw bending moment is 2990.5 M~N (2459 in.-1b), and is coupled TN
with a maximum mast torsion of 3777.7M-N (3106 in.-1b). Lot

The response due to attitude control thruster firing is : BT
small in comparison to the loads used to size the SSPS vehicle. G
The allowable member axial load (5431N}) is two orders of magnitude .
greater than the loads calculated. Although present values of
;; roll control force are greater than those used in this investiga-
tion (440 versus 33.8), (internal loads will probably still bhe an
e order of magnitude less than allowable. These lcads must even-
' tually be investigated for fatigue effects.

. In addition td thruster firing for attitude control,
o thrusters also will be fired for stationkeeping. A total thrust
= of 2570N (578 1lb) was given as the maximum 2llowable for edge

A L b BT s A s e i

mounted thrusters, Figure 2.2-14; the currently required total
thrust of 912 to 934 N for stationkeeping (See paragraph 2.3)

o  is below the allowable value. ;
< ' 2.2.1;7 Thermal Analysis i
e The transient temperature response of the SSPS structure
- du;ing eclipse by the earth shadow was determined. The temper-
@ atures obtained were average temperatures for major members

e {246.5M and 493M), and are consistent with the level of approx-

imation in the structural mathematical model. The assumptions
used in generating these temperatures are given in FPigure 2,2-19,
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THE BASIC STRUCTURAL BUILDING BLOCK IS AN OPEN “TRIANGLE,” 5.08CM {2 IN.} ON A
SiDE, .0381 CM {.015 IN.} THICK, AND IS MADE OF ALUMINUM.

THE ALUMINUM MATERIAL HAS BEEN TREATED TO PROVIDE AN ALZAK SURFACE.
FINISH WITH tigle = .2/.75, s

THE SOLAR GELLS OPERATE AT 380°K, HAVE A FRONT SURFACE EMISS%VITY OF .82,
BACK SUREACE EMISSIVITY OF .9, A MASS PER UNIT AREA OF 282 ka/m*“, AND A
SPECIFIC HEAT OF .2 CAL/gm®K. . _

THE REFLECTOR IS MADE OF ALUMINIZED KAPTON, THE REFLECTOR (ALUMIN!IZED) SIDE
IS .2/.05; THE BACK SIDE 1S TREATED TO PROVIDE AN EMISSIVITY OF 9.

THE REELECTOR COVERS THE ENTIRE STRUT TO WHICH IT 1S ATTACHED.

THE SSPS IS IN GEOSTATIONARY ORBIT WITH ARRAY MAJOR AXIS PERPENDICULAR TO
THE EQUATORIAL PLANE, AND MINOR AX!IS PERPENDICULAR TO THE SOLAR VECTOR:
THE TIME OF YEAR FOR WHICH THIS ANALYSIS IS PERFQRMED IS THE EQUINOX,

SSPS PASSES FROM FULL SUN TO FULL SHADOW INSTANTANEOUSLY, AND THE
DURATION OF SHADOW IS 1.189 HOURS. EARTH IR IS 1.6 Btu/hr FT2.

-

Figure 2.2-19 Assumptions Used in Determining Thermal
. Transients During Eclipse
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Temperature time histories for major members during
eclipse (1.189 hours) are given in Figure 2.2-20 for members one
bay in from the array edge, and not in the proximity of the
antenna. Similar data for members at the edge of the array are
given in FPigqure 2,2-21. The wire bracing, shown in Figure 2.2-22,
changes temperature more slowly than the triangular sections, be
cause of a lower surface~to~volume ratio. The steady state tem-
perature of the concentrators is -5°C (483°R), and drops guickly
to =~220°C (96°R) when entering the shadow. Solar cell cooldown
ls also rapid, as shown by the response when entering the shadow
given in Figure 2.2-23,

As previously stated, the temperatures given are averages
consistent with the level of approximation required by the
structural math model. The amount of structural material ob-
tained within the boundaries defined by the truss is so small
that conduction and radiation interchange, except at the basic
"building block" level, is negligible. Temperatures within a
given strut can vary by more than than 55°C (100°R). Gradients
will alsoc exist in the basic triangular element. These variations
may be of more importance than the gross strut-to-strut variations
considered here.

Temperatures were obtained for one uniform value of o /e.
The temperature variations can be minimized by selectively
specifying coatings.

The S8PS5 is simultanecusly exposed to solar heating (and
coeling during eclipse) and to electrical heating in the trans-~
mission busses and mast. Based on the structural model pre-
viously defined, a static structural analysis was used to deter-
mine deflections and internal loads for the combined thermal con-
ditions. The cables were assumed able to sustain compression so
that the necessary preloads could be estimated. The following
two conditions were investigated: '

@ SSPS in earth shadow with a mast power off
"® S3PS5 in sunlight with mast power on

For both conditions, the mast temperature due to elec-
trical heating was assumed to be 149°C (760°R); however, the
heating in the lateral bussces was not considered. With the SSPS
in the earth's shadow, structure other than the mast was assumed
to be at -18°¢ (459°R), Pigure 2.2-24. With the S8SPS in sunlight,
the temperature distribution on the array was consistent with
those shown in Figures 2.2~20 through 2.2~23 at time egual zero.

The deflections of the array for both conditions are shown
‘isometrically in Figures 2.2-25 and 2.2-26 and in centour plots
of Figures 2.2~27 and 2.2-28. The major effeckt is the longi-
tudinal expansion of the mast. i
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R
ool
MAST TEMP: °c 4.4 MAST TEM#: o 149 e
O 40 oF 300 e
°R 500 . °r 760 Ll
' STRUCTURAL TEMP:  °C ~162 | STRUCTURALTEMP: ©°C | SEE FIGURES 2.2:20
AND 2.2-24) :‘
oF —260 °F ATt=0 _‘
°R- 200 o °R .
MAXIMUM DEFL: m 50 MAXIMUM DEFL: m 224 e
ft 164 it 73.5 Y
, MAXIMUM CABLE - N ~9678 . MAXIMUMCABLE N | —11925 S i
i LOAD {COMPRESSIVE): LB —-2176 LOAD (COMPRESSIVE): LB | —2681 _ Lo
i
I NOTE: DESIGN LOAD FOR CABLE PRETENSION OF 890N {200 LB} IS EXCEEDED IN Lo
| SUPPORT CABLES DIRECTLY ATTACHED TO THE MAST.
Figure 2.2-24 SSPS Thermal Structural Analysis }
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Contour Plot of Deflection of SSPS in Earth Shadow
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Figure 2.2-28

Contour Plot of Deflection of SSPS in Sunlight
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The solar array structure attempts to retaxrd the expan-
sion and deflections perpendicular to the solar array plane are
induced. The maximum deflection (Z) for the array in shadow
is 50 meters at the tip of the mast; the mazimum deflection at
the corner of the array is 22.6 meters, Mast deflections are
shown in Figure 2.2-29. The maximum slope (1.1°) occurs at the
tip of the mast for the array in shadow. The 1° slope require-

ment for the array was exceeded by only a small portlon of the
Aarrayv.

Array members are primarily in tension, with compressive
loads induced by bending. For the members which were monitored,
upper deck longitudinal member loads vary £rom +21562N to -5137N
for the vehicle ‘in shadow, and from +25601lN to -6471N foxr the
vehicle in sunlight. Lower deck longitudinal members are in
tension, reaching maximum values of 36038N in shadow and 44851lW
in sunlight. A typical distribution of member loads for a -
critical frame is shown in Figure 2.2-30. The maximum loads
in an upper deck lateral frame member vary from 15307N to -45HM
for the vehicle in shadow. For the vehicle in sunlight, the
upper deck members are all in tension with a maximum load of
23234N. Similarly, for the lower deck, the laterial member loads
vary from 2927N to -900N (shadow), and the maximum upper deck

~tension load. is 4508N.

Cable loads are maximum in the cables that connect the
maskt to the 88PS structure. The maximum compressive load, which

coccurs with the array in sunlight, is -11925N. The maximum

compressive cable locad for the vehicle in shadow is ~-967BN.
The loads are excessive for the existing structure (present
design load = 890N). The values indicate the magnltude of pre-
load required to keep the cables taut. s

The cable preload requirement is strongly related to the
operating mast temperature., Additional study is regquired to
define mast temperatures accurately, so that the prelcad require-
ment can be determined. Furthermore, a realistic estimate of
lateral bus electrical heating must be considered for follow-on
thermal-structural analysis.

In the resizing of the existing structure, the following
items should be considered: '

] Preldading of the cables
e Allowing cables to go slack under compression loadings

e Isolation of the electrical transmission from the
mast structure

2.2-45




TR

9y-2°¢

LATERAL
_POWER
BUS

ARRAY
X DIRECTION CHORDWISE MEMBERS (ALUMINUM] (1.499 X 10° LB)
) WGT/MEMBER MASS
e MEMBER NUMBER LB WGTLBX 10°  105KG
2465 M . 520 1503 0.782 0,355
49,3 M 260 . 3009 0.782 0.355
2135 WM 52 . 1362 0.071 0.032
. 1635 M 39 1042 0.041 0.019
CARRY-THRU
STRUCTURE
LONGITUDINAL MEMBERS {ALUMINUM) (2.833 X 10° LB)
493 M 792 3009 2,383 1.082
CARRY THROUGH STRUCTURE (GLASS) (0.33 X 10° LB)
CHORDWISE MEMBERS
2465 M 24 1503 0.036 0.016
49.3 WM 12 3009 0.036 0.016
2135 M 8 1362 0.011 0.016
”
LONGITUDINALS
493 M 72 3009 0.217 0.099
BRACING 0.023 0,020
SUBTOTAL 4.889 2,129
10% NON OPTIMUM FACTOR 0.465 0.211
TOTAL 5.154 2340

LATERAL MEMBERS

7" "y . INON-CONDUCTING)
TN 2135M ] _

Pigure 2,2-31 Solar Array Non-Conducting Structure o




T R ‘

e Thermal stress analysis of detailed structural
components (i,e,,;joints,_stiffenerS,,etc)

e Overall buckling stability and buckling stability of
individual trusses.
Preliminary calcﬁlaﬁions indicate that thermally induced
loads will be greater, when thg vehicle reenters sunlight, than

those shown. o o .

2.2.1.8 Weights of Nom-Conducting Strxucture

Figure 2.2=31 summarizes the solar array structural
arrangement and weights. The primary gtructural element is a
truss girder built up fromrroll formed modified vee hat sections
with bent up stabilizing angles at the cutstanding legs. The
basic structural méember was designed as a 1-meter deep truss
girder. S '

The structural members were designed for a limit control
force, at each array tip, of 3176N times a factor of safety of
1.4. A peak 845N ultimate compression load was used to size the
aluminum vee hat section. '

Pretension forces in the mirrors and solar blankets were
combined with the axial compression loads to assess the beam
column strength of the 493-meter longitudinals. The total mass of
all ncnﬁconducting_structh;e.was galculated at 2.3 x 106 kg, in-
cluding 10% non-optimum and. contingency £factors. '

The preliminarffstéiidnkeeping'load (3176N) which wag to
size the structure hasasince_been superseded by a lower value
(See paragraph 2.3). With the exception of thermal loading,
however, the structure sized £rom this lozad has proved suitable
for the design conditions investigated. The conditions included:

n'Synchfbhbﬁéfbfﬁif'Eféﬁspdrtgldéds.

e On-orbit thruster firing loads

. Fléxiﬁié ﬁéﬁtpaiffiédﬁéﬁéiésﬁfbr'gdntrol

. Thermal induced loads.

'Transborf'ldédéﬂﬂdTQéoéjﬁdhféﬁbﬁé“orbitjaré'not critical, -

in themselves,fsince;thtust;fo;cesfqanfbe adjusted to produce -
allowable loads.. Because of the costs associated with longer

transit times3ja;ﬁ:&déqﬁfgbethen;s;rpctyral_Weight and transport .

costs must be performed. . On-orbit loadds ‘due to repeated thruster

Firing are well below allowable levels, but must be evaluated fox -

fatigue implications over a 30 year service 1ife. The current
control'systém'prOddéé§ﬂ§7¢ontroi freguency in roll of 1 to 2. .
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cycles per hour. The lowest flexible mode affected by roll
control is approximately 14 cycles per hour. Since a factor of

10 between control and structural freguencies is desirable,
further reduction of present structural gages is limited because
of the attendent reduction in stiffness. Thermal loads due to
eclipse and power startup have produced regquirements for structure
resizing. The mast was sized to produce minimum weight for

power heat dissipation. Since the operating temperature of 149°C
(300°F) induces the critical local loads, further investigation

of the mast design is required.

In addition to the cases investigated, an assessment of
other loading conditions is required. The conditions include:

®» Ground handling loads

» Launch loads

o Fabrication and assembly loads.
Fabrication and assembly loads in orbit are being investigated
under a separate study contract, Space Fabrication Techniques

Study Program (NAS8-31876).

2.2,.1.9 Conducting Structure

Because of the large amount of conducting material re-
guired to collect the electrical power generated by the solar
blankets and transmit it to the microwave antenna, the buss
material has been integrated into the structure. Forces are
generated in the buss/structure by the electric currents along
the conductors. An effort was undertaken to size the power
distribution system taking into account transmission efficiency,
induced electromagnetic forces and system weight.

A welight optimization computer program was used to de-
termine the preferred transmission efficiencies throughout the
power distribution system. Figure 2.2-32 is a schematic of the
electrical busses grid configuration and Figure 2.,2~33 presents
the electric current flow for a typical system. The optimum
efficiency is 92% at an operating temperature of 38°C dropping
to 91% at a temperature of 149°C, Electromagnetic forces be-
tween parallel mast buss elements are low due to the wide
saparation between members.

Table 2,24 summarizes the weight and cross section of
the conducting structure. ' '
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Table 2.2-4 cConducting Structure Mass

MAST MASS

MAST SEGMENT

LENGTH
cm X 105

CROSS-SECTION

cm2

MASS,
Kg. X 106

BM1 ' 3.0
BM2+ 3.0
BM2— 3.0
BM3+ 3.0
BM3~ 3.0
BM4+ 3.0
BM4— 3.0
BM5+ 0.55
BM5—~ 0.55
BM6+ 0.78
BME— 0.78

39.6
39.6
79.2
118.2°
79.2
118.2
158.4
158.4
158.4
148.4
158.4

033
033
066
098
066
098
132
024
024
034
034

TOTAL -

0.542

' LATERAL BUS WEIGHT

LENGTH

BUS MEMBER et x 105

OPT CROSS-SECTION,
sz

NO. OF
MEMBERS

MASS,
x 106

BS1 2465
Bs2 2465

: 10.8
21.6

8
12

.059
162

TOTAL

221

o
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BT T OTH T ALUMINUM
CREISRIRIRbLS .
' (2024-t8)
® TEMP, KK 450
e MODULES OF ELASTICITY, N/em? 6.2 x 108
» DENSITY, gfem® 2.80
® THICKNESS RANGE, cm 0.038 TO 0.102
* MASS ' LB KG
SUBARRAY PRI STRUCT 207 94
SUBARRAY SEC STRUCT 70 32
ANT. SUPPORT STRUCT 233 106
YOKE & MECHANISMS 146 66
COATINGS 31 14
AMPL!ITRON SUPPORT
CONTOUR CONTROL
ACTUATORS 185 84
AMPLITRON ATTACH
STRUCT 35 16
TOTAL 297 412

Figure 2.2-34 Antenna Structural Arrangement
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2.2.2 Transmitting Antenna Stfucture

The microwave power transmission system (MPTS} is 0.83 km
in diameter and 40m deep. The antenna ig assembled in two
rectangular grid gtructural layers. The primary structure is
built-up in 108m x 108m x 35m bays, using triangular girder com-
pression members 18m long x 3m deep. The secondary structure is
used as a suppori point for the waveguide subarrays, and is

built-up in 18m x 5m bays. The total antenna structure/mechanical

system mass is 412,000 kg, Figure '2.2-34, using aluminum.

The antenna-to-spacecraft interface uses a 360° rotary

-joint for antenna motion perpendicular to the orbit plane (Azi-

fmuth joint) and a limited moticn rotary joint, *8%, for North-
South pointing (elevation joint), Figure 2.2-35. Two slip ring
assemblies (one for plus power and one for power return) are
used for power transfer across the azimuth rotary joint and flex
cable is used across the elevation joint. Both the azimuth and
elevation joint drive assemblies utilize a geared rail about the
diameter of the support structure and four DC brushless motor
driven rollexr assemblies.

The structure to waveguide interface uzed three gim-
balled screw jack assemblies (Figure 2.2-36) to provide a
mechanical tuning system for alignment of the waveguides after
construction. Up to 40.5 cm of linear motion can be used to
correct thermally induced antenna £ip deflections and can also
be used to correct a maximum expected 4 arc-min subarxay
misalignment. :

Figure 2.2-37 is a typical conceptual design of a
mechanical locking mechanism for structural jecints. The girder
interconnect fitting is similar to a docking drogue which
utilizes a spring-loaded ball lock for fastening with the tri-
beam end f£fitting.

A thermal analysis of the transmitting antenna yielded
the following information:

@ A triangular open section was best suited for the beam
caps, resulting in the lowest temperature and temper-
ature difference.

e The 35m long vertical members restrict the maximum
waste heat power density at the centex of the antenna
to 3800 W/m2 for alumiaum construction and 8100 W/m?
graphite/polyimide construction.

@ The temperature difﬁe;ence between the upper and lower
cap members (35m apart) is approximately 5 % 1°K in
.the center and 13 £ 3°x at the edges.
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The temperature profiles along the horizontal structural
triangular girder were evaluated for various orbital positions
during the egquinoxes and solstices. Figure 2.2-38 presents the
expected variation in thermal gradients between primary and
secondary structural caps. The average primary structure thermal
gradient is approximately 5°K at the center of the antenna. The
expected variation in this difference is * 1°%K. '

_ The vertical columns of the structure have the same view
of the antenna surface and space and consedquently, cannot be '
easily configured with coatings, insulation or geometry selection
to minimize peak temperatures of the material. Figure 2.2-30
shows the maximum waste heat flux that will be experienced by +the

- vertical columns of a 1 km antenna Ffor microwave converter ef-

ficiencies of 85 percent and 70 percent. Limitations as to the
taper of the distribution (e.g., the db drop of power density

at the antenna's center relative to its edge) must be imposed .
depeénding upon the structural material selected. A near uniform
distribution must be used if the structure is aluminum or
graphite/epoxy (70 percent converter efficiency). Because of the
potential limitations that the structure could prlace on the

‘layout of the microwave converters, the chosen material may be

graphite, polyimide, steel or titanium. Selection of graphite/
polyimide would be compatible with a desirable 5:1 dhb taper for
the converter Gaussian distribution.

The range of thermally induced deflections and local
slope are presented in Figure 2.2-40. Variations in slope with
variations in orbital position exceeds 1 arc-min for an aluminum
structure. The slope variations from a mean or average deformity
is well within limits for graphite/epoxy. Assessment of sec-—
ondary structure deformation shows that the worst deflections
occur at the tips of the antenna, with maximum deflections not
to exceed 10.5 mm over any one 18 % 18m subarray.

2.2.3 Summary of Issues

2.2.3.1 s8tatic and Dynamic Structural Responses to Thermal and
Load Environments

The SSPS design load environments which are of signifi-~
cant magnitude occur during the following mission rhases;

@ Launch conditions
¢ HManufacturing-in-space loads
¢ Assembly-in-orbit loads

® SS5P8 segment transfer loads from low earth orbit to
geosynchronous orbit

® Orbital operational conditions.
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Launch and manufacture loads are dependent on the method
of fabrication of the SSPS; the assessment of these factors are
being performed under contract NAS 8-31876. Orbital load condi-
tions which contribute to the design of the structure include
solar pressure, gravity gradient control torques, and orbital
station keeping control forxrces. Though on~orbit control forces

~were shown to be low in relation to structural capability, they

still must be evaluated with respect to repeated loadings over a
thirty year life span. Geosynchronous orbit transport loads can
be kept within allowable limits by accepting a penalty in trans-
port time. Methods of effecting transport propulsion must he
investigated in greater detail, and a cost tradeoff must be made
between transport time and structural welght.

A significant thermal stress problem is caused by the.
thermal gradients that result from electrical power heating with
the S8PS in sunlight or in earth shadow during eclipse. The
following methods can be used to alleviate this problem:

e resizing
e allowing cables to go slack

¢ .isolating mast electrical transmission from mast
' . structure,

2ll of these metlhods reguire further evaluation because of the
weight and stiffness penalties involved. In addition, the peried
of excitation during eclipse (0 to 72 minutes) may thermally excite
a structural dynamic response. The effects of these osclllatlons
on the overall system must be assessed,

Az previously mentioned, the induced dynamic and thermal
stress cycling must be evaluated with regard to service life. A
tradeoff study must be performed to establish a rational scatter
factor for life assessment. Whether the structure should be de-
signed for a scatter factor of two times the 30 year required
service life, or more, and the associated weight penalties, should
be assessed. The thermal histories evolved from these studies
should also be used to establish the preloading reguirements on
the solar blankets and mirrors. Again, the thermal/load time
histories of these preloads, as they affect support structure,
must be evaluated to establish the satellite integrity.

2.2.3.2 Analytic Tools and Technigues

2.2.3.2,1 Dynamic Response to Thermal Excitation - When the SSPS
enters and leaves the earth’s shadow, it undergoes severe temper-
ature changes. The thermally induced deformations during this
alternate cooling and heating may result in significant vibra-
tion ©of the SS8PS. An investigation is recommended to determine
the extent of this wvibration.
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The following three-phase analysis is a practical ap-
proximate approach to accomplish this study. In the first phase,
the temperature time-history of the satellite would be predicted
using existing computer programs such as NASTRAN or Grumman's
Integrated Thermal Analysis Procedure. Next, the external loads
which produce deformations that are eguivalent to the thermal
deformations would be generated. NASTRAN or Grumman's ASTRAL-
COMAP computer program system could be used to accomplish this
Phase. 1In the third phase, three loads could be introduced into
the new time~history program recommended in Item 2 in order to
determine th=s dynamic behavior of the satellite.

2.2.3,2.2 Time-History Program with Accurate Evaluation of
Gravity-Gradient Excitation - To study, in detail, the control
of a flexible structure in a gravity-gradient field, it is nec-
essary to accurately detexmine the difference between the gravity
force and the orbital centrifugal force at each mass point. In
many existing computer programs these effects are computed and
then subtracted; however, the effects are nearly egual, and it
is the small difference which is of consequence. This pro-
cedure is, therefore, considered too inaccurate ta be of wvalue.
To significantly improve the procedure, the gravity and orbital
centrifugal effects should be expanded in a series, analyitically
subtracted, and the result should be programmed in a general

~time~history structural program.

Phis computer program should be sufficiently general so

that structures of any shape and mass distribution may be treated.
-In addition, to properly include gravity effects, it should have

the capability of including a large variety of control systems
as well as a general set of externally applied load. It should
not rely on orthogonal functions such as modes- for the reduction
of coordinates, so that the above desczcribed expansion functions
may ke used. The resulting program would be a powerful tool for.
predicting the dynamic behavior of flexible structure in space.

2.2.3.2.3 Improved Method for Reduction of Number of Variables
Used in Equations of Motion = It is likely that the attitude-
control jets will excite a number of high-fregquency vibration
modes as well as the lower-frequency and rigid~body modes. These
motions, in combination, may result in waves which emanate from
each jet and damp out as they proceed through the structure., To
accurately predict the dynamic behavior of the structure, it
appears that an unusually large number of modes will be reguired;

" thus, the computer time and storage requirements would be

excessive. For these reasons a study is recommended to deter-
mine more effective dynamic analysis methods for large flexible
space structures. The improved technigues developed in this
study will also provide increased confidence in the ability of
the control system to achieve the required control.
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In the recommended study, generalized coordinates such
as components of wave functions would he considered as & sub-
stitute for higher order modes. Various sets of functions would
be investigated, and the accuracy of the solutions obtained
would be compared by substitutinn into the equations of motion.
The study would proceed as follows:

® First treat simple structures such as beams and plates

s Study accuracy and compare with modal approach

8 Based on the above rasults, develop_methods to gen-
erate the desired functions for complex lumped mass
structures such as the power station :

® Study accuracy and compare with modal approach.

The end product would be a computer program which would auto-
matically generate the required expansion functions.

2.2.3.3 Materials and Processes

The study summarized in this memorandum was based on
the use of 2219 aluminum alloy T62 condition in sheet strip rolls
which are carried abhoard dutomatic manufacturing modules into
orbit by the Space Shuttle or other large launch systems. The
free flying modules roll form the basic structural elements
which are assembled and welded into the brogressively largex
components. Investigations should be made to assess the use of
other materials such as kevlar/polyimide composits, graphite/
epPoXy composites, beryllium alloys, titanium alloys and various
other aluminum alloys. These materials evaluations should be
coupled with the use of other structural shapes and configura-
tions to obtain a more realistic trade study of weight, cost,
and complexity. The various processes and techniques which
could bhe considered are:

@ Electron beam welding
e‘Spot welding-

8 Mechanical attachments
® Roll forming

© Composites layup

® Adhesive bonding

e Brazing

@ Thermite welding
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Explosive welding

Utilization of the space environment to enhance the

bProcessing of materials
NDPE evaluation
Initial imperfection evaluation

Quality Assurance

In evaluating materials applications the following

"should be

considered:
Strength and strength/weight ratio

Modulus of elasticity and modulus/weight ratio

Structural properties vs temp

Fatigue properties vs temp
Fatigue properties

Coefficient of thermal expansion
Thermal conductivity |
Creep, creep rupture

Fracture toughness

Stress corrosion Susceptibility
Formability/brittie behaviour
Specific heat

Meteoroid impact vulnerability
Weldability

Material density.

2.2.3.4 Manufacturing and Assembly Technigues

s

pasagprevase Ul

The capability to fabricate and assemble large structures
in space is a key issue associated with the insertion of the SSPS
into geosynchronous orbit., The design, fabrication, assembly
and transportation of the large space structure present many
significant problems requiring advances in the state-of-the-art
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in the related structural, materials, manufacturing and assembly :
technologies., The manufacturing and assembly techniques proposed i
in this study is based on the use of free flying automatic fab- e
rication modules. fThe module automatically fabricates and P
assembles from raw sheet stock the major structural components oy
of the SS5PS in low earth orbit. fThese members are assembled i f:__

into modular sections and boosted into geosynchronous orbit for S
completion of assembly.

It is recommended that the above be studied in greater
detail together with alternate methods of manufacture and as-
sembly to establish the most cost effective and lightest

. configuration. .

2,2.3.5 Structural Verification Technigues

It is recommended that investigations should be carried
out to evolve methods for verifying the structural integrity of
the SSPS vehicle.  The application of ground  test technigue cur~
rently in use are obviously not feasible. It is proposed that
ground test technigues for scale models which are structurally
and dynamically similar be developed. This procedure will pro- oL
vide verification of analyses methods. A second phase of this R
gtudy would be to design fabricate and £light test an instrumented '
model of reasonable scale for the same Purposes as given above,.

2.2.4 References S : -

2.2~1 NASA CR-2357, "Feasibility Study of a Satellite Ty
Solar Power Station, "February 1974, , L
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2.3 Flight Mechanics and Control

The objectives of the flight mechanics and control effort
has been to establish engineering requirements for stationkeeping,
positioning and attitude control for the SSPS. Stationkeeping
requirements were established by analyzing orbit perturbations
due to Earth oblateness, solar pressure, Sun-Moon gravity and
electromagnetic forces. Attitude contreol requirements were
established by assessing the effects of gravity gradient, solar
pressure and microwave pressure disturbance torgques.

Analysis of SSPS stationkeeping reguirements has resulted
in the following:

SSPS stationkeeping propellant reQuirements are
approximately 9072 Kg (20,000 1b) per year using ion
propulsion (ISP = BQ000 sec) '

North-South drift has more impact on overall micro-
wave transmission efficiency than longitudinal drift
for the rectenna latitude considered (40°N)

Solar pressure is the dominant orbit disturbance.
Results show that this perturbation is most economi-
cally handled by continuously controlling orbit period
and not correcting eccentricity. However, if the number
of 58PS satellites goes above 12 units over the
continental United States, the eccentricity drift

should then be corrected. This will require an addi-
tional propellant consumption of 2132 Kg (47,000 1b)

per year.

Established a parametric rationale (based upon the
maximum allowable deviation from assigned SSPs posi-
tions) which determined the thrust-time duty eycles
which account for each orbital perturbation which

would cause a change in position of a stationary
satellite. For example, for a *2.5° max allowable
longitude drift, the governing drift is the eccentri-
city drift due to solar radiation pressure. . The

result is a 57 day duty cycle with 5 day orbit-keeping
burns for drifts in eccentricity and longitude. For
inclination drifts the duty cycle is 365 days with a 10
day ion-engine burn at a thrust level of 600N (135 1b);
this requires 1350 thrusters, each with 0.45N (0.1 1b)
thrust. A total of 14,000 0.1 1lb thrusters are
required to maintain alleowable deviations.

Developed a thruster analysis, establishing size,
number of thrusters, and typical force (thfust) time
histories nullifying each orbital drift (i.e. drift in
eccentricity, period, inclination and longitude).
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S8PS control system studies have found the following:

@ The gravity gradient torques are the dominant dis- -
turbance to the spacecraft, requiring 8 x 1092 Newton-
meter-seconds momentum from the control system daily

® Transients from the antenna rotary joint control sys-
tem used for antenna pointing, sizes the array roll

thrusters (40 Newton engines mounted at the extremes
of the arxay) : . '

¢ CMG's are not applicable to the array contrel func- o
tion. A control system for roll alone would weigh -
20 x 10% kg using CMG's '

® The SSPS configuvration is sufficiently stiff to
achieve better than 1° pointing accuracy

® Mechanical steering of the solar array to point
toward the sun for the entire yeaxr, could result in
a 106 kg decrease in system weight.

® The solar array roll control loop may be desigaed such

that the slip ring drayg torgue will be unidirectional :
during steady state operation. R

© The antenna azimuth control is not affected by the

expected levels of structural compliance for the
central mast.

® Array limit cycling amplitude reduction to alleviate
effects on antenna control ¢auses increased excitation
of structural modes.

@ S5lip ring drag torgue significantly affects antenna
Steady state pointing error.

Table 2.3~1 summarizes the vyearly propellant expenditure
for the SSPS. fTwo levels of expenditure have been listed. The
lower level assumes that eccentricity drift due to solar pPressure
is not corrected. This is ¥easonable if the number of SSPS at
geosynchronous orbit servicing the United States is less than 4.
Beyond this number of satellites, eccentricity drift control is
needed, increasing propellant consumption.




Table 2.3-1 SS8PS Pr-opellant ‘é‘,equirements, Isp = 8000 Sec _ ‘"

LBW/YR KG/YR
STATION KEEPING ' _
¢ | ONGITUDE DRIFT 718 325
® [NCLiINATION DRIFT 14700 6673
® SOLAR PRESSURE
— ALTITUDE DRIFT 6100 2215 .. -
- ELLIPTICITY DRIFT 0 {47040)* g {21343)*
® MICROWAVE PRESSURE 68 N
SUBTOTAL 20,092 (67132)*| 9344 {30687)*
ALTITUDE CONTROL - ,
! e GRAVITY GRADIENT 30,408 13,804
® ANTENNA CONTROL " 162 7474
® SOLAR PRESSURE 870 394
® MICROWAVE PRESSURE 292 132
SUBTOTAL 31,732 Ty
TOTAL 51824 {98864)* (23748 (45091)*

UNITED STATES,

*REQUIREMENT AFTER 4 SSPS ARE PLACED IN ORBIT TO SERVICE THE
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2.3.1 Orbit Keeping:

There are four major influences on the SSPS causing it to

drift from

>

its nominal orbital location. These are:

Longitudinal Drift - The ellipticity of the earth
causes the 8SPS to seek out the earth's minor axes

Inclination Drift ~ The interaction of the sun and
moon's gravitation causes the orbit to regress so
that its inclination changes with respect to the
equator.

Altitude and Eccentricity Drift - Solar pressure dis-
torts the orbit from circular to elliptical and back
again over a one year period. In addition, there is
an effective altitude change which increases the
orbital period and then restores it to nominal over
the same elapsed time.

Microwave Pregsure -~ The electromagnetic fields at the
aperture of the slotted array causes a "rebound"
pressure on the antenna.

2.3.1.1 Longitudinal Drift

The

earth's ellipticity causes a geosynchronous satellite

to drift toward the minor axes of the earth's ellipsoid. These
stable points are located at approximately 120°W and 60°E longi-
tude. TIf uncontrolled, a satellite will drift as far past these

stable node

s at its original longitudinal displacement, return,

and then repeat the cycle. BAn SsPS, for example placed at 75°W

longitude to optimally service the northeast, would drift past the

western hemisphere stable point to a longitude of 165°W, or to a
90° longitude difference between the rectenna anc satellite. At

this longitude difference there is no line-of-sight, Figure 2.3-1.

Therefore,

some degree of longitudinal drift stationkeeping is

required to ensure transmission. The longitudinal bounds within
which the satellite must be maintained is a function of the
effe.t variations in satellite drift have on overall system

efficiency.

The stationkeeping propellant required to continuously
correct longitudinal drift is shown in Figure 2.3-2 for 11.4 x
10® kg SSPS. The propellant guantities were calculated for

variations

in SSPS longitudinal position assuming the use of an

ion propulsion engine with a specific impulse of 8000 sec. The

worst case

§sPS positions, 160°W, 75°W, 15°E and 105°E longitude,

can be maintained with approximately 305 kg/yr of propellant.

[
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The use of a cold gas system, Isp = 200 sec, would require closer

to 12,200 kg/yr. The advantage of electric propulsion for the
stationkeeping function is clear. : :

A continuous engine thrust level of approximately 2.2N
would be required to maintain longitude. The feasibility of
continuous ion thrust for 30 years is questionable. Current
ion engines have demonstrated l1ife of only 10,000 to 15,000 hr.
A minimum of eighteen 2.28 engines would then be reguired over
the life of the SSPS.

Alternate schemes to continuous thrusting should be in-

vestigated. Tf some drift from the nominal is tolerable, peri-

odio two burn orbit adjustments could be used. Assuming a per-
missible burn period once a year of one hour, a 7565N engine
would be required to make the adjustments. This thrust level
could cause significant structural bending and overall space-
craft control problems. Therefore, some compromise between
continuous thrusting and impulsive adjustment once a year is
needed.

2.3.1.2 Inclination Drift

The gravitational influences of the sun and moon cause a
gradual plane change in the SSPS orbit relative to the ecliptic.
Because the desired SSPS orbit's equatorial plane is fixed rela—
tive to the ecliptic, the regression of this orbit takes on the
form of an inclination drift relative to ~arth-centered coordi-
nates. The total period of the regression from nominal te the
maximum inclination of 15° is 53 years. '

Figure 2.3-3 presents the time history of inclination for
various initial orbit conditions. A unigue set of orbit param-
eters with an inclination of -7.5° results in a stable orbit
requiring no propellants for orbit maintenance. This orbit, how-
ever, would produce a figure eight around track. This ground
track motion would cause a 16° variation in the rectenna to
satellite line-of-sight for a rectenna located in the Northeast.
Angular motions of this type have two effects when the satellite
is in the southern half of its orxrbital swing:

e 'The path through the atmosphere is increased,
decreasing efficiency

i
i
i
s
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® The ground pattern of the microwave beam elongates in
the north-south direction requiring a larger rectenna
to capture an equivalent amount of power. Figure
2.3-4 illustrates the impact of MW beam elongation on
rectenna size requirements. The shaded area illus-
trates the beam ground pattern of the main lobe on a
rectenna located at a latitude of 40°, This pattern
is an ellipse with major and minor axes of 12 km and
8.5 km, respectively. Aan inclination dxift of 20°
would increase the north-south dimension of +the
rectenna from 12 km to 22 km. This equates into a 30%

increase in required rectenna area for a 7.5°% ineclined

orbit.

Figure 2.3-5 presents the S8PS propellant reguirements
for continuous correction of inclination drift. A propellant
expenditure of about 6674 kg/yr is required to maintain an

equatorial orbit using ion bPropulsion at a specific impulse of
8000 sec.

2.3.1.3 Altitude and Bccentricity Drift

Solar pressure has a considerable effect on the S8P5
orbit because of the large area solar arrays. Figure 2.3-6
illustrates the effects of solar pPressure on the SSPS orbital
characteristics. Over a period of 170 days the circular orbit
distorts to an ellipse with an eccentricity of 0.096. 1In addi-
tion the orkit period increases from 24 hrs to 24 hrs, 14 min-

utes. Both the orbit shape and period return to nominal after
340 days.

The solar radiation pressure at 1 AU is 4.65 x 10“5
dynes/cm2 which produces 2 continuous force on the SSPS of from
50 to 70 LB (200 to 300 Newtons). The pressure due to solar
wind proton flux is considerably lower than that caused by
radiation and can bhe neglected (Ref. 2.3-1).

The effect of solar pPressure as shown above is twofold.
The first is a change in altitude andg hence orbit period and
the second a change in eccentricity. If the change in period
goes unchecked, the S5PS will precess around the equator at a
rate of approximately 3.5° per day. A propellant expenditure
of 2315 kg/yr would be required to offset this highly unde-
sirable satellite motion, Figure 2.3-7. The bPropellant reguired
to correct the ellipticity has been calculated at 1.59 x 105
kg/yr Ref. 2.3-2. This propellant quantity assumes that an
Oopposing force of 200 to 300N is continuously applied to offset
the solar force. The effect of ellipticity on overall systemn
performance, however, is not significant, provided the 24 hr
orbit period is maintained. Elliptiecity causes an apparent

o}
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Figure 2.3-7 Eccentricity/Altitude Propellant Requirements
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longitudinal drift to an observer on the ground. Characteristics
of this drift is shown in Figqure 2.3-8. The satellite will "lead"
or "lag" the rectenna location by 11.0° during the course of one
day. The effect of longitudinal drift on rectenna geometry is

not as severe as the effect of inclination drift, Figure 2.3-4,
The increased rectenna area needed to insure collection of micro-
wave energy for a satellite that drifts 11.0° is 6%.

The amount of propellant reguired to control eccentricity
drift and the apparent insensitivity of MW performance to the
cyclic longitudinal motion of the satellite in an uncontrolled
mode suggests that this perturbation be ignored. This 'is true
i1f only one $SPS is in orbit. If a system of power satellites,
used to meet a significant portion of future national energy
requirements, is placed into operation, the effects of eccentri-
city drift could place a limit on the number of rlants placed in
orbit. Prime real estate at geosynchronous orbit lies between
30°W and 120°W longitude, or 66,228 KM of orbit arc length.

The *11.0° apparent longitudinal motion of the 8SPS is equivalent
Eo *B090 Km of orbit arc. If each satellite is assigned 16190 Km
to ensure no collision, a maximum of 4 SSPS can be prlaced in
orbit. This limits system total output to 75 GW of power.

This undesirable limit to the total number of satellites
in orbit strongly suggests that eccentricity drift should be
corrected. An alternate approach to continucusly thrusting to
null solar pressure exits, precluding the requirement for an
unacceptably high propellant consumption. Periodie posigrade/
retrograde maneuvers performed at apogee and perigee of the
eccentric orbit would economically maintain the orbit. The
yearly propellant using this technigque is 14,884 kg.

2.3.1.4 Microwave Pressure

A constant radial force of 17.8 Newton (4 lb; is exerted
on the transmitting antenna. Reference 2.3-4 calculated this
force assuming 10 GW of power into the microwave converters at a
frequency of 3 GHz. A radial acceleration affects orbit eccentri-
city with only small perturbations to the orbit vreriod. A force
of 17.8N {4 1b) will cause *1.8km (1 n mi) altitude perturbation
over a period of 80 days. If this same force were applied along
the velocity vector, the orbit altitude would vary 216 km
{120 n mi).

The meost economical approach to controlling this pertur-
bation is to perform an apogee/perigee correction every two
months rather than applying a continuous, opposing, radial thrust
of 8.9N (2 1lb). The yearly propellant requirement performing
periodic horizontal thrust corrections would be 31 kg.

2.3-12
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2.3.2 Effect of Stationkeeping Accuracy On Microwave Efficiency

Drifts and motion of the SSPS relative to the rectenna
will result in MW beam misalignment from the nominal boresight.
The rectified power output of the rectenna is sensitive to these
beam angle deviations. The losses associated with orhit varia-
tions are shown in FPigure 2.3~9. The rectenna power output
efficiency variations are plotted against North-South (inclina-
tion drift) and East-West (longitudinal Arift) boresight angle
variations. '

The major causes for the power loss are cosine loss,
spiliover and ray loss. When the SSPS drifts to the south, the
effect is spillover; the beam spreads beyond theé perimeter of the
rectenna. When the satellite drifts to the north, the major
effect is ray loss; microwave beams fall between rectenna
elements, Figure 2.3-9,

The dipoles also have some directivity and there is an
increasing penalty in power reception as the MW beam moves off
the nominal boresight. :

Tonsphere and atmosphere attenuation vary as a direct
function of the beam insertion path length. BAs the gatellite
drifts the path through the atmosphere varies changing to some
extent the system efficiency.

Figure 2.3-~10 shows that rectenna rerformance is con-
siderably more sensitive to vertical drift than to longitudinal.
Losses due to longitudinal drift are primarily cosine effects
while vertical misalignments causes ray loss and spill., The
power loss due to the 3.5° longitudinal drift associated with
uncorrected orbital ellipicity would be less than 1., TIf the
satellite were placed at an inelination of ~7.5% to eliminate
the need for north-south orbit keeping, the loss could bhe as
great as 14.5%,.

- 2.3.3 Parametric Rationale for Establishing a Thrust Time

Buty Cycle

2.3.3.1 Thrust Level Analysis

The duty cycle for thruster operation depends on the
maximum allowable longitude excursion from its assigned stationary
longitude. ©Letting 2AA max be the total longitude drift (i.e.,
*AA max), which is a Ffunction of eccentricity, earth's equatorial
ellipticity, and altitude deviation from synchronous altitude. If
the 5SPS's are assumed to service 90° of CONUS longitude, then
the total number (N} of servicing SSPS systems is given simply by

N = 90°/2A) MAX

2.3-14
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From knowledge of the orbital mechanics of the perturba-
tions, stationkeeping A V reguirements are established. With o
knowledge of the engine Isp and the SSPS weight, the total force o
for the required stationkeeping maneuver may be computed. The 1
required thrust level F is given by

p oo Ho AV av is very small (i.e. less than G¢.1). S
gt gisp ;
|~
P
where | i
. Wo = SSPS weight
and - -E’
t = stationkeeping thrust-on time. - 5&;_

.;l"v

For ion thrusters, the range of force, f , produced by each engine
is .

0.00445N (0.001 1b} < f £ 4.45N (1 1b)

In 10 years the upper limit of the Isp will be of the
order of 5000-~15000 seconds, with a force upper limit of about
44,5N (10 1b). Assuming that f = 0.4458 for each thruster,

Nog = F/f

where Npy is the minimum number of thrusters required for one- B
direction trrusting. However, the actual number of thrusters must :
be based on redundancy considerations to account for failures

over the 30 year operational 1life of the SSPS:

# Redundancy, designated by p.

[ @ Multiplicative factor, m, to account for the total o s
| MTBF to be 30 years, e.g. if MTBF if 15, then m = 2,

2.3-16
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- Therefore, the total number of thrusters (N ) to be inccrporated

Y
ln the SSPS des;gn is glven by -_?9' -
Hpop ™ P M Ny
where
p = redundancy and m is a factor designed to'yield

a total MTBF of 30 years (e. g., lf MTBF 15, m = 2)

ThlS estahllshes the number of thrusters requlred to produce -a
given total thrust level. ~The frequency and duration of the -
thrust application, . which is essentlally the deflnltlon of the.;g
duty cycle, is treated in paragraph 2.3.3,2, o

2.3.,3, 2 Duty Cycle Determination for Each Unwanted Orbltal Drlft

2.3, 3 2 l uolar Radlatlon Pressure Effects on Eccentricity - The'
effect of sclar radiation pressure on the SSPS is twofold. ' The.
first is to change the orbital eccentricity to a maximum of 0,096
from a. clrcular, equatorial- synchronous orbity;. and the- second is.
to raise the altitude by 274 Km or increase the equivalent
synchronous period by 14 minutes. Both effects are cyclical, -
having a period of 340 days but achieving the maxlmum stated

- values at 170 days. - Figure 2.3-11 shows"

e the variation of eccentficity, £, Wwith time
‘@ . the maximum longitude excursion for each &

@ the resultant AV (2 Burn Hohmann) to nullify ‘the
eccenfrlclty for each €.

7 Figure 2.3-11 is used as follows- Assume that the maxi-
mum allowable longitude drift is +2.5°%. Locate this point on the
max AX curve, and then draw a vertical (ordinate) line. . This

'*pullne, as 'shown in ‘the' example in.the! figure, givesa tlme of" 57”
days, £ of .0220, and requlred A VvV of 34.44 mps (113 fps).

i Note that ion .engine finlte burn time A V. is larger. than - oo
" the 2 burn Hohmann A v, although, for 'small ‘A Vv, this difference o
is likewise small. For 30 year operation, however, this gonclu~ -

sion may have to be revised. Further 1nvest1gatlcn is requlred

U 203.3.2.2 sSolar Radlatlon Pressure Effects on Altltude (Perled) -

Any change in - altitude results in -an-increased -change in the

" period of the orbit, and thereby prcduces a westerly drift of the
~.88PS relative to. its _-assigned- lccatlcn.; Ifthig perturbatlcn

were allowed to continue #nchecked, it would result in 1.1° /day

westward drlft at the end of 57 days, and thus require an.
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Figure 2.3-11 Solar Radiation Pressure Compensation
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increased frequency in the application of the corrective station-
keeping maneuvers. It is therefore desirable to remove this
altitude drift on a continuous basis. A continuous force of B8.5N
(1.9 1b) would yield a 3.66 mps (12 fps) A V at the end of 57
days. Thruster logic could be emploved so that a series of jets
would be alternately fired to produce the constant required '

thrust.

2.3.3.2.3 Microwave Radiation Pressure Effects - The perturba- i P
tion resulting from a radial microwave radiation pressure force ; i
or the transmitting antenna is approximately 1/15 that of the : i

nolar radiation pressure. As an approximation, the A V effect
and altitude are assumed to change in accordance with this o
approximation in perturbative force. D

2.3.3.2.4 Earth's Equatorial Ellipticity Effects - The earth's
equatorial ellipticity produces an E-W drift which becomes : E
intolerable when the SSPS 1is located sufficiently far from one of j‘*7
the stable (minor) axes. Figure 2.3-12 shows the time to drift
voe 5° as a function of relative longitude of the sspsS referenced to :
a stable axis. If t2.5% about the assigned longitude is assumed B
to be the maximum allowable excursion, than 9 weeks are regquired E
between corrections for N-E servicing SSPS and 27 weeks for the
S§SPS servicing the S5-W. The A V reguirement per year may be :
determined from figure 2.3-13 (Reference 2.3-9)., The annual A V i
regquirements are 0.6 mps and 2.1 mps for the 5-W and N-E i
satellites, respectively.

2.3.3.2.5 TLuni-Solar Gravitational Effects - Phe sun and moon's
gravitation fields are the predominant factors which affect the
inclination drift. The relative geometry of these bodies and the
earth relative to the ecliptic plane ig eritical for dealing with
inclination drift. (see Figure 2.3-5.}

For stationary orbits, the annual inclination drift rate
is 0.86%/yr. However, with inclination biasing (i.e., placing
ot the SSPS in an orbit of =-0.43° inclination) the inclination at
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the end of 1 year would be +0.43°. Assuming that a #0.43° varia-
tion in inelination is tolerable, the duty cycle must compensate

for inclination drift once per year, with a AV expenditure of
45 nmps,

2.3.3.2.6 Typical Example of the Stationkeeping AV and Propulsion R
Requirements -~ Assuming that the maximum allowable longitude o
drift is *2.5%, so that 5° maximum travel is allowed per SSP3S, S
the number of satellites to service 90° of longitude real estate N
would 90°/5°/Sat or 18 SSPS satellites. The stationkeeping AV et o
and propulsion requirements are summarized in table 2.3~2. The ! i
table shows that a 57 day cycle (i.e., stationkeeping maneuvers
are performed every 57 days) yields the maximum cycle period. i 5
For purposes of a typical realistic example, the Isp for ion }'"“"1
thrusters was assumed to be 5000 lbf-sec/lbm, and the burn time T
duration. about 5 days for each maneuver. Though the cycle time f;
will remain the same for the very low thrust requirements, the T
burn times will vary. oOn the basis of selecting 0.445 N ion
thrusters, the number of thrusters and their location will he
summarized in paragraph 2.3.3.2.8. '

2.3.3.2.7 ©Thruster Time Histories - Based on the last column of P
table 2.3-2 for a 57 day cycle (except for inclination drift s b
requiring a 1 year cycle), jet force time histories are ;
established and summarized in Figure 2.3-14, el

The following observations should be given due considera- =t
tion in the deployment of thrusters, thruster sizing, cluster (of
thrusters) arrangement and operational requirements in performing
stationkeeping maneuvers:

® Not all the thrusting will be in the same direction.

- Eccentricity, altitude} and E-W drifts require
tangential burns for compensation.

=~ Inclination drifts require burns normal to the
orbital plane

* 0 1Inclination compensation should not be performed
simultaneously with other drift compensations
since the resultant force vector is skewed,
thereby requiring more sophisticated guidance
and control techniques.

© Most efficient inclination control results from
burns normal to orbital plane in the vicinity of

equatorial crossings (north or south).

© A 10 day cycle that does not conflict with other
stationkeeping corrections should be selected.
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Tabhle 2.3-2

Summary of Stationkeeping Duty Cycle Inputs¥®

TIME TO  A) | AV REQUIREMENT ANNUAL THRUST
PERTURBATION (5° TOTAL) {57 DAY CYCLE) AV REQUIREMENT | (57 DAY CYCLE)
(UNITS) - DAYS MPS (FPS) MP< (FPS) N (LB)
SOLAR RADIATION |
A ECC (.0220} 57 34.4 (113) 146.3 {480) 905.8 (203.3)
AALT (148 NM IN . .
170 DAYS) N/A USED AV = 1.5 (5) 9.8 (32) 8.5 (1.9)
MICROWAVE RADIATION
A ECC >>57 2 {7} 8.1 (30) 8 (1.8}
OALT N/A%*  JUSED AV = 0.09 (0.3) 0.6 (2} 0.5 {0.11)
E-W DRIFT
{NE) 63 0.33 (1.1} 2.0 (6.6) 8.5 (1.9)
L (SW) 189 0.08 (0.31) 0.6 (2.01) 2.5 {0.56)
[[INCLINATIONT
DRIFT (.86°/YR]) 365 7.2 (23.5) 45.7 (150) 602 {135)
(OPTIONAL)

Tlgp

*lgp = 5000 SEC, t = 5 DAY BURN PERIOD, GIVE ABOUT 10:1 QUIESCENT-TO-BURN TIME PERIOD
**CONTINUOUS THRUST SINCE ANY ALTITUDE VARIATION PRODUCES AN UNWANTED DRIFT
= 5000 SEC, t = 70 DAY BURN PERICD ONCE PER YEAR
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# Thrusters should be considered as clusters of 4
X thrusters - 2 more thrusters are needed for any radial .
[ compensation and for any induced unbalanced torgues ;
produced by the stationkeeping burns (See Figure i
2.3-15 for cluster arrangements).

e For E-W stationkeeping maneuvers the burn should be P
made in such a manner that the correct wvelocity at the TR
end of the burn brings the SSPS te -2.5° of the Hoe
station's assigned position. See Figure 2.3~16 for a .
schematic representation of this rationale. Cod

st 2.3,3.2.8 Number and Deplovment of Thrusters - With the thrust
level for each ion jet assumed to be 0.445 N, a minimum number of
thrusters to perform the maneuvers may now be calculated (Table
2.3-3 presents a summary of the number of thrusters required).

f NTH = 6860 thrusters (N-E)
NTH = 6886 thrusters {5-W)
n m = MTBF factor (assumed to be 2 for space life of a
thruster)
. p = redundancy factor, assuming 1 in 50 thrusters will
fail-in 15 years
. and
. Npop = P ™ Hoy
S = (1.0204) (2) (e886) = 14053 Thrusters (N-E) % :
j or = (1.0204) (2} (6860) = 14000 Thrusters (5-W) F
For 4.45 N thrusters, N, . would be approzimately 1400. L
, i
o 2.3.3.2.9 Thruster Configuration Analysis - Wpgp thrusters, as E

given in paragraph 2.3.3.2.8, are to be deploved on each SSPS
configuration. Each panel will have Nppop/2 thrusters or Npor/2x4
| S clusters. Figure 2.3-17 schematically represents the cluster

4 distribution about the outer edges of the SSPS. For very small

. thrust levels (i.e., E-W drift stationkeeping), the burn times
may be trimmed so that continuous thrusting for 5 days minus A t,
| results.
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Table 2.3-3

Az

]

Thruster Analysis Summary

MAX FORCE APPLIED,

NO. OF THRUSTERS

DIRECTION OF

N {LB) (0.1 THRUSTERS*¥) THRUST
DRIFT (5 DAY BURNS) 913.2 (205.3) 2053.0 TANGENTIAL
ECCENTRICITY 8.94 (2.0}* 20,1 TANGENTIAL
ALTITUDE E-W
{NE) 8.45 (1.9} 19.0 TANGENTIAL
(sw) 2.00 { .45) 5.6 TANGENTIAL
TOTAL = 2080 {SW),
2093 (NE)
INCLINATION NOBMAL TO
(10 DAY BURNS) 600 (135) 1350 ORBITAL PLANE

*CONTINUOUS THRUSTING
**{jSE OF 4.45N (1.0 LB) THRUSTERS WILL REDUCE THE NUMBER OF THRUSTERS BY

A FACTOR QF 10.

NOTE THAT THE NUMBER OF THRUSTERS GIVEN IS THE MINIMUM, AND APPLIES TG ONE
DIRECTION ONLY. FOR TANGENTIAL, OPPOSITE DIRECTION BURNS, o

23 (2080 + 1350) = 6860 THRUSTERS WOULD BE REQUIRED {SW).
2X (2003) + 1350} = 6886 THRUSTERS WOULD BE REQUIRED (NE).

THIS ANALYSIS ASSUMES THAT THE BURNS OCCUR IN OVERLAPPING FASHION, EVERY 57
DAYS FOR TANGENTIAL BURN CORRECTIONS. A MORE COMPLEX DUTY CYCLE COULD BE
CHOSEN IN WHICH ALTITUDE COMPENSATION, E-W DRIFT, AND ECCENTRICITY BRIFTS ALL
SHARE THE SAME THRUSTERS WITH ALTERNATING BURN SEQUENCES. THiS MORE COMPLEX
POLICY FOR MINIMIZING THE NUMBER OF THRUSTERS DOES NOT OFFER MUCH OF AN
ADVANTAGE, SINCE THE ECCENTRICITY IS THE OVERR!DING FACTOR AND THE OvHER
TANGENTIAL DRIFT EFFECTS (i.e., E-W, ALTITUDE) REQUIRE A MUCH SMALLER NUMBER

OF THRUSTERS BY COMPARISON.
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Figure 2.3-17 SSPS Thruster Distribution Schematic
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2,3,3.3 Potential Areas for Further Study

« s Stationkeeping maneuvers can produce unbalanced or
disturbance torques due to:

Center of SSPS mass uncertainty

Thruster mismatch (ablative and plume impingement
differences cause force levels to vary slightly)

Thruster misalignment

Cluster nonsymmetry due to minor image-deployment
mismatch

Random failures of thrusters thereby producing
unbalanced torques.

These considerations, to be most efficiently analyzed, should

v have an SSPS configuration simulation. The torsion, structural
flexure, and bending effect on antenna pointing and power output
efficiency may then bhe analyzed.

Due to the large area of SSP8, the following random, and
hopefully non-catastrophic, environments impact the SSPS:

Meteroids - Due to the huge panels (approximately

55 km2 = 16 nm2), the meteoroid environment in terms
of steady state and sporadic meteoroid showers could
cause orbital perturbations (not to mention SSPS
damage). The 30 year operational life increases the
probability of occurrence of these effects.

Radiation (Solar Flares) - During certain phases of _
solar activity cycles (prior to and immediately after
peak sunspot activity) high intensity solar flare
activity often erupts. Huge clouds of high energy
neutrons can impact the SSPS, causing orbital distur-
bances of sizes to be investigated. Solar flares,
especially over 30 year life of SSPS, also impose
requirements on construction of solar collector cells
on the panels as well as maintenance and repair crew
systems.

Thermal -~ This environment may cause sufficient thermal
bending and torsion, thereby changing the position of
the cg and the locations of the thrusters, thus

adding to the uncertainty in the precision of station-
keeping maneuvers (magnitude and direetion).

2.3-29




2.3.3.4 Propellant Summary and Issues

Table 2.3-4 summarizes the yearly propellant requirements
needed to maintain the S8PS orbit to within acceptable limits forx
overall favorable system efficiency. Two satellite locatlions are
shown. The SSPS located at 113.5°W longitude is assumed to ser-
vice the southwest. The second is located at 78.5° longitude for
northeast service. Location 1 reguires a total of 9116 kg/yr for
stationkeeping and location 2, 9340 kg/vyr.

The major issues of concern in performing the SSPS
stationkeeping function are:

@ Ion Engine Development -~ The size of the SSPS appears
to preclude the use of more conventional cold gas pro-
pulsion packages. TIon propulsion is a natural control
device because of the readily available power source.
Little or no flight experience is available nor is any
planned using ion engines. An alternate to ion pro-
pulsion is the resistojet with an Igp = 850 sec using
Hydrogen propellant. The same issues that were
identified in Ref. 2.3-3 for the orbit-to-~orbit trans-
port stage apply to the on-orbit maneuver system. The
selection of a propellant that will not contaminate
the solar array and electronics is necessary. The
uncertainty in Ion engine cost is a factor needing
more analysis and definition. Efforts should be
directed at increasing thruster life.

@ Stationkeeping System/Structural Interaction - Contin-
uous thrust levels on the order of 4 to 8 Newtons
needed for stationkeeping are not expected to cause
structural dynamic problems. However, if a control
policy calling for continuous thrust cannct be
achieved because of either orbital mechanics con-
straints or engine life limitations, high thrust
engines and finite thrust guidance policies will be
needed. Structural design criteria, using these
systems will he different. An across the board study
and simulation of these conditions is called for.

2.3.4 Spacecraft Attitude Control

Ground Rules and Assumptions:

© The 88PS is sized for a rectified ground power output
of 5000 MW

o Equatorial synchronous orbit

e SSPS mass properties
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Table 2.3-4 ©8PS Stationkeeping Propellant Reqﬁirement

PROPELLANT (Igp = 8000 SEC} . -

NOMINAL

NOMINAL _
SOUTHWEST, NORTHEAST,
PERTURBATION LB/YR LB/IYR
& LONGITUDINAL DRIFT 224 716
® INCLINATION DRIFT 14700 14700
e SOLAR PRESSURE o
~ ALTITUDE 5100 5100 -
— ELLIPTICITY 47,040 47,040
® MICROWAVE PHESSURE 68 68
TOTAL 20,092 (67,132} 20,584 167,624)

SPACECRAFT WEIGHT =25 x10° LB
SOUTHWEST LOCATION = 113.5W LONG
NORTHEAST LOCATION = 78.5W LONG

*PROPELLANT REQUIREMENT AFTER 4TH S8PS
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@ The solar array vector normal is pointed to within $1°

of the projection of the sun vector on the equatorial
plane. :

Figure 2.3-18 defines the axis system used in calcu-
lating disturbance torgues. The spacecraft longitudinal axis,
x-axis, is normal to the orbit plane. The ¥y and 2z axis lie in
the orbit plane (Equatorial plane). The sun line is in the
X-Z plane with a yearly oscillation about the y-axis of 23,59,

2.3.4.1 Disturbance Torgques

The external torgues on the satellite result from the
following sources:

® Aerodynamic

@ Gravity gradient

& Solar Qreésure

® Magnetic

e Microwave preésure

® Rotary joint friction torgues.

At an altitude of 35.8 x 106m, the atmospheric den51t§
is equivalent to the plasma proton density; 3.46 x 10~ Kg/m
(3 x 1022 Slug/ft ) Ref. 2.3-5 which results in a dynamic pres- -
sure of 7.3 x 10-14 Newton/mz. The resulting aerodynamic force
on the SSPS is only 22.4 x 10™° Newtons, which produces an in-

significantly small disturbance torgue on the nearly symmetric
S5PS shape.

Soiar radiation pressures have a much larger effect.
Ref. 2.3-5, appendix A, derived the solar radiation torgques for
the specific S5SPS, corrugated solar array design, considered -in
this report. The ¢.g. to c.p. distance for y-axis induced tor-
que is 25m due to the nffset of the microwave antenna. The x-
axis torque is induced by off-nominal steering angles which
causes a slightly different force on the corrugated mirror Sys-
tem. One side of the c¢oncentrator channel will receive more
direct sunlight than the other with variations in the sun vec-
tor from nominal. The resulting solar radiation disturbance
torques are:

Tx = 136 newton meter/degree
_Ty = 5550 newton meter/degree
T = 0.0

z

2.3~-32

goe s




P

Bl .

hd

4.93l Km | __ 2135m

z A 0 : A
N \
N N
N X
\ \
N
3 Xy
N N
S L]
3 N
X §
X L]
] N
N M
\ B
13.1 Km
ee——Y
Y —
YL—____
X

CENTERS OF GRAVITY

Xarm= 0.1 km

~ ¥Y,Z arms = #0.026 km (85 ) {Variation is due to the rotation of the MW Antenna)

 MOMENTS OF INERTIA.

ey = 244x10'% kg-m? {18.00 x 10" 2 stug 7t*)
fyy = 188.3x 1002 kg-m®  (138.9 x 10*2 glug 7t2)
iy, = 2122x10'? kgm®  (156.6 x 10'? stug ft?)
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Careful design of the solar blanket power distribution
system will minimize the effects of magnetic induced torgues.
Figure 2.3-19 is a schematic of a proposed current flow pattern
for one solar wing. ZEach unit magnetic field is adjacent to a
field with opposite polarity. The net magnetic torque as cal~
culated in Ref. 2.3-5, appendix B, is relatively small, i.e.

1.4 x 10-5 N-M. The prime magnetic torgque contribution to an ar-
ray with the loop design shown in Figure 2.3-19 is changes in

the Farth's magnetic fiel  with altitude and latitude. The

85PS is so large that exs- ination of latitude and altitude
difference between adjaceut field loops results in a net torgue.

An estimate of the force created by the radiation of
electromagnetic energy from the microwave antenna has been
computed assuming a total input power of 1010 watts and a
transmitted freguency of 3 GHz, Ref. 2.3~4. The total force
normal to the antenna is neot expected to exceed 17.8 Newtons.
This force produces a sinuswidal Y and Z axis torque with a
peak amplitude of 2955 Newton-m at a period of 24 hr.

The gravity gradient torques acting on the SSES will
be at least an order of magnitude larger than the torgques dis-
cussed abeve. For the moments of inertia shown in Figure
2.3-18, the torgue magnitudes are:

TY = 33,200 Newton-m/deg offset
Tz = 29,700 Newton-m/deg offset
T = 1.89 x 10° sin (2 W_t) N-m
X o

Wo = oprbital rate

t = time

Nominally, the x axis is perpendicular to the orbit plane re-
sulting in no gravity gradient Torgue about the Y and Z axis.
However, spacecraft attitude will deviate up to the deadband
and sensor accuracy of the control system. The twice orbital
period and with a peak level of:

Tx {Peak) = 189,000 Newton-m

The rotary joint shown in Figure 2.3-20 is used to
mechanically point the microwave antenna at the ground based
rectenna. The antenna to array relative motion regquires 360°
travel each day. Slip rings are used to transfer power across
the joint. Contact pressukes between the brushes and rotary

joint ring will vary between 27,550 N/m? and 68,940 N/m2 (4 and
10 psi) for optimum power transfer, Ref. 2.3-8. At an assumed
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system voltage of 20 kv and a brush current rate of 7.75 % 104
A/mz, 6.41 m2 of brush area is required to transfer 10 GW of
power. The total normal force of 4.45 x 105N is exerted on the
slip ring. At a coefficient of rolling frictiom of 0.1 and a
central mast diameter of 50 meters, 1.02 x 106 Newton-meters of
torgue is induced on the spacecraft.

A frictionless linear step motor, Figure 2.3-21, mounted
about the perimeter of the central mast, is used to point the

"transmitting antenna and develops 1.02 x 106 Newton-meters t.

to counterbalance the slip ring friction torgque. During stear.,
state operations, no SSPS reaction control is needed to counter

the slip ring torque. However, if there are reversals in the '
relative motion between the spacecraft and antenna, reaction
control is required during these transient periods. The slip

ring friction torgue would then reverse sign and appear as a step
input into the system. :

Table 2.3-5 summarizes the disturbance torgue aiscuSSed"J
above. The largest torgues are induced by the slip ring, antenna

control system, and gravity gradients. All other induced torques
are small and can be neglected.

2.3.4.2 Control Systems Options

Two system approaches for SSPS attitude control have been:
evaluated: (1) use of control moment gyros, which store momentum
for part of the orbit {1/4 revolution) and dump momentum the
next quarter orbit; (2) use of RCS or ion thrusters.

The SSPS x-axis momentum storage requirement to control
gravity gradient torques alone amounts to 5.84 x 102 Newton-m-sec.
State of the art CMG's, such as the Sperry single gimbal Model
1200, have a momentum-to-weight ratio of approximately 30
Newton-m-sec/kg. Assuming an order of magnitude improvement in
CMG performance over the next 10 years, the total weight of the

control system would be 19.3 x 106 kg, clearly unacceptable for
SSPS application.

The reaction control force to exactly balance the gravity
gradient torgue about the x-axis is 40 Newton {(9-1bf propulsion
engines mounted at the extremes of the solar array each with a
2.47 km lever arm). The design weight goal for the 30 em ion
engine for use on SEPS is 7 kg for the engine and 16 kg for the
power conditioner. This engine develops 0.134 Wewton cf thrust
for an egquivalent thrust—to-weight of 5.8 x 10-3 Newton/kg.
Without considering reliauility issues, a control system using
ion engines would require eight engines for a total system weight
of 6,896 kg for roll control alone.
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"mable 2.3-5 Control System Performance : :‘_ \
L;ﬁ
CONTROL SYSTEM CHARACTERISTICS TE
© DAMPING=05 : L : N
e FREQUENCY = STRUCT FREQ/10 0
AXIS TORQUE (N-m) o
' {ROLL) (PITCH) (YAW) -
'| TORQUE DISTURBANCE X v 4 e
SOLAR PRESSURE (1 DEG ERROR) 136 5500 0 .
MW PRESSURE (PEAK) 0 2955 2055 :
GRAVITY GRADIENT 189,000 33,200 29,700 ‘
ANTENNA CONTROL 200,000 0 0 i
TOTAL 2,189,136 41,655 32,655 ek
FLEX BODY ERROR SENSITIVITY 3.00 % 107 258 x 107 1.22x 107° o
RAD/N*m
STEADY STATE ARRAY . S
POINTING ERROR (RAD} 0.0068 0.00011 0.00004
BENDING MODE DATA 1
—1ST ANTI-SYMM MODE e
® FREQ {RAD/SEC) 0.0492 0.0178 0.025
@ GENERALIZED MASS (SLUGS) 120,828 159,888 157,200 wrs 1
© NORMALIZED DISPL. (FT/FT) 1.0 1.0 0.992 i
e NORMALIZED SL.OPE 0.413x 1072 0.18 x 107 0.214x 1073
(RAD/FT) ]
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2.3.4.3 Propellant Reguirements

Table 2.3-6 summarizes the SSPS propellant requirements
using ion propulsion (Isp = 8000 sec) and chemical propulsion
(Isp = 300 sec). A total yearly propellant use of 14870 kg of
mercury results from an ion engine system and 397,188 kg of pro-
pellant with the chemical system. Electric propulsion, though
heavier in inert weight, provides a more economical approach to
attitude control.

2.3.4.4 Pointing Requirement

Solar Array output power decreases with deviations in
attitude relative to the sun. Figure 2.3-22 shows system
efficiency as a function of deviation angle for a two mirror and
four mirror solar array. It can be seen that the four mirroxr
system is more sensitive to steering angle exrors than the 2
mirror system. Efficiency drops off at 3% per degree of attitude
error for the 4 mirror configuration and at the rate of 1.7% per
degree for the corrugated 2 mirror system.

The baseline corrugated design efficiency can be improved
significantly by pivoting the solar panels so that the arrays can
be kept normal to the sun vector throughout the year. The cur-
rent design is fixed and, therefore, operates at 90% efficiency
at the summer and winter solstice. What is meant by fixed is
that the longitudinal axis is kept normal to the equatorial
plane. The configurations presented in Ref. 2.3-6 assumed fixed
solar arrays and were oversized to generate 5 GW ground power
during the summer and winter months. This added 454 x 103 kg to
the spacecraft weight and approximately $75/KW to the system cost.
A pivot system similar to the concept shown in Figure 2.3-23
could retrieve these losses. The dynamigs, disturbance torque,
etc. of this configuration is different than the concept analyzed.
The pivot and solar array geometry must be selected in 2 manner
that would maintain the principal axis of mass inertia along a
line normal to the equatorial plane. The reliability and control
of the pivot mechanism would also be an issue needing closer
evaluation before this approach is accepted.

If the array attitude is allowed to deviate +1° from
nominal, the spacecraft design penalties are:

Weight = 19,237 kg

Cost = §$3/kw
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Table 2.3-6 Attitude Control Propellant Consumption
SPACECRAFT AXIS e
X Y 2 )
INERTIA (KG-KM?). 14.24 x 10° 123 10% _ 137 » 10° : L
DAILY MOMENTUM '
STORAGE, N.M, SEC e
o GRAVITY GRADIENT 6.26 x 10° 9.31 x 10° 8.10x 10° i
ANTENNA CONTROL : 3.9x 107 : - - _
® SOLAR PRESSURE 1.18x 107 4,795 x 10° - o
© MICROWAVE PRESSURE - 8.51 x 107 851 x 10" |
P i
TOTAL 6.30 x 10° 2.26 x 10° 1.661 x 10° a_
DAILY PROPELLANT .- 4
CONSUMPTION, KG/DAY Coe
® lgp= 8000 SEC 33.0 4.8 3.54 s
® lgp =300 SEC 866 128 94 -
YEARLY PROPELLANT : ' T
CONSUNMPTION, KG/YR TOTAL KG . 4 {
© Igp = 800D SEC. 11826 1752 1292 14870 |
® 1gp = 300 SEC. _ 316,090 46,720 34,378 397,188 —_—
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2.3.4.5 Control System Performance

Table 2.3-5 summarizes the pertinent control analysis
information. The peak disturbance torgues and source are listed.
The control system performance, and structural dynamic charac-
teristics are presented. The normalized structural dynamics
data is specifically for a control system jet geometry which
locates these actuators at the corners of the SSPS.

The analysis of the roll (%) axis system is extended in
paragraph 2.3.4.6.

2.3.4.6 Antenna Azimuth Control Analysis

The performance of the azimuth control system of the
antenna was analyzed with two specific objectives:

® EBEvaluate the interaction of the antenna mechanizal
control system with the array central mast

e Establish antenna control system requirements and
limitations which affect overall microwave system
performance.

Of particular concern was the effect of structural compliance of
the mast on meeting the one arc-minute pointing accuracy of the
antenna required for high microwave transmission efficiency. The
high level of slip ring drag torgque and a modeling of golar array
flexibility were also considered. The primary technigque used to
evaluate the system's performance was a single-axis analog
computer simulation of the antenna/solar array system.

The physical configuration of the baseline SSPS and cor-
responding model are illustrated in Figure 2.3-24. The analysis
was concerned with simultaneous control of the antenna and solar
array about the X axis and the interaction of the two control
systems. The solar array must be oriented such that its normal
is within #1.0 deg of the sunline, The antenna, meanwhile, must
be oriented to a point on the surface of the earth within *1.0
arc min such that it makes one revolution in azimuth every 24
hours (geosynchronous orbit) relative to the solar array. The
simplified model used reflects the fact that the effective spring
rate of the antenna drive and the antenna structural compliance
term are much smaller than the mast compliance effects. (The
reverse is likely true for the elevation contreol of the antenna.)
The basic approach used was initially to develop the designs of
the two control loops independently, in order to select gains
and establish basic performance capabilities., The combined
operation of the total system then was investigated to determine
nominal performance and the effects of parameter variations.
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The block diagram of the combined solar array and
antenna azimuth control system is shown in Pigure 2.3-25. The
solar array is initially modeled as a rigid body with inertia Jg.
Control of the array is implemented with t .vusters producing Tc
torgque driven by a control law of the form

where fpgy is a dead zone with hysteresis producing limit cycle
operation. The net torgue on the arrav is composed of the con-
trol torque {T¢), an external disturbkance torgue Tsp and a
reactive torque from the mast compliance term. Flexible struc-
ture dynamics are eventually added to the rigid solar array
model, as explained later. The array command angle (Bsc) is
normally zero.

The antenna is modeled as a rigid body of inertia Jae
The position control loop forms an error signal by subtracting
measured position from the command angle. This signal is a ramp
function with a slope of, Wo: orbital rate. The error, combined
with measured rate, forms the drive voltage to the torque motor.
The motor back-emf gain (Kg) £feeds back the differential rate
(6a - &) between the motor shaft and the base of the motor. It
is this same rate term which determines the sign ¢f the slip ring
drag torque (Typ) which subtracts from the motor torgue acting on
the antenna.

The coupling between the antenna drive and solar array is
represented by intermediate angle &, which i: defined at the base
of the motor. The equation developing o is a fairly complex '
fanction of the motor voltage, drag torque, and antenna rate, in
addition to the mast compliance term {(Ky) which generates a
torque as a function of the differential angle (GS - o).

The nominal values of the parameters developed for the
system are shown in Table 2.3-7. The designation "configuration®
parameter applies to the first six items because they are deter=-
mined by the overall SSPS design. Therefore, slip ring drag
torque (Typ) is so designated because conventional slip rings
reflect the specified power transfer approach. The remaining
items are "design" parameters, indicating that they are selected
a5 a result of control system requirements.

The solar array inertia {(Jdg) is two orders of magnitude
greater than the antenna inertia (Ja), with pointing regquirements
in a similar ratio of 60 to 1 (60 arc min vs 1 arc min). However,
the slip ring drayg torgue is an order of magnitude greater than
the external disturbance torque acting on the solar array
(1.4 x 106 N-M vs 1.4 x 103 N-M). Therefore, a large motor
torgue, which is required for antenna contrel, becomes significant
when coupled through the mast to the solar arrav.




Table 2.3-7 Nominal Parameter Values

PARAMETER SYMBOL VALUE
SOLAR ARRAY INERTIA Jg 244 % 10" kg2 (1.8 X 1073 sLue-Frd)
ANTENNA INERTIA dp 244 X 1071 kg w2 (1.8 X 1071 sLUG-FTH)
MAST STRCUTURAL COMPLIANCE Kpy 5.02X 10° NM/rad (3.7 X 10° FT-LB/RAD)
SLIP RING DRAG TORQUE & .

MAGNITUDE Twp 1.36 X 108 NM (108 #1p)
DISTURBANCE TORQUE ON

ANTENNA TaD 2.71% 10% NM (2. X 108 FT-LB)
DISTURBANCE TORQUE ON 5

SOLAR ARRAY Tsp 1.36 X 107 { 1+ SIN 2Wqt} NM
ANTENNA SERVO AMP GAIN Kq 1 VOLT/VOLT
ANTENNA ATTITUDE SENSOR GAIN | K, 4.2 VOLT/RAD
ANTENNA RATE SENSOR GAIN Kq ~800 VOLT/APS
MOTOR TORQUE CONSTANT Ky K/Rpy = 1.36 X 107 NM/VOLT = (107
MOTOR RESISTANCE Rpt } F_T'LB’ voLT)
MOTOR BACK EMF CONSTANT Ky 102 voLT/RPS
SOLAR ARRAY RATE GAIN Kq 200 RAD/RPS
SOLAR ARRAY CONTROL TORQUE | T, 5.08 X 10° NM (3.75 X 10° FT-LB)
THRUSTER-IN VALUE | 0.8 DEG
THRUSTER-OUT VALVE 0 057 DEG
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Although the initial loop designs for the antenna and A
solar array were developed independently, the initial scaling for ;
the computer had to consider the combined operation. Difficulty
was encountered in scaling because of the inertia differences
which required that the motor back-EMF gain (Kg) be large. ~
Stability analysis of the antenna loop reveals that stability is
affected by the sum of Kp and K3, the rate gain. Stability 5
requires that X3 > ~Kp. Since Kp is always a positive quantity, t
any positive K3 would satisfy this requirement. Too large a ;
value for K3 results in a highly damped response, which cannot o
satisfactorily follow the commanded antenna angle. Using a . G
value of 1000 volts/rps for Kp resulted in a selection of ~800
volts/rps for K3 which provided satisfactory performance. Thus,
Positive rate feedback is used because of the large value of Kgp.

The initial design of the solar array control loop is
detarmined by the 1.0 degree control requirement and the nature
of the disturbance torques. The solar array disturbance torgue
is composed of a constant term, due Primarily to solar pressure
and a sinusoidal term with a period of 12 hours Que to gravity
gradient. The magnitudes of both components are 1.36 x 105 N-pm.

A& general limit cycle phase plane is illustrated in :
Figure 2.3-26. The limit cycle rate (Wpe) is a function of the N
hysteresis vailue (I-0) and the rate gain K- ;

To minimize the impulse requirements, the Phase plane
trajectory in the dead zone, due to the disturbance torgues, should
traverse the width of the dead zone, coming just short of the
boﬁnﬂary. Since the combinaticn of equal constant ang cyclical
disturbance torgue components does not permit this on a continu-
ous basis (with Fixed gains, etec), the design was made +to minimize
the impulse for the periods when the disturbance components are
additive. The resultant operation is such that the trajectory
hangs off on one side of the dead zone for a portion of the orbit,
but eventunally goes to an undisturbed, symmetrical response for
the remainder of each orbit. The period of the limit ecycle,
therefore, changes during each orbit due to the cyclical torque.

. The dead zone and control torgue values were chosen to
meet the 1.0 deg attitude requirements. Using the specified
values of T3 and Js and the selected value for Tcr Wpeo = 0.00091
deg/sec., This is the optimized limit cycle rate in terms of the
required attitude limit. 7Tt is significant that this rate isg
less than the nominail antenna rate of 0.0042 deg/sec. The rela-
tive rate between the antenna and soclar array under steady state
operation will, therefore, be of the same polarity {(positive).
As a result, the slip ring drag torque will not change polarity.
This behavior is clearly demonstrated by the simulation results,.
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The actual values of K, I, and O chosen for the initial
design produce a limit cycle rate of 0.000575 deg/sec, or
approximately 63% of the optimum value. This number corresponds
to the limit cycle rate for the constant bias portion
(1.36 X 105 N-M) of the disturbance torgue.

The control ldops for the antenna and solar array were
combined, including the mast compliance term {(Kyp) . The perform-
ance of the system for the initial parameter values indicated
unsatisfactory antenna pointing with a large steady-state offset
and a superimposed cyclie variation. Therefore, determining the
sources of these effects and the development of technigues to
improve the performance were emphasized as discussed in
paragraphs 2,3.4.6.1 through 2.3.4.6.5.

2.3.4.6.1 Steady State Antenna 0ffset - The time history and
Phase plane response for the nominal conditions is shown in
Figure 2.3-~27. The solar array requirements are easily met, but
the antenna pointing is clearly unsatifactory. The basic measure
of antenna performance is ep = (fpp - 8a), the error between the
antenna command angle, a ramp, and the actual antenna angle. The
response exhibits a large steady state offset,~ 95 arc minutes,
and a cyclic variation of approximately 17 arc minutes peak-to-
peak. This offset is characteristic of the ramp response of a
type 1 servo. A simplified representation of the antenna loop is
shown in Figure 2.3-28,

The steady state erxor to a ramp command with a slope Wo
is plotted versus the position gain K2 in Figure 2.3-29 for the
nominal gains; simulation data points for the isolated antenna
loop are indicated. The time history response for nominal
bParameter values with TmMp = 0 are presented in Figure 2.3-30.

(The simulation data correctly duplicates the theoretical result.)

The steady state offset effect due to Typ can be reduced
by increasing the motor torque gain, Kg/RyM, but the offset
cannot be reduced below the "No Typ" value in Figure 2.3-30. 1In

addition, the motor design reguirements become even more
stringent.

Two other approaches to the offset problem were
investigated:

® integral control

® command bias
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Integral control involves the addition of a Ku/S term in
parallel with Kj in Figure 2.3~-28. With a small wvalue of K4, a
steady state errvor produced by the primary Kj loop is integrated
to form a controlled 8p response which reduces the error on a
long term basis.

The second approach consists of using the measured steady
state errox to develop a command angle bias signal which shifts
the 6p response until the error is zero. This technigue is
really analogous to the integral control approach but, instead,
uses the knowledge that the system is type 1 with a ramp input.
The result of such an approach is effectively to remove the
steady-state offget for a fixed value of drag (Typ). However,
changes in the value of Typ as a function of time change the
effectiveness of this approach; a better understanding of the
nature of the drag torgue thus is required before its effect can
be fully understood and overcome.

The effect of the slip ring drag torgue (Typ), is shown
by the Nominal Typ curve in Figure 2.3-29. The steady state
error is significantly increased by the drag term. The effects
of increasing and decreasing Typ are also shown by the discrete
data points for the nominal value of Kp. For any value of drag
torgue, the steady state error may be reduced by increasing K,.
This approach, however, significantly degraded the transient
response, to the extent that relative rate reversals caused Tpyp
to change sign. Potential instability problems arise when this
occurs, especially if a variable Typ and stiction are considered.
To avoid these problems, the nominal walue of K, was used, and
alternate approaches to reduce the steady state error were
pursued. Increasing Tyqp above 1.7 x 106 N-M resulted in a similar
instability problem, in which Typ changes sign.

2.3.4.6,2 Cyclic Antenna Error - The c¢cyclic variation of the
antenna angular error is clearly related to the solar array limit
¢ycle operation. The effect of varying the limit cycle amplitude
and frequency was investigated by changing the thruster logic
dead zone and hysteresis level. The result of this wvariation is
shown in Figure 2.3-31 which plots peak-to-peak antenna error as
a function of array limit cycle rate. The cyclic error is
reduced, but not to the level required.

An alternate approach to controlling the antenna is to
use the measured differential rate (6p —~ «) between the drive
shaft and the motor base in the antenna loop, instead of just the
6a used in the initial configuration. This apprcach is referred
to as the "K3 MOD" case, indicating the input to rate gain K3 has
been modified. The effect of this change on the basic perform-
ance of the system is shown by comparing Figure 2.3-32 with
Figure 2,3-27, The antenna error oscillation is reduced by a
factor of about three. The effect is the same with or without
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slip ring drag (Typ)- The combination of this modification with
the changes to the array 1limit cycle considered results in the
improvements indicated by the modified K3 curve in Figure 2,3-31.

2.3.4.6.3 Structural Flexibility Effects - At this point in the
analysis, the relevant flexible modes of the solar array struc-
ture were introduced into the simulation. The structural model
used is shown in Figure 2,3-33 along with the parameter values.
Each mode is represented by a second order transfer function in
parallel with the rigid body dynamics. A thruster firing is con-
verted to a modal deflection at the thruster which operates on
the corresponding generalized mass for the mode. The output is
converted to a rotation at the mass center which adds to the
angle from the rigid body model.

The effect of the structural modes was determined for the
baseline system and for the system with the modified K3 and
tighter limit cycle control. The lightly damped (0.5%) struc-
tural modes, although well within the pointing requirements, are
repeatedly excited at higher frequencies as the limit cycle rate
is reduced. The response begins to border on instability at the
lowest rate considered. The effect of increasing the thruster
torque level has a similar effect.

2.3.4.6.4 Mast Compliance Effects - An investigation into the
effect of varying the mast compliance term (KM) showed that
larger values (stiffer) than nominal did not appreciably change
the magnitude of the antenna angle cycliec variation or steady
state offset. However, for a reduction in KM of about an order
of magnitude, the antenna response became more lightly damped.
For a value of ~108 N-M,Rad for Ky, the system became unstable.
Qualitatively, this would appear to indicate that as the mast
becomes less stiff (low Ky), the antenna drive mount lags the
motion of the array to the extent that the antenna cannot bhe
controlled for the case considered.

2.3.4.6.5 Final Configuration Results - The complete baseline
configuration response with the antenna conktrol leop reflecting
the modified K3 input and the added command angle bias, shown in
Figure 2,3-34, is still short of the desired performance because
of the antenna cyclic motion. The tighter limit cycle control of
the array is the final change needed to meet the prerformance
requirement as shown in Figure 2.3-35, although a higher level of
excitation of the structural modes occurs.

2.3-57



L

i

T N, T ST

RIGID BODY
Tg 1 - sy
# 2
1 5 s
1/¢
1ST MODE
{1/u7)
———{ D ! " — oo )
§%4287 g §+ w2
® @ ®
o ® ps
@ ° ®
i rTH MopE
[
] “/I-lr)
D ) . B al o {r}
I * 8 s2+25rwrs+wr2 * e
1
I
i 9 = MOMENT ARM = 2.5 KM
D!l = MODAL DEFLECTION AT THRUSTER OF ith MODE.
¢g) = MODAL ROTATION AT MASS CENTER OF ith MoDE.
% = GENERALIZED MASS (ith MODE)
@; = FREQUENCY OF it" MODE
5; = STRUCTURAL DAMPING = 0.005
FREQUENCY, «; GENERALIZED MODAL MODAL.
' MASS, u;, DEFLECTION, ROTATION, g {i),
MODE C/HR RPS KGM (SLUGS) Dgli} RAD/M (RAD/FT)
5 14.14 2.465X102 3.86 X 10° —.768 5.00 X 100
{.0470X106) {1.55 X 10-5)
§7 18.91 3.297 X 10°2 3.57 X 106 200 1.04 X 104
: {.2446 X 105 {.332X10°%)
S8 28.78 5.077 X 10°2 8.38 X 105 093 525X 105
(.05746X106) {—1.66 X 10°5)
812 21.32 7.204 X 10°2 2.17 X 105 —.0528 —1.70 X 10°3
{.2174 X 106) {~5.18 X 10°%)
$13 45,24 7.887 X 10-2 7.72 X 105 —~1.,00 —1.95 X 1676
{.05292X105) (—594X10°6)

P

Pigure 2.3~-33

Flexible Solar

2.3-58

Array Model

-~ o



: 2
[ i
3
f

{ \

i ¥

L RERT ) -

.

g

!,
| ; ;
L ; i
i i ;

P B1x10% (375 x 108) 1010, SECONDS | R

il
<

i

Tg, N-m (FT-LB} g

i

- 51X 10° (=375 X 105“ N . ‘ J
1‘0 - . - . AL . . - . ~ - .

%"f
i

i O FLEX,MIN g " Rl AN e nl i e (STE IR IR

. 10 . | T 1

: i v}
< 18R 7T y Py RN
I

6 TOTAL,DEG g I = _ i B R N 7L 7 ]

& - : < nr
__1.0 L] i L S I D B 1 ] ol X : %
100. ! ' i ]

; 6 » ERROR, MIN 0 = 4~ > = —= L
A ' Pt S I e —‘\.___!,/ — j
.o [T ; e - - T T S S R S (1 _ E
. -100. ~10._1 [ :
. ‘ 10 e U |
) [ N e o] P
- (7] A, -t =] - [ || ama

aPs

«
(=]
IR
v
ST

Figure 2.3-34 Modified K3 Response (Nominal) With CMD Bias

(J | | ' 2.3-59




5.1 X 10° T T TFonoskc ' ' - ' ] R 5
B7sx109  TITINE _ i
T, N-m (ET-LBg I s

~5.1 X 10° - oy
{~3.75X 109) C -

1.0- -

- :
g FLEX, MIN 0 -sssstucmpertin L T e L T Ty P pe g SRR MANAR A

H

1.0 - i

N

BSTQTAL, DEG /1 S // = NP NP NN NN

E
~1.0 id

e e T r———— bt —— P 0

100 1 i

ey 10.— e od

N
8, ERROR, flIN |
0~ R y -~ T
—— = 4 = = g =¥ . b1
e ¥ i
~100.- “To= N

{4
o
07 A - e , et = .
.. 0 & I
(@ 5 — &), RPS ;

Figure 2.3-35 Modified K_, Response (0.4 Degreesz DZ) ' *Et
With CMD Bias ' j

2.3-60




mwﬂ
i ;

j A
et

LA

By
LI

2.3.4.7 Key Conclurions

_ Analysis of SSPS attitude control has led to the
following coneclusiong: :

The dominant disturbanceltorque is caused by gravity
gradients. Approximately 14,000 kg/yr is required
to compensate for satellite motion due ko this
disturbance

Reaction control offers a lighter weight control
system approach than momentum storage

Solar array weight can be reduced if a pivot is used

.to point the panels at the sun during the winter andg

summer months

Preliminary flexible body-control system studies show
that the 8sPrg is sufficiently stiff to achieve x1°
solar array pointing accuracies

A unidirectional slip ring drag torque during steady-
state operation may be insured by Proper design of the
array control loop

Array limit eycle coupling has a significant impact on
antenna control

Expected levels of structural compliance for the array
mast have a minor effect on antenna control loop :
performance

Pighter array control reduces the effect of limit
cycling on antenna control but at the cost of higher
excitation of structural modes

Antenna control using the measured angular rate be-
tween the antenna and the base of the drive motor is
desirable

Significant increases in mast compliance effect
system stability

The steady state pointing error of +he antenna is
significantly effected by the slip ring drag.

2.3.4.8 Summary of Issues

The following issues have been identified:

Effects of antenna flexibility on azimuth control
rPerformance
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e Antenna elevation control including structural
flexibility, flex-leads compliance, and cyclic
disturbance torgues

@ Performance sensitivity to large variations of certain

key configuration parameters, such as structural
compliance of. the mast

® Detailed design characteristics of a very high torgque
motaor for the antenna drive '

@ Effects of high levels of drag torgue and static frie-
tion on the antenna transient response during initial
start-up of the earth acquisition and pointing
operation

e Thruster life cycle effects and the implications
relative to the array/antenna system design

# Control capabilities and requirements during SSPS

buildup, and the relationship to the operational
design

@ Techniques for maintaining operational control of the
' antenna/array system through eclipse periods and the
effect on the operational, non-eclipse design.
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'Ld 2.4 Transportation, Assembly and Maintenance

T"he cost of transportatlon, assembly and maintenance is .
the most significant variable in establishing the economic fea-
sibility of the SSPS. The objective of this section is to out-
line approaches to the SSPS transportatlon and assembly, and to
bound expected costs.- o _ N _ ?-in

If SSPS electrical unit charge rates are to be kept low SR
enough to be competitive with ground based power generation, R
N the increment of the unit charge rate attributed to the trans- : o
portation of materials to Low Earth Orbit (LEO) should not ex- T
ceed 20 to 30% of the total, or approximately 4 to 5 Mills/kwh. : i
Using 4 to 5 Mills/kwh as a cost target, the study has identi=-
fied the following trends: : : ' : -

: e Operating costs between $10M and $20M per flight are
i adequate to achieve cost competitive space-based

power provided payload capability to LEO of greater
: than 182,000 Kg can be achieved in advanced launch
P systems

@ Launch site operations may be a key dissue in select- _
ing launch system size. The larger the vehicle, the G
fewer launches per day along with a requirement for A
fewer launch opportunities. K

T Cost of transporting the S8SPS from LEO to geosynchronous
altitude is a strong driver in the selection of the assembly

o altitude. Candidate orbit-to-orbit transportation systems have i

Lo been evaluated and indicate an incremental unit charge rate of ' f *;Q
0.9 Mills/kwh ($26.5/Kg) can be achileved if major assemblies are P
fabricated in LEO and ion propulsion used to transport the as- ;
semblies (or major subassemblies) to geosynchronous orbit.

R A T

Assessment of assembly operations have indicated the
following:

be lower in cost than manned space-based control of

@ Assembly using ground-based remote contrel trends to ;
o E
- assembly operations. !

L S R UUAITY JPP TP v

R e Assembly rates of better than 14 kg/hr, costs for
' space stations to accommodate assembly crews of less
than $10M/man {ammortized over 5 SSPS units) and a

LE low cost approach for resupply and recycling of _
. _ crews is reguired if manned space based control of
e assembly is to be cost effective.

_ P Assembly at geosynchronous orbit using remote con-
A , trolled techniques would be cost effective at as-
sembly rates greater than 5 kg/hr.

i}



Preliminary analysis of SSPS maintenance reguirements
have identified the following key issues:

# A detailed study, whlch trades off the cost of re- .
pair versus the loss of revenue if no repair is per-
formed, is needed to establish reliability goals and
maintenance support approaches.

» The major maintenance cost driver tends to be the
control system (electric propulsion units)..

® Proper layout of the solar blanket circuitry and
microwave tube feed system could result in a near
maintenance free design.

e A maintenance approach which shares man-rated eguip-
ments between many power stations is needed to re-

duce the impact of initial investment.

2.4.1 Transportation to Low Earth Orbit

2.4.1.1 SSPS Baseline Design and Launch Traffic Assumptions

The results of a detailed study of the S5S5PS, Ref. 2.3-1
and of the microwave antenna, Ref. 2.3-2, was used to compile a
strawman definition of weights. The basic spacecraft generates
5 GW of power on the ground using two large photovoltaic solar
arrays enhanced by concentrators, and transmits power to the
ground with a slotted waveguide transmitting antenna. The
basic factors of significance to this evaluation is the weight,
11.5 x 10% kg/sSsSps and delivered power, 5 GW. This weight has
been revised as a result of further study.

Estimates in power demand over the period 1990 through
2020 would require 5150 GW increase in electrical plant capacity
if the traditional 6 to 7% growth continues. Figure 2.4-1 shows
an illustrative launch model which must be transported per year
to provide approxlmately 10% of the projected 6.4% growth.
This model was used in this evaluation along with the assump-
tion that one satellite can be assembled in one year.

2.4.1.2 candidate Launch Systems

The matrix of potential launch systems are shown in
Figure 2.4-2. These launch systems span a range of design ap-
proaches which vary from the use of the current Shuttle to the
development of a fully reusable LOX/Hydrogen, Heavy Lift Launch
Vehiele (HLLV) with a 182,000 Kg payload capability to LEO.
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users following the methodology outlined by Aerospace in their

.BRAVO studies. a discount rate of 8.65% was used in this as-

Sessment. This rate ig slightly higher than the 7.5% recom-
mended by ECON. Costs include those r*equired for ocperations,
initial fleet purchase and Ffleet replacement. The discounted

- Power demand for the missiop model presented in Figure 2.4-1 ig

1.15 x 1013 kwh assuming a 1003 utilization factor. The user

costs calculated here are inversely bProportional to the utiliza-
tion factor.

The effects of launch System cost and paylead potential
on unit charge rate are shown parametrically in Figure 2.4-3.
Superimposed on the figure are four launch system options. In~
cluded is the span of operating costs which reflect the poten-
tial level of recoverability of the $110 million worth of hard-
ware on the DOL, Flyback DOIL and Flyback HLLV second sStage. It
becomes apparent that cost per flight, specifically the feasi-

'bility of second stage propulsion and avionics reuse, is as

Strong a cost driver as bPerformance.

The combined effect of operations cost and fleet cost
refliect the same trend, as shown in Figure 2.4-4. The uncer-

Figure 2.4-~5 ig an example of the worksheet used in the
comparative economic assessment of launch systems. Use of the
Shuttle would require close to 800 flights per year in the early
Phases of ssps operation and would reach over 3000 flights in
the 2020's. This latter figure represents approximately eight
launches per day and the facility to recycle 120 Orbiters. The
HLLV, however, wouild reqguire only one to two launches per day
and the refurbish facility to handle 20 vehicles. It may be
the impact on launch facility, rather than the benefits of
heavy 1ift payload capability on the SSPS user costs that will

drive the selection of a HLLV second generation launch system
size for SSPS.

These preliminary tradeoffs of launch systems for 88Ps
have shown:

® Recovery and low cost reuse of launch system second

stage hardware is key to achieving competitive S8PS
user costs. :

@ The impact of high density launch rate on launch
facility operations should be closely evaluated to
determine the booster approach for SSPS. ’
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2.4,2 Orbit-to-Orbit Transportation

The cost of transporting the SSPS from LEO to geosyn-
chronous altitude is a strong driver in the selection of the -
assembly altitude. This section addresses candidate orbit-to-
orbit transportation gystem approaches assuming that assembly
is performed at the following altitudes:

®# Low earth orbit, 463 XKm (250 n mi)

® 12970 Km (7000 n mi)

-

@ Geosynchronous orbit

Park

The assessment of these options indicate that an incremental
charge rate of 0.9 Mills/kwh (13% interest, 4% inflation) can
be achieved if assembly is performed in LEO and io.. propulsion
(solar or nuclear) is used to transport the assembled S5PS to
geosynchronous orbit. This corresponds to a $26/kg initial in-
vestment for orbit-to-orbit transportation. If assembly is
performed at 12970 Km using large chemical stages to transport
material from LEC and ion propulsion to transport the assembled
58PS to geosynchronous altitude, the orbit-to-orbit transporta-~
tion cost would run $246/kg. The use of a large nuclear stage
to transport materials from LEOQ to a geosynchronous assembly
site would result in a cost of $280/kg.

B

2.4.2.1 Low Altitude Assembly Site

Figure 2.4-6 presents the characteristics of a typical
ion propulsion stage which was used to evaluata the orbit-to-
orbit transportation cost. This stage has been sized to trans-
port the entire 11.4 x 106 kg assembled S$SPS to geesynchronous
orbit using a stage specific weight of 13.6 kg/kw.* A launch
system cost per flight of $8 million and a paylcad capability
to LEO of 90,800 kg was used to determine costs to transport L
ion stages and propellants to orbit. T

Figure 2.4-7 is a compilation of assumptions, yearly
flight rates and fleet purchases used to establish the cash
streams presgented in Figure 2.4-8. A life per SEPS of 5
flights is assumed. The current 30 cm thruster program has
demonstrated 10,000 to 15,000 hour 1ife, Ref. 2.3-1, This :
would accommodate only two 1 year trip missions. Tt is felt a -
two to three fold improvement in thruster life i:ver the next 15
years would be a reasonable assumption. It is also assumed
that the SEPS solar array would be refurbished after each A
flight. The major concern being the degradation of the solar P
cells during the 160 days travelling through the Van Allen P
. Belts. _ : . :




PARAMETER

LOW TO GEOSYNCH

7000 n mi
TO GEOSYNCH

OPT 1

OPT 2

SYS EFFIC, 1
~ PROP. USE 7,
~ PWR EFFIC, 7,

SPECIFIC WT, KG/KW
SPECIFIC IMPULSE, SEC
THRUST, N

ELECT PWR, MW

PROP. WT {Hg), KG x 108
STAGE WT, KG x 109

7
.8
.78

6.8
7964
61.3
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SPECIFIC WT = 14 KG/KW

()  ORBIT-TO-ORBIT VEHICLE, SEPS

1) TRMISPU BT ASSEMBLED 55PS T0 GEOSYNCH~~ 11. BMKGISSPS

J ® STGWET = 2.2 MKG

e SPECIFIC IMPULSE = 5178 SEC ® LIFE=5FLTS

o THRUST= 2007N e SOLAR ARRAY REPLACED AFTER EACH FLT

& POWER =66 MW ® LAUNCH SYSTEM PAYLOAD = 86.2 KKG

» PROP=1.23 MKG MERCURY

YR
COST ELEMENT 1080 12 3 4 5 6 7 8 5. 20001 2 | 34567891011 | 121314151617 | 181920
POWER ADDEL/YR, GW 10 - » | 20 ' » | 30 | 40—
§5PS WET/YR, MKG 23.0 : » | 4590 > | 68.85 > | 91815~
SEFS FLTS/YR 2 - : ' = | 4 =~ | B > | §—
AVG SEPS REPLACEB/YR 0.4 : > | 08 = | 1.2 > | 16—
AVG SEPS REFURB/YR 1.6 » | 32- > | 438 > | 64—
FLYBACK DOL FLT/YR FOR FUEL | 27 >~ | 54 = | 8 > | 108—=
FLYBACK DOL FLT/YR T0 5 = | 10 > | 15 > | 2
REPLACE SEPS .
FLYBACK DOL FLT/VR TO 1 - | 2 = | 3 o | 4—p-
REFURB SOLAR ARRAY

TOTAL FLYBACK DOL FLT/YR 3 = | 86— > | 08 = 132—
FLYBACK DOL FLEET . 2 9eo02000000 20 |200022000 240002 )}22°0
AVE BUY/YR ' 0.46 : » | 0.67 - | 133 > | 133

Figure 2.4-7 Transportation Evaluation Worksheet
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1} TRANSPORT ASSEMBLED SSPS TO GEOSYNCH USING SEPS

@ STAGE GDST = $140M

© OPERATIONS/FLT
— GROUNP =S$STM/FLT.
— PROPELLANT = $10/LB

SEP SOLAR ARRAY COST = S600/KW

o LAUNCH SYSTEM QFS COST = $10M/FLT.
e LAUNCH SYSTEM URIT COST =4$350M

_ i
COST ELEMENT 19748 1980 1 2 3 4 5 6 7 8 9 20001 2 | 34 56 7 89 1011 | 121314151617 | 181920
SEPS OPS COST/YR, $ 57.2 X 10° » 1144 X 108 ———————>] 171.6 X 106——>| 228.8 X 10°
SEPS REPLACE COST/VR, $ 56 X 10° s 112 X 10° > 168 X 16° —| 224 X 10°
SEPS REFURB COST/VR, § 62,8 X 18° >| 1066 X 10° ~——————| 1684 X 105 ——> 2112 X 10°
SUBTOTAL $ 166 X 10° »| 332 X 10° ———————>| 830 X 10° ~——| 1494 X 10°
FLYBACK DOL OPS COST/YR, § 330 X 106 »| G660 X 10° —s-| 080 X 10° ——>| 1320 X 10°
FLYBACK FLEET COST/YR, $ 161 X 10° »| 2345 X 105 —————— 465,5 X 10° —>| 4655 X 10°
SUBTOTAL, $/YR 491 X 10° | 8945 X 10° e— | 14555 X105 —>| 17855 X 10°
~ TOTAL, $/YR 657 X 10° 1 12285 X 10— 32855 X 10° —~| 3279 X 10°

INCREMENTAL UNIT EHARBE RATE =0.88 MiLLS/KWH

Figure 2.4-8 Transportation Cost Worksheet
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The cash stream shown in Figure 2.4-8 results in an in-
cremental user charge rates of 0.9 Mills/kWwh. This rate is for
an $8PS buildup which provides 10% of the added electrical ca-
pacity between 1990 and 2020 for a 6-7% growth rate. This
charge rate corresponds to a cost-per-weight ratio of $26/kg.

2.4.2.2 12970 Km Altitude Assembly Site

The parametric data shown on Figure'2.4?9 strongly sug-
gests that a high thrust Tug. for transpgrtation.of_material

from LEO to a 12970 Km assembly site should have a specificg im-

pulse greater than 1000 sec to be cost_qqmpetitiverwith the low
altitude assembly option. The mass fractions (propellant
weight/inexrt plus propellant weight) plotted on Figure 2.4-9
span a range of stages which represent chemical, (LOX/LHg) nu-
clear, (N-LH,) and advanced nuclear (N-LHp). The stage labeled
"nuclear" assumes use of a solid core nuclear engine similar to
the small "alpha" or "gamma" engine from the Los Alamos Scien-
fific Laboratory development program and used in the Nuclear
Stage System Definition Study (NAS B-27051). These stages typi-
cally have a mass fraction between 0.7 and 0.8 and specific im-
pulses between 750 and 850 sec. The stage labelled "advanced
nuclear" uses a gas core reactor and can potentially reach a
specifiec impulse in excess of 2500 sec at a stage mass fraction
of 0.7. The chemical stages can achieve mass fractions in the
0.9 range at specific impulses of as high as 470 sec.

The assembly at 122 70Km would require the development
of two potentially high risk stages, the advanced nuclear and

‘large ion stage. Therefore, a detailed assessment of the trans-

portation cost for assembly at 12970 Km assumed the use of a
large reusable interorbit chemical vehicle for transport of
materials from LEQ to 12970 Km, and 2 solar electric propul-
sion for transport of the assembled SSPS from 12970 Km to geo-
synchronous altitude.

: Figure 2.4-10 lists the stage characteristics, £light
schedule and fleet purchases reguired to meet +he assumed elec-
trical demand for SSPS power. As many as 350 launch vehicle
flights per year {approximately one per day) is required in the
first year alone to transport propellants and orbit-to-orbit
stages to LEO. Eighty-nine RIV f£lights are required in the
first year (approximately two per week) resulting in a signifi-
cant on-orbit refueling operation. '

The cost assumptions and cash streams used to establish
unit charge rates for this option are shown in Pigure 2.4-11l.
The incremental unit charge rate is 7.8 Mills/kwh which repre-
sents $247/kg.

2.4-12
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{1y TRANSPORT MATERIAL FROM LED 70 12970 HM USING RIV
{2) TRANSPORT ASSEMBLED SSPS FROM 129'"1 KM TU GEDSYNCH

‘SEPS GHARAGTERISTIGSIAS“HMFT[UNS

RIV CHARACTERISTICS/ASSUMPTIONS

_ o SPECIFIC WT =14 KG/KW

» STG WET = 363°KKE _ LAUNCH SYSTEN e SPEGIFIC IMPULSE = 3252 SEG

* A=09 | e THRUST=55.6H1

. ISP:%ESEGH & PLTOLED= 86.2 KKG » POWER=21WW

e LIFE=25FLTS ¢ I‘IJFF;"A&‘;‘::‘:‘_‘;;‘ME =2WKS e PROP= 0.53 MKG

s P/L FROM LEG TO 12870 KM= 260 KKG e STG WGT = 0.54 MKG

e ZWK TURNARDUND ¢ LIFE=GFLTS

' ' s SOLAR ARRAY REPLACED AFTER EACH FLT
o P anmzmm GEO = 11.5 MKB

C : . o YR . E

© .7 cOSTELEMENT - 0123456789200 12 1348 57 8 9'.’1‘;’1:11 12131415 1617 | 181820

T POWER ADDED/YR, GW “10 e — Aa—————— 3 a—
§SPSWGT/YR, MKE 230 —>| 4580 >| 5886 ————>| 91.81—=]
SEPS FLTS/VR . 2 —| 4 | 6= g ——
AVG SEPS REPLACED/VR' A = 3 | 1.2 | 16—
AVG SEPS REFURB/YR 16 | 3.2 =~ 48 >~ 64—
RIV FLT/YR FOR SEP FUEL i —= 8 =~ 12 —-| 16—
RIV FLT/YR TO REPLACE SEP 1 = 2 - 3 | § —
RIV FLT/YR TO REFURE -

SOLAR ARRAY 1 2 3 4
RIV FLT/YR FOR $8PS 89 > 178 | 267 —-| 56—
TOTAL RIV ELT/YR 95 »| 180 | 288 >| 380—>-
AVE RIV PURCHASES/YR 4 = g ———— 15—
LAUNCHES/VR FORSEP FUEL 1 | 22 . prremmm—————
LAUNCHES/YR TO REPLACE SEP 2 = 4 - =| 6 - ) §
LAUNCHES/YR T0 REFURB SEP 1 | 2 »| 3 | 4 —=
_SOLAR ARRAY ) B
LAUNCHES/YR FOR RIV FUEL 338 s=| 667 > 1014 | 1352 —~
1 AUNCHES/YR TO PLAGE RIV 1 | 2 ol 3 ———| & —
“TOTAL LAUNCHES/YR - 353 _ | 708 | 1058 - 1812 —>
LAUNGH FLEET 1 14 14 14" w1 1B 1uw 9 a3 1428 14 |42 18
AVG PURCHASE/YR 64 a3 1. 18.7
Figure 2:4-10 "iranspo:tation_ Evaluatidn Worksheet
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{1} TRANSPORT MATERIAL FROM LEO TD 12570 KM USING RIV
{2) TRAMSPORT ASSEMBLED SSPS FROM 12970 KM TO GEOSYNCH

10955 X10° —————

RIV LAUNCH SYSTEM BEFS ASSUMPTIONS
@ 0PS=$1M/FLT. © 0OPS=$10M/FLT © PRGPULSIDN COST = 5125M
® UMIT=4$36M @ UNIT = $350M e SOLAR ARRAY COST = $500/KW
: & OPERATIONS/FLT
— GROUND = $IM/FLT
— PROPELLANT = $22/KG

(1974 %) . . YR _ :

COST ELEMENT 1980 1 2 3 4 5 6 7 8 9 20001 2 | 3456789 1011} 121314151617 | 181920
SEPS OPS COST/YR, $ 22,6 X 10° | A52X106— | 672.8%10°——-{ 80..X10°
SEPS REPLACE COST/YR, $ 50 X 10° > 100%X10% ————| 150X 10— | 200X10°
SEPS BEFURR COST/YR, $ 32.8 X 10° 3| 65,6 X 10° ——— | 984X 10°—— | 132.2 X10°

SUBTOTAL, $/YR 105.4 X 16° > | 2108 X106 ——— | 3162 X 10—~ | 421.6%10°
RIV OPS COST/YR, $ 95 X 10° > | 190 X 16° ————— | 285 X10°—| 380X 10°
RIV FLEET COST/YR, $ 126 X 10° | 20X105—— > | 360X10°——| 480X 10°

SUBTOTAL, $ 215 X 10° > | 430 X105 —————>| 645 X10°—| 860X 10°
LAUNCH 0PS COST/VR, § 353 X 10° >~ | 7060 X 10° ——————> | 1050 X 10°—— | 14120X10°
LAUNCH FLEET COST/VR, $ 1880 X 10° s | 3265 X10° —————> | 4900 X 10— | 6545 X 10°

SUBTOTAL, $/YR 5420 X 10°— ~— | 10315 X105 ——————>-| 15490X 10— | 20665 X 10°

B780.4 X 10°— > 16951 X 10°—- | 21046 X 10°

TOTAL, $/YR -

NPV =3.812 X 161°

INCREMENTAL UNIT CHARGE RATE = 7,662 MIL/KWH

" Pigure 2.4-11 ‘Pransportation Cost Worksheet
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2.4.2;3.'Geosynchronous Altitude Assembly Site

Figure 2.4-12 parametrically shows the relationship be- i
tween orbit-to-orbit stage characteristics, launch system pex- ik
formance, and incremental unit charge rate. As in the case of

" the 12970 Km assembly site case, a high performance gas core 5
reactor or ion stage would be required for this option to be [
. cost competitive with the low altitude assembly plan. The al-
" ternate to using large transfer stages would be to use a medium =
sized ion stage to transport subassemblies to the geosynchronous §J

site. The sensitivity to launch system payload to LEO is rela- -
_jtlvely small.. '

. Figure 2.4-13 is a listing of Solid Core Nuclear stage i
_characterlstlcs, yearly flight rates and fleet requirements '

- used in the cost streams shown in Figure 2. 4~14. The incre-
mental charge rate for this optionm is 8.7 Mills/kwh. This
egquates to §280/kg.

It is apparent that assembly at:- geosynchronous is not
) cost competitive with the low altitude assembly option if the
- nuclear high thrust wvehicle is used. If smaller solar electric
stages .are used with a payload to geosynchronous altitude of
" approximately 200,000 kg, the incremental cost for orbit-to- ]
orbit transport would be 1 Mill/kwh, approximately the same as \Li
- for the low altitude assembly approach. The major difference O S
between using only one large ion stage to transport the entire 1
'~ assembly versus perhaps 25 smaller ion stages would be an in-
crease in mission control costs.

_2.4,2,4 Supportlng Data

Figures 2.4-15 through 2,4-17 list the characteristics EE
and cost assumptlons used in the comparison of the ion, chemi- i
cal and nuclear tug. Ref. 2.3-3 was used to establish Cost

Estimating Relationships (CER's) for application to these stage =
concepts. Ref. 2,3-3 @aoted costs in 1970 dollars. &An averagdge ] }

inflation rate of 6 5% pnr Jear was ugsed to establish costs in
1974 dollars. :

; 3
The cost estimates for the electric stage, Figure h!

2.4-15, is considered optimistic. This data was extrapoclate’

- from information presented in ref. 2.3-3 for two solar electric ;%-f':
stages with 20 kw and 40 kw power sources and two nuclear elec— IR
‘tric stages with 120 kw and 240 kw power sources. The ion

stages being considered in this study require between 40 and 1k
‘70 mw, sSeveral orders of magnitude higher than the available = ij |

data base. Conversations with NASA LeRC personnel indicate

that the current 30 cm {133 millinewton of thrust) engine costs
$60,000 in lots of 51x. This equates to $4.4M/Kg or thrust. :
' Cost . data on the power conditioners is very sketchy at best due . i
primarily to the status of technology at this time. LeRC '

2,4-18
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Figure 2.4-12 Orbit-eto-Orbit Transport Cost
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(1) TRANSPORT MATERIAL FROM LEO TO GEOSYNEH & ASSEMBLE,

TURRAROUND =2 WKS

LAUNGH VEHIGLE - NUCGLEAR STG GHARACTERISTICS, SOLID CORE REALTOR
© P/LTOD LED = 86.2 KKG - ® STG WGT =363 KKG
- & TURNARDUND =2 WKS - : o ® A=048
® LIFE =100 FLTS : - ® Icn=800SEC
® P/L 70 BEDSYNCH = 205 KKE
® LIFE=25FLTS
L

COST ELEMENT 1901 2 3456789200012 | 345678891011 121314151617 | 18 1920
POWER ADDED/YR~ GW 10 | 20 =| ap Pl B
SSPS WGT/YR~ MKG ' 23.0 | 4590 | 68.86 ————| 91.81 —
NUC FLTS/YR 12 | 224 | 336 =1 048 ——s-
NUC PURCHASED/YR 4 >| 8 > 12— SN [ T—
LAUNCH/YR FOR PROPELLANT 378 | 766 > 1134- | 1512 =
LAUNCH/YR TO REPLACE STAGE a »| 8 | 12— ] 16—
TOTAL UPPER STG FLTS/YR 382 —l 768 > 1146 1 1528 —
LAUNGH SYSTEM PURCH M 001100 100 10 0 17| 410 11110 1110 11 | 220 11220 11 330 11
AVG BUY/YR ) a2 > 7.3 | ] — 3| 14,6 —>-!

Figure 2.4-13 Transportation Evaluation Worksheet
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{1) ' TRANSPORT MATERIAL FROM LEO TO GEOSYNEH & ASSEMBLE

~ LAUNCH SYSTEM NUCLEAR TUG
 OPS=$10M/ELT e OFS=$IM/FLT
‘& UAIT = $360M © UNIT = $500M
(1974 %)
COST ELEMENT 1998 1 2 3 4 5 6 78020061 2] 3466789 1011 ] 121314151617 | 181925
NUCL, TUG OPS $/YR 112X 10° | 228X10°5 —— | 336 X105 ——| 448 X 10°
TUG FLEET COST $/YR 249 X 106 | 450 X 108 ————| 720 X 10°——| 968X 10°
o SUBTOTAL, $/YR 362 X 108 s | 704 X 10®8 —————>| 1056 X 10— | 1408 X 10°
T LAUNCH OPS /YR 3820 X 10° ‘ > | 788 X108 — | 11460 X 10°——~| 15280 X 10°
© LAUNCH FLEET COST $/YR 1270 X 10° > | 2556 X 106 —————»| 3850 X 16°——~| BTIDX10°
SUBTOTAL, $/YR 5290 X 10° »—1 10195 X 10°% o 3= | 15310 X 10— | 20390 X10°
TOTAL,3/VR 5642 X 10° > | 10899 X 10°————| 16366 X10°—>| 21798 X 10°

INCREMENTAL UNIT CHARGE RATE = 8.73 MiLLS/KWH

Figure 2.4-14 Transportation Cost Worksheet
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¢ SOLAR ELECTRIC 20 KW REF 4.4-

® SOLAR ELECTRIC 40 KW REF 4.4-

£ NUCLEAR ELECTRIC 120 KW REF 4.4-
W NUCLEAR ELECTRIC 240 KW REF 4.4-
A LEO TO GEO SYNCH

<> 7000 NM TO GEO

10°

1974 $'S

1970%'S

107 ] | | I | | | I S l L1 1}

10 102 106° 10% 10° 10°

POWER LEVEL, KW
Figure 2.4-15 Unit Cost, Electric Propulsion

STAGE WEIGHT 363 KKG
PROPELLANT WEIGHT 327 KKG
Igp 465 SEC
LIFE 25 FLTS
P/L TO 12970 KM 259 KKG
UNIT COST
&M {1974 $)
STRUCTURE 3.2 {SHUTTLE EXTERNAL TANK)
PROPULSION 4,0 {SSME)
ASTRIONICS 9.0
THERMAL CONTROL 6
ASSEMBLY $C/O* _ 16
SUBTOTAL 32.7
10% FOR MANAGEMENT .
TOTAIL 36.0
*|NCLUDES SPARES & TOOLING
OPERATION COST
ACTIVITY LEVEL DEPENDENT COST/FLT = .16
ACTIVITY LEVEL INDEPENDENT COST/YR = 9.77.

Figure 2.4~16 Supporting Data, Chemical Reusable Interorbit Vehicle
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3.2 (SHUTTLE EXTERNAL TANK}
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Fig 2.4-17 Supporting Data,

Nuclear Reusable Interorbit Vehicle
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would guess the cost of the power conditioner at $300,000 perx

thruster or the eguivalent of $22M/Kg of thrust. This is based
primarily on the cost of lab breadboard/brassboard models.

The ion propulsion stage is still the concept of choice

even with a very conservative cost “actor of §$26.5 M/Kg of thrust.

A repeat of the cost analysis usgir. these high costs results

in an incremental unit charge rate of only 3.5 Mills/kwh or an
eguivalent cost of $106/kg. The insensitivity of cost to very
large variations in ion stage unit cost, performance and speci-
fic weight strongly suggests that this. approach offers the

least economic risk of all the orblt to orbit transportation
options. : ST

The cost estimates for the chemical, Figure 2.4-16, and

the nuclear tug, Figure 2,4-17, were based on Ref. 2.3-3 and
other source information on engine and tank costs.

2.4.2.5 Concept Comparison

Figure 2,4-18 summarizes a comparison of orbit-to-
orbit transportatién options. The lowest cost approaches in-
volve use of ion propulsion. Assembly ‘can be performed either
in low earth orbit or at geosynchronr s orbit and still result
in approximately the same transporticion-cost. Those options
using either a chemical or nuclear Tug result in unacceptably

- 4uigh costs. It is recommended that the "large Tug not be con-

sidered as a prime mode for transport of material, though these
type stages may have a place in the assembly and maintenance
schemes as a personnel transporter. .

The ion propulsion appears to offer the lowest cost
approach for orbit-to-orbit transport of material. Many tech-
nology issues must be addressed before this approach can come
to fruition. The following is a list of the more significant
issues: '

1. Development of large diameter thruster - Current
engine development (LeRC) has concentrated on a 30 cm thruster.
An extension of the ion thruster dlameter to 1 meter seems
within technical feasibility. The grid material of the engine

" will be the limit to the size of these devices. As the thrust-

er operates, the grids distort thermally varying the spacing
between the grids. Current grid material is columbium (Cb).
For the next generatlon thruster, efforts are leaning to dished
grids which will compensate for thermal:’ growth and maintain
constant grid spacing.

T
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MILLS/KWHR
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2
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GEDSYNCH
APPROACH 1
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T
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GEDSYNCH
APPROACH 3

$/KG=22TO 28

NOTE: COSTS INCLUDE
1. LAUNCH SYSTEM OPS COST TO TRANSFORT

i VEHICLE & PROPELLANT TO LOW EARTH ORBIT

2. 'JNIT COST OF UPPER STAGE

3, OPERATION COST OR UPPER STAGE

$/KG =66 TO 143

& LAUNCH SYSTEM: FLY-BACK DOL

GEOSYNCH
APPROACH 2

ASSEMBLE

GROUND
i $/KG=31TO4i8

B ooxwi Ry

e STAGEWT = 363 K KG
e X =9 ’

o Isp= 465 SEC.
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Figure 2.4-18 Concept Comparison, Orbit~to~Orbit Transp_orfation_’
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2. Selection and development of the power source. The
major concern here is that to achieve the cost
benefits offered by ion propulsion, the stage must
transport materials through the Van Allen Belts.
The silicon photavoltaic power source used as a
baseline in these tradeoff study may not be the best
appreach when performance degradation of the cell
due to radiation while in the Belts is more precise-
ly taken intc account. Alternates to this approach
could be the use of Gallium Arsenide solax cells.
The GaAs-cell appears to have a high degree of

- radiation resistance. .

Other power sources, such as nuclear or solar ther-
mal, could readily get around the radiation problem
but would introduce other technology problems.

What is needed is an across the board system studies
of all options to better identify the more attrac-
tive approaches and better define the technology
issues.

3. Selection of the propellant. To date most technol-
ogy development and systems study activity has con-
centrated on mercury as the propellant. Use of
this material on as large a basis as 1s needed for
the S8PS may not be acceptable to environmentalist;
nor will it be acceptable in terms of the potential
contamination to 8SPS sensitive devices as the
microwave converters and solar cells.

Cesium has been considered as an alternate to mer-
cury, however, no high voltage isolator material is
available for use with Cesium. As in the case with
selection of the power source, an across the board
systems study of the propellant options is needed
to better identify technology requirements.

2.4.3 Assembly

2.4.3.1 Fabrication and Packaging

A key tradeoff for obtaining cost competitive space-
generated power is to determine the level of ground prefabri-
cation versus the corresponding level of orbital assembly for
each major component of the SSPE The SSPS has a density of
1.0 x 10-3 Xg/M3 while the launvh vehicle has a density of 1 to
96 Kg/M3. The method of packaging and assembling the space-
craft low density components will have a significant impact on
transportation costs in terms of the launch system load factor
(% of usable payload) that can be achieved on each Fllght.

2.4-24
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Figure 2.4-19% outlines three approaches for part fab-
; rication. Approach I assumes manufacture of articulated lat-
i tice tri-beams on the ground. These bean members can be com-
pressed to 1/30 of their deployed length for packaging in the
. launch vehicle. Approach II assumes prefabrication on the
f ; ground of the longerons and intercostal elements of a struc-
b - tural tri-beam. Assembly of the beam is then performed in a
_ N manned space station using jigs and fixtures. Approach TIT
b assumes ground personnel prepare flat stock with appropriate
s coatings for installation into an automatic manufacturing
module in space. o :

Figure 2.4-20 summarizes the pertinent characteristics
of these approaches. Approach I, with the articulated lattice
- beam, could have a low packaging density. As many as 3582 ad-

by ditional flights of a launch system with 9.07 x 104 Kg pavload

' capability and a packaging density of 48 Kg/M3 would be required
to deliver the volume represented by 1940 1.94 x 106 Kg of solar
Do array and antenna structure. This increases overall system cost i
— significantly. ‘ g

~ Transport of the basic elements (Approach II) improves.
packaging density, but may require a large crew in orbit to
perform parts assembly. At an assembly rate of 2.7 Kg/manhour,
22 l2-man space stations are required to complete assembly in
one year. The cost of space stations, the cost to transport
o and resupply the space stations add up to a significant con- J
tribution to overall system cost. : )

o Complete fabrication and parts assembly in orbit
(Approach III} can achieve 100% launch system load factors by
transporting flat stock to an automated Fabrication spacecraft.
This concept reguires a free flying or space statioen supported
factory. It increases pProductivity greatly and reduces over-
all cost to manageable levels. '

e Fig. 2.4-21 is a conceptual drawing of a possible space
fabrication unit. In this example, six drunms of ‘alumihum edge.
. stripping are fed to forming rollers. A series of welding
Lo heads and cutters are used to fabricate the structural member
- from the formed stripping. An operations analysis of this
automated process has esZimated a rate of fabrication at 420
lb/hr. At this rate, two units would be required to produce
the structural elements of the SSPS in one year.

_ . Many issues need to be addressed to assess the feasi-
bility of these machines. Some of these problems are:

® The need for heat treatment of the finished product

® Welding at zero-g

s s - e I o 1y
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Figure 2.4-20 Fabrication Option Comparison
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M ) Figure 2.4-21 Fabrication of Compression Girders
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. these functions are shown in Fig. 2.4-23. Structural assembly

" operators working 24 hours a day.

¢ Application of coatings

® Rigging of the tension cable

®# Internal stress 1eveis intrdduced by the prucess
.o Alignment.

-2.4.3.2 Method of Assembly

The major issue to be answered, before cost effective
S8PS assembly can be achieved, involves determining the degree
of on-orbit manned participation in +the assembly operation. S
In an effort to bound the problem, the following two extremes
in basic approach to assembly have been considered: :

®¢ Remote assembly using teleoperators controlled
from the ground

® EVA assembly.

2.4.3.2.1 Structural Assembly - The first reqgquirement in this
assessment is to establish an estimate for production rate.
The assembly of a common component of the antenna structure,
following the remote controlled functions shown in Figure
2.4-22, was assessed in Ref. 2.3-1. The time line analysis of

of the antenna structure was estimated to be assembled at a
rate of between 3 and 6 Kg/hr using teleoperators. A similar !
assessment of assembly using men in an EVA mode was assessed !
using the functions and estimated times shown in Figure 2.4-24.
Structural assembly rates using the EVA approach was estimated 1
to be somewhat higher, lying between 8 and 11 Kg/m-hr. 5§

Recent studies performed by Martin (NAS 9-14319) estab-
lished a rate of assembly for the antenna structure of between :
300 and 400 kg/hr. Martin estimated that 2.3 x 106 kg of E
antenna structure could be assembled in nine months with tele~

By way of comparison, a crew of =ix steel workers can
raise the frame of a major building at the rate of 68 kg/m-hrx _ —
(Means Building Guide). &Aircraft final assembly, which in-
cludes not only the assembly of major structural elements, but

2.4-28




4,33 4.3.3.1 4.3.3.2 4.3.3.3 4,334
ASSEMBLE - ACQUIRE - ' - | pepLoy MANEUVER
LOWER CAP [P LOWERCAP > ISQ@%Z%Z[Y 7] ASTROMAST TO ASSEMBLY
PRIMARY MEMBER FROM 1OINT COMPRESSION DISTANGE
STRUCTLAE STORAGE MEMBER
4335 43238 4337 4338
o S .:'g[gc;lﬂm p auGN. Lopl BERTH-BEAM ! TRANSFER
MEMBERWITH | | MEMBER WITH TOSTORAGE
TO RIGID I0INT JOINT AREA
STRUCTURE _ =
' . ] " a4
4334 .
ACQUISITION
o MECHANICAL
_ 4338 4.3.3.7 LATCH
S ALIGN BERTH o
4338 :
TRANSFER TO
- STORAGE AREA
S 4335
TUG PACKAGED ATTACH
BEAMS - HOLD ARM
MANEUVER
ARM
, FREE FLYER
4,3,3,4 MANEUVER TO {IMANNED OR REMOTE
ASS'M DISTANCE ,V’ CONTROLLED)
4332 '
AENDEZVOUS & STATION 4333

KEEF WITH ASSY JOINT

.. DEPLOY BEAM MEMBER
Figure 2.4-22 Remote Assembly of Structure, Typical Sequence
. TIME, MIN. CONSUMABLES, KG
EVENT MINIMUM - MAXIMUM PROPELLANT - ECS t
- AT T AT T MIN MAX MIN MAX
. 4331 AGQUIRE LOWER CAP FROM STORAGE | 3.0 3.0 15 | 105 | 013 | 0544 ;
4332 TRANSPORT TO ASSEMBLY JOINT 6.0 - 8.0 60 | w5 | 214 | 2.14
) 4333 DEPLOY ASTROMAST 2.0 1.0 20 | 185 | 011 | 011 B
0621 1.0 i
v 4334 MANEUVER TO ASSEMBLY DISTANCE 0.5 11.5 0.5 w0 | 14 1.4 5
. 4335 ATTACH HOLD ARM : 3.0 14.5 106 | 235 | 0.6 | 0.54 : -
| 4336 ALIGN MEMBER WITH ATTACHJOINT | 30 17.5 ws | 400 | 016 | 1.2 ' -
) 4,337 BERTH BEAM MEMBER WITH JOINT 1.0 18.5 1.0 4.0 0.05 ] 0.06
ot 4338 TRANSFER TOSTORAGE ARCA : 5.0 215 50 | 460 | 214 | 2,14 ¥ L
o ' TOTAL Ky 6.29 7.43 0.53 1.04 :
‘o Figure 2.4-23 Remote Assembly Timeline
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Figure 2.4-24
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also includes installation of hydraulies ang electronics, is
performed at the rate of 0.1 to 0.9 Xg/m-hr, It is anticipated
that assembly of the SSPS will be somewhere between these

- extremes.,

A cash flow analysis, which consgiders the cost. of
Supporting space stations, launch costs to place the space
station in orbit, and launch costs to resupply and recycle
Crews on 60 day centers was performed. At a structural assem-
bly rate of 11 kg/m-hxr, 117 Crew members would be required +to
complete construetion of ane 58Ps8 Structure in one year. Ten
‘12 man modular space stations, or the equivalent, would be

required to support the crew, and 58 Shuttle flights/year

(six men per launch) would be required to resupply and recycle

© crews. The incremental unit charge rate for assembling the

units are regquired to complete assembly of the structure in

one year at a rate of g kg/hr. Elements included in the cost
assessment are: . :

® Cost to transport teleoperators to the gdssembly site

® Cost to transport teleoperator pPropellants (0

8 Cost to transport a Six-man monitor crew to the
assembly site every 30 days

@ Cost for two TDRS systems for TV relay to earth
® Cost for ground crews to operate the teleoperators

® Unit costs of teloperators and launch system fleet
replacement.

0.2 Milis/khw or $8.8/kg.
work sheets used in the c¢as

‘ations of the structure. al3l assumptions used in

are indicated.




COST ELEMENT 990 1 2 3 4 5 6 788200012 | 34567889 10% | 1213149651617 1813 28
STRUCTURAL WT/YR, MKG 3.08° = | 7.766 = | 11,64 > | 1553
MANHOURS/VR _ 345 X 10° | 88 X1 ————— | 104X 10°——| 138 X10°
MEi IN QRBIT 117 = | 236 > | 351 - | 468—
12 MAN SPACE STATIONS 1 | 22 —~ | 33 = | a—
AVE $/5 REPLACE/YR 1.68 > | 244 » | 3.66 > | 3.66
TRARSPORTATION
AVG FLYBACK DDL FLTS/YR 2.0 » | 4.38 =~ | 10.5 —s | 21.8
1 . TO LAUNCH 8/8
B - SHUTTLE SLTS/YR TO 58 = 116 = | 174 » | 232
i ROTATE CREW :
AVGSHUTTLE FLEET
REPLABEMENT/YR 0.67 = 12 —s | 1.45 2.8
® SPACE STATIDN COST, $/YR 1275 X 10° > | 1.856 X 10° ————— | 2778 X 10° 2,778 X 10°
o @ MANPDWER E0ST, $/VR 14.04 X 10° s | 28.08 ¥ 705 ———— | 42,12 X 10— | 56.16 X 10°
. e SHUTTLE OPS CBST, $/YH 0.538 X 10° w1 1276 X 10° ——— | 1914 %X10° 2552 % 10°
'y e SHUTTLE FLEET COST,§/YR ‘pa3a X0’ > 0280 X10° ————— | 0200 X10° 578 X 10°
w @ FLYBACK DOL OPS, $/YR 16 X 10° >~ | 2488105 ———— | 84X10° —— | 174X 10°
 TDTAL 2077 X16° | 34309 ¥10° ———> | 5108 X19° 11.38 X10°
SPAGE STATION ASSENIBLY M@DE: EVA, 56 HR WK, LEO ASSEMBLY MILLS/RWH =2.77
& WT=101,018 KG ASSEMBLY RATE: 11 KG/M-HR :
@ LIFE=1%0 YR ASSEMBLY PERIOD: 1 YEAR/SSPS

3CREWS $40,000/MYR

SPACE STATION = $759M/URIT
FLYBACK DGL EGST/FLT = 58
SHUTTLE COST/FLT =$114
SHUTTLE UNIT COST=5200M

9 6 9 0 &

Figure 2.4-25

Assembly Evaluation Worksheet - EVA Operations (SSPS Structure)
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COST ELEMENT 10901 2 3 4 5678020001 2| 346567809 101 |121314151617 | 181320
STRUCTURAL WT/YR, MKG 3.88 =| 7.766 »| 11.68 i 15,53 ———
MACHINE HR/YR, HR 658 X 10° 1 1317 X 106———| 1.875 X 10°——>=| 2.533 X10°
MACHIMNES IN ORBIT 75 »-| 150 225 | 300 =
AVG MACHINE BUY/YR 231 - 417 »-| B0 —— —| 23 3
MACHINE CONSUM./YR, KE 3.88 X 10° w| 7766 X 106 ——————>| 1162 X10°—| 1.55X10°
TRANSPORTATION
e FLYBACK DOL FLT/VR 8.6 —| 8. »| 13.6 »| 18 >
& SHUTTLE FLT/YR 24 »| 48 »| 72 —»|. 86 -~

{(MONITCRING) .
NO. TORS SYSTEMS 8 > 8 > 12 | 16 —
AVG BUY/YR 52 > B9 >-1 1.33 | 1.33—
e MACHINE BBY/VR, & 23.4 X 10° | 817 X10° ————— | B0X10° ———| 23X 10—~
e FLYBACK DOL DPS/YR,$ 36.8 X 10° | 728X 105 ——————>| 1088 X10°——| 148X 16°*
® SHUTTLE OPS/YR, $ 312 X 10° | §24%10° ———————>=| 036 X10° —=| 1248 X 10°
® TDRS BUYS/YR,$ 18.6 X 10° | 267X 10® —————>| 309 X105 — | 303X 10°
e MANPOWER (GRD) g X 10° s 18%X10° —— | 27X10° —— _3sx1nﬁ—>-

| MILLS/KWH =05

TELEOPERATOR ON-DRRIT MORITOR & SERVICE: ASSEMBLY MODE:  REMOTE v

— LEOASSEMB

e WT=181KG 1 SHUTTLE/MBNTH/SSPS LED s; wisL _

. EP:ESP glgBE:ES'—"UJ LBILB STRUETIRE : EWS/SSPS {10 YR LIFE) - RATE = 5. KB/WR

_ = TORS: 2SYST M. S Ch WORK WK = 168 BRS

TDRS '
TELEOPERATORS:
SHUTTLE OPS = $13W/FLT — $30M/SYSTEM uEmT= oM
{INCLUDE SUPPORT MODULES) ' N
FLYBACK DOL= $8M/FLT  MANPOWEK. 5
' — 3 MEM/TELEOPERATOR
— $40,000/YR ‘ :

Figure 2.4-26 Assembly Evaluation Worksheet ~ Remote Control OPS (SSPS Structure)
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detail assembly flows and operationsv Therefore, a parametric
analysis has been performed varying what has been found to be -
the driver elements-in the two basis assembly approaches. -

The major cost drivers for remote controlled assembly
shown in Figure 2.4-27, are assembly rate, teleoperator con-.

‘sumables rate and the number of manned maintenance/monitor

facilities reguired. The manned facility assumed in generating
Figure 2.4-27 is the Shuttle with a crew of six and an on~

orbit operation time of 30 days per flight. A remote controll-:
- ed assembly approach can-achieve acceptable costs (2 ‘to 4

Mills/kwh) at a production rate of 2 kg/hr if consumables

‘usage is kept low.

_ ‘The key technology issues with the remote controlled
approdch are communications and the overall complexity of
mission planning required to safely perform assembly with many

teleoperators in operation simultaneously.

Figure 2.4~28 relates the maior cost driver for a
space-based manned controlled assembly operations to the con-

- tribution final assembly makes to the unit charge rate (Mills/

kwh) and cost per pound for assembly. The major drivers are
ASsembly rate in terms of Kg/man-hour, the cost of space
stations (assumes 10 year 1life) and the cost to recycle crews.
No assumptions are made as to the level of automation achieved
in the operation.

To achieve reasonable cost levels, i.e. 2 Mills/kwh,_

- production rates in excess of 11 Rg/hr. are required along

with low cost space stations {$16M/man) and transport modes
that can recycle large numbers of crew members in one flight.

Figure 2.4-29 presents a comparison of cost between
assembly at low altitude and at geosynchronous altitude for
a remote controlled approach. The Shuttle, used as the manned
maintenance/monitor facility at low orbit, is replaced by a
six-man geosynchronous oxbit apace station. The appropriate
manned Tug was added to the geosynchronous assembly site
scenario.

: Assembly at geosynchronous orbit tends to double
assembly cost, though at assembly rates greater than 10 1lb/hr,.
acceptable cost can be achieved. It is not possible to clear-
ly select a preferred assembly site based on this data.

2.4.3.2.3 Summary of Issues - The top level assess-
ment of assembly requirements has led to some general conclu-
silons. fThe first is that manned participation in the agsembly,
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a 32_
] V= TELE-OPERATOR (T-U} CONSUMABLES
! RATE = 0.1 LB/LB ASSEMBLY |
24- i
UNIT T-O CONSUMABLES RATE = 1.0 LB/LB ASS'Y
. - CHARGE - 08 oo
¢ M‘m_sf T ; v
K $500/KG
: : . ICED/SHUTTLE = 55
; . sa00/KG T-O SERVICED/SH z s |
- = 220 " .
$300/KG :
8- ~ -~ — —— s
$200/KG o~ - T T
L L LR O £ TR £ 1 7 T res v ot et pacs , TARGET P
| $100/KE S L
. $50/KG
0 1 LR ) I ] ] [ ] T - 1 = .
0 1 2 i I | 5 6 7 8 9
ASSEMBLY RATE, KG/HR .
Figure 2.4-27 Assembly Cost, Remote Control From Ground
{Low Altitnde Assembly Site)
SPACE STATION
UNIT COST: \
40 '
- CREW ROTATED EVERY 60 DAYS ;
1 SE4M/MAN $1200/KG
6 MEN/SHUTTLE FLT -
kN . ;
. 32- - - — = — — 24 MEN/SHUTTLE FLT I
S32M/MAN 5 $1000/KG / i
i
. . 24 ,
| UNIT $16M/MARN o _
- CHARGE A ~
: RATE, §
" MILLS/ 18- .
KWH $500/KG O~ - $400/KG
h - sa00/ke < L
; o ~ i
’ 8- $300/KG °~ ~ _ |
: rsls st s TARGET //;é////////////////;3;7,77/77#,4//.4/;2 '
0 T T T T T T T T ] T T T 1 ¢
- . 0 2 4. 6 8 10 12 14 - N
- ' : - ASSEMBLY RATE, KG/HR _ P
Figure 2.4-28 Assembly Cost, Manned Operations in Orbit 5
- (Low Altitude Assembly Site)
. 7 2.4-35
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Figure 2.4~29 BAssembly Cost, Remote Controlled Assembly
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must be minimized to keep costs of supporting space stations
down. Remote control of the assembly from the ground offers
cost advantages, but much more technical work involving simu-
lation is required to assess the feasibility of such an ap-
proach. Assembly with manned participation at a low altitude
site could be cost competitive provided space station costs
are reduced by a factor of four, and the Shuttle is provided
a manned transportation payload module that can accommnodate
better than 24 men per flight.

ruture systems study efforts should address the
following:

® Low cost space stations with no scientific
accommodations

e Conceptual designs for teleoperator vehlcles for
each unigue element of the satellite

e Simulation data to determine man's productivity in
a space environment.

The resulis of the above systems studies would identify
the neax term technology development efforts.

2.4.4 Maintenance

An assessment of the SSPS was performed to determine
the need for maintenance and to identify the subsystems re-
quiring major technoclogy efforts #o enhance reliability. The
strawman SSPS used in the maintenance studies is an update of
the configuration used in the transportation and assembly
study. An SSPS weight of 17.84 x 10° kg including 24,000 kg
of propellant for attitude control and stationkeeping was used.

The cost estimates established for transportation and
assembly ©of the spacecraft have been modified for purposes of
$tudying maintenance reguirements., Figure 2.4-30 lists these
cost estimates for an advanced technology base (1995). The
cost to assemble has been doubled to establish a cost level
for maintenance. This represents the cost of the added
operation of disassembling the failed units using remote con-
trolled manipulators.

2.4.4.1 SSPS Recurring Costs

Tables 2.4-1 through 2.4-3 lists the definition of the
Lowest Replaceable Unit (LRU) for the solar array, the micro-
wave antenna, the rotary joint and the array control system.

2.4-37
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COST ELEMENT . VALUE, $/KG COMMENT
OPERATIGNAL SYSTEM e TRANSPORT TO LEO 79 ® HLLV WITH 181 KKq
1985 TECHNOLOGY @ TRANSPORT TO GEO 26 o ADVANCED tON
& DISASSEMBLE & REASSEMBLE 132 - ® REMOTE CONTROLLED ASSEMBLY
AT 9 Kg/HR
® FABOF STRUCT . g0 e BEAM FABRICATION RATE =

191 Kg/HR

Figure 2.4-30 Transportation and Maintenance Cost Assumptions

Table 2.4-1 .

Sclar Array Maintenance Cost

Y8S.

LRU COST | AVG
FAILURES | OVER | PER
. - LRU OVER | 30YRS, | YR,
ELEMENT LRU DESCRIPTION WT,Kg | 30YRS M st
1. BLANKET 80-1670 x 207m MODULES 97,484 1 4180 | 140
2, CONCENTRATOR 160-1670 x 207m MODULES 768 1 ¢.23 | 001
3. NON CONDUCT STRUCT | TO DESIGN - - - -
4. BUSSES 400m 26,000 1 629 | 0.28
5. SWITCHES 59 BLOCKING D10 DES/BLANKET LRU | 97,484 1 4190 | 140
6_MAST 8l:+), 6(-) BUSSES/PANEL 85,000 1 27.12_ | 09
TOTAL $3.90M
MILLS/KWH = 9.1/YR
ASSMUPTIONS:

1, BLANKET = CELL OPEN CIRCUIT FAILURE = 2,6 x 10 #/YR. THE PROBABILITY OF 5.6% LRU POWER LOSS OVER
30 YRS IS LESS THAN 10°%?. ONE LRU REPLACEMENT ASSUMED OVER 30 YRS.

2, CONCENTRATOR — MIRROR FAILURE LESS LIKELY THAN BLANKET FAILURE. ONE LRU REPLACEMENT AS-
SUMED OVER 30 YRS.

3. NON CONDUCTIM' STRUCTURE — ASSUMED NOT TO FAIL.
4, BLISSES — BUSS/GUNNECTOR FAILURE RATE (OAO) = 16-? F/YR. ONE LRU REPLACEMENT ASSUMED OVER 30

5. SWITCHES — BLOCKING DIODE FAILURE RATE (0AO)} = 10-" F/YR. ASSUMES ONE BLANKET LRU REPLACED
BECAUSE OF DIOGE FAILURE,

6. MAST — SAME AS FOR BLISSES.

2.4-38
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Table 2.4-2 Microwavé-Antenné Maintenance Cost

LRU cosT | AVG !
FAILURES | OVER PER
. LRU | OVER | 30YRS, | YR,
noe ELEMENT _ LRU DESCRIPTION _ - KG 30 YRS. SM §M
1 MW TUBE 1670 — 18 x 18m SUBARRAY 3017 4 573 | 019 :
2 POWER DIST 18 x 18m SUBARRAY 3017 1 143 | 008 B
.o 2 COMMAND ELECTRONICS | 1670 UNITS ‘ 487 3% 2056 | 0.69 o
4 TRANS. ANTENNA T
. {EXCLUDE TUBES) 1670 — 18 x 18m SUBARRAY 3107 1 1.43 0.05 o
5 STRUCTURE TO DESIGN ' - - - - g
e 6 CONTOUR CONTROL 6680 UNITS 22 1404 035 | 0.0 _ j ’
- ' TOTALS 099 - B e
H MILLS/KWH | 0.02/YR R
. ASSUMPTIONS:
1. W TUBE — MTBE = 1.14 x 10°° HRS PROJECTED (NO MOVING PARTS, NO SEALS & LOW TEMPERATURE CATHODE} S
- 2. POWER DIST — HIGHLY REDUNDANT SYSTEM EXPECTED TO MEET 30 YR LIFE REQMT. ONE SUBARRAY FAILURE . G
: ASSUMED. TR
o os 3. COMMAND ELECTRONICS — 30 YR LIFE ACHIEVED WITH HIGH LEVEL OF REDUNDANCY 3% FAILURE ASSUMED, Y
4. TRANS ANTENNA — WAVEGUIDES CONSIDERED STRUCTURE WITH LOW FAILURE RATE. ONE SUBARRAY FAILURE o
: ASSUMED. . :
‘ 5, STRUCTURE — ASSUMED NOT TO FAIL. :
T 6. CONTOUR CONTROL — FAILURE RATE = 0.8 F/10°¢ (1% DUTY FACTOR} FOR BRUSHLESS DC MOTOR OPERATING AT
§00°K. i
Table 2.4-3 Rotary Joint and Array Control System f
LRU cosT | Ave
EAILURES | OVER | COST
LRU OVER 30 YRS, | YR, :
ELEMERT LRU DESCRIPTION KG 30 YRS, SN $M 5
ROTARY JOINT
_ le SLIPRING 24 BRUSHES, 4 SLIP RINGS :
e — BRUSH 10 72 0.24 0.01 I
~ SLIP RING ' 63 2 0.25 0,01 Pooon
. e DRIVE 8 BRUSHLESS MOTORS/GEAR TRAIN ’:
. UNITS (4 ACTIVE, 4 STANDBY} :
, — MOTOR/GEARS 13867 24 11.0 0.37 }
: . - LW ' 1086 - - - -
: CONTROL SYSTEM
s ACTUATORS 64 ELECTRIC ENGINES 203 640 1010 a3
@ PROPELLANT 1 24,000 Ka/YR - - — 8.7 :
TOTAL | 39.09
; MILLS/KWH 0.9/YR
ASSUMPTIONS
’ 1. 1. SLIP RING — PREVIOUS SPACE STATION STUDIES INDICATE MTRF = 10 YRS WITHIN REACH.
o 2. DRIVE — SAME AS SLIP RING. ' ' -
3. ACTUATORS — CURRENT ESTIMATES PLACE ION ENGINE FAILURE RATE AT 2800 F/10° HR, ASSUME ORDER
<. VAGNITUDE IMPROVEMENT AND A 10% DUTY FACTOR. COST ASSUMES $7500/KG. FOR ENGINE & POWER
. : CONDITIONING.
i 2.4-39
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Inciuded are estimates of the failure rates and the correspond-
ing number of LRU's replaced over the power station 30 year Ej
life. The recurring maintenance cost for the array is éstimat- E
ed at $3.99M/YR, while the cost to maintain the antenna is ‘

$0.99M/yr. The control systems, mainly the ion engines for i
pointing of the array and antenna rotary joint requires. the
most maintenance, $39.10 M/yr. '

The series-parallel circuit design of solar blankets i
results in a highly reliable system. The blanket performance : -
will degrade gracefully rather than exhibit abrupt power loss- -
es., Figure 2,4-31 is a tentative layout of 1/4 of the SSPS _ ?Eé
solar array. Each individual cell generates 1.5 watts, Vv = _ i :
0.6V and Im = 2.472A., A string of cells 1670m long is set ' ' s
up in a series-parallel circuit arrangement to produce the } '
20 kv operating voltage. The LRU is a 1670 x 270m blanket, P
which lies between concentrators. Each LRU produces 117,000 e
KW. Five LRU panels connected in parallel form a sector, and - ' o
eight sectors form one wing of the array.

A criteria hao been tentatively established for deter- o
mining when a blanket is replaced. This criteria is replace g
the LRU when the revenue lost over 30 yrs. is more than the -

e R bt s ma e 88 55 L 2 12

cost to replace the LRU. At an assumed rate of 25 Mills/kwh for
revenue and a transportation and maintenance cost of $238/kg, Tl
the LRU should be replaced after a degradation of 5.6% due to g}é-i

failures. (Radiation degradation ishandled.iniﬂmaoriginaldesign). P
Analysis of the OAO solars arrays (Ref. 2.3-2) estab- ,
lished the probability of an cpen~circuit failure of an in- -
dividual solar cell at 2.63 x lD_g/yr. At this rate, 621,732 L
cells per LRU will fail in 30 years. To produce a 5.6% degra- ?j‘
dation, 4.4 x 105/LRU cells must fail. The probability of i
losing 5.6% of the LRU power due to failures is extremely :
small. For all practical Purposes the solar blanket is main- -
tenance free.

(U

A similar assessment of the concentrators and power -
distribution system show high reliability, particularly if ;{
high levels of redundancy are included in the original powerx derd
distribution system design. The resulting maintenance costs
are a fraction of the user charge rate, 0.1 Mills/kwh.

Analysis of the transmitting antenna (Table 2.4-2)
using the 5.6% power loss per LRU criteria, shows that the -
replacement rate of the microwave components is also very low. : Do
Raytheon's rough estimate of the amplitron MTBF is based on R B
the absence of tube components that usually cause failure,
namely no moving parts, low temperature cathode and no seals. :
The antenna element requiring the most maintenance is predict- soi R
ed to be the contour control actuators. The high temperature [
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environment could cause a high Ffailure rate thoﬁgh’the duty
factor for this component for the SSPS is very low, less
than 1%.

The SSPS subsystem that would require the most mainten-
ance appears to be the array control systems, Table 2.4-3.
Assuming an order of magnitude improvement in electric pro-
pulsion reliability indicated by Hughe's (Ref. 2.3-3), and a
10% duty factor, an average of 21 Q0.7-hewton engines per vear
would require replacement.

2.4.4.2 Maintenance Support Costs

The non recurring (excluding development costs) and
the recurring costs for maintenance support has been analyzed
assuming the following scenario:

® A six-man space station is required for monitoring
the satellite and for use as a repalr shop and
garage. for maintenance teleoperators

@ Maintenance is performed using ground controlled
teleoperators

® Space Station crews are rotated Four times per year
using Shuttle and a chemical Tug

@ An HLLV/ION stage (Payload = 181,000 Kg to LEO) is
used to initially place the space station and to
resupply the station once per year.

Table 2.4-4 summarizes the cost impact of using the
assumed maintenance support scenario. The cost of a4 space
station ($490M) was extracted from the Phase A space station
studines for a Shuttle compatible modular design. Manipulator
modules weight were taken from Ref. 2.3-4 and assumed to cost
$44/kg. The cost of a mission control center was established
using a cost factor presented in Ref. 2.3-3 for a ground based
photovoltaic system.

The recurring cost for maintenance support are driven
by the assumed rate of crew rotation and resupply. The staff
requirements for mission control assumes 10 major consoles
positions each requiring 4 men for around the clock monitoring.
For each primary position (40) 3 additional positions for
mission support, planning and software maintenance was assumed.
A third tier of personnel, four positions per primary position
was assumed for maintenance of the facility and operation of
the equipments. A cost per man of $45,000 per year was used
to establish yearly personnel costs.
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Pable 2.4-4 Maintenance Support Cost
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NON RECURRING {(EXCLUDES DEVELOPMENT)
& SPACE BASE
— HARDWARE
— TRANSPORT
s MANIPULATOR MODULES
— B0 UNITS AT
-~ TRANSPORT
@ MISSION CONTROL FACILITY

RECURRING/YR
& CREW ROTATION {4 FLTS}
— SHUTTLE FLTS
— SHUTTLE AMORTIZATION.
-~ TUG FLTS
-~ TUG AMORITIZATION
— CREW TRANSPORT MODULE
— CREW TRANSPORT MODULE AMORT.
e RESUPPLY CREW & MANIPULATOR CONSUM.
— HLLV {1/YR)
— AMORITIZATION
~ 10N STAGE
. — AMORITIZATION
& MISSION CONTROL
— PERSONNEL (320)

$490M {6 MAN SPACE STATION}
S8M {76, 700 KG AT $119/KG)

$400M (182 KG/UNIT AT $44 K/KG)

31 {182 KG/UNIT AT $119/KG)
£20M {4 $/KW)
$918M :

$42M

$1.8M (100 FLT LIFE)
$4.0M

$0.6M {20 FLT LIFE)
$4.M

$0.7M (100 FLT LIFE}
$9.M

$6M {100 FLT LIFE}
$1M

$4.6M {58 FLT LIFE}

S14M/YR
$87. 7M. (1.89 MILLS/KWH}
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The initial investment for maintenance support equip~
ment appears to be excessive for the amount of maintenance
predicted. Modifications to the maintenance scenario assumed
in the review should be evaluated. Perhaps the space base and
teleoperatoxrs assigned to each SSPS could be used to service
several satellites, thus reducing cost to each unit consider-
ably. A second option would eliminate the use of multiple
manned space stations. An on-orbit maintenance "Depot"
facility would house spares and teleoperators and the manned
transport vehicle would be of sufficient size to allow main-
tenance of support eguipments and other functions regquiring
manned participation. In this manner, the costs for the man
rated equipments can be shared by many power stations.

2.4.4.3 Ssensitivity to Assumptions

The failure rates assumed in the assessment are soft
at best. The failure rate for solar cells is based on OAO
where careful selection of high gquality components was the
rule. On S58PS, mass production of solar blankets may preclude
achieving as high a reliability. If the open-circuit failure
rate for an individual solar cell increases an order of mag-
nitude (2.63 x 10-3/yr), 7.8% of the blanket LRU will fail in
30 years, reguiring at least one replacement of the entire
array ($112 M/yr) over the 1life of the satellite. The same
trend can be demonstrated for the microwave components.

The 5.6% power degradation level before LRU replace-
ment is driven by the assumed cost to repalr (238 $/kg)y. IEf
transportation and maintenance cost double, the point where
cost of repair equals expected loss in revenue will also
double. A study that more precisely evaluates the tradeocff
between loss in revenue versus the cost to repair is needed
for each major satellite component. amortization of support
equipment costs for various approaches to maintenance should
be included in the optimization.

2.4.5 Maintenance Cost

Figure 2.4-32 summarizes the maintenance cost for the
1985 SSPS. This is consistent with the data presented in para-
graph 2.4.3. ©No maintenance is assumed for the 1985 and 1990
systems though technology work to develop maintenance technigques
would be part of these programs. It is difficult, however, to
establish an estimate of these technology oriented efforts,
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LRU COMMENTS -
LRU FAIL AVE {LRU REPLACED AFTER 5.6%
WGT OVER $IYR POWER REDUCTION DUE TO
ELEMENT LRU DESCRIPTIONM Kg 30 YRS M FAILURE)
SOLAR ARRAY
8 BLANKET 80--1670 X 207 M MODULES 97,800 1 1.4 | 26X 10~ /YR OPEN CIRCUIT
FAILURE RATE (OAQ)
® CONCENTRATOR 160-1670 X 207 M MODULES 7,687 1 0.01 | MIRROR FAILURE LESS LIKELY
THAN BLANKET
# NON COND STRUCT| TO DESIGN - - - STRUCTURE ASSUMED NOT TO FAIL
© COND STRUCT
— BUSSES 400 M LONG 26,000 1 0.28 |10 F/YR (QAD)
— SWITCHES 59 BLOCK DIODES/SBLANKET LRU | §7.484 1 140 | 1077 F/YR {OAQ)
o MAST 6 (+), 6{—) BUSSES/PANEL . 85,000 1 0.9 | SAME AS CONDUCTING STRUCTURE
MW AMNTENNA ' :
& TUBES 1670—18 X 18 M SUBARRAYS 3,017 Kg 4 0.19 | MTBF = 1.14 X 107® HRS PROJECTED
o POWER DIST 18 X 18 M SUBARRAY 3,017 Ka 1 0.05 | HIGHLY REDUNDANT SYSTEM
o ELECT 1670 UNITS 467 Kg 3% 0.65 | HIGHLY REDUNDANT SYSTEM
© TRAMS ANTENNA | 1670 UNITS 3,017 Kg 1 0.05 | WAVEGUIDE CONSIDERED STRUCT-
NO FAILURES
e STRUCTURE TO DESIGN - - — - | ASSUMED NOT TO FAIL
e CONTOUR CONT 66380 UNITS 220Kg | 1404 0.01 | 0.8F/107% (1% DUTY FACTOR)
ROTARY JOINT
@ SLIP RING 4 UNITS 10Kg 72 0.01 | MTBF = 10 YRS (SPACE STATION
STUDIES)
& BRUSH 24 UNITS 63 Kg 12 0.01 | MTBF = 10 YRS (SPACE STATION
. STUDIES)
e DRIVE 8 BRUSHLESS DC MOTORS 1,367 Kg 24 0.37 | MTBF = 10 YRS {SPACE STAT!ON
: STUDIES)
REACTION CONTROL 64 ELECTRIC ENGINES 203 Kg 640 33.0 | 3800F/10° HR (ORDER MAGN!TUDE
IMPROVEMENT + 10% DUTY FACTOR}
PROPELLANT 24,000 Kg 6.7 | YEARLY CONSUMPTION '
® SUBTOTAL 44.1
® SO CREW ROTATION 73.0
4.0

& MISSION CONTROL
TOTAL

Figure 2.4-32

Maintenance Cost

131.7 (3 MlLLS/KWH}

- B8PS Spacecraft
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2.5 Safety of Large Structures

A safety analysis has been performed for 15 identifi-
able mission and task phases associated with constructlng and
servicing the SSPS. . Phases range from earth launch to ‘the
final salvage efforts at the termination of expected service
life. Potentially hazardous situations were identified in
virtually all phases. Of the approximately 30 natural and in-
duced hazards which can conceivably influence project success,
eight were examined to a depth commensurate with a preliminary
analysisg. Of major significance, design of the existing
astronaut pressure suit may seriously limit his external actiwv-
ities unless design changes are considered.

This analysis was performed assuming assembly operations
are Shuttle based. Future studies should include assessment of
the impact of Space Station and the HLLV. Further studies are
required to resolve guestions which evolved during the course
of this analysis as well as those natural and induced hazards
which were not examined. Tables 2.5-1 through 2.5-3 provide
an overview of astronaut participation in each of the 15
mission/task phases.

This section was prepared to identify potentlally
hazardous situations associated with the S5PS. In view of the
limited actual experience data base available in the assembly
and maintenance of large spaceborne structures under zero- o
conditions, a large portion of the analysis relies on englneer—

~ing judegment.

The analysis investigates astronaut involvement in the
fabrication, assembly, preoperational checkout and maintenance
events that are conceivable in the support of the station.
The analysis utilizes material presented in the Task 2 Concept
Definition Report, Number MPTS-R-002, dated 12 December 1974,
This repcrt is subject to refinement following resolution and
disposition of design and fabrication options as well as the
emergence of design details.

The examination was limited to the following natural
and induced hazards: temperature, sunlight/darkness, collision
with structural members, electrical shock, rotating machinery,
structural failure, pressure suit design and fragmentation of
pressure vessels. : :

2.5.1 Task/Malfunction Selection and General Assumptions

Representative tasks as well as typical malfunctions
which can be experienced on manual or automatically operated
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Table 2.5-1

Overview of Manned Participation

SPACE BASED SOLAR POWER

SUPPORT | SPECIAL
CREW POTENTIAL SAFETY 5w EQUIP. PCDR's
PHASE - FUNCTION INVOLVEMENT. HAZARDS REQD REQD _REGRH
LAUNCH RESTRAIN NONE } PACKAGING FAILURES
SUPPORT NONE CAUSES COMPONENT DAM'G
MONITOR MONITOR DOUBLE FAIL;
‘ COMM LOSS & SYS FAIL
ORBITAL P/l DOORS OPEN INITIATE JAMMED DOOR X
c/o RMS DEPLOY OPERATE NONE
REMOVE PROTECT OPERATE TIGHT SPACE DURING X
SHELL/DEFLOY REMOVAL FROM P/L BAY
SHROUD - HIGH DAMAGE
POTENTIAL
P/L INSTALL/RETURN MONITOR/ EVA COLLISION X
ORBITAL ITEMS VERIFY
RETRIEVAL | P/L DOORS INITIATE JAMMED DOOR
CLOSED
SEGMENT UNFOLD INITIATE CONTACT SHUTTLE/SHROUD
ASSEMBLY RIGIDIZE NONE
(EARTH STABILIZE INITIATE FAILED JET{S), FUEL
MFR'D.} FREE INITIATE LOSS, TUMBLING, CON-
TACT VEHICLE EVA X X
ORBITAL STOCK LOAD MONITOR PACKAGING FAILURE X X X
FABRI- CAUSES EQUIP, DAMAGE/
CATION EVA CONTACT
FABRICATE MONITOR MATERIAL BREAKAGE/EVA X X X
: CONTACT
REMOVE ASSY OPERATE JAMMED MANIPULATO X X X
STRUCT. TEST MONITOR NONE S X
STOCK UNLOAD MONITOR NONE X
2.5-2
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Table 2.5-2 Overview of Manned Participation

: P

SPACE BASED SOLAR POWER
i - SUPPORT | SPECIAL
: CREW POTENTIAL SAFETY SIM EQUIP. PCDR's
. FHASE FUNCTION INVOLVEMENT HAZARDS Rean | Reap REQD
i ASSEMBLY | RMS DEPLOY OPERATE/EVA COLLISION/HIGH DAMAGE X X
S STORAGE POTENTIAL =
; JET{S) FAIL TQ CUT OFF
- RMS REMOVE OPERATE/EVA EVA CONTACT X X
. STORAGE RMS INSTALL/ EVA CONTACT HIGH DAV X X X
RETRIEVAL | FREE/ OPERATE/EVA AGE POTENTIAL
STABILIZE :
FAILED JET(S), FUEL X
LOSS AND SYSTEM FAILURE
SUNLIGHT/DARKNESS X
ERRORS
TRANSPORT | STABILIZE NONE FAILED JET(S}, FUEL X
SEGMEMTS | THRUST LOSS
; 1 INITIATE THRUST EARLY/LATE X
CONTACT OTHER VEHICLE X
. ROTARY ORIENT : EVA/STRUCTURE COLLIS: X X X
; JOINT SECURE ( | OPERATE/EVA JON - HIGH DAMAGE
.l ASSEMBLY POTENTIAL
OPERATE INITIATE EVA IRRADIATION X X X
. EVA TETHER BREAKS
: ANTENNA STABILIZE NONE FAILED JETI(S), FUEL
L SEGMENT TO LOSS
o SEGMENT ORIENT OPERATE/EVA EVA TETHER BREAKS X X X
ASSEMBLY
. DOCK OPERATE/EVA EVA CRUSHED BETWEEN X X X
SEGMENTS
LATCH AUTO/VERIFY PREMATURE LATCH & NEED X % X
FOR REDOCK :
SUNLIGHT/DARKNESS
- EXTREMES
RIGGING MONITOR CABLE OVERLOAD X X
oo
gl
i
‘,_.51
!.:.;.‘,‘l
i
2.5-3




Table 2.5-3

Overview of Manned Participation

SPACE BASED SOLAR POWER (Cant.}

: SUPPORT | 'SPECIAL
CREW POTENTIAL SAFETY SIM EQUIP. PCDR's

PHASE FUNCTION INVOLVEMENT | HAZARDS REQD | REQD REQD
ACTIVATE  leHEckout NONE
ASSEMBLIES |INITIATE NONE
INDIVIDUALLY|OPERATE INITIATE EVA IRRADIATION X X X
PRE- FINAL MONITOR EVA COLLISION COMM. X X X
OPERATION  |ALIGNMENT AUTO/VERIFY LOSS

CLEAR EQUIP. AUTO/VERIFY EVA COLLISION
ACTIVATE  |CHECKOUT MONITOR ELECTRICAL SHORTS X
ANTENNA -

OPERATE INITITAE MICRO WAVE LEAKAGE X
SCHEDULED |R/R ARRAY OPERATE/EVA | EVA TETHER BREAKS X
MAINTENANCE|COMPONENTS ELECTRICAL SHORTS X
CYCLE _

ORBITAL TEMPERATURE, SUNLIGHT/ X

DECAY COR- DARKNESS EXTREMES

RECTION
UNSCHEDULED|R/R ARRAY EVA STRUCTURAL FAILURE X X X
MAINTENANCE|COMPONENTS MICROWAVE LEAKAGE " "

ELECTRICAL SHORTS X
R/R DAMAGED EVA ELECTRICAL SHORTS
GIRDER(S) . SUNLIGHT/DARKNESS X
EXTREMES
2.5-4
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equipment in a one-g environment were applied where they had : o
a potential impact. In asgessing and relating these inputs : o
to the zero-g environment, the analysis assumes three hasic :
improvements over their earth counterparts. These are: |

l. Astronaut skills are at superviscory level and they
are highly motivated

2. Equipment used to fabricate structural members and

a majority of other station elements are automatic; S~
can operate in a vacuum; are programmable and re- i ;
quire minimal astronaut attendance in their : i
operation . ' :
3. Space-peculiar egquipment will be subjected to the ;'”ﬁ

same rigid design criteria established for the
design of sophisticated spacecraft.

G

The first phase of the investigative effort was an < e E
examination of potential crew involvement during each mission
phase. This was done to gain an overview of astronaut partic-
ipation and to establish the man-machine-structure relation-
ships which could be expected. Gross potential safety hazards
were then identified as were requirements for simulator train-
ing, support eguipment needs, and special procedural instruc-

tions. This information is presented in ‘rables 2.5-1 through
2.5-3, '

The second phase is an extension of the overview,

wherein potential tasks and malfunctions are identified to a
depth commensurate with a Preliminary analysis. The hazards
associated with each of these is explored. In conducting : )
this phase, it was found necessary to establish certain ; |
assumptions to provide a more rigid design information base. ,
Should any of these assumptions be negated during subsequent
design envolvement, the analysis must be restructured. This
information is presented on Table 2.5-4 through 2.5-7.

S 2.5.2 Problem Overviews by Subject and Phase

Astronaut Pressure Suit Hazards (ALl Orbit Activities)

Several potential pressure suit problem areas have been
identified. These areas will require further examination and
evaluation.

1. Metallic components used in suit construction may
jeopardize the astronaut when working in close

proximity to electrical devices, harness, connectors,

ete. _
i




Table 2.5-4 Top Leirel Hazards

APPLICABLE SPECIAL SAFETY REMARKS/COMMENTS/QUESTIONS
HAZARDS RECUIREMENTS : : Y )
CANNISTER JAMS IN ITS RECEPTACLE

'| DURING LOADING OPERATION.

PROVIDE MULTIPLE SCREW JACKS OR
SIMILAR DEVICES TO ASSURE PRECISE
ALIGNMENT LOADING CONTROL.

"~ CREW TASK PROCEDURES WILL BE

REQUIRED, QUTLINING JAM REMOVAL.

MATERIAL JAMS AND BREAKS N
FIXTURE.

CANNISTER RATIONAL SPEED CON-

PROVIDE A RAPID ACTING BRAKE AND
LOAD SENSING DEVICE TO PRECLUDE.
EVEI\_I'I". : : A

RETAIR PROCEDURES ARE REQUIRED. )
DETERMINE NEED FOR MODULARIZING
DAMAGE/WEAR PRONE EQUIPMENT
ELEMENTS.

TAOL ISSUES SPURIOUS SIGNAL,
INTERRUPTING MA™ 3JAL FEED.

PROVIDE A SPEED CONTROL INTERLOCK
DEVICE AND FILTERS IN MOTOR CON-
TROL CIRCUIT.

.

A. INTERRUPTION OF FEED MAY
APPLY SHEAR LOADS IN EXCESS
OF ALLOWABLES, .

B. CONTINUED UNLCADING RESULfS
IN JAMMED EQUIPMENT,

C. HOW IS STRUCTURAL INTEGRITY
VERIFIED?

IMPROPERLY SPLICED GIRDER

| LONGERON FAILS

PROVIDE ASSURANCE THAT LONGERONS
REPAIRED DURING FARRICATION ARE
SUITABLY IDENTIFIED,

RECOMMEND.GIRDERS HAVING REFAIRED
LONGERONS BE INSTALLED AT ANTENNA
PERIPHERY ONLY. ESTABLISH REPAIR
FROCEDURES.

ADHESIVE MATERIAL WHICH JOINS
ABUTTING MEMBERS FAILS DURING
ANTENNA ASSEMBLY, .

A. IF A TWO PART EPOXY IS USED,
- PROVIDE PRECISE MEASURING
AND MIXING CONTROLS TO
ASSURE PROPER MiX, -

B. PROVIDE CLEANLINESS CONDITION
DETECTORS,

A. RECOMMEND PERFORMING A STUDY
TO DETERMINE IF EPOXY EJECTION
NOZZLE REQUIRES A SHUTTER TO
PRECLUDE PREMATURE AGING.

8. DETERMINE IF THIS WOULD BE

CONSIDERED A SINGLE POINT
FAILURE,

INCORRECT MATERIAL GAGE USED
FOR LONGERONS AND/OR TRUSS

A. DESIGN CANNISTERS TO ACCEPT
ONLY ONE MATERIAL GAUGE.

B, EMPLOY NON-INTERCHANGEABLE
CANNISTERS FOR VARYING GAUGE
MATERIALS,

A. DETERMINE OA METHODS USED TO
ASSURE THIS HAS NOT OCCURRED.

B. DETERMINE THE IMPACT ON
ANTENNA INTEGRITY IF THIS
SHOULD OCCUR.
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1 Table 2.5-5

Top Level Hazards

i
3
3
&
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e

APPLICABLE
HAZARDS

SPECIAL SAFETY
REQUIREMENTS

REMARKS/COMMENTS/QUESTIONS

A. BURRS ON MATER1AL GOUGE IN-
TERFACING MEMBERS DURING
ASSEMBLY, JEOPARDIZING
STRUCTURAL INTEGRITY.

8. BLURRS ON MATERIAL TEAR
ASTROTECH SUITING -
DURING ANTENNA ASSEMBLY,

A. AND B, PROVIDE DEBURRING AND

WIPING FIXTURE ON MATERIAL-TO:
[ “CANNISTER LOADING EQUIPMENT.
. PERFORM 100% INSPECTION,

v

., -

A. REQUIRES AN AUTOMATIC INSPECT/
REJECT CAPABILITY.

B. DETERMINE CHARACTERISTICS TO
LOOK FOR.

MECHANICAL FASTENER FIXTURE
EJECTS MANDRELS. RESULTS|IM:

A, JAMMING OF ASSEMBLY FDITURE
MECHANISMS

8. INJURES ASTROTECH
C. DAMAGES STRUCTURE

L S
PROVIDE PROTECTIVE SCREEN

.

ASTROTECH CONTACT WITH LASER
BORESIGHT BEAM.

PROVIDE PROTECTIVE SHIELDS TO PRE-
CLUDE DIRECT VIEWING. ’

DETERMINE FEASIBILITY OF PROVIDING
LASER PROTECTION ON CREW HELMET.

ELECTRICAL CIRCUIT PROTECTIVE
DEVICES FAJL CLOSED.

PROVIDE REDUNDANT CB's FOR LOADS
IN EXCESS OF xx AMPS

PREMATURE RUNOUT OF MATERIAL

PROVIDE A “MATERIAL"” REMAINING
INDICATOR.

EVALUATE THE METHODS OF RESTOCKING |,

MATERIAL,

PREMATURE LATCHING OF FIXTURE
ARM LOCKING DEVICE

PROVIDE AN EMERGENCY MANUAL RELEASE.

INADVERTENT ACTUATION OF MATER-
1AL CUT-OFF SHEARS DURING BLADE
REPLACEMENT.

A, PROVIDE SWING OUT FEATURES
FOR BLADE REPLACEMENT.

B. PROVIDE AN ELECTRICAL INTER-
LOCK CIRCUIT TO PRECLUDE ITS .
OPERATION DURING MAINTFENANCE,

C. PROV{DE SUITABLE PROTECTIVE
SHIELDS. -

PROVIDE A LOCAL OVERRIDE
CAPABILITY.
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Table 2.5-6
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Top Level Hazards

APPLICABLE
HAZARDS

SPECIAL SAFETY
REQUIREMENTS

REMARKS/COMMENTS/QUESTIONS

RUNAWAY STROKE ON EPOXY EJECTOR.

A.PROVIDE REDUNDANT CIRCUIT TRIP
MECHANISMS

B. SAID MECHANISM TO ACTIVATE
WASTE DISPENSER AT EJECTOR
NOZZLE,

BULD-UP OF EJECTOR TOOL HYDRO-
STATIC PRESSURE DUE TO CLOGGED
ORIFICE,

A.FROVIDE A CONTAINMENT SHIELD
AROUND EJECTOR BODY,

B, INCORPORATE A RELIEF VALVE AND

A WASTE DiSPENSER.

WILL REQUIRE A HIGH PRESSUIRE
WARNING DEVICE.

CONTACT WITH EPOXY CLEANING
AGENTS MAY DETERIORATE ASTRO-
TECH SUIT MATERIAL.

CONDUCT TESTS UNDER SPACE ENVIRON-

MENT CONDITIONS TO ENSURE COMPAT-
ABILITY.

TEMPERATURE DELTA BETWEEN IN-
TERFACING MEMBERS DURING JOIN-
ING PROCESS PLACES ABNORMAL
LOAD ON JUNCTION,

PROVIDE A MEANS TO STABILIZE

TEMPERATURE OF ADJOINING MEMBERS.

TEMPERATURE SENSING INDICATORS
ARE RECOMMENDED,

ELECTRICAL SHORTS DURING MAIN-
TENANCE STARTLES ASTROTECH (NO
SHOCK HAZARD PRESENT). SHORT
COULD RESULT IN:

A, INJURIES DUE TO PHYSICAL
REACTIONS.

B. TEMPORARY BLINDNESS.

C. TOOL DROPPED [NTO MECHAN-
15MIS),

D. TOOL FUSED TO FIXTURE,

A. PROVIDE CIRCUIT INTERLOCKS
TOCUT ALL POWER TO THE
AUTOMATIC FIXTURE.

B, MAINTENANCE BY-PASS CIRCUITS
WILL NOT BE !INCORPORATED.

ST MATERIAL 1S CONSIDERED AN

ADEQUATE BARRIER AGAINST GROUNDING.

[EXCEPT AS NOTED QN PAGE 8,

- PARAGRAPH 1).

Gt

P
[E

Loy

P
[




D

o L

e e 5 TR e R e R el e s e 000 oo st s e

Table 2.5-7

Top Level Hazards

APPLICABLE
HAZARDS

SPECIAL SAFETY
REQUIREMENTS

REMARKS/COMMENTS/QUESTIONS

PREMATURE OPERATION OF PRESSURE
CLAMP {AT EPOXIED JUNCTIONS)

PROVIDE A MECHANICAL LINEAGE OVER-
RIDE (OR BACKUP) SYSTEM.

OVERTRAVEL QF PRESSURE CLAMP

PROVIDE A VISUAL INDICATOR TO SHOW
PRESSURE CLAMP STROKE

UNDETECTABLE STRUCTURAL DAMAGE
COULD RESULT IN EARLY FAILURE.

UNDERTRAVEL OF PRESSURE CLAMP

SAME AS ABOVE

A, CONDITION DUE TO BACKING OFF
OF ADJUSTMENT DEVIGES.

B. MAY RESULT IN WEAKENED JOINT
AND RESULT IN EARLY FAILURE.

INTEGRITY OF ASSEMBLED STRUCTURE
UNINOWN

PROVIDE FOR SAMPLE LOAD TESTING,
EXAMPLES:

A, SUBJECT NEW LOTS OF EFOXY TO
TBD ON-S!TE INTEGRITY TESTS

B, SUBJECT NEW LOTS OF STRUCTURAL
MATERIAL TO TBD ON-SITE INTEG-
RITY TESTS.

C. SUBJECT ASSEMBLED GIRDERS T¢
ON-SITE INTEGRITY TESTS, LOT
NUMBER TBD.

PROGRAM AUTOMATIC FABRICATOR TO
INTERRUPT NORMAL FABRICATION
CYCLE TO PRODUCE SHORT TEST
SECTIONS,

T e e g 24 T,
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{(a) Cuff reinforcements
{b) Umbilical connectors
{e) Zippers
{(d) Visor hardware

2. Conventional back-pack to suit interconnect hoses
routed on the suit exterior may be damaged or
snagged by projecting hardware.

3. The externally mounted sun-shield (or its pivotal

hardware} may be damaged or snagged by projecting
hardware. : :

4. If unable to check body momentum, collision with
the guy wires/cables serving as structural member
stabilizers may result in localized friction which
may burn through the pressure suit.

5. (a) The gap which exists between the existing back
pack design and the astronauts helmet may be
a detriment, in that it can serve to snag the
guy wires noted in 4 above.

(b) Forces required to separate the pack from the
suit will require further examination.

6. If a super oxide system for the generation of
oxygen is to be considered, a literature search
must be undertaken to determine its adeguacy fox
extended EVA activity. The following must be
critically examined:

(a) Method of attachment.

(b} Location of spare modules on the astronauts
person

(c) Methods available for cartridge ignition.

(d) Hazards-associated with igniting spare car-
tridges with a prepressurized system.

L.aunch Phase

Crew involvement is limited to assuring proper egquip-
ment tiedown and confirming that cargo manipulators have been
checked and properly stowed. Failure to accomplish these tasks

2.5-10
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e can: (1) cause wvehicle loss, (2) damage components, (3) pre-
' vent unloading of cargo, (4) result in excessive payload land-
. ing weight. At orbit rendezvous, a collision potential with

S previously placed components/work station exists.

Orbiter Checkout

The payload crew is responsible for releasing the car-
go if they are jammed. Because a jamming potential exists,
an emergency manual hinge pin release capability is recommend-
ed. Because of damage. potential, which could preclude re-
entry, in-orbit storage of payload deployment devices spares
is recommended. .

Cargo removal may be damage‘critical because of limit-
ed maneuvering space. If solenoid equipped tie-down shackles
are to be emploved, test circuits should be provided to ensure
pProper segquencing prior to: actual cargo deployment to preclude
abnormal loads., Manmal release overrides should also be
provided.

Following deployment, thrust will initially be applied
in limited bursts to assure proper trajectory. A high colli-
sion potential with a space station could exist.

Orbital Retrieval of Components Requiring Shuttle
Return

Disposition of failed or expended life components is i
not known. Assuming their probable return, stowage may be . a
P critical in that payload center of gravity (CG) may not be
within limits or they may shift or break loose during reentry.
Either can cause payload loss. ' H

Precise maneuvering of retrieved cargo within the g
cargo bay is not considered potentially hazardous. This as- § T
sumes that packaging density is not as severe as it is during Lo
the earth loading phase. To assure proper cg placement, all '
cannisters or similar eqguipments will reguire suitable empty : ¢
weight and cg location markings. T

2 jammed payload door or its locking mechanism are
considered potentially hazardous because of EVA participation ;
in freeing them. Because of damage potential, in-orbit spares i
for prime manipulator segments and payload doors are recom-
mended.,

Segment Assembly (Earth Manufacture) _ :

Prefabricated segments are assumed to be folded within
the payload carge bay. Its extraction from the cargo bay is

2.5-11
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considered a critical operation because of potential contact
with payload shrouds. The greatest hazards are considered

to be failure of individual propulsion units resulting in an
erratic trajectory, loss of propellent resulting in a detona-
tion and uncontrollable tumbllng in transit to the final
assembly site. :

Orbital Fabrication

a. - Assumptions

l. Winding of flat stock on dispensing cannisters will

not result in stored energy capable of ejecting
material when replacing depleted cannisters.

Rationale: (a) Pressure hull shop area may be
pierced/explosive decompression

(b) Injury to Astrotech

2. Fabrication is accomplished in an unpressurized
area.

Rationale: If a pressurized area, transfer of a
completed assembly to an exterior
storage area would reguire evacuation
of shop atmosphere. This results in:

(a) An extensive number of depres-
surize/pressurize cycles of the
hull

{b} Potential loss of consumables
{oxygen/nitrogen)

(c) Increased power reguirements
(d) Increased weight for pumps, etc.

3. Cannisters are designed with an enlarged lip on

one side to preclude improper fixture receptacle
entry.

4. Loading orientation of material on cannister is
positive to preclude opposite winding potential.

2.5-12
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b. Analysis

Applicable hazards, special safety requirements and
remarks/comments/questions are entered in Tables 2.5-4
through 2.5-7.

e ' Antenna Segment To Segment Assembly

This activity is considered hazardous in view of the
precise coordination which must be exercised to maintain
identical closure speeds at both ends of the girder being

" installed. See also; Table 2.5-2 for additional hazards. To
preclude occurrence of these hazards, the employment of a
completely automated system should be investigated.

The conceptual multiple probe-drogue interconnect
o fitting depicted in report MPTS-R-002, should be modified to
permit the installation and removal of individual girders.
The method of securing abutting girders has not been resolved
as vet, however, the following concepts should be evaluated:
band clamps which engage abutting shoulders; tapered tongue
- - and groove fittings; butt welded seams, etc,

v Activate Assemblies Individually

The sole hazard which appears of consequence during

. this phase involves localized UV radiation during extended

work periods. This assumes: (1) the astronaut will be re-
T quired to initiate solar exposed circuit interconnect june-
' tions at scattered locations on the antenna and Solar Array;
(2) the task could be a highly gpecialized one and work is
- shared by a limited number of men, thus requiring extended : :
' duty periocds. The term localized, as used herein, means that . A
e only small, scattered areas of the astronauts body are exposed ; =
to direct solar rays. Handling of solar blankets may be
hazardous requiring that the blankets be oriented edgewide
v relative to the sun to preclude voltage buildup.

.o Pre-Operation

As in the preceding phase, UV radiation appears to be é

. the solar hazard. It is assumed that a remotely activated : j?é
and operated laser bore sighting device will be used during 4 2
coe final alignment checks of the structure and wave guides and H

that there will be minimum astronaut involvement. - Replace-
ment of a failed waveguide alignment drive motoxr during this

. Phase will probably be done by the astronaut, exposing him to é
electrical shock only in the event of a control circuit fail- ?
= = ~-ure in the "Power-On" mode. E i
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It is assumed that good housekeeping practices will
have been observed during the entire construction period.
However, it is considered judicious to perform a visual check gt
of the entire antenna/array surface and structural support ok
area for debris. In lieu of direct astronaut invelvement
in the examination of the sunward arxrray surface, the use 5
of a remotely piloted vehicle equipped with television cam-
era(s) and debris retrieval mechanisms should be investigatedqd.
To simplify the task of readily detecting construction support -
equipment, the use of contrasting paint applications or the i
attachment of direction finding equipment should also be R
investigated. Maintaining accurate inventory status control :.j
records should materially reduce debris which is potentially
hazardous. d

1
P
i
1
¢

During this phase, it is assumed that devices have T
been installed on the antenna which will assure alignment :
with the ground based receiver, It is further assumed that
alignment checks will be performed over an extended time "
reriod, with minimal power applied initially and then expand- ! §
ing to maximum bower levels. During this period, all emer- -
gency shut-down systems should be activated.

T

!

L

Activation it
gectivartion

It is assumed that during this phase, astronaut in-
volvement will be terminated immediately following assurance
that all systems are operating satisfactorily. The absence
Of power control details and their locations precludes per-
forming other than a cursory assessment of the hazards in-
volved following activation. These are considered minimal
because of the bPreoperative checks which will have been per-
formed before initiation of this phase. Therefore, potential _ ;‘
hazards associated with electrical shorts, e.qg., ares and Eﬁﬁg
electrical shock, and that of microwave leakage would be .
expected to occur only following component failure or micro- =

meteorite collision. Monitoring devices should detect these ;%
conditions and power in the affected area would be turned o
off prior to any action by a repair team. (5ee, alsoc, un-

scheduled maintenance.)

Scheduled Maintenance Cycle ' ' E"ﬁ

It is assumed that components subject to deterioration
may require replacement at specified planned intervals to

maintain operational efficiency. Further studies are regquired " .
in order to: (1) determine the extent of hazard associated S i
with isolated replacements Versus that of block replacements - S

or modifications; (2) determine the most cost-effective _ L o—
-approach for scheduled component replacement. Special safety -j}:
requirements can then be developed to fit the selected approach. o i
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Because the orbital decay rate is constant and is
readily plotted, its correction is considered a scheduled

.event. To reduce astronaut exposure to repeatable potential

hazards, therefore, the planned replacement of components
should be ccoordinated with orbital corrections.

Geosynchronous altitudes are considered prime real
estate for future space activities. Because of this status,
consideration must be given for its ultimate disposal. The
development of salvage concepts will therefore be required
in order to assess potential teardown hazards as they relate
to: {1) the astronaut; (2) stations/equipments orbiting
below the power station orbit; (3) inhabited areas on the
surface of the earth.

Assembly Storage

Movement of completed assemblies to a storage area by
a man-machine combination is assumed. Collision with pre-
viously stored components because of depth perception diffi-
culties, extreme lighting contrasts, looking into the sun,
misjudgments in speed and distance, erratic behavior of
thrusters, or a fail-to-cut-off-power situation presents
potential damage risks to stored items and/or injury to the
astronaut. Experimentation prior to commencement of such
activities appears desirable, particularly if this is not
accomplished frequently. To preclude EVA/structure collisions

resulting from thruster malfunctiens, the employment of prox-

imity cut-off switch circuits or other automatic cut-off de-

~vices should be investigated.

Storage Retrieval

The potential safety hazards and recommendations

'spe01fled for the storage of assémblies are also applicable

to their retrieval. A single exception might be the degree
of hazard, i.e., a failure to cut power could result in ex-
tensive damage to previously erected antenna structure.

Transport of Segments

The identification of applicable transport hazards
are entered in Tables 2.5-8 and 2.5-9,. The analysis is
applicable to the movement of all structural members.

Rotary Joint Assenbly

(Applicable to azimuth and elevation yoke and the
yeoke support)

2.5~15
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Table 2.5~-8 Top Level Hazards

T o 3

APPLICABLE
HAZARDS

SPECIAL SAFETY
REQUIREMENTS

REMARBKS/COMMENTS

TRANSPORT MODE {MANIPULATOR}
HIGH DAMAGE POTENTIAL

SERVO DRIVE UNIT FAILS TO
OPERATE.

PROVIDE INTERLOCK® BETWEEN VARIOUS
DRIVE UNITS TO INHIBIT SYSTEM UPON
FAILURE OF ANY ONE DRIVE UNIT.

¢ SIGNAL LAG TO BE INVESTIGATED

SERVODRIVE LINKAGE JAMS DUE TO
BREAKAGE, LOSS OF ATTACHING
HARDWARE OR OVERCENTER CONDE-
TION.

A, SPECIAL PROCEDURES REQUIRED.

B. MIMIMIZE NUMBER OF ADJUSTMENTS
THAT ARE PERMITTED.

SERVO DRIVE UNIT FAILS “ON"

PROVIDE REDUNDANT SWiTCHING
CIRCUITS.

LOSS OF INCOMING SiGNAL

PROVIDE AN EMERGENCY BACKUP
CIRCUIT

DETERMINE AVERAGE SIGNAL DUR-
ATION PERIOD, COUPLE WITH
AUTOMATIC SHUTDOWN OF ALL
SYSTEMS.

POWER SUPPLY DEGRADED

PROVIDE INSTRUMENTATION TO
MONITOR POWER LEVEL CONDITION

INVESTIGATE NEED FOR PRGVIDING
A RESERVE POWER PACK,

DEBRIS JAMS FLEXIBLE JOINTS
OR S DEPOSITED OGN CLAMPING
SURFACE,

A. PROVIDE SHIELDS TO PROTECT
JOINTS,

B. SPECIAL PROCEDURES REQUIRED,
CALLING FOR INSPECTION OF
CLAMP SURFACE PRIOR TO LATCH
ON

QOPERATOR OVERTORQUES CLAMP
GRIP WHEN SECURING TO GIRDER
BEING TRANSPORTED, .

PROVIDE A TORQUE SENSING/LIMITING
DEVICE

2.5~16
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Table 2.5~9 . Top Level Hazards

APPLICABLE
HAZARDS

SPECIAL SAFETY
REOQUIREMENTS

REMARKS/COMPONENTS

TRANSPORT MODE (PROPULSION PACK)

HIGH DAMAGE POTENTIAL

PRCPULSION PACIK SHIFTS ON
STRUCTURE DURING "POWER ON*,

PROVIDE BACKUP LOCKING DEVICE.

ASSUMING A CLAMP-ON DEVICE, IN-
VESTIGATE IF STRUCTURE SHOULD
INCORPORATE BUILT-IN STOPS TO
PRECLUDE PACK SLIPPAGE.

VARIANCE IN THRUST BETWEEN
NOZZLES.

A, PROVIDE A MANUAIL METHOQD OF
CORRECTING ALTERED TRAJECTORY.

B. PROVIDE COUNTER THRUST JETS
INTEGRAL WITH THE POWER PACK.

POWER DOES NOT TERMINATE UPON
SIGNAL,

PROVIDE REDUNDANT CUT-OFF CIRCUITS,

DIRECT WIRE AS A BACKUP CONTROL
SHOULD BE INVESTIGATED. -

INTERMITTENT POWER PULSES

PROVIDE ACCELEROMETER OR SIMILAR
DEVICE TO SENSE ERRATIC BEHAVIOR.

-

. LOW FUEL/GXIDIZER

SAID DEVICE TO INITIATE FROPUL- 2. CLOGGED FEED LINES
S1ON PACK SHUT DOWN, 3, FAULTY PRESSURE REGULATOR
PRESSURIZED VESSEL(S) A. ENCLOSE WITHIN PROTECTIVE s DETERMINE MAXIMURM NUMEER OF
RUPTURE FRAGMENTATION SHIELD WHEN PRESSURE CYCLES, .
NOT IN USE. & DETERMINE POTENTIAL DAMGAE

B. PROVIDE THRUST NEUTRALIZING
VENTS IN PRIMARY PACK SHIELD

EXTENT TO STRUCTURAL MEMBERS,

OXIDIZER LEAKAGE

A, MINIMIZE NUMBER OF REMOVABLE
CONNECTORS.

B. PROVIDE REDUNDAMT TANDEM
SHUT-OFF VALVES,

DETERMINE EFFECTS OF SPILLAGE
ON ASTROTECHS SUIT, VISOR AND
BACK PACK,

2.5-17
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2.

eral'Assumptions

Alignment of interlockihé'seqments will not reguire
special alignment tools.

Guides will be incorporated to feed modular sec-
tions into proper position and will not reguire
precise positioning by the: a) remote manipulator;
or b) the EVA team.

Astronaut involvement will be restricted to fine
adjustments (mechanical) following complete place-
ment of the yoke support on the mast.

Prior to assembly of the azimuth yoke support to
the azimuth yoke, the yoke will be functionally
checked to ensure proper structural alignment,
freedom of rotation and control unit circuit in-
tegrity. Strap on power packs will be used for
this check.

Solar.array power is isolated from the yoke to mast
work area.

All rotary drive and gear rack adjustments will be
made prior to installation of the yoke support. '

b. Analysis

The
entered in

identification of applicable assembly hazards is
Table 2.5-10.

Future Safety Efforts -.

Analysis effort was limited to establishing those
study efforts which would be required to identify potential
hazards. Recommended future studies include:

(1)

(2)

(3)

(4)

Assessments of the impact of critical operational
failures, utilizing Failure Mode and Effect
Analyses (FMEA) data.

Evaluation of degradation which can be tolerated.

Analysis to determine the probable effects from
‘local structural failures.

Explorations of hardware/component attachment
options

2.5-18
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Table 2.5-10 Top Level Hazards

APPLICABLE
HAZARDS

SPECIAL SAFETY
REQUIREMENTS

REMARKS/COMMENTS/QUESTIONS

ASTRONAUT CRUSHED BETWEEN SEG-
MENTS FOLLOWING JURY STRUT
REMOVAL

PROVIDE A LOAD MEASURING DEVICE
IN/ON JURY STRUTS TO INDICATE
PRESSURE OF LOAD PRIOR TO ITS

_ REMOVAL

DETERMINE FEASIBILITY OF INCOR-
PORATING AN ELECTRICALLY ACTIV-
ATED SCREW JACIK TO RETRACT
STRUTS AND TO POSITION YOKE ON
CABLE SEGMENTED GEAR RACK.

ABRUPT START OR HALT OF YOKE
DURING FUNCTIONAL CHECKOUT iM-
PARTS BREAKAWAY FORCE TO
ASTRONAUT

PROVIDE A POWER GOVERNING DEVICE
IN THE TEST POWER PACK CIRCUIT TO
COMPENSATE FOR LOWER TORQUE
DEMANDS

DETERMINE FEASIBILITY OF EM-
PLOYING LOW HORSEPOWER TEST
MOTORS FOR THIS CHECK,

ELECTRICAL GROUNDING

SEE SUIT HAZARD ENTRY, PAGE 8.

EVA TETHER BREAKS OR IS
SEVERED

A, SPECIAL PROCEDURES SPECIFYING
LOAD TESTING AND OQPTIGAL IN-
SPECTION OF TETHERS.

B. PROVIDE A WIPING OR SIMILAR
DEVICE AT ALL ROTATING CON-
TACT SURFACES TO EXPEL OR
PUSH ASIDE FOREIGN OBJECTS.

A, SHELF LIFE OF SPARES MAY BE
CRITICAL, TIMING OF PUR-
CHASING REPLACEMENT MAY BE
CRITICAL.

YOKE TRAVEL LIMIT SWITCHES OUT
OF ADJUSTMENT CAUSING ASTROTECH
INJURY OR YOKE/SUPPORT DAMAGE,

A, SPECIAL PROCEDURES FOR AD-
JUSTING STOPS,

B. AN INCHING SWITCH CAPABILITY
IS5 RECOMMENDED TO PERMIT
PRECISE CONTROL ON YOKE
MOVEMENT.

2,5-19
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(6)
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Evaluation of near term and long term bio-
logical effects associated with microwave

radiation at power levels generated by the
system.,

Evaluation of the effects of microwave radiation
on pressure suit metallic components.

2.5-20
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2.6 Program Plans and Cost

During the initial contract phase, a strawman Program was
developed and used to establish total program costs through the
development and operation of the first SSPS System. The program
consisted of a three step development program that included con-
struction and assembly of a low earth orbit demonstration facility
{Demo Satellite) and a geosynchronous earth orbit plant as a pre-
cursor to the construction and operation of the first full scale
S5PS. The definition of the work breakdown structure {WBS) and
the associated program element costs evolved for that program are
summarized in the Appendix A. These data served as a point of
reference in developing cost data for alternative plans.

In the contract extension phase, three Program plans
evolved (one being an update of the strawman program} and cost-
estimated for use in a preliminary assessment of the economic
value of a LEO demonstration facility and a geosynchronous orbit
pilot plant. The three plans consist of an update of the strawman
program, omission of the Demo Satellite, and omission of the demo
and the pilot plant, respectively. Program ROM costs were es-
tablished for the design, development, test and engineering.
(DDT&E) phases; the unit production cost; and the transportation,
fabrication, and assembly operations.

The results of the economic assessment of the demonstra— .
tion and pilot plant satellites are presented in Vol III. These
ROM cost estimates together with data projecting the advancement
in technology resulting from the accomplishment of each of the
major program milestones were used to evaluate the methodology
and provide results for that economic assesgsment. These data are
presented in Appendix B of Vol III. As is readily observed, the
data derived are based on preliminary point estimating technigues
and individual judgement, and were not intended for use in es~
tablishing quantitative conclusions. Thus, the results established
using these data should be interpreted accordingly. However,
qualitative conclusions established from these ROM cost estimates
are as follows: ' ' '

© The cost of transportation and assembly operations for
the operational satellite is sensitive to the number of
personnel required in orbit for manned assembly. Fig-
ure 2.6-~1 shows the sensitivity of transportation and
assembly costs in $/Kg, as a funetion at the percentage
of assembly performed remotely.

o The development of HLLV launch system reduces trans-
portation and assembly costs by a factor of more +han 2,
in comparisgn to DOL launch system.

¢ Although program costs appear to be less for the direck
development to an operational satellite {i.e. no Demo
satellite and no pilet plant), further studies should
be performed to identify the cost of the sustaining
engineering and development activities support - =
maturation of the SSPS configuration during the uso-
sequent satellite builds. ' '

2.6-1
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Paragxaphs_2.6.l through 2.6.4 describe the three program
options developed and their associated ROM costs. The updated '
Strawman program is discussed first for overall continuity.

2,6.1 Program 3 -~ Demo Lab, Pilot Plant, CGperational Svystem
Program :

Figure 2.6-2 dep<zts the updated overall three-step
program development leac . 1g to the placement of the first opera-
tional sateilite at the -nd of 1985, This program is based on
the development of a LEO 15 MW demonstration laboratory, to be
operational at the end of 1985, and a 1 QW rilot plant satellite,
to be operational at the end of 1991, Shown, also, is the time
phasing of the critical technology development Programs that are

the Demo Lab and pilot Plant DDT&E phases. Associated transporta-
tion systenm development bPrograms are indicated on Figure 2.6-2

by two time«-phased development Programs; for HLLV and the

Advanced Ion Q0TV. The two schedules are based on their avail-

tional system. Program costs were estimated based on HLLV and
advanced Ion OTV availability for use with the pPilot plant
operations,

Development of associated assembly equipment, including
fabrication modules, manipulators, and teleoperators, is.
scheduled for completion for the fabrication and assembly of the
demonstration facility. The LEO space station, with a scheduled
IOC during 1984, would serve as the habitat for the censtruction.
of the Demo Iab. Operational Status of a GEQO space station is
scheduled for the time of pilot plant operations at geo-
synchronous orbit.

2.6.1.1 Supporting Technology Program

Figure 2.6~3 defines the supporting technology program

'required for the orbital system elements. Specific technology

objectives for the large golar arrays, the microwave transmission
system, and the large structure and assembly have been identified,
and are summarized in Section 4. Major solar-array technology
improvements include selar cell conversion efficiency for light-
weight solar cell blankets, blanket fabrication brocessing for
large production quantities at economically viable costs, and
solar cell thermal and radiation resistance improvements for long
life compatibility. The microwave transmission system technology
development relates to efficiency of DC to RF conversion, phase
front control for beam pointing and focusing, and waveguide manu-
facturing with emphasis on fabrication and assembly. Antenna
mechanical bPointing technelogy development is concerned with
actuator development, Power transfer characteristics aACross
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flexible joints and conductors. Microwave beam effects on the
ionsphere will stress evaluation of power density levels as a
function of operating frequency. Further technology development
of large structures will be directed to structural element design
using thin wall aluminum and composites compatible with the
applied loads, the thermal environment, and con-orbit manufacturing
and assembly techniques. Emphasis also will be placed on the
development of manufacturing modules and equipment used in the
space~-based fabrication and assembly of the ESS8PS.

2.6.1.2 Program Support Eguipment Costs

Table 2.6-1 lists the ROM costs for support equipments
that are directly and indirectly related to the SSPS. Those
equipments listed as indirect were identified as having wide use
in other programs, and a high potential of being developed
independently of the SSPS program. Costs for these equipment
were estimated using the Koelle cost estimating relationships
{CER) shown in Figures 2.6-4 and 2.6-5. These data were presented
at the "2nd Symposium on Cost Reduction in Space Operations" at the
International Academy of Astronautics, 14 October 1972, by
Dr. D.E. Koelle. The Koelle cost model was used because data
are compiled at a "Systems" level. (8ince the Aerospace model
would reguire definition to the subsystem level, its use would
require the resources not available for this study.)

Figure 2.6-4 presents the CER'S used to establish ROM
development and fabrication costs for the transportation systems.
Figure 2.6-5 presents the CER's used to estimate the ROM devel-
opment and fabrication costs for manned and unmanned assembly
support eguipments.

Note that Table 2.6-1 presents the CER number used, the
weight used in the estimate, the percent of new technology
assumed, and the number of units used to establish production
costs on an 85 percent learning curve.

2,6.1.3 15 MW DPemonstration Satellite

Figure 2.6~ is a conceptual design for a 15 MW (antenna
cutput power) demonstration and test satellite, The solar array
is designed with a concentration ratio of two. The silicon solar
blanket efficiency was established using the projected efficiency
for the SEPS array (12 percent), with efficiency degraded for
the operating temperature at a concentration ratio of two. A
power distribuition system efficiency of 92 percent was assumed,
and the projected microwave conversion efficiency of 82 percent
was utilized to compute the array ocutput power regquirement.
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ROM Costs = Transportation/Assembly/Maintenance

F e haci e andh bl
o

Eguipment
NO. OF
PROD
WGT UNIT UNITS
USED IN % ROM PRODUCTION ON 85%
CER # CER NEW | DDT&E COS8T . LEARNING
ELEMENT USED Ka TECH S M 10C COMMENTS CURVE
DIRECTLY CHARGEABLE
TO SSPS:
= ASSEMBLY EQUIP
- TELEQPERATORS 3 180 35 19 25 1985 300
— MAN. MANIPULATORS 4 1,940 75 365 11 1985 50
— EVA EQUIPMENT 4 90 75 26 1.5 1985 ' 300
o LOGISTICS EQUIP. 3 - 0 44 - 1985 | MODS TO ASSEMBLY EQ'P -
e MAINTENANCE EQUIP. 3 - 0 44 - 1900 | MODS TO ASSEMBLY EQ'D -
© FABRICATION MOD. 3 4,540 50 271 12 1985 | 3 TYPES DEVEL'D 100
SUBTOTAL 769
INDIRECT CHARGES:
o LEQ TRANSPORT
— SHUTTLE - nN/A 200 1980
— DEPLOY ONLY LAUNCHER 2 286,000 30 380 150 1900 | NO ENGINE DEVEL'MT -
— HLLV 1&2 |477,000 75 6540 400 1005 | ENG WGT = 63,600 Kg/ENG -
s SO TRANSPORT {H, /0, = TURBOPUMP)
— LARGE CRYO TUG 2 36,000 30 166 15 1900 | DERIVATIVE OF ET/SSME -
— ADVANCED ION i&2 [726,000 75 3847 1995 -
— PROPELLANT DEPOT 3 30,000 30 223 27 1890 100
— TUG FOR DEPOT 2 1,300 30 215 26 1990 300
s SO CREW TRN MODULE 4 11,640 20 190 23 1990 100
& | EQ SPACE ST 4 76,450 50 2225 62 1980 50
# S0 SPACE ST 4 76,450 1] 224 62 1990 —
SUBTOTAL 14,0170

s
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Figure 2.6-4 Cost Estimating Relationships
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CHARACTERISTICS

% SOLAR BLANKET

— CONCENTRATION RATIO =2
— CELL EFFICIENCY = 9.7%
— POWER DISTRIBUTION EFF. = 92%

© MICROWAVE CONVERSION EFF = 82%
WEIGHTS (228,343 KG}

ARRAY

® BLANKET=

¢ CONCENTRATOR

® NON COMDUCT. STRUCT.,

39,571 KG (0.525 KG/M2)
3014 KG (0.02 KG/M2)
16,692 KG (2.76 KG/M LENGTH)

Biaw v oo onpnon

@ CONDUCT. STRUCT 2633 KG (2.76 KG/M LENGTH)

& MAST 1042 KG {2.76 KG/M LENGTH)
SUBTOTAL 62959 KG

ROTARY JOINT = 12,670 KG (1/10 WT QPS SYS7)

ANTENNA

e STRUCTURE 9083 KG (.43 kg/m2)

® CONTOUR CONTROL = 3648 KG (.38 kg/m2)

® POWER DIST = 10648 KG (RAYTHEON EST!}

® CONTROL ELECT = 5632 KG (RAYTHEON EST)

® TUBES = 2848 KG (RAYTHEON EST)

® WAVEGUIDE _ = 05,296 KG (RAYTHEON EST)
SUBTOTAL = 127,155 KG.

Demonstration and Test Satelliite

L
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The array weight estimates were based on projected SEPS
solar blanket weights (0.525 kg/m2) and the Projected use of 0.5
mil aluminized Kapton in the 1995 mirror system. 'The weight~per-
unit~length of structure for the 1995 satellite was also used
as the basis of establishing the nen-conducting structural weights.
The column lengths for this design are approximately the same as
the 1995 system. The weight of the conducting structure and
central mast are sized by electrical requirements of the opera- g
tional system and structural requirements of this gystem. The }T
rotary joint is scaled down (1/10 size) from the 1995 system.

The total weight of the satellite should be 228,343 kg ' o
(503,148 1b), | 1l

,.‘..H., et e

Two options were considered for placing the 1985 Demo e
Satellite into low earth orbit. The first considered shuttle S
utilizatlon exclusively, using a series of shuttle flights to :
transport materials and equipment to orbit and assembling in
oxrbit. Figure 2.6-7 shows a mission schedule utilizing 53 f£lights.
Mission 1 is a series of 24 flights that fabricates and assembles
the complete antenna assembly. Missions 2 and 3 assemble the
rotary joint and its interface with the antenna. Mission 4
assembles the central mast, and joinsg it to the rotary joint.
Mission5 assemblies the solar array and installs the microwave

antenna to complete the assembly of the Demo Satellite,
transfers the assembled sate

Mission 6
llite to its operational orbit.

The second option, illustrated by Figure 2,6~8, is the
placement of a Space Station in low earth orbit, from which the
Demec Satellite would be fabricated, assembled, and serviced.
Materials and eguipment would be delivered to the Space Station
using the DOL launch system; a crew of six would fabricate and
assemble the Demo Satellite over a period of 18 months. fable
2.6-2 summarizes the equipment needed in orbit and the number of
DOL and shuttle flights required for material and crew transport.
A total of 16 flights have been defined, of which nine are !
shuttle flights for crew rotation at 60 day intervals. Total f

bProgram costs summarized in baragraph 2.6.1.5, were based on this
option.

2.6.1.4 1GW Pilot Plant

A conceptual design of the 1 GW Pilot Plant placed at
geosynchronous orbit and scheduled for operation at the end of
1991, together with the assumptions used in sizing the configura-
tion is shown in Figure 2.6-9, Total system weight is 8.33 x
106 Kg. The transmitting antenna and rotary joint are assumed to
be the same as in the operational configuration.
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MISSION 81 82 83 84 85 COMMENT
— COMPLETE ANTENNA ———T R R
ASSEMBLY
— ROTARY JOINT - ADD S/C MODULE &
ASSEMBLY rmemue 4 FLTS LEAVE IN ORBIT
"« ROTARY JOINT
70 ANTENNA mesmwastnn 3 FLTS | LEAVE IN ORBIT
— CENTRAL MAST & ADD TO ASSEMBLY
INTEGRATION TEST I— 2 FLTS| | ORBIT
DEMO SATELLITE:
— SOLAR ARRAY ADD ANTENNA TO
ASSEMBLY ————— COMPLETE
18 FLTS | pEmoO SAT.
— ASSEMBLY
TRANSFER e 2 FLTS
TOTALS 53 FLTS

Figure 2.6-7

Mission Schedule Using Shuttle
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Table 2.6-2 Transport Flights to LEO for DEMO Satellite g
Construction Using Space Station
WEIGHT TO NO. OF NO. OF )
ELEMENT LEO, 103 Kg DOL FLIGHTS | SHUTTLE FLIGHTS i
e SPACE STATION ” o .
P
— 6 MAN HAB, MOD. 80 2 <
- CONSTRUCTION BASE 10 ™
— FABRICATION MOD 5 :
e
e ASSEMRLY EQUIP o
— MANNED MANIPULATOR 4 1 o
— EVA EQUIPMENT 05 > E
® SUPPLIES
-- SPACE STATION EQUIPT
SUPPLIES 20 .
— MISCELLANEOUS 35 v,
* MATERIAL TRANSPORT 229 : 4 -
e CREW TRANSPORT 9 N
TOTAL 352 7 9 .
1Y oF THE
RODUCEEEA S o 0R -
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CHARACTERISTICS

@ SOLAR BLANKET

— CONCENTRATION RATIO=2 -
2.97 KM ~ CELL EFFICIENCY = 11%
— POWER DISTRIBUTION EFF = 92%

e MICROWAVE CONVERSION EFF =57% RECTIFIED AT GROUND

WEIGHTS . :
) ABRRAY KG X 106 " COMMENT
1 © BLANKET= 2.82 : {7.04 KM?} (0.4 KG/Ni®)
® CONCENTRATOR = 0.31 {15.4 KNI?} {0.2 KG/M?)
@ NON CONDUCT STRUCT = 0.61 . {18.5 KM?} {0.033 KG/M?)
1.5 KM 0.8 KN o CONDUCTING STRUCT = 0.07 {185 KM?) {0.004 KG/M?)
- L o MAST = 0.38 (74 ¥M)  {0.052 KG/KM)
4,19 ‘
ROTARY JOINT 0.20 {SAME AS 1995 SYSTEM)
MW ANTENNA 3.94 fsmms AS 1995 ?;’STEM ,
- . WITH REDUCE # OF TUBES
1RU=88,125KG | - : —_ : ) -
/,\/ﬂ TOTAL 8.33 (18.3 X 10° LB)
F igure 2 .6-9 pilot Plant (1990) . 1 GW Ground ﬁpwe‘r
q £ e R S T Tt U e T S
. ﬂ[i#l‘ ' B v X . {
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The satellite is fabricated and assembled in LEQ using
Space Station modules, and transported to geosynchronous orbit by
a series of large cryo 0TV flights. The progranm plan also shows
an option for the early development of an Advanced Ton Propulsion
Stage for transfer of the pilot plant to geosynchronous orbit.
This option, however, was not utilized to establish program
costs; an advanced OTV was assumed available for transportation
of the first operational satellite. '

Table 2.6-3 summarizes the total equipment and supplies
to be brought to LEO for the fabrication and assembly of the 1 GW
"pilot plant. Fourteen 6-man space station habitats are needead
to support an assembly crew of BO men over a 24 month period.
The c¢rew size was estimated by assuming that 50% of the fabrica-
tion and assembly is performdd by greound-controlled teleoperators,
Operating approximately 20 houcrs ber day. The remaining assembly
is performed by on-orbit crew operations. A 6 man GEO space
station is deploved to support the on-orbit and maintenance
operations.

The number of flights required to transport the equipment
and supplies were evaluated for two transportation system options:
Option 1 was based on the utilization of the DOL launch system;
option 2 was based on the utilization of the HLLV launch system
{starting in 1988). The total number ~f flights required for
each of these launch systems are summarized in Table 2.6-3,
Shuttle flights for crew personnel transport using the large
Passenger transport version also are shown.

2.6.1.5 Program 3 Total Costs

Using the data in the Appendix A as a reference, total
brogram costs were established for the updated strawman programn.
Table 2.6-4 is a summary tabulation. DDT&E and unit production
costs for the Demo Satellite. the Pilot Plant, and the Operatiocnal
Satellite were used to establish costs for those elements of the
program. The data was formulated during the phase I contract
effort using a similar program development schedule and is con-
sidered directly applicable. Transportation and assembly costs
for each of the mission elements were regenerated based on the
several transportation and assembly options discussed previously.

Table 2,6~5 summarizes the mizsion costs for transporting
and assembling the Demo Satellite by means of the series of
shuttle flights described in rParagraph 2.6.1.3. A 15% cost factor
has been added to account for auxiliary equipment such as space
pPlatforms, power modules, etc.; an additional 10% is included to
account for modifications to the shuttle support edquipments,
dround facilities, etc. The total Demo Satellite assembly pro-
gram using shuttle is estimated at $962 M. Although these costs
were not utilized in the overall program costing results, they
are presented here for reference.

2.6-16
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Table 2.6-3 Transport Flights to LEO

and GEO for Pilot Plant

OPTION 1 OFTION 2
WGT TO NO.OF | NO.OF NO. OF | NO.OF
NO.OF | LEO DOL SHUTTLE || HLLV | SHUTTLE
ELEMENT UNITS | 106 KG FLTS | FLTS FLTS | FLTS
EQUIPMENT
» LEOSPACE STATION (6 MAN/UNIT} | 12 1.07 15 6
GEQ SPACE STATION 1 076 1 1
e ASSEMBLY EQUIPMENT
— MANNED MANIPULATORS 14 0271 1
— TELEOPERATORS 80 0147
— EVA EQUIPMENT 260 021 1
2
o FABRICATION MODULES 2 002
¢ LARGE CRYO OTV 3 10 1
e SUPPORT TUGS 10 013
® PROPELLANT STORAGE TANKS 6 19 3
® ORBIT MAINT MODULE 1 002 ) 2
e CREW MODULE 1 012
SUPPLIES
® CRYO PROPELLANTS 15.04 208 77
® SPACE STA EQUIP & SUPPLIES 8 5
» CREW ROTATION 16 16
MATERIALS TRANSPORT £.33 115 46
 TOTALS 354 16 139 16
2.6-17
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Table 2.6-4 Program 3 Total Costs

EXPENDITURE
COST $M PERIOD
SUPPORYING RESEARCH & TECH. PROG.
® SOLAR ARRAY 358.9 _
® MICROWAVE 60.4 1977 — 1885
o STRUCTURAL 39.3
TOTAL 458.6
UNIT
DDT&E PROD ASSMEBLY | EXPENDITURE
SV $M OPERATION | PERIOD
LEO DEMO SATELLITE $7616/KW 1388 $/KG
® SOLAR ARRAY 1108 :
© ANTENNA INTERFACE 383
© TRANSMITTING ANTNENA 610 1980—1935
© RECEIVING ANTENMNA 59
SUBTOTAL 2160 114.2 317
MANAGEMENT, S&i (40%) 864 45.7
UNCERTAINTIES (20%) 432 22,3 ’
TOTAL 3456 182.7 317 o
PILOT FLANT $322/KG E
& SOLAR ARRAY 3104 765 (HLLV) 1985—1991 .
LAUNCH SYS j
® ANTENNA INTERFACE 446 108 $697/KG
& TRANSMITTING AMTENNA 320 144 (DOL -
® RECEIVING ANTENNA 1218 392 LAUNGH SVYS) "
SUBTOTAL _ 5088 1406 2682 5 o
MANAGEMENT, S&i {40%) 2035 562 {5808) | o
UMCERTAINTIES (20%) 1617 281 i §\
TOTAL 8140 2249 2682 o
G <
OPERATIONAL PLANT $148/KG N =
® SOLAR ARRAY 1024 1828 1990-1995 i
& ANTENNA INTERFACE 149 156
o TRANSMITTING ANTENNA 260 861
® RECEIVING ANTENNA 403 2240
SUBTOTAL 1836 5185 2679
MANAGEMENT, S&I (40%) 734 2074
UNCERTAINTIES, (20%) 367 1037
TOTAL 2037 8296 2679
GRAND TOTALS 14992 10728 5678 $31,398 M

2.6-18




Table 2.6-5

AR RT P I i

Shuttle Utilization Flight Test Cost Summary

MISSION SHUTTLE FLTS SHUTTLE COSTS YR MISSION COST $M*=
1 24 312 1983-1984 312
2 4 52 1983-1984 66.5
3 3 3o 1984 415
4 2 26 1984-1985 29.6
85 18 234 1984-1985 2547
6 2 26 1985 56.0

SUBTOTAL 53 689 760.3

15% for Shuttle

Auxiliary

Equipment 114.1

SUBTOTAL 8744

10% for Shuttle

Support System

Mods 87.5

TOTAL 961.2

*Excludes cost of microwave components

2.6-19
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Table 2.6-6 summarizes the Demo Satellite transportation
"and assembly costs based on the utilization of a LEOC space station
and the DOL launch system. The data were derived using the
equipment cost summarized in the WBS of the appendix, with the
LEQ space station and launch vehicle fleet purchase costs
amortized. The total Demo Satellite assembly costs were estimated
at $317M ($1,388/Kg); this cost compares favorably to the cor-
responding assembly and operations cost showna in the Appendix.
The data were utilized in establishing the overall program costs.

Table 2.6-7 summarizes the 1 GW Pilot Plant transportation
and assembly costs with the DOL launch system option. These '
costs, as shown are estimated at $5804M {$697/Kg).  Differences
between this estimate and that shown in Appendix A are due
primarily to the accounting policies adepted, since major
equipment and launch vehicle purchase costs were amortized:
the previous data were based on unamortized equipment costs.

Table 2.6-8 summarizes the 1 GW pilot plant transportation
and assembly costs with the HLLV launch system aption. As shown

in the table, this option significantly reduces the costs of
transportation and assembly.

Transportation and assembly costs for the operational 5
GW SSPS baseline configuration is summarized in Tahle 2.6-9. This
cost estimate assumes that 80% of the assembly operations are
performed by ground-controlled teleoperators, and that the re-
maining 20% require man-tended functions. A need for a synchronous
orbit space station is assumed for final assembly, checkout, and
maintenance functions. Total costs are estimated at $2666M
($148/Kg). Differences between these data and the data shown in
the appendix are due principally to the casts assumed for crew
retation., This estimate assumed that a large passenger transport
shuttle is developed, and available, in the 1990 time frame.

2.6.2 Program 1 - Direct Development of Operational Satellite

Figure 2.6-10 presents the overall program schedule for
the direct development of an operational satellite with an IOC
scheduled at the end of 1991. The DDT&E phase is assumed to
commence in 1984, and is extended over a seven year period. The
fabrication, assembly, and transport to GEO is performed over a
three year period. The satellite on-orbit construction is
supported by a LEO Space Station, and the assembled SSPS is trans-
ported to GEO using an advanced Ion propulsion stage. The GEO
Space Station is used to support final assembly, checkout, and
maintenance operations at geosynchronous orbit. The development
schedule for the transportation systems, assembly eguipment,
and on-orbit support equipments are also shown.

206-20
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Table 2.6-6"

Transportation and Assembly Costs For LEO De

monstration Lab

EQUIP. | WGT. NO. OF NO. OF
NO.OF | COST, | TOLEO, DOL SHUTTLE | COST,
ELEMENT UNITS | $M 103 KG FLIGHTS | FLIGHTS | $M™ ASSUMPTIONS
EQUIPMENT: '(]
e LED SPACE STATION 1 4741 80 2 65 {1} LEO SPACE STATION
© ASSEMBLY EQUIPMENT - AMORTIZED OVER FIVE
— MANNED MANIPULATOR 2 22 a4 22 CONSTRUCTION PERIODS
— EVA EQUIPMENT B 9 0.5 9
» FABRICATION MODULE 1 12 5 12
e CONSTBASE FACGILITY 1 30 10 1 39
SUPBPLY:
® SPACE STA EQUIP AND
RESUPPLIES 20 1
¢ MISCELLANEOUS 3.5 J
CREW ROTATION 9 108
MATERIAL TRANSPORT 229 4 36
SUBTOTALS 350 7 9 292
& PERSONNEL 1
® AMORTIZED L/V COSTS 24
TOTAL 317
TRANSPORTATION & ASSEMBLY
COSTS, $/Kg $1388
NOTES:

1. LAB WGT = 228,343 KG

2. 100 PERCENT MANNED ASSEMBLY OVER 18 MONTH PERIOD

1 L RHAR At V1o Far b o e sk
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Table 2.6-7

Plant DOL Launch System

Transportation and Assembly Costs for 1 GW Pilot

EQUIP | WGT NO, OF NO. OF
NO.OF '| COST, TO LEO, DOL SHUTTLE | COST,
ELEMENT UNITS | %M 103 KG FLIGHTS | FLIGHTS | $m ASSUMPTIONS
ECQUIPMENT:
¢ LEO SPACE STATION {6 MEN/
UNIT) 14 265801 | 107 15 4638 | (1) LEOSPACESTATION
@ GEO SPACE STATION {6 MEN/ AMORTIZED OVER FIVE
UNIT) 1 20(1) 0.076 1 33 CONSTRUCTION PERIODS
o ASSEMBLY EQUIP
~ MANNED MANIPULATORS 14 3111) 0.0271 31
— TELEOPERATORS 80 4p{1) 0.0147 1 53
— EVA EQUIPMENT 260 7a(1} 0.021 1 a1
o FABRICATION MODULES 2 24 0.002 24
® LARGE CRYO TUG 3 (1) 0.10 1 22
® SUPPORT (MANEUVER) TUGS 10 26 0.013 26
© PROPELLANT STORAGE TANKS 6 33(1) 0.19 3 72
e ORBIT MAINT. MODULE 1 3.2 0.002 } 3.2
© CREW MODULE 1 23 0.012 1 36
SUPPLY:
® CRYO PROPELLANTS 15.04 208 2704
© §/S & EQUIP RESUPPLY : 8 104
® CREW ROTATION 15 192
MATERIALS TRANSPORT 8.33 115 1495
SUBTOTAL . 354 5350
® PERSONNEL 804 ' 36
@ AMORTIZED L/V COST 600
TOTAL . 5986
TRANSP AND ASSEMBLY COST, $/KG - 719

NOTES:

1. PILOT PLANT WGT = 8.33 x 10° kG

2. 50 PERCENT MANNED ASSEMBLY, 50 PERCENT REMOTE ASSEMBLY




Table 2,6-8 Transportation and Assembly Costs for 1 GW Pilot Plant -
HLLV Launch System

EQUIP | WGT NO. OF NOo.OF |
NC.OF | coSTS, | TO LEO, HLLV . SHUTTLE | COST,
ELEMENT UNITS | $Mm 106 Kg FLTS (3) FLTS (2) $M ASSUMPTIONS
EQUIPMENT:
© LEO SPACE STATION 146 | 2538!1 | 107 6 3228 | (1) COSTS AMORTIZED OVER
& GEO SPACE STATION 1 20(1) 0.076 1 29 5 SATELLITE CONSTRUCTION
@ ASSEMBLY EQUIP ‘ PERIODS :
— MANNED MANIPULATORS 14 31{t 0.02717 31 .
—~ TELEGPERATORS g0'7) 40l 0.0147 40 (2) PASSENGER VERSION OF
— EVA EQUIPMENT 260 78(1) 0.021 2 78 SHUTTLE-I5 PASSENGERS TO
e FABRICATION MODULES 2 24 0.002 42 LEO AT $9M/FLT
© LARGE CRYO TUG 3 ol1} 0.10 9 :
e SUPPORT (MANEUVER) TUGS 10 26 0.073 26 {3) HLLVCLASS4 — 181.3x
ey © PROPELLANT STORAGE TANKS 6 33(1} 0.10 33 103 KG TO LEO
o © ORBIT MAINT MODULE 1 3.2 0.002 2 21.2
, ® CREW MODULE 1 23 0.012 23 {4) L/V AMORTIZED BY TOTAL
N NO. OF FLIGHTS VS
w DESIGN LIFE :
SUPPLY ;
@ CRYOPROPELLANTS 15.04 77 747 (5) CREW CYCLED EVERY
© S/S & EQUIP RESUPPLY 5 a5 60 DAYS )
® CREW ROTATION (5} 12 144 :
MATERIALS TRANSPORT 3.33 46 414 (@) snﬁ;érlsnﬁ;mgg%gnoaé_g
® SUBTOTAL 139 12 2005 2 :
WEEK PER MAN ‘
e PERSONNEL 804 36 ] ‘
® AMORTIZED L/V COST (4) | 6480 | 17) 45 KG/HR ASSEMBLY : P
TOTAL 2839 RATE, 20 HR/DAY j
TRANSP AND ASSEMBLY COST, $/KG $323
NOTES:

1. PILOT PLANT WGT = 8.33 X 10° KG
2. 50 PERCENT MANNED ASSEMBLY, 50 PERCENT REMOTE ASSEMBLY
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Table 2.6-9

Transportation and Assembly Costs

Satellite

Remote Assembly

- 5 GW Operational

20 Percent Manual Assembly,

80 Percent

| souir | war NO.OF | NO.OF
NO.OF | cosT, | TOLEO, | HLLY, SHUTTLE | COST,
ELEMENT units | smil | Kgx 108 | FLTS®®! | FLTS SV ASSUMPTIONS
EQUIPMENT:
s LEO SPACE STATION 128} | 230 0.912 5 3 275 | (1) COSTS ARE AMORITZED
e GEOD SPACE STATION 1 192 0.076 1 32.2 OVER A5 SATELLITE
& ASSEMBLY EQUIPMENT CONSTRUCTION PERIOD.
— MANNED MANIPULATORS 12 26.4 0.023
— TELEOPERATORS 225(7) | 1125 . | o0.040 } 3 205.8 | (2) PASSENGER VERSION OF
— EVA EQUIPMENT 100.. 30.0 0,009 SHUTTLE — 45 PASSENGERS
© FABRICATION MODULES 3 10 _ 0.016 TO LEO AT $OM/ELT
e LARGE CRYO TUG 2 6 0,072 1 8
© MANEUVER TUG 1 5.7 0.013 1 10 (3) HLLV CLASS4—181.4%
® CREW MODULE 1 5 0.012 1 10 103 Ky TO LEO
6 PROPELLANT STORAGE TANKS 26 140 0,780 } 5 185
e ORBIT MAINT. MOD. 1 3.2 0.002 32 | (4 L/VAMORTIZED BY TOTAL
o ADVANCED ION STAGE 1 38 0.726 4 74 NO. OF FLIGHTS VS
DESIGN LIFE
SUPPLY:
@ CRYQ PROPELLANTS 0.981 6 54 {(5) CREW CYCLED EVERY 60
® |ON PROPELLANTS 0.772 5 45 DAYS
© §/S & EQUIP. RESUPPLY 0.772 5 45
e CREW ROTATION(5) 24(2) 215 (6} 9 Kg/Hr ASSEMBLY RATE,
MATERIAL TRANSPORT 18.06 | 100 900 56 HR WORK WEEK PER MAN
SUBTOTAL 132 29 2063 {7} 4.6 Ko/Hr ASSEVBLY RATE,
* PERSONNEL 663 2.8 20 HRS/DAY
s AMORTIZE L/V COST gogld) 58{4) 586
TOTAL 2678.8
TRANS FABRICATION AND
ASSEMBLY COST, $/KG 148
NOTES:
1. 88PS WGT = 18.06 X 10 Kg
2. 2 YEAR ASSEMBLY PERIOD
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2.6.2.1 Supporting Resear- ind Technology Program

.ng . Research and Technology Program
necessary for the direct development of the S5PS is shown in
Figure 2.6-11, The program contains much of the same technology
development areas described for Program 3, but also includes
rarticipation in satellite and shuttle sortie mission flights.

An expanded Supporti

a4 series of flight test missions that also commence in 1981,
Missions 2 and 3 evaluate methods for deploying and fabricating
structural elements. Mission 4 addresses waveguide deployment

and fabrication. Microwave components and electronics integra-
tion are demonstrated and evaluated in Mission 5, Mission 6
continued to evaluate manufacturing and assembly technigues by
building and integrating subassembly—to-subassembly configurations.
These shuttle sortie mission scenarios are considered essential

for the direct development to an operational satellite.

2.6.2.2 Program 1 Total Costs

Total program costs for the direct development to an
operational satellite isg summarized in Table 2.6-10. The support-
ing research and Technology Program includes the cost of the
shuttle sortie flight test missions. Table 2.6-11 shows the
Costs associated with these Scenarios.

Pilot Plant contribhute significantly in its development; cost
data were projected for the direct Program by assuming it is
representative of an 80% new-technolaogy build.
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CLAENDAR YEAR
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1 — LARGE SOLAR ARRAYS

SOLAR CELL BLANKET
RAW MATERIAL PROCESS
CRYSTAL GROWTH

BLANKET FABRICATION
PROCESSES

PACKAGING IMPROVEMENTS

CELL EFFICIENCY
IMPROVEMENT

ALTERNATE PHOTOVOLTAIC
DEVICES

ARRAY DESIGN
DEVEOLPMEMT

SOLAR CONCENTRATION

IMPROVED ENVIRONMENTAL
RESISTANCE

HIGH VOLTAGE COMPONENTS

LONG POWER TRANSMISSION
DISTANCES

STRUCTURAL USE OF
CONDUCTING BUSSES

USE GEO HI VOLTAGE SAT. 4 YR MISSION

A -

& 8 85 08

L
[ ]
cC -
o

2 — MICROWAVE TRANSMISSION

TRANSMISSI0ON & CONVERSION
DC.RF CONVERTERS & FILTERS
MATERIALS

PHASE CONTROL SUBSYSTEMS
WAVEGUIDE

BIOLOGICAL

PROTOTYPE ROTARY JOINT
ATTITUDE CONTROL

POWER TRANSFER
1ONOSPHERE

HADIO FREQUENCY
ALLOCATION

HUTTLE FABRICATION TEST

EQUIRES ARECIBD

A -
L]

3 — LARGESTRUCTURE & ASSEMBLY

STRUCTURE

STRUCTURAL ELEMENT
DESIGN & FABR

THERMAL EFFECTS

* CONFIGURATION

STRUCTURAL & CONTROL
ANALYSIS

ASSEMBLY & OPERATIONS
MANUFACTURING MODULES
REMOTE MANIPULATORS

MANUFACTURING & ASS'Y
TECHNIQUES

STRUCTRAL VERIFICATION
TECHNIQUES

TRANSPORTATION STUDIES
LAUNCH
INTER-ORBIT

MAINTENANCE STUDIES

E TESTS

I TLE TESTS

Figu

re 2.6-11

Supporting Technology Development,

SSPS Program 1
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MISSton

81 B2

83

84

85

COMMENT

1

— GEO HI VOLTAGE
TECH SAT.

SORTIES:

2

6A

[

— STRMCTURAL
FABRICATION

— 5 KW CONVERTER
TEST

-— JOINT & FASTENER

(ASSEMBLY)

— WAVE GUIDE
FABRICATION

ELECTRONIC
INSTALLATION

SUBASSEMBLY TO
SUBASSEMBLY

A DEPLOY

4 FLTS

PIGEYBACK ON 1ST FLT

A REVISIT

ADD S/C MODULE &
LEAVE IN ORBIT

ATTACH TO STRUCTURE
& LEAVE IN ORBIT

ABDD TO MODULE In
OREIT

Figure 2.6~12

Program 1 - Supporting Technology Flight Tests
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Table 2.6-10 Program 1 Total Costs
COSTS,
&M EXPENBDITURE PERIOD
SUPPORTING RESEARCH & TECHNOLOGY PROG '
® SOLAR ARRAY . 358.9 1977—1985
* MICROWAVE 60.4
® STRUCTURAL 39.3
¢ SHUTTLE SORTIE MISSIONS 598.9
TOTAL 1,057.5
UNIT
DDT&E PRODUCTION ASSEMBLY EXPENDITURE
$m $M OPERATIONS PERIOD
OFERATIONAL PLANT $233/KG
® SOLAR ARRAY 4,687 1,973 ,
'@ ANTENNA INTERFACE 669 170 '
® TRANSMITTING ANTENNA 915 1,250 19841991
® RECEIVING ANTENNA 1,583 3,140
SUBTOTAL 7,854 6,803 4217
"MANAGEMENT, S&I {40%) 3,142 2,721
UNCERTAINTIES {20%) 1,570 1,360
TOTAL | 12,566 10,584 4217
GRAND TOTALS 13,624 10,844 4217 $28,724 M

iy




Table 2.8-11

Supporting Technology Flight Test Cost Summary

MISSION

SHUTTLE FLTS

SHUTTLE COSTS

YR

MISSION COST $M*

[ L B

A

SUBTOTAL

n
ml =) I3 R 4 ) B 41 JF Y

13
52
65
65
85
78

33

1881
1981
1981-1982
1982
1982
1983

55.3
795
£8.5
93.2
73.0
78.6

479.1

15% for Shuttle
Auxiliary
Equipment

71.9

10% for Shuttle

Mods

Support System

47.9

TOTAL

- 598.9

*EXCLUDES COST OF MICROWAVE COMPONENTS
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. crew rotation. o o

Assembly and operations cost was developed for this pro-
gram using a format similar to that shown in Program 3. The
major difference assumed was that B80% of the fabrication and
assembly phases would be performed by on-orbit manned operations,
and that 20% would be performed using ground-controlled remote
teleoperators., This representation was based on the lack of
assembly expertise that is otherwise assumed to be gained during
pilot plant operations. Table 2.6-12 summarizes the total-
operations costs resulting.

2.6.3 Program 2 - Pilot Plant/Operational Satellite

A two step program based on the deployment of a 500 MW
pilot plant as the first step to deployment an operational 5 GW
satellite, to be activated at the. end of 1991, is presented in
Figure 2.6-13. This program was developed to assess the impact
of including a pilot plant only as the development ecycle to
operational status. A 500 MW pilot plant was selected for
establishing relative data on pilot plant sizing.

The overall program schedule contains all of the common
assembly equipment, transportation systems, and on-orbit support
equipment shown in programs 1 and 3, but time phases are slightly
adjusted for their scheduled utilization. The most significant
difference in schedules, as compared with the pilot plant
schedule of Program 3, is the planned I0OC date of the HLLV launch

" system. This program assumes HLLV availability for the operational

satellite, and conseguently is not operational to support the
pilot plant operations. LEO and GEO space stations are brought
to operational status to support the low orbit fabrication and
assembly and gecsynchronous orbit operations and maintehnance.

2.6,3.1 Supporting Technology Program

Figure 2.6~14 summarizes the research and technology pro-
gram development. Differences in this program relative to program
Program 3 are small, in that the inclusion of a GEO high voltage
satellite for high voltage component evaluation and ground

- antenna microwave beam-ionospheric evaluations are included.

2.6.3.2 500 MW Pilot Plant

Figure 2,.6~15 depicts a conceptual design for a 500 MW
pilot plant to be placed at geosynchronous orbit for operation
by the end of 1985.  The assumptions used in sizing the config-
uration are the same as those used as in. Program 3. The total

satellite weight is estimated at 5.59 ¥ 106 xg. The satellite is

fabricated and assembled in LEO using a space station, and trans-
ported to geosynchronous orbit using a series of large cryo 0TV
flights. Launch operations to low earth orbit utilize the DOL

“launch ‘system. Table 2.6-13 summarizes the equipment to be

brought to low-altitude orxrbit and the number of DOL flights
required. Also shown is the number of shuttle f£lights required for

2.6-31
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Table 2.6~12

Pransportation and Assembly Costs - 5 GW Operational

Satellite
‘ | equir | weT NO. OF NOC. OF
NO.OF | cosT, | TOLEO HLLV SHUTTLE | COST,

ELEMENT units | sml1 | kex108 | FLTS® FLTS $m ASSUMPTIONS
EQUIPMENT: (6l
e |EO SPACE STATION (6 MAN) a7 902.4 358 20 1082.4 | {1} COSTS ARE AMORTIZED
® GEO SPACE STATION 1 19.2 0.076 1 322 OVER A5 SATELLITE
¢ ASSEMBLY EQUIPMENT CONSTRUCTION PERIOD.

— MANNED MANIPULATORS a7 103.4 0.090

— TELEOPERATORS 56(7) 28 0.010 {2) PASSENGER VERSION AT

— EVA EQUIPMENT 300 80 0.027 6 283.4 SHUTTLE —45 PASSENGERS
# FABRICATION MODULES 3 8 0.016 TO LEO AT $8M/FLT
& LARGE CRYO TUG 2 6 0.072 1 3.8
@ SUPPORT TUGS 40 20.8 0.052 1 238 | (3) HLLVCLASS4—181.4%x
® CREW MODULE 1 5 0.012 1 6.0 103 Kg TO LEO
® PROPELLANT STORAGE TANKS | 26 140 0.780 5 185.
@ ORBIT MAINTENANCE MODULE 1 3.2 0.002 32| {4) L/V AMORTIZED BY TOTAL
e ADVANCED ION 1 38 0.726 a 74 NO. OF FLIGHTS VS DESIGN

LIFE
SUPPLY:
¢ CRYO PROPELLANTS 0.981 & 54 | (6} CREWCYCLED EVERY 60
{® 10N PROPELLANTS 0.772 5 45 DAYS
¢ S/S & EQUIP. RESUPPLY 0.772 5 45
e CREW RQTA'”ON(E) 75(2) 675 {68) 9 Kg/Hr ASSENIBLY RATE,
' — 56 HR WORK WEEK PER MAN
MATERIAL TRANSPORT 18.06 100 900
7} 45 Ko/Hr ASSEMBLY RATE,

SUBTOTAL _ 148 81 z57 | 7 20 Hrﬂ.’éﬂ; AY
e PERSONNEL 895 : 40.3
¢ AMORTIZE L/V COST 592(4} 162 754

TOTAL 42121

TRANSP AND ASSENIBLY COST, 233

- BfKg

NOTES: 6

1. SSPS WGT = 18.06'X 10 Kg _

' 2. 2 YEAR ASSEMBLY PERIOD

e
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CALENDAR YEAR L ' .
76| 77} 78| 79| 80} 81| 82| 83| 84| 85| 8687 [ as{aa 00| 01 [a2|e3[ 94 o5 [es [ 97 [ o8

1 - LARGE SOLAR ARRAYS
A — SOLAR CELL BLANKET
& HAW MATERIAL PROCESS
@ CRYSTAL GROWTH

9 BLANKET FABRICATION
PROCESSES

PACKAGING IMPROVEMENTS

CELL EXFICIENCY
IMPROVEMENT

ALTERNATE PHUTQVOLTALIC
DEVICES

B — ARRAY DESIGN DEVELOPMENT
& SOLAR CONCENTRATION

s [MPROVED ENVIRONMENTAL
RESISTANCE

® HIGH VOLTAGE COMPONENTS

© LONG POWER TRANSMISSION
DISTANCES

® STRUCTURAL USE QF
CONDUCTING BUSSES

L. ]

[

USE GEO HI VOLTAGE SAT

2 - MICROWAVE TRANSMISSION
A — TRANSMISSION & CONVERSION
% DC-RF CONVERTERS & FILTERS
MATERIALS
PHASE CONTROL SUBSYSTEMS
WAVEGUIDE
BIOLOGICAL
PROTOTYPE ROTARY JOINT
o ATTITUDE CONTROL
¢ POWER TRANSFER
€ -- IONOSPHERE

D ~ RADIO FREQUENCY
ALLOCATION

]
|

REQUIRES ARECIBO

3 — LARGE STRUCTURE & ASSEMBLY
A — STRUCTURE

© STRUCTURAL ELEMENT DESIGN
& FABR.

° THERMAL EFFECTS
8 CONFIGURATION

STRUCTURAL & CONTROL
ANALYSIS

B — ASSEMBLY & OPERATIONS
MANUFACTURING MODULES
REMOTE MANIPULATORS
MANUFACTURING & ASS'Y

TECHNIQUES

C — STRUCTURAL VERIFICATION
TECHNIQUES

D — TRANSPORTATION STUDIES
© LAUNCH
® INTER-ORBIT
MAINTENANCE STUDIES

a @ Q9

m
i

Figure 2.6~14 Supporting Technology Development, SSPS Program 2

2.6-34 | - b




%
| oim
-
Le——1.88 KiM—s]
[
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CHARACTERISTICS
® SOLARBLANKET P T
— CONCENTRATION RATIO =2
2.26 KM — CELL EFFICIENCY = 11%
~ POWER DISTRIBUTION EFF = 929%
* MICROWAVE CONVERSION EFF = 57% RECTIFIED AT GROUND ;
WEIGHTS -
L i
! ARRAY S © KGX10°
® BLANKET= = _ 1.71 ;
® CONCENTRATOR = A71 |
® NON CONDUCT STRUCT = .28
1.5 KM ® CONDUCTING STRUCT = _ 034 !
® MAST= - - ' 37
L 4.19
ROTARY JOINT a7
MW ANTENNA - 2.85 :
/‘*/ﬁ TOTAL 5.59
;
Figure 2.6-15 Pilot Plant (1985) 500 MW Ground Power
; 4 ‘ \
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rable 2.6-13 Transportation Flights to LEO For 500 o L
MW Pilot Plant A

WGTTO | ; =

NO.CF | LEO, DOL SHUTTLE Sy
ELEMENT UNITS | 10° KG FLIGHTS | FLTS N
. s
EQUIPMENT P

® 1.EO SPACE STATION 675 10 ' T
& GEO SPACE STATION 076 1 ot
e ASSEMBLY EQUIPMENTS }

R

-t (D

s

- MANNED MANIPULATORS 9 017
— TELEOPERATORS 43 008
— EVA EQUIPMENT 100 010
013 1
072 1
.009 1

2

1

27
002
012
SUPPLIES

s CRYO PROPELLANTS 12, 165 | L
® S/ & EQUIP RESUPPLY 43 6 o
e CREW ROTATION 8

FABRICATION MODULES
LARGE CRYO TUG

SUPPORT TUGS

PROPELLANT STORAGE TANKS
ORBIT MAINT MODULE

CREW MODULE

eS0T O6®Se
== i e - N

MATERIALS 5.6 77 ' AR

TOTALS 266 8 = 1

=t

o
""“? .
Dok
Sy
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2.6.3.3 Program 2 Total Costs ;

Program costs for the pilot plant/operational satellite
program are summarized in Table 2.6-14. As used in estimating '
Program 1 costs, Appendix A data were projected using the Koelle
Model. ©Both pilct and operational satellite DDT&E; unit pro-
o duction data were estimated by assigning new technology per-
. centages to both sets of data. In estimating the pilot plant
costs, for example, the reference data were assumed to reflect .
a 60% new technology build. This judgement wasg ba.ed on an R
estimate of the technology advanced from a 15 MW Demo Satellite
construction and operation program. On that basis, a 70% new
technology build wasg assumed for this program's costs, Efimilarly
for the operational satellite cost projections, the reference
costs were assumed to reflect a 20% new technology build, and
the corresponding program costs for this program were based on a
25% new technology build. These results are shown in the summary
. costs.

i
H
!
|

oY

Table 2.6~15 presents the cost of transportation, as-
L. sembly and operations of the pilot plant. These transportation
costs are significantly higher than for the Program 3 pilot plant
primarily because of the unavilability of the HLLV launch sysktem,

Presented in Table 2.6-~16 are the transportation costs
for the operational satellite. These costs are somewhat higher
than the operational program costs in that a higher percentage .
of on-orbit manned assembly was assumed.

- S 2.6-37
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Table 2,6-14

Program 2 Total Cost

COSTS,
M
SUPPORTING RESEARCH & TECHNOLOGY PROG.
e SOLAR ARRAY: 358.0
e MICROWAVE 604
8 STRUCTURAL 39.3
¢ GEQ SATELLITE 85,
TOTAL 513
DDT&E uNIT ASSEMBLY
M " PRODUCTION | OPERATIONS
"COSTS, $M
PILOT PLANT : $R44/KG
@ SOLAR ARRAY 4035 380
® ANTENNA INTERFACE 579 52
@ TRANSMITTING ANTENNA 793 77
2 RECEIVING ANTENNA 1218 200
SUBTOTAL €625 708 4718
MANAGEMENT, S&I {40%) 2650 284
UNCERTAINTIES {20%) 1325 141
TOTAL 10,600 1134 4718
- OPERATIONAL PLANT $191/KG
e SOLAR ARRAY 1118 1828
¢ ANTENNA INTERFACE 149 156
¢ TRANSMITTING ANTENNA 260 861
2 RECEIVING ANTENNA 403 2340
SUBTOTAL 1930 5185 534571
MANAGEMENT, S&I (40%) 772 2074
UNCERTAINTIES (20%) |6 - 1037
TOTALS 3088 8296 $3457M
GRAND TOTALS 14,201 9430 3175 {$31,806M)
B I -,‘ 1 - [ i pooee ~ 1 1;» 1 gu 1 Vr'.”;‘-g . :-.;(
o R R N A A b L o
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Table 2.6-15

Transportation and Assembly Costs For
£

500 MW Pilot Plant

EQUIP | WGT NO. OF NO. OF
NO.OF | COSTS, | TOLEO, DOL () SHUTTLE | COST,
ELEMENT UNITS | M 10° KG FLTS ersl2) M ASSUMPTIONS
EQUIPMENT:
.@ LEO SPACE STATION a{6) 172801} [ _165 10 302.8
® GEO SPACE STATION 1 20(1) .076 1 33,
® ASSEMBLY EQUIP _
— MANNED MANIP 9 2pl1) 0174 20 {1} COSTS AMDRTIZED OVER
— TELEOPERATORS 43(7) 215(1) | .oos2 1 245 5 SATELLITE CONSTRUCTION
— EVA EQUIPMENT 200 gof1) .016 60 PERIODS
© FABRICATION MODULES 2 24 .013 1 37
¢ LARGE CRYO TUG 1 15 072 1 28 (2) PASSENGER VERSION OF
© SUPPORT TUGS 7 18 .0091 1 3 SHUTTLE — 45 PASSENGERS
TO LEO AT $OM/FLT
® PROPELLANT STORAGE TANKS 4 215{1} | 1266 2 595 {(3) DOL LAUNCH VEHICLE —
@ ORBIT MAINT. MODULE 1 3.2(1} | .o02 } © 72500 KG TO LEO AT
® CREW MODULE 1 23 012 1 38 S13N/FLT
SUPPLY: Vv AMORTIZED BY TOTAL
@ CYRO PROPELLANTS 12. 165 2145 @ !'{,’0_ OIQ"FJGHTS Vs
@ 5/5 1 EOQOUIP RESUPPLY 43 G 78 DESIGM LIFE
® CREW ROTATION (5) 8 104 _ _
{5) CREW CYCLED EVERY
60 DAY:!
MATERIALS TRANSPORT 5.6 77 1007. S
- OKG/HE ASSEMBLY
SUBTOTAL: 266 8 39678 (@) RATIEH 56 MR WORK WEEK
© PERSONNEL 290 13 PER MAN
©® AMORTIZED L/V {4) 756.0 :
) (7) 45 KG/R ASSEMBLY
TOTAL _ 4736.5 RATE, 20 HR/DAY
TRANS AND ASSEMBLY COST, $/KG 846

NOTES:

1. PILOT PLANT WGT = 5.59 X 10% kG
2. 50 PERCENT MANNED ASSEMBLY, 50 PERCENT REMOTE ASSEMBLY

T T L ) o B U B
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Table 2.6—-16 Transportation and Assembly Costs - 5 GW oOperational

Satellite, 50 Percent Manned Assembly, 50 Percent

Remote Assembly

goue | wat NO. OF NO. OF
NO. OF | COST, | TOLEQ HLLY SHUTTLE | COST,
ELEMENT UNITS | smin Kg x 106 FLTS (3} FLTS $M ASSUMPTIONS
EQUIPMENT:
@ LEO SPACE S$TATION 30'6 | 578 2,29 13 693 {1} COSTS ARE AMORTIZED
® GEO SPACE STATION 1 19.2 1 222 OVER A5 SATELLITE
® ASSEMBLY EQUIPMENT CONSTRUCTION PERIOD
— MANNED MANIPULATORS 30 66 0.058
— TELEOPERATORS 141(7) 705 0.025 5 2295 | (2) PASSENGER VERSION OF
— EVA EQUIPMENT 200 60 0.018 SHUTTLE — 45 PASSENGERS
& FABRICATION MODULES 3 8 0.014 TO LEO AT $SM/FLT
s LARGE GRYO TUG 2 6 0.072 5
® SUPPORT TUG 25 13 0.032 22 (3) HLLV CLASS4—1814x
@ -CREW MODULE 1 5 0.012 5 102 Kg TO L.EO
o e PROPELLANT STORASE TANKS 26 140 6.78 1 85 |
s © ORBIT MAINTNEANCE MIDULE 1 3.2 0.002 32 {4)  L/V AMORTIZED BY
.o ® ADVANCE ION STAGE - 1 38 726 4 74 TOTAL NO. OF FLIGHTS
C s : VS DESIGN LIFE
[ - |
: SUPPLY:
, @ CRYO PROPELLANTS 0.981 6 54
e ION PROPELLANTS 0772 5 45 (5} CREW CYCLED EVERY
; e §/s & EQUIP RESUPPLY 0.772 5 45 G0 DAYS
© CREW ROTATION(S! 47{2) 423 :
{6) 9 KuofHr ASSEMBLY RATE,
MATERIAL TRANSPORT 100 800 56 HR WORK WEEK PER MAN
® SUBTOTALS 137 52 2457.7
® PERSONNEL 880 @ 396 | (7) 45 Ko/Hr ASSEMBLY RATE,
e AMORTIZE L/V COSTS 564 1064} 670 20 HR DAY
TOTAL i 23455.3
TRANSP AND ASSEMBLY COST, 8/KG | I 1|
NOTES: 6
1. 88PS WGT = 18.06 X 10° KG
2. 2 YEAR ASSEMBLY PERIOD

e e £ e




2.7 Cost and Risk Analysis Support

In support of the economic studies performed by ECON,
Grumman provided data for two specific analyses; the cost and
risk analysis and the economic analysis of demonstration and
pilot »lant satellites. e :

For the cost and risk analysis, a model was. formulated
in terms of a serles of technical and cost 1nput parameters, to
estimate the size, mass, and cost of & unit production satellite
and the cost of the associated equipment required for fabrication,
assenmbly, and transportation. Thls model is. descrlbed in
Appendix A of Volume III. Input ‘parametexrs for use in Paerc151ng
this modél were estimated in three categories: ..the best value,
the mo%t likely value, and the worst value. The ground rules
utilized in estimating these parameters are based on the most
likely value being the expected value for that parameter in the
1990 time frame. The best and worst values xepresent the
absolute limits of the parameter as projected today for the
1990 time frame, These estlmates are summarlzed in Appendix C
of Volume III. Needless to say, these data are considered
extremely "soft" at best; consequently, the results generated
using these data should be interpretedjaccordingly.

2.7-3/2.7-2
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ENGINEERING ANALYSIS OF SPECIAL REQUIREMENTS FOR

~ ORBITAL SYSTEMS, POWER RELAY SATELLITE

Reflector Structure

— : 3.1

This subsection summarizes the structural studies
carrled out on the Power Relay Satellite (PRS) orbiting sys-
tem. Figure 3.1-1 .lists the structural weights by subsystem.
Excluded from the weights are the control electronics.

The“fdllowiﬁﬁ technical observations have been made:

1. Reflector surface roughness can be maintained to
within 1/20 of ¢ wavelength for each individual 18
by l8m reflector subarray. Over 3000 of there sub-
arrays are used to form the 1 Km? reflector surface.

2. A mechanical screw jack system mounted at the coxr-
ners of 18x18m reflector subarrays densensitizes
reflector flatness to the static distortions of the
supporting structure.

3. The wire mesh reflector surface can tolerate the
sudden temperature variation during periods of
cccultation provided the reflector surfaca is
mounted to the subarray support structure using.
pretensioned springs. ' ' '

4. The material of choice is a hybrid composite
graphlte/epoxy, boron epoxy. The selection was
made based on the desire for a material with high
modulus and low thermal coefficient of expansion.

The key technical issue regquiring detail study before
concept feasibility r~an be verified is an assessment of the
dynamics interaction of the contour control system of each
18 x 18m subarray with the support structure and the overall
spacecraft attitude control system.

3.1.1 Structural Arrangement

Tﬁé'PRS-configurationIshown in Figure 3.1-2 consists
of a primary structure with 25 meter deep truss girdexrs spaced

. at 108 metexrs. Each 108 meter module is spanned by an 18

meter grid of 5 meter depth girders as shown. At the corners
of the 18 meter modules are located electrically driven screw
jacks to which are mounted the reflectors at the four corners.
The primary structure is built up of 108 m x 108m x 20m deep
bays; the upper cap consists of a triangular truss girder 108m
long by 3m deep. The material used is a graphite epoxy com-
posite. The secondary structure, which forms the lower cap of
the primary bending structure, is 5m deep with bays of .

18m x 18m as shown in the Figure 3.1-2, This 18 meter square

3.1-1
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|
1
SUBSYS/COMP. . WEIGHT ‘
_ ' T KgX10° LBM 3 10° !
e PRIMARY STRUCT 0.119 0.262 :
‘© SECONDARY STRUCT 0.038 10.084
. & COATINGS & INSULATION 0.028 0.052
@ FRAME STRUCTURE _ 0,101 0.222
e WIRE MESH 0.058 0.127 i
© CONTOUR CONTROL 0.15%  0.341
® ATTITUDE CONTROL 0,006 0013
' m - : 18 M (REF)
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~or 0.15 kmz/km2 The solar radiation pLessure is B = 2

substructure spans the 108 meter bays and provides supports
for the microwave reflector system. The secondary structure
is also fabricated in the form of interconnected truss girders
out of graphite/epoxy.

3.1.2 Dpegign Data

3.1.2.1 Structural criteria and requirements - The reguire-
ment for surface smoothness used in this analysis of the re-
flector was A/80 for A = 10 em, where A is the .wavelength.
This is equal to approximately 1.2 mm for A = 10 cm. Later
information indicates that one twentieth of the wavelength
surface smoothness is acceptable; this corresponds to ‘a value
of 5 mm. The effect of the relaxatlon on perm1551ble deflect-
ion is to reduce the preload in the reflector.’

The service usage life reguirement is 30 years; the
effect of this requlrement is difficult to evaluate from a
fatigue and/or creep viewpoint since time did not permlt an
evaluation of the loading spectra and the numberrof thermal
cycles. Further study in this area is regquired. The factor
of safety used for the evaluation is 1.50 for ‘ultimate design
loads.

3.1.2.2 Design Loads and Temperatures - The design loads

for the PRS reflector support primary structure result from
solar radiation pressure, microwave radiation pressure, gravi-
tational forces and induced mechanical forces caused by thermal
conditions. Insofar as the prlmary structure shown in Figure
3.1-2 was concerned, the member sizes foxr the SSPS microwave
intenna were used unchanged for weight estimation. This proce=-
dure is not as conservative as may be assumed since the thick-
nesses in composite are minimum in either case.

The above mention design loads are used for sizing
the reflector modules and are discussed furthexr. The re-
flector selected is an aluminum woven wire mesh with wire
strands equal to 0.15 mm diameter spaced at 2 mm "and an over-—
all dimension of 1600 m by 1000 m. The reflectlng area of
this surface is 15% of the total area of 1068 sgquare meters

=z 1.

: -3,
kp/km where I is the solar constant and is equal to
1350 W/ 2. p = 0.9 kp/ 2; since the reflectlng area is 0:15

kmz/ 2 the maximum solar radiation pressure is’ 0 135 kp/km2{

The microwave power radiation pressure is given by P,.= 2 Is
3
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where IS'= nPt ’ It = Q.l Gw/ka
1_(3.26 X B)° n = 0.846
» = 1074
R = 3.'67x104 km

for the dgsigﬁ condition Pt = 13 gigawatts'

P = .65 Kk
, = 5-65 kp/, 2

This wvalue is the 6ritica1=1oading'condiﬁion for the reflector.

 The estimated temperature ranges for the mesh and its
support structure is as follows:

o
{1) Mesh: Sunlight 366 _K _ 0
Eclipse 116%k AT = 250 K
o
{2) Structure: Sunlight 366 K . o}
Eclipse ~200°k AT = 166K

3.1.2.3 Material Property Data - The material salected for

the overall reflector structural design shown in Figure 3.1-3
in the study is the hybrid composite graphite/epoxy, boron
EPOXY. The property data are taken from Grumman tests and the
pertineni. curves are reproduced in Figures 3.1-4 and 3.1-5.

The laminate thicknesses are 2% mils; in the following laminate
is used throughout; its selection is based on the requirement
for using a material with a high modulus and a low coefficient
of thermal expansion.

The hybrid composite material lay-up of plies selected
for application to the w11e mesh reflector support structure
con51stsoof borog epoxy 0° layers and graphite - epoxy for
the * 45 and 90 lavers. The selected laminate is [0 /t 45 ]

The layup con51sts of two layers at zero degrees and two 1ay—
ers each at + 45° for a total of six plies of 2% mils each.

The total thickness is 3.8 x 104 m. Since no data was avail-
ablé in. the- 3660K to 3949K temperature range, the analysis is

"based on 450°K property data.

BT ¢y S AT My
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i

Room Temp. a50°x
Ftu ultimate tensile
8
strength N/ 2 10 4.62 3,93
E i i . 7.17
x longitudinal N/m2 lolO | 8.27
modulus

Material density 2.076 x 103 Kg/mB

Coefficient of thermal expansion

o= 2 x 10°° n/m/° (estimated for the hybrid)
3.1.2.4 Analysis-Wire Mesh Reflector - The 18m x lBm

refector module consists of a framework support by four screw-
jacks at the corners and a wire mesh reflector surface attach-
ed by springs to the framework. The frame is fabricated using
graphite epoxy composite; the wire mesh reflector consists

of an aluminum wire 0.15 mm (0.0059 in) diameter with a spac-
ing between wires of 2 mm (0.079 in.). As discussed in para-
graph 3.1 the initial requirement for surface smoothness

was taken as 1/80 of the wavelength which corresponds to a de-
flection of 1 mm; later data indicated that approximately 5 mm
is permissible. For purposes of this analysis the permissible
deflection of 1 mm was used. Figure 3.1-6 shows the loading
system and deflections for member ACB. The initial assumption
is made that the member is inextensible since the estimated

elastic deformation is very low. The applied load g is supported

by the deflected tension member ACD with the indicated internal
loads. The deflection at the center is given by f£. Using the
condition for moment eguilibrium about point A:

2
H:-g—l_

8%

From the properties of a right triangle

2
s =H {1 + (ﬁf) ]%
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if f is prescribed, H.and & can be calculated. It is evident
that for the given conditions the value of 4f/% is very small
and therefore § is approximately equal to H.

The aluminum wire mesh 0.15mm diameter at a spacing of
2mm in each direction has an equivalent uniaxial thickness of

0.0088mm.

The design load for assessing the preload regquirements
on the reflector for the permissible deflection is caused by
the microwave radiate on pressure condition. The microwave
radiation pressure is equal to p = 5.65 kp/km2'where'kp is -

equal to 2.2 1lb. Using a factorrof.safety of 1.50 for ultimate

‘the value of p_ in pounds per square inch is 1.203 x 10-8
ultimate. Asstming the allowabile deflection for the.le

(709 in) panel is 1lmm (.03937 inches),

2

= 2* - 3362 w/m (.0192 1bs/in)

8f

also § = H

. _ 5 2
The average stress in the wire is ¢ = 3.81 x 2107 N/m (55.2
psi) which is very low for the selected material,

Analysis of the Reflector Support Frame - Figure 3.1-7
shows the loads applied to the 18m x 18m support frame by the
were mesh as calculated above. The cross section of the 18
meter square frame is a triangular structure fabricated f£rom
graphite epoxy composite:; the cap areas are 3.355 x 10~5 p .
The ultimate bending moment in the 18 meter member is 136.3
N-m; the bending stress is 2.13 x 107 N/m?. The Euler column
load for the 18 meter member is gsignificantly larger than the
applied compression load of 30.3 N.

Evaluation of Reflector Support Frame bDeflection Caused
by Thermal Gradient ~ In addition to the deflection induced in
the wire mesh by the microwave radiation pressure, thermal '
gradients through the reflector support frame as shown in
Figure 3.1~8(a) also cause deflections which effect the
reflector efficiency. The equivalent thermal moment Mg shown

in Figure 3.1-8(b) is used to estimate the deflection, §. The -

value of Mp is derived from the following:

M 1 o(l. - T.). o

: 1 200 :
S — , for AT = (r, - T,)
EI R h ,

cAT BEI
M =
T h
3.1-10
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This moment is applied to the end attachments of a simply b
supported beam as shown in the figure. The solution for the

e maximum deflection at the center of the beam is given by: f
; | M22 | ;
— § = substituting
8EXI
: aAT EI
i M_ = for M gives,
T .
h .
s 2
wod _ §, = eATS where h = .254 m (10 in)

T 8h td
6P = 0.01256 AT where AT is in OF and GP is in inches.

For a maximum deflection of S5mm (.20 inches) the thermal
; gradient AT cannot exceed 290K (16°F). The limitations on the .
o temperature differences can bhe maintained by the proper 3 T
selection of coatings and/or insulation. . g

The wire mesh used in the reflector is sandwiched between a

bent strip of 2.54 x 10~4 m thick aluminum alloy and welded.

Since there are temperature differences between the wire mesh ;
and its supporting frame on entr into and emergence from an i
eclipse, springs having the pr¢ .r preload for all thermal '
conditions are used to keep the reflector deflection within

limits.

3.1.3 Weight Data

The following weights data are for the 1 km diameter
PRS; these data are subsegquently corrected to reflect a 1 knm
by 1.km satellite.

1b kg
Primary Structure 206873 93820
Secondary Structure 65452 29683
Coatings & Insulation 49000 22222
_ ‘Reflector module frame -
'; structure ' 175111 79415
' Wire mesh 99786 45354
596220 270494

Unit weight = 0.074 psf based on Reference (a) study

2 L
Corrected Weight for 1 km” Structure

796536 1b : : Y

361241 kg

. - . 3.1-13/3.1-14




3.2 Flight Mechanics and Control

An assessment of PRS stationkeeping regquirements indi- v |
cate that yearly propellant requirements are modest, 812 ‘kg/yr.. ' '

using electric propulsion and 29,000 kg/yr using a cold gas gv
system. Satellite orbhit position should be maintained to "
within 2 10,000 km of the nominal location if transmltted

pbeam steering is to be kept below 1 arc minute.-

The dominant attitude disturbance torque is gravity
gradient reguiring 73 kg/vr (Isp = 8000 sec) for correction.
lUnlike the SSPS which can be placed in a favorable oriéntation _ oy
to minimize gravity gradient effects, the PRS must continually ;\f
point in such a direction as to cause an offssit of principle E
axes relative to the vertical. _ [

A major PRS statlonkeeping and control issue is the
selection of a power source for electric propulsion control
units. A trade-off is required to determine if it wouldn't
be more cost effective to use a cold gas system (Igp - 200 sec)
which uses 31,940 kg per yvear of propellant. The cost of the
power source, electric engines ete., could be more than the
cost associated with the yearly resupply of propellants using Do
the Jlower performing systems. gﬁ“

A dynamics analysis which couples the spacecraft
attitude and stationkeeping control system with the structure
and reflector contour control is needed to determine concept
feasibility. Unlike the SSPS transmitting antenna where active
electronin phase control can compensate for structural/mechani-
cal control system errors, the PRS system must be maintained
to extremely tight alignment through mechanical means only.

3.2.1 PRS Configuration

The mass of the PRS used in calculating preliminary
stationkeeping requirements was taken from Ref. 3.2-~1. The
lowest weight aluminum design option presented in Ref, 3.2-1
was used. The overall spacecraft weight is 341,000 kg. which
is approximately the weight estimated for the SSPS transmitting
antenna structure, 350,000 kg (522,00 kg less support structure
and mechanical systems required to interface the antenna with
the spacecraft. This weight estimate is approximately 30%
less than the PRS weight estimates in Section 3.1.
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3.2.2 Statlonkeeplng Requirements

To establlsh the stationkeeping requlrements for the
PRS, the data generated for SS8SPS, Subsection 2.3, was used.
The delta-V per yvear required for longitudinal and inckination

" “control is irdependent of spacecraft geometry. The effects of

solar pressure, however, is proporticnal to the upacecraft
projected area normal to the sun vector. The projected area
for PRS is approximately 1/60 of that of the SSPS inecluding
the effect that PRS does not continuously face its laxgest.

area toward the sun Aduring its daily orbit. Microwave pressure
was shown in Ref. 3.2-2 to be a significant orbit perturbation.

This data was used to compile PRS propellant requirements fox
stationkeeping. : '

Table 3.2-1 summarizes the PRS stationkeeping require-
ments for two locations, 167°W and 113.5°W longitude. The
First location is uséd for transmitting power from a. source in
the Southwest to a receiver in Japan. The second location
transmits from the southwest for transmission to the CONUS

_ Northeast.

Phe most severe perturbdtlon is the microwave pressure.
The 15 N force requires 118 mps delta-V for correction daily

w1th an apogee/perlgee maneuver. The next dominant perturbation

is from sun/moon gravity, 46 mps/yr. Solar pressure
perturbations require 0.24 mps for altitude contrel and 18 mps

per year for eccentricity control. Four and 1/2 M/sec per year is

requlred for 1ong1tud1nal control at the mid Pacific location

and 2.4 mps per year at the Southwest location, 113. 5°%.
longitude.

3.2.2.1 Propellant Regquirements - Table 3.2-2 summarizes the
PRS stationkeeping propellant reguirements for two orbit peosi-
tions (1699°W and 113.5°W) and two propulsion system specific

‘impulses (B8000 sec and 200 sec). The difference in propellant

requirement for the two orbit positions is small indicating

+hat PRS will not be constrained from servicing any ground
locations due to propellant factors The difference in
propellant for an ion propulsion system (8000 sec Isp) is better
than an order of magnitude lower than for a cold gas, system.,
However, 29,000 kg for the cold gas system is not unreasonable
and should be considered further. :

3.2.2.2 Impact of Stationkeeping Accuracy on Microwave Per-
formance:

The factors discussed in Subsection 2.3, cavering the
interrelationships between stationkeeping accuracy and MW
transmission efficiency for SSPS, apply to the satellite-to-
ground leg of the PRS mission. North- South drift (Inclination

L
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Drift) was found to have a significant impact on system
efficiency and, therefore, is controlled. On the other hand,
the longitudinal cyclic motion resulting from uncontrolled
eccentricity drift would not seriously effect MW performance.
In analyzing PRS stationkeeping propellant reguirements, Table
3.2-2, the guantity allocated to eccentricity control can be
removed based on the down-leg MW performance sensitivities.

The impact of eccentricity drift on MW pPerformance f£rom
the transmitting antenna on the ground to the satellite is not
clear-cut. This assessment requires analysis of the MW
performance degradation with increased electronic steering
angles of the transmitted beam needed to track the satellite.
We do know, however, from the Raytheon MPTS studies that MW
rerformance drops off ‘considerably .beyond a steering angle of
1l arc minute. (Equivalent to an orbit position accuracy of
10,000 km). The PRS eccentricity drift caused by solar pres-
sure would require at least 1 arc minute of transmitted beam
steering. Therefore, it is recommended that gccentricity drift
be controlled on the PRS.

Summary of ‘Stationkeeping Requirements:

® The stationkeeping requirements for PRS are modest,
812 kg/Y¥r using electric pPropulsion and 29,000 kg/yxr for
a cold gas system. The lack of a substantial power
source on PRS would tend to favor selection of t+he
cold gas system.

® Better understanding of the relationships between
microwave beam control and satellite position
accuracy is needed to define stationkeeping require-
ments.

® The tight stationkeeping tolerances suggested in this
preliminary study would lead to significant
guidance and navigation design problems.

3.2.3 Attitude Control

The dominate disturbance torque which contributes to
the PRS propellant requirements is gravity gradient (Table . '
3.2-3). Unlike the SSPS, the PRS must remain at a fixed
attitude off-set from the local vertical causing a continuous
torque bias on the system. This offset regquires approximately
0.18 N (0.04 1b) of continuous thrust for attitude control.

.The effects of microwave and solar pressure on attitude control
requirements are significantly lower than that of gravity
gradients.
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Table 3.2~1 Stationkeeping Delta - V, mps (FPS)
LONGITUDE
. 167°W - 113.6°W
LONGITUDINAL DRIFT 4.7 (15.5) 2.5 (8.2)
INCLINATION DRIFT 46.0 (151.5) 46,0 (151.5) —
ALTITUDE DRIFT _ 0.3 (0.849) 0.3(0.849) e Aol
| ECCENTRICITY DRIFT : g 17.9 (58.7} 17.9 (58.7) o el B
MW PRESSURE , 117.8 (386.5) 117.8 (386.5) S
TOTAL 186.8 (613} 184.6 (6057) | o
Table 3.2-2 PRS Propellant Per Yr, kg (Lb) C "*“E
_ LONGITUDE . . T
' 167°W 113.5°W — |
T lsp SEC Isp SEC j Lo
: 8000 200 8000 200 LR
LONGITUDINAL™ _ . 205(453) 820 (1808} 10.8 (23.9) 434 (957) R
INCLINATION 200.8 (442.3) 7940 {17490) 200.8 {442.3) 7940 {17490} S
ALTITIDUE 1.1 {2.5) 45 {99) 1.1 (2.5} 45 (98) i
ECCENTRICITY 77.8 (171.4) 310 {683} 77.8{171.4) 310 i683) i
MW PRESSURE . - : 5117 (1127) 19893 (43818) 511.7 (1127) 19893 (43818} .
' TOTAL 811.9 (1788.5) 20,009 (63,898) 802 {1767.1) 28623 {83,047) +_§ f
b
£
A
d |
Table 3.2-3 PRS Propellant Requirements, kg (Lb) g
B
STATION KEEPING lgp=800DSEC | Igp=200S8EC | nE
LONGITUDINAL DRIFT 20.5 (45.3) 820 (1808) |
INCLINATION DRIFT 200.8 (442.3) 7940 (17490) e
SOLAR PRESSURE d
— ALTITUDE 1.1{2.5) 45 (99) o
— ECCENTRICITY 77.8 (171.4) 310 (683) A '
|MICRO WAVE PRESSURE T A511.7 (1127) 19893 (43818) | i
ALTITUDE CONTROL " SUBTOTAL 811.9 (1788.5) 29008 {63,398) — f'
GRAVITY GRADIENT , 73 (161.4) 2932 (6457.6)
R TOTAL 885.3 (1949.9) 31941 (70,355.8) | | -

DUCIBILITY OF
g}ﬂfzggﬁl, PAGE 18 POOR




Figure 3.2-1 is a schematic of the mechanical inter-
action of the attitude control system on the primary structures
symetric and antisymetric bending modes. This system isg '
idealized as a free-free beam with one reflector subarray
mounted at the 1/4 span point. The relative vertical displace-
ment of all reflector subarrays must be maintained to within

-1/20 of a wavelength (approximately 5 inch or 12 cm) for’

efficient microwave performance. The structural deflection
with the EI corresponding to the configuration discussed in

Subsection 3.1 is given by relationship:

fu = .05F - 0.127?1 (inches}

where F = Attitude control system force at the support
structure tips
F1 = Contour control force for the reflector

subarray

With an attitude control system force level of 0.18N (0.04 1b),
the contour control actuator levels must be below 41 1lb for
primary structural deflections to be maintained below the

A/20 reguirement. The need for 41 1b force actuators for the
reflector subarrays appears to be far in excess of what will
actually be used.

Based on this static assessment of the control system/
structural interaction, it appears that the reflector subarrays
could be maintained to within the required 1/20 of a wavelength
provided the sensor information is accurate enough and the
contour control system and attitude control system are detuned
50 as not to cause dynamic interactions. What is needed is a
finite element and force response analysis coupled to the con-
trol system to determine the feasibility of maintaining the
regquired flatness.

3.2.4 References

3.2-1 "Rockwell Repért E74ﬁ31; "Power Relay Satellite,”
March 1974.

3.2=2 GAC Report MPTS-R-002, "Microwave Power Transmission
Systems Study - Task 2," December 1974.
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3.3 Transportation, Assembly and Maintenance

The economic and technical issues for transportation,
assembly and maintenance are the same for the PRS as for the
SSPS (See Subsection 2.4). The same array of transpoxrtation
: options should be considered in the assessment of PRS
bos economics, though the use of a Heavy Lift Launch Vehicle (HLLV)
may not be found to be cost effectlve.r Simple derivatives of
a Shuttle may be found to be aaequate.

. Flgure 3 3- l is a PRS devejopment plan used as a straw-
man schedule for economic analysis: - A .geosynchronous demon-
stration satellite is scheduled for 1985. The transportatlon/
assembly modes assumed ‘available ip ‘this time frame ares

e Shuttle

Vu Fuil Capability Tug
» LEO Space Station

e S0 Spacé Station.

Bazed on these major system elements the cost for
transportation and assembly is approximately 41%0 $/Kg. The
1990 system which is an improved version of the demonstration
. satellite was analyzed assuming the follow1ng transportation
and assembly system elements:

e Deploy Only Launch Vehiele derivative of Shuttle

8 Large Cryo Tugs which are derivatives of the Shuttle ]
External Tanks

@ LEO Space Station !

e SO Space Station..

E e

Based on these major elements the traﬁsportation and
assembly costs are $1l080/Kg, (see also Subsection 2.4 for
transportation and assembly costs for the SsSPS 1990 pilot .
plant) . : ' ' ' '

LI A,

Table 3.3-1 summarizes the maintenance costs for the
PRS. The major maintenance cost drivers for PRS are similarx
to the S8SPS, namely, the contourgcontrol actuators and the
electric propulsion units used foxr attitude control and station-
keeping.
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PHASE |76 /77 78 79 80 81 82 83 8 85 85 &7 Iss'E 89 90 91 92 "'93' d
s
1 —GEO DEMO - mEReNRrNErIRxexanarsenn DES|IGN/DEVEL i
AR RN NI e e SR&T & FLT TEST s
I
F—— ASSEVIELE il
- _ 1ot
Il - OPERAT. IR DESIGN/DEVEL
PLANT . S |
INKANKNSETNEXANKENAN]  SR&T & FLT TEST Eox
[n]o R
1985 1990 s
SYSTEM SYSTEM o
S WeT B8TX10%g | 0.505X 10°kg __J
DDT & E $1696M $264M —
UNIT COST $2491M $567M .
MAINTENANGE . S $90 M/YR i
TOTAL PROGRANM THRU 18T OPER. UNIT = $5.18 o
L)
 Pigure 3.3~1 'PRS Orbital System Program Schedule and Cost :

Table 3.3-1 PRS Maintenance Cost -

_ - AVG
LRU COST OVER PER
_ , LRU FAILURES 30YRS, YR,
ELEMENT- LRU DESCRIPTION | WT,Kg OVER30YRS |  sm M -
1 — STRUCTURE TO DESIGN - -~ - -
2 — REFLECTORS 18 x 18m SURARRAY 1
3 -~ CONTOUR CONTROL . .
ACTUATORS . B6B0 UNITS S22 ' 1404 © . 035 0.01 -
4 — CONTROL SYSTEM _
— ACTUATORS 64 ELECTRIC ENGINES | 203 640 1010 2.3
— PROPELLANT 885 Kg/YR - - - 0.21
I ' TOTAL 3.52
3.3-2
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The attitude control system electric propulsion units
can be replaced by a cold gas system increasing propellant/yvear
expenditure to 31,941 kg. The lower cost and lower weight
of this lower performing propulsion system (Ig sp © 200 sec,)
would permit design of a highly redundant system with sufflclent

.. reliability to last 30 years.

The contour control system and associated electronics are
the only elements in the PRS that appears to reguire any

‘significant amounts of maintenance. Perhaps with sufficient

design analysis, redundancy schemes could be introduced that

- would eliminate maintenance reguirements for this subsystem.

Maintenance support costs for PRS are similar to those
required for SSPS, namely costs associated with resupply and
recyecling crews of $§86M/yr. The cost of equipments replaced
each vear is small,.approxlmatﬂly $4M/vr. Subsection 2.4
discusses in detail the assumptions used to establish mainte-
naunce support costs.

3.3-3/3.3-4




4 - INMPLICATIONS FOR TECHNOLOGY DEVELOPMENT

o This section summarizes the technology issues that must
be funded to insure development of the space-based power genera-
tion options in the post 1990 time frame. Included are assess-.
ments of the technology risk, technology backgrouand and
recommended technology programs in the following key areas:

® Point design development = . Sl .

@ Systems and economic studies

& Microwave power technology

# Solar array technology

¢ Large structures including manufacturing, assembly, .
maintenance and control . ERRE

e Environmental and other impacts.

i

The technology status and development risk of major o
s technical areas have been assessed using the format adopted 1n
the "Microwave Power Transmission System Studies (NAS3- 17835)
This - provzdes continuity of hlghly related efforts.

A risk rating, using the levels 1 through 5 shown in ;
Table 4-1, provides a backdrop for delineating the status of : : TR
technology. Bach key area 'is addressed and technology programs o
and objectives suggested.

4. Point Design Development

The present (photovoltaic) baseline design--as well asg
others not included in this study--should be studied Ffurther. A
Special considerations should be given to satellite design as SR
this will provide the basis for tradeoff studies and eventual
subsystem optimization (from the technical and economic
viewpoints). '

'Point deéidnidﬁal&sis of the solar array should'orojéct_
future states of technology,; i.e., 1980, 1985 and 1990, as these
are likely to bhe key de0151on points in the S8PS dec151on process.

: A po;nt design for the current "front—llt" concentration
o ' ‘approach should be compared with a "back-1lit" design to help
identify the cost-effective configuration.

&

Point design studies of structural arrangements should
compare the relatively standard approaches Qged in this study
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Table 4-1 Technology and Hardware. Development Risk
Rating Definition
RISK RATING
1 2 3 4 5
ON THE
N TECHNDLOGY
N USE DEVELOPMENT FRONTIER CONCEPTUAL INVENTION
STATUS ANTICIPATED ] TECHNOLQGY|FULLY PARTLY KNOWN BUT NOT|NOT KNOWN, NOT KNOWN,
WITH: DEVELQPED DEVELOPED DEVELOFPED CHANCE OFIT CHANCE OFIT
. BECOMING BECOMING
3] SPECIFIC KNOWN IN TIME | KNQWN IN TIME
MPTS-FUNDED
PROGRAM FOR MPTS IS FOR KIPTS 1S
GOOD POOR
b} 2;2&1 HARDWARE |[QFF-THE- FUNGTIONALLY | FUNCTIONALLY |NO HARDWARE | HARDWARE
PROGRAMS SHELF ITEM EQUIVALENT EQUIVALENT I USE OR WILL NOT BE
0/ PROTOTYPE | HARDWARE HARDWARE IN |[DEVELOPMENT | AVAILABLE
AVAILABLE N USE DEVELOPMENT |BUT DEVELGP- | UNLESS A
HAVING - [OPERATIONAL) MENT IS BREAKTHRAOUGH
REQUIRED PROBABLE oR INVENTl_ON_
FUNCTION, 1SDEVELOPED
PERFORAMANCE .
& PACKAGING
PROBABILITY OF DEVELOPMENT CERTAIN 1 vERY RIGH HIGH Low VERY LOW
COMPLETION WITHIN SCHEDULE- IALREADY i
AND COST EXIST)
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L with approaches that make maximum use of tension supports, An
;_E integral part of these structural studies should be the point’
b design development of the power distribution system, including
- selection of ac or dc transmission and the system power level.
N ¢ . . .
v Point design options of the control system should con-
. sider both centrally located actuators and distributed actuators. {
T These point designs should be used in detailed structural -
s dynamics assessments. 1
o
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4.2 Systems and Economlc Studies

}j T Systems and economic studies should be. dlrected to two f&

* major areas, (1) the potential national (and woxld) economic :

. . .. benefits that may accrue from satellite power stations (SPS) and £
'L E (2} the selectlon of the cost-effective SPS system. i

Studies that would provide 1nformat10n in the first area E'f

P o dncluder oo - o

- ' ' o '

» Analysis. of the market {demand) for SPS-prOV1ded alec—
| tric powexr. Because the major proportion of SPS
S BRI -~ . generation costs are capltal—related (B8 percent), and
_hecause the SPS plants are expected to operate at very
high plant factors (95 percent), electric power cost
o {to the busbar) may be forecasted with relatively high
A L ~ * ‘accuracy over a 20~ to 30-year period. The possibility !
. raises the potential for the offering of long-texm L
H : . power contracts to power-intensive users. The conse-
R S quences of this are only speculative at this point, but
‘ R A . . may ineclude, the restructuring of production to cap-
: ture cost advantages that may accrue from long-term
P : : *  power contracts, location of industry near ground
‘ station sites, and favorable environmental effects
which may accrue from higher proportions of electyrical E
sources of power. i

_ e The 95 percent plant factor of SSPS (and presumably
P ' " other forms of satellite power generation), which may
allow for a restructuring of the supply elements of
electric powexr generation. Currently there exist
baseload plants, peaking plants, reserve peaking
plants and standby reserve plants. Certainly, this is
largely explained by the diurnal demand for power, but
to some extent it is a regquirement imposed by the
{ R SRS system's reliability. The verxy high reliability of
o ) " 8PS plants coupled with the possibility that through
pricing policies the diurnal demand might be altered
~ (i.e., distributed more evenly throughout the day). i
" the power supply structure might be altered in a cost- g
saving way. ' ' e
: !

i




studies that are required to determine the most
cost-effective variant of SPS include:

The development of a cost model that includes the

total SPS work breakdown structure and allows £for the
specification and estimation of probabilities eof costs,
performance and schedules.’

Risk analysms to estimate the distribution of total
program costs and potential revenues. This includes
the analysis of development, production and operational
aspects of the PRS program alternatives.

Potential constraints imposed by the social and
environmental risks that may be involved in
alternative PRS approaches.

Separate programmatic and risk analysis of scolar cell
development, since future solar cell costs and
technical characteristics are among the key
uncertainties for SSPS.

4.2-2
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4.3 Microwave Power Technology_

The technical issues Ffor the microwave power transmission
systems (MPTS) were developed through a risk assessment of a1l
elements of the concept as they impact the MPTS portions, ‘and
Ehese were ranked in an estimated order of importance. -For the
24 items in risk rating category 4 the issues presented in’ Tabhle
4.3-1 specifically relate to the impact on the microwave portion.

Table 4.3-2 is a summary of cost estimates for the ‘ground-
based development program which would advance technplogy to a. .
level suitable for the 1985 deémonstratich satellite. The tech-
nology issues have been broken down into four tasks. . The first.
task encompasses those technologies asscciated with microwave
transmission and conversion and is focused through a phased
ground test program. The second task consists of the design,
analysis, and test of a prototype rotary joint of sufficient size
for proof of concept. The third task utilizes Arecibo to test
high microwave power density impact on the lower altituda layers
of the ionosphere. The fourth task is a detailed examination of

radioc frequency allocation issues and the selection of a frequency

band for space-based power generation.
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~Table 4.3-1

Microwave Technology Requirements,

Sheet 1 of 4

ITEM

TECHNOLOGY
RISK ASSESSMENT

1
RATING | (ANKING

COMMENTS

‘DC-RF meerters &
Filters. '

4 .::' : 1 -

" time-in an ambhitious development prugram.

BACKGROUND: Pre-ampiifier amplifier & filters eonvert the high voltage DT power to RF power
having low noise and harmonic content. There are at 0.1 to 1.5 million identical devices in one -
system. This is the highest single contributor to dissipation 1oss {15 to 19%) with the amplifier con-
tributing 80% of that dissipation. The simplest design concept still results in the most complex
meochanicai, electrical and thermal set of technology development problems in the system. This
combines with requirements for the development of a high producticn rate at low cost, resulting

in reliable operation over a lang {ife. What the noise & harmonic characteristics for the converters

are and how they will act in cascade ave not known. Filter requirements are to he determined.

Ability to develop ail the parts, interface them with each other and with the slotted array and operate
them with full control and stability constitutes a high development risk and requires the longest lead

TECHNICAL OBJECTIVES: Provide suhstantlal data relating to techmcal feasihility, afﬁc:enm], snfety
and radio frequency interference.

Materials

BACKGROUND: Most eritical and unusual requirements for materials in this application relate to the
presence of the exposed cathodes for the RF generators. o addition, it is desirable that structural thermal
strain be small so that distortions aver the large dimensions are manageable. The waveguide distortions
must be small to permit efficient phase front formation. The waveguide deployed configuration result

in low packaging density so that it is desirable to form the low density configuration on orbit out of
material packaged far high density launch. Before meaningful technology development can begin relating
to fabrication, manufacture and assembly. It is necessary to determine the applicability of the non-
metallic materials in particular as they relate to potential contamination of the open cathodes of the RF
generators. Due to the critical interaction of materials with structures, waveguides and RF generators,
the materials development risk rating should be a strong 4. :

TECHNICAL OBJECTIVES: Demonstrate cost effective use of non-metallic in terms of meeting
distortion free waveguide and minirum impact on open cathodes performance.

Phase Control
Subsystems

BACKGROUND: Phase front control subsystems projected scatter losses {2 to 6%) are second only to the
smicrowave array losses (19 to 25%) in the microwave power transmission efficiency chain. The uncertain-
ty associated with limiting losses to this value is significant. Phase control, being essential to beam
pointing as well as focusing, must be shown to be reliable for power user and safety purposes. Risk
rating should then be a strong 4.

TECHNICAL OBJECTIVES: Demonstrate phase control steady state accuracy subject to error contrib-
utions of DC-RE converters and high power radio frequency environment. '

T
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pable 4.3-1 Microwave Technology Reguirements, Sheet 3 of &4 . . L

TECHNOLOGY _ - _ _
RISK ASSESSMENT - ' _ _ : \

ITEM RATING | RANKING COMMENTS

lonosphere 4 7 BACKGROUND: Effects of the ionosphere on the phase control link are not known definitively,
however existing data and analysis indicate that they are probably insignificantly small at the
frequencies and power densities being considered. The effects on the ionosphere induced by the . .
microwave power heam are believed to be small. However, from the point of view of other users’ - 1
of the ionosphere and its participation in natural processes there may yet be limits imposed on
the power density. The theoretical approaches to doing this are known but the limits that may ,
yat be imposed are unknown. Development risk rating should he 4.

TECHNICAL OBJECTIVES: Measure effects of microwave radiation on the jonosphere and
determine social impact. .

Power Transfer 4 8 BACKGROUND: The electrical power transfer function, at this large size and power level across

= . flexing and rotaling joints, cannol be separated from the. mechanical and attitude control functions

tid entirely. Although the technology for performing the functions is basically known, the tavge : 5
_ scale will present significant new problems. Development visk rating should be 4.

TECHNICAL OBJECTIVES: Select power hest power transfer design for §5PS and demonstrate
performanee. . .

Switch Gear 14 _ g BACKGROUND: Switch gear had heen conceived assuming multiple brushes from high voltage
BC source transferred powsr to a single slip ring. Extraordinarily high currents in the switch gear
resulted and would be the subject of a high rislk {4+) technology development program. Decision
has now heen made to make the multiple brushes feed multiple sliprings, fringing the individual _ |
switch gear currents close to the region where the basic technology is lnown an! the major ad- ! i
vances would bein packaging for space operations. Risk rating should then be 4. Soine aspects : 1
of the packaging technelogy having to do targely with size are-not known, which leads toa ' _ rl
riske rating of 4. - |
TECHMICAL OBJECTIVES: Develop and demonstrate switch gear including protective elements ) i
for spaceborne applications. 3
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Table 4.3-1.

Microwave Technology Requirements, Sheet 4 of 4

S-£'7

TECHNOLOGY
RISK ASSESSMENT
ITEM RATING RANKING COMMENTS
"Radio Frequency 4 ’ID BACKGROUND: Radio frequency and bandwidth allocation is normally a long process invalving

national and international technology and socio-economic considerations. It will take 2 to 4 years
of DC-RF converters’ and filters’ technology development to mature the concept and make availahte
meaningful data. Convincing the national and international community involved that gigawatts

of power beamed from space at an aliocated frequeney with a specified narrow bandwidth will not
in fact result in significant Interference requires a positive approach that is yet to be defined. When

- it is shown convincingly that power from space would (a) be a significant answer to the natignal and

international future power needs and {b} permit frequency allocation and handwidth to be defined
without significant interference outside the band; then securing high priority for frequency allocation
will be a normal pracess. The appropriate risk rating is 4.

TECHNICAL OBJECTIVES: Investmnte radio frequency interference and alle cate band 1o SSPS
that wotld have minimum impact on other users, particularly Radio Astroncmy.

et et e 2 T T
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Table 4.3-2 Microwave Technology Rescource Regquirements : B - !
(¢ Millions, 1975) ' '
Calendar Year _
TASK 176 |77:|78 {79 | 80 81 | 82 83 | 84 85} - COMMENTS 2
1 © DC-RF ' WVERTERS ] - |
- B&FILTERS "~ . o} & 8| 4] 4] 4] 4
-® PHASECONTROL '} 4] 4| .3 2} 2
- o WAVEGUIDE 41 4] 4l 4 al 2
® SWITCH GEAR 1 4| 4f 3] 2 .2
e GROUND TEST
'S {INCLUDE BIO TESTS) 24 | 25| 22| 33|53 70 .
w - o o . : o
& 2 o ATTITUDE CONTROL 3]10fl20]|20| 4| 4 : : S
& POWER TRANSFER 2(20i30|60|10] 4 : '
3 1ONOSPHERE " 11 » REQUIRES MODIFICATION OF
ARECIBG ' .
4 RADIO FREQUENCY 31 3] 3
TOTAL 6.3 |94 [10.7 14.3 | 9.7 |10
|
1
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4.4 Soiar Array Technology

Major system gonsiderations are the cost, mass and

efficiency of the solar cell blanket. Methods to achieve the

goals needed for a cost-effective SSPS have been identified.

 Needed is an active solar cell development program that

concentrates on a low cost fabrication and efficiency improvement
for the single~crystal silicon cell for the prime program path,
and an active research and proof of concept program for alternate
photovoltaic devices for a backup program path. '

Pable 4.4-1 summarizes the key technical areas with their
associated risk rating and ranking for developing a low-mass.
low-cost, high efficient solar cell blanket for SSPS. The tech-
nology risks are rated in the categories outlined in Tahle 4-1.
The rankings of the priority for the association technology pro-
grams are based on the status (risk) and the economic impact the
technology improvement would have on the program,

Some of the technology issues identified in Table 4.4-1
are already being pursued by industry and ERDA. In ranking
priorities, those technolegy programs that NASA might support are
given higher rank. For example, cost improvements for processing
raw materials to semi-conductor grade silicon is already being
actively pursued by industry. Also, ERDA is supporting develop-
ment of the EFG crystal growth process development. NASA might
augment this program to insure that efficiency levels and gquality
control levels needed for a space~based array are met. )

Taple 4.4-2 is an overview of recommended technology
development expenditures assuming that SSPS goals should be met
in the mid-~1580s for assurance of a 1995 operational plant IOC.
These suggestions are in agreement with those recommended for
terrestrial applications outlined in the "Workshop Proceedings
for Photovoltaic Conversion of Solar Energy for Terrestrial

~ Applications,” held October 1973. NASA expenditures in Tasks 1

and 2 should be minimal. The unique regquirements for space
qualified solar cells warrants NASA expenditures in Tasks 3
through 5 at the game levels recommended for terrestrial
applications..

The remainder of paragraph 4.4 describes issues requiring
further systems study.

Solar concentration is shown to reduce SSPS cost. Light-
weight mirrox design concepts and their implementation are needed.
NMew filter designs for concentrators will help improve solar cell
life and performance. If high concentration is used, tachnigues
for Ffabricating lightweight structure and contour control arxe
needed.




Table 4.4-1

Large

Solar Array Technology Reguirements, Sheet 1 of 2

ITEM

TECHNOLOGY -
RISK ASSESSMENT

RATING

RANKING

COMMENTS

1. Raw Material
Process

3

4

BACKGROUND: The initial process in fabricating solar blankets requires three energy intensive

high temperature cycles. A single step process could result in savings of 3 to 5 over the $60/kg to
$80/lcg price paid today. Trichlorosilane used in the process is a large contributor to hoth energy

use and cost. Alternates to this pracess should be pursued. Presently, Dow Corporation is researching
more economical goals for producing semiconductor grade silicon. Dow is actively investigating 20
promising chemical reactions with the goal to reduce the cost to $10/kg.

TECHNOLOGY OBJECTIVES: Achieve a 3 ta 5 reduction in cost for bringing raw material to semi-
conducter grade silicon,

2. Crystal Growth

BACKGROUND: Three approaches to single-crystal growth being pursued today are: 1) Czochralski; -
2) WEB and 3} EFG. The Czochralski method is characterized by large amotnts of waste matetials

and is projected to achieve at most a factor of 2 savings in cost. WEB process could be sealed up in
crystal growth speed and geometry with the potential of achieving a factor of 5-reduction in cost.

The EFG process shows the promise for the most significant eost reductions {a factor of 10-t0 700).

The major problems are to find die materials that can withstand the temperatures of the process and you
maintain the efficiency of the sofar cell praduced. The eurrent process work being performed by

TYCO fabricates a silicon riblion 100 1 thick approaching the 50 x4 SSPS requirement.

TECHNOLOGY OBJECTIVES: Develop the EFG process to the point where 50 p silicon ribbon can be
produced with 100% crystal and cell yield. WEB process should be continued as a program backup.

3. Blanket
Processes

BACKGROUND: Current methods for fabricating solar blanlets is a slow, mostly hand-made
process. A continuous process is indicated. An automated process that includes function formation,
installs contacts, performs etching, ete. is basically an enginecring problem. A pilot plant and
verification pragram is nceded. '

TECHNQLOGY OBJECTIVES: Formulate alternate concepts for blanket processing and demonstrate.
mast promising techniques. .

4. Packaging

BACKGROUND: The requirement for 30 year life in a space environment suggests thatimprove- -
ments in cell encapsulation would ke required. Materials technology that impraves the thermal and
radiation resistance of the cell must be developed and included in the overall automatad fabrication of
the blanket. -

TECHNOLOGY OBJECTIVES: Develop new materials that improve cel] efficiency and radiation
resistance. Incorporate advanced encapsulation approach into the continuous cell fabrication process.
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Table 4,4-1

Large Solar Array Technology Requirements, Sheet 2 of 2

Photovoltaic
Devices

TECHNOLOGY
RISK ASSESSMENT
ITEM RATING RANKING COMMENTS
5. Solar Cull 4 1. BACKGROUND: Current industry space qualified solar cells can achieve beginning of life conver-
Performance sion efficiencies of 12 to 74%. A program that strives to improve these efficiency levels to 18 to 20%
improvement (AMO) is required. This goal can be achieved through increases in fill factor, short-circuit current,
and open-cireuit voltage. It would he desirable to decrease resistivity of the bulk silicon to 0.01 olim-cm.
Lower resistivity gives higher open-cirenit valtage. Increased short-circuit current could he achieved
by antireflective coatings that mateh across the celi spectrum. The major issue 5 to. achieve these effi-
ciency improvements in a mass produced light-weight solar cell blanket,
TECHNOLOGY OBJECTIVES: Improve solar cell conversion efficiency-to 19% (AMO) and maintain this
efficiency in a mass produced light-weigirt solar cell blanket. ‘ '
6. Alternate 4 3 BACKGROUND: Investigations into alternate photovoltait conversion devices are shewing a great deat

of promise. OF particular interest is the Gallium Arsenside Al GaAs/GaAs hetercjunction cell. These
devices shown high perfermance at concentration (12% AMO at a concentration ratio of 300). -An active
research and proof of concept program on altermate devices to the silicon call should he pursued,

TECHNOLOGY OBRJECTIVES: To identify and develop at lzast ane new photovoltaic conversion
device that can serve as an alternate to the silicon. ' : '
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Table 4.4-2 . Large Solar Array Technology Resource Reguirement,

§M Terrestrial/3M Space

v-v¥

TASK 76 77 78 79 80 81 82 a3 84 85 COMMENT
TECHNOLOGY = » PROOF OF CONCEPT
1. REDUCE RAW MATERIAL| 08 | 1 1.5 2 = 50 - AUGMENT INDUSTRY/ERDA
PROCESS COST {0.1} | 0.2) | (0.3) | (0.5) =—-oI1) 3o EFFORT
2. REDUCE CRYSTAL 25 4 35 L 30 #~ | AUGMENT INDUSTRY/ERDA
GROWTH PROCESS (05} | (1.0} | (1.0) | (2.0} }~ {3) - EFFORT _
3. BLANKET 25 25 3 4 5 [ 80 »| NASA SUPPORT SPACE-
PROCESS (25) | {2.8) {3) {4 {B) k= —(3) ~—> BASED BLANKET PROCESS
' o DEVELOPMENT
4. PERFORMANCE 4 | a5 5 5 5 5 5 5 5 5 | NASA SUPPORT SPACE-
IMPROVEMENT (4) | (4.5 (5) {5} {5) {5) (5} (5) BASED BLANKET IMPROVEMENT
5. ALTERNATE _ .
PHOTOVOLTAIC 3 3 3 4 5 5 5 5 5 5 | NASA SUPPORT SPACE-
DEVICES (3) {3) (3) (3} {5) {5} {5) {B) BASED ALTERNATES
TOTAL 12.8 15 16 20 | 220 >
{(10.1} | {11.2} | (12.3)) {145} }{~~—T (37} ; )
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li‘w'ud‘ -.HM .. O [—.‘.4-,_,, L‘ ey [N g .......
4 l‘ . —— *
: F?lt' e

e




gl

T T e AT Ty,

e g S "ﬂ

The SSPS will generate high-voltage power in a relatively
stable thermal environment, but must maintain performance during
& 30-year exposure %o ultraviolet radiation as well as trapped
particle radiation. The objective iz & percent degradation over
five vears. Improvements in environment resistance can be
achieved by improved material, spectral wavelength matching,
high~voltage-plasma interaction bProtection, meteorite hardening
and improved annealing techniques.

-

i Multi-megawatt solar Power generation requires switching o
brotection at high voltage and current. Development of high- i
voltage switches and control devices are needed. Circuit design
must consider induced magnetic moments to reduce effects on the
overall spacecraft control. High voltage also leads to corona

. - formation that reduces component 1life. The power distribution

) system design must addregs long transmission distances on SSPS.

s A key trade is to determine the extent to which the conducting
buses can also be used as structure. A tradeoff between ease of

; assembly, cost, mass, reliability and electrical efficiency

. should be addressed. :

: A systems study summarized in Figure 4,.4-~1 should be

: performed to delineate a technology development Program that
establishes realistic goals in a phased Program.  The objective b
of this study would be to determine the Primary and backup paths
for the demonstration satellite's solar blanket. ' '

The tasks in the systems study have the following
outputs:

® Task 1: Configuration Concept Design/Selection

= (Candidate concept designs for the solar érray using {ﬁ
various levels of concentration and solar ceill type '

= Structural therxrmal evaluation of the array includ- |
ing the solar blanket itself, !

® Task 2: Programmatics

= Evaluation of the costs. of each candidate array

:J o ' = A ranking of program options with final selection j o
' of the primary and backup Program path :

- Technology bProgram schedule and rerformance goals.

it b S 1 e e 43 ashii
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sverms ANALYSIS
L tAsk1 ' - TASK 2 |
' CONFIGUHAT]ON CONCEPT DESIGNISELECTION ' .~ PROGRAMMATICS
~ | CONCENTRATION L ol ginpgrTiNG PROGRAM | - a
RATIO TECHNOLOGY
- SELECTION a——n e ROGRA
o | - THERMAL RISK AND DEFINITION
v - | * PHOTOVOLTAIC | | ANALysIS RANIING |
v T | TECH ASSESSMENT [ * : 1 _ :
: “
- o ; g j
oy -TASI(S U : _ TASK 4 :
i f: -OPERATIONS o - ) .-, SUPPORTING DESIGN/ANALYSIS
: . _ s RELIABILITY
. o o . ' ; - ® FLIGHT MECH & CONTROL -
JASSEMBLY ||  MAINTENANCE | o SUPPORT EQUIPMENT
DEFINITION
o » POWER DISTRIBUTION
© ENERGY PAYBACK
g .
' TE{‘:HNOLOG‘{ PROGRAMS

- o EFFICIENCY IMPROVEMENT {14% — 19%]
@ WEIGHT REDUCTION (.525 - .282 KG/M?)
: COQTREDUGHON{¢54$MH)
. @ LIFE INCREASE (- 30 YRS, 5% DEGRADATION IN 5 YRS)
" ¢ HIGH-VOLTAGE'CIRCUIT CONTROL (40 KV ~8% LOSS} -

Fi'g:ure 4,4-1 Large Solar Array. Program Phase A Study

b, .
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® Task 3: Operations

- Identification and evaluation of solar blanket
assembly and maintenance operations

- Mission bPlan for Shuttle sortie demonstration
£lights. :

e Task 4: Supporting Design/Analysis
= Documentation of those efforts oh assembly support

equipment designs, power distribution intexfaces,
etc., needed to support the systems study.

4.4~7/4.4-8
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4.5 Large Structures - Manufacturing, Assembly, Maintenance
and Control

The development of necessary technologies for deployment
of large structures in space reguires a broad range of investiga-
tion including evaluation of materials characteristics, unique
structural designg that are lightweight and capable of being
tightly packaged for launch and development of low cost space :
assembly equipments and techniques. Table 4.5-1 is a top level -
summary of these issues,. :

Table ..5-2 is an estimate of the near-term resource
requirements aecded to implement structural technology efforts.
These technologies have been categorized under two broad tasks. P
The first is structural design and analysis which will provide
the ‘base upen which the design efforts for the demonstration
satellite will build. The second task will design, build and
test through simulation and verification programs, assembly/
fabrication equipments and technigues.

The remainder of paragraph 4.5 describes issues requiring ;
further systems study. !

Static and Dynamic Structural Response to Thermal and
Load Environments - The orbital load conditions which may design
the structure are solar pressure, gravity gradient control torques
and orbital station-keeping control torques and orbital station-
keeping control forces. The dynamic responses of the large,
flexible lightweight space structure to these disturbances require
assessment to obtain a stress time history over the 30-year
service life.

A significant contribution to the thermal stress/ ;
distortion is the induced thermal gradients resulting from the ;
eclipse of the SSPS by the Earth's shadow. The S8P5 experiences A
gclipse during a 45-day pericd at the wvernal and autumnal A
equinoxes. The time in the Earth shadow varies from 0 to 72 L
minutes. As the satellite enters the shadow, the temperature ©
" decrease in the thin structural members will be rapid. Thus, the B
vehicle will experience significant thermal gradients. As the o
satgllite exits the shadow, the thermal excitations will reverse.

The entire thermal exposure cycle can induce low frequency oscil-
lations in the entire flexible vehicle. The effects of these
oscillations on the overall system require assessment,

mPRODUG}BMTY OF Thr
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Takle 4.5-1 Structures Techneclogy Reguirements

TECHNOLOGY f

RISIK ASSESSMENT ,5

k

ITEM RATING RANKING COMMENTS ‘,
Structure 4 1 BACKGROUND: Structure is characterized as being thin wall, Tow deptoy =d density, high surface-

to-mass ratio, metallic or possibly composite elements assembled into open space frame structural
elements which in turn are assembled into yet farger space frames forming very large laporos. 1 km}
antenna and even larger solar arrays. After materials technuiogy development and selection,

the new probllems associated with low thertnal incrtia large dimension structure. traversing 1he sun-
light/shadow terminator at orbital velocities must be resolved. The resulting basic design,

recognizing high launch paclaging density limitations must be fabricated on orbit to achieve the '“a
final low density deployed configuration. How this should be done is not lknowa and development
risk rating should be considered as a firm four. e

TECHNICAL OBJECTIVES: Develop basic structural element withs thickness of 8,02 inches
{0.0205 m) and lass using aluminum and composites commensurate with required ground-based :

:h' and/or space-based manufacturing and assembly techniques.

(%2 T

t!, Manufacturing 4 2 BACKGROUND: The specific technology for manufacturing modules is not known at this time,
: Modules but shouid be relatively straighiforward to develop once the basic design and materfals have been

astablishe - “~r the items to he manufactured in space. The major items.are structural elements
fopen space frame structures) and stotted waveguides for the subarrays. Materlals technology must '
be-understood first and then engineeting efforts {or relatively. automated manufasture must begin.
Several iterations are probably required so tha deunlupmmt must he paced to assure a réliable
economic process. Development risk rating should he a firm 4. '

TECHNICAL OBJECTIVES: BDevelop maodules for on-orbit manufacturing of waveguides and

structura.
Remote : 4 3 BACKGROUND: The specific technology for remote manipulation modules is not known at this ' Do
. Manipulators o : time. ilowever, some investigations have been condueted in associated conirol systems. The - s : ]

4
i
|
1
E
!
1
development of these particular remote manipulators should hegin after the hardware to he _ j
maneuvered and joined has heen defined. The eontrol Hinks wiil probably be through TDRS - . SR
so capabilities and limitations may begin earlier. Development risk ratiizg should he a firm 4. ]

TECHNICAL OBJECTIVES: Develop remote manipulatar modules for the assemblv,
installation, removal, replacement, maintenance and operations in space.

e,




’ Table 4.5-2 S’::'rv_.ici:ural'Technology Resource Reguirements
‘ TASK |76 |77] 78|79 |s0| &1 |82 {83 |84 | 85
) ) - PRELIMINARY: DESIGN
1 “DESIGN % > DEMO SATELLITE
, 1. STRUCTURE : |
. e CONFIGURATION | 5| 5] 10} 10
. STRUCTURAL & CONTROL] . ", -
- ANALYSIS RSN F- B B 2 BRI T R WA
e THERMAL 3l 7| e 10
o _ ¢ STRUCTURAL ELEMENT
o DESIGN & FABRICATION | 7| 10| 20|35
2. ASSEMBLY & o _
" OPERATIONS o 20| 35| 7.0 100
TOTAL 38| 6al12 1741
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To study the control of a flexible structure in a

- gravity-gradient field, it is necessary to accurately determine

the difference between the gravity force and the orbital cen-
trifugal foree at each mass point. In many existing conputer
Programs these_effects are computed. and. then subtracted; however,

- the effects are nearly equal, and it is the small difference
‘which is of consequence. This procedure is considered too

inaccurate to be of value. To improve the brocedure, the gravity

~and orbital centrifugal effects should be expanded in a series,.

andlytically subtracted, and Programmed in a general time-hiStory
structural program. L

Reguired orientations and attitude control during build-
up of the SSPS should be investigated. Concepts must be
developed for efficient handling of changing configuration
features sueh as inertias, moment arms, and disturbances.

Another area requiring further study is the interaction
of the microwave antenna pointing system with the array control
system. Elevation control of the antenna, including structural
flexibility and the contour control system, should be evaluated.

Manufacturing and Assembly Technigues - The capability. to
fabricate and assemble large étructures in space is a key issue.
The design fabrication, assembly and transportation of the large
Space structure presents many significant problems reqguiring
advances in the state-of-the~art of the related structural,
materials, manufacturing and assembly technologies., 'The manu-
facturing and assembly techniques studied under this contract
were based on the use of an auvtomatic fabrication module; the
module automatically fabricates and assembles the major structural
components from raw stock in low earth orbit., These techniques
now should be studied together with alternate methods of manu-
facture and assembly to establish the most effective and lightest
configuration.

The manufacturing modules roll-form the basic structural
elements which are assembled and welded inte the Praogregsively
larger componenis. Investigations should be made to assess the
use:of other materials such as kevliar composites, graphite/epoxy
composites, heryllium alloys, titanium alloys and various other
aluminum alloys. fThese materials evaluations should be coupled
with the use of other structural shapes and configurations to
obtain a more realistic trade study of mass, cost and complesity.

Structuxral Verification Techniques - Investigations
should be performed to evolve methods for verifying the struc-
tural integrity of the S5SPS vehicle. The application of ground
test technigues currently in use are obviously not suitable. It
is proposed that ground test techniques for scale models which
are structurally and dynamically similar bhe developed. ‘Phis

4.5-4

=




P,

Ei

Iv

procedure will provide verification of énalysis methods. A
second phase of this activity would be to design, fabricate and
flight test an instrumented model of reasonable scale.

Maintenance ~ Additional system level studies are reguired
to delineate technical issues and Programs for maintenance opera-
tions. The failure rates assumed in the maintenance assessment
in this study are soft at best. The failure rate for solar cells
for example is based on 0AO where careful selection of high
quality components was the rule. On S8PS, mass production of
solar blankets may preclude achieving as high a reliability. If
the open~circuit failure rate for an individual solar cell
increases an order of magnitude (2.63 x 10-3/yr), 7.8 percent of
the blanket LRU will f£ail in 30 years, regquiring at least one
replacement of the entire array ($112 M/yr) over the life of the
satellite. A trend might also be demonstrated for the microwave
components; however, the assumed redundancy and amplitron toler-
ance to malfunction may provide significant relief. Aan across-
the-board reliability asszessment of the 8SP5 is needed to more
precisely determine maintenance cost.

The 5.6 percent power degradation level before lowest
replaceable unit (LRU) replacement used to determine maintenance
cost is driven by the assumed cost to repair (238 $/kg). If
transportation and maintenance cost double, the point where cost
of repair equals expected loss in revenue will also double. 2
study that more bPrecisely evaluates the tradeoff between loss in
revenue and the cost to reépair is needed for each major satellite
component. BAmortization of support equipment costs for wvarious
approaches to maintenance should be included in the analysis.

The initial investment for maintenance support eqguipment,
which assumes that one 6-man space station is allocated to each
SSPS, appears to be excessive for the amount of maintenance pre-
dicted. Modifications to the maintenance scenario assumed should
be reevaluated. Perhaps the space base and teledperators
assigned to each SSPS could be used to service several satellites,
thus reducing considerably the cost to each unit. A second
option would eliminate the use of multiple, manned space stations.
An on-orbit maintenance "depot" facility would house spares and
teleoperators and the manned transport vehicle would be of suifi-
cient size to allow maintenance of support eguipments and other
functions requiring manned participation. 1In this manner, the
costs for the man-rated equipments could be shared by many power
stations. Additional study is needed to determine the most
cost-effective approach.

4.5-5/4,5-6
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4.6 Transportation

. Transportation costs are potentially the most significant
element in determining the costs of the SsSPS. Transportation
costs vary as a function of the 1lift capability of the launch

- system and the orbit inclination at which assembly is performed. .

The technology base for developing the launch wvehicle is in-hand.
Early 5SPS development can be achieved with the Shuttle or
derivatives of the Shuttle. Studies are already underway that
are evaluating conceptual designs for heavy Llift launch vehicles
with payloads to low earth orbit of 182,000 kg (400,000 1b) or
greater. The orbit transfer stage, which will transport the SSPS
totally assembled or as large assembled modules to geosynchronous
orbit, require more technology development if cost goals are to
be met. Near-~term system studies are required to delineate the
requirements and cost impact of transportation options.

Figure 4.6-1 shows the relationship between orbit-to-
orbit stage charactexistics, launch system performance, and elec-
tric power incremental unit charge rate. A high performance gas
core reactor or ion stage would be required for cost-effectiveness.
The ion propulsion or other high performance propulsion systems
appear to offer the lowest cost approach for orbit-to-orbit
transport of material. fThe following list presents significant
ion prepulsion issues:

® Deveiopment of a large diameter thruster. Current

engine development (LeRC) has concentrated on a 30 cn

- thruster, An extension of the ion thruster diameter
to 1 meter seems within technical feasibility. The
grid material of the engine will be the limit to the
size of thesé devices. As the thruster operates, the
grids distort thermally varying the spacing between
the grids.

® Selection and development of the power source. The
major concexrn is that the stage must transport
materials through the Van Allen Belts. The silicon
photoveltaic power source may not be the best approach
when performance degradation of the cell due to radia-
tion while in the belts is more precisely taken into
account. Other power sources, such as nuclear or solar
thermal, could readily get around the radiation prob-
lem but would introduce other technology problems.
What is needed is an across-the-board system study of
all optionsg to better identify the more attractive
approaches.

® Selection of the propellant. Most current technology
development has concentrated on mercury propellants.
Use of this material on a scale needed for the SSPS
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may not be acceptable in terms of the potential con-

" tamination to SSPS sensitive devices as the microwave
converters and solar cells. As in the case with
selection of the power source, an across-the-board
systems study of the propellant options is needed to
clarify technology redquirements. . '
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4.7 - Envirdnmantai Impact Ahalysis

As in the case with any project that may significantly

‘affect the human environment, all components of the §SPS5 and,

more generally, SPS systems should be subjected to a thorough
evaluation of the impact on the environment. In planning the
$SPS (or SPS) program, this task should not be treated lightly,
for it is the issue of environmental impact that hag delayed
construction of conventional nuclearxr reactors and liquefied
natural gas storage projects, and was an emotional issue in the
United States supérsonic transport program.

Because cf the magnitude of the S8PS (SPS) program,
detailed environmental impact assessments (EIA} and environ-
mental impact statements (EIS) must be prepared for the major
components and subsystems of the SSPS (8PS)}. These assessments,
in aggregate, will comprise the assessment of the 88pP8 (SPS) and
will be used when comparing the impact of the SB5PS (sPS) with the
impact of alternative power systems.

4.7-1/4.7-2
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APPENDIX A: WORK BREAXKDOWN STRUCTURES-SSFS
AND PRS SYSTEMS

a.l Satellite Solar Power Station

A.l.1 Work Breakdown Structure and Program Schedule

A preliminary SSPS Work Breakdown Structure (WBS) and
Program schedule have heen compiled to egtablish a "strawman® for
Programmatic analysis. The three-step program was based on the
development of a small LEO Process Development and Test Facility,
a geosynchronous-stationed 1 GW pilot plant, and a full
capabllity plant (5 GW) schedulgd‘for completion in 1995,

Figure A-1 is the WBS used as the roadmap for cost
accounting and program planning. The 11 Level-2 elements of the
WBS are identified as :

¢ Project Management

@ System Engineering and Integration

e Transportation

® Assembly

@ On-0Orbit Assembly Support Equipment

® Transportation and Asgembly Ground Suppdrt Egquipments

® LEO Development and Test Satellite Program

s Pilot Plant

& Operational Plant

o Sysfem Maintenance

@ Facilities.

Project Management (-01) - This element of work accounts
for the technical and administrative planning, organization,

directicn, coordination, control and approval mechanisms to
accomplish overall program objectives.

System Engineerxing and Integration (-02}) - This element
includes all the necessary engineering and systems management
efforts needed to achieve an integrated progran, It includes
engineering management, systems engineering, design engineering,
support engineering, and the assurance technologies; namely,

i s
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reliability,

.

quality assurance maintainability, safety,

environmental protection as well as  impact and assessment.,

Transportation (=03) - This element includes the,deVelop—

' ment, production, and operation of all systems that transport
materials, eguipment, and personnel from launch through deplqy«
-ment at the designated mission orbhit. The following elements are

included:

(-03-1)

(~03~2)

(-03~-3)

(-C3-4)

{-03-5)

(-03-6)

(-03-7)

‘Shuttle (IOC 1981)

Deploy Only Launcher {(I0OC 19287) -~ A derivative .
of shuttle using external tank, solid rockets,
and a payload shroud which is integrated with
a propulsion package of SSME's. This launch
system is fully recoverable with a pavload to
low eaxth orbit of 72,640 kg (160,000 1b).

HLLV (IOC 1992) - New heavy 1ift launch
vehicle, fully recoverable with 181,600 kg
(400,000 1b} payload to low earth orbit,

Large Cryo Tug {IOC 1987) ~ An orbit transfer
vehicle for transporting materials, egquip-
ments, and personnel between low and
geosynchronous earth orbit. The vehicle
baselined for this study is a derivative of
the external tank and SSME, it requires
in-orbit refueling.

Advanced Ion (IOC 1992) - A large high per-
formance stage with the capability to transport
assembled SSPS from LEQO to geosynchronous
orbit.

Propellant Farm (I0OC 1987) - A set of propel-
lant storage tanks and support equipment for
storing and transferring propellants for the
Large Cryoc Tug and Advanced Ion stage.

Maneuver Tug (IOC 19287} - A tug used to _
maneuver and transport large eguipments,
materials, propellants, etc in the vicinity
of the assembly site and propellant farm.

Assembly (-04) - This WBS element includes all equipment

required in the assembly operation for the fabrication, joining
and integration of the S88PS.

{(-04-1)

Fabrication Modules {iocC 1983} - A highly
automated device that fabricates structural
beams in orbit.
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¢ (-04-2) Teleoperators (IOC 1983) - A remotelv con-
trolled module used to assemble structure,
microwave components, solar blankets, ete.

& (-04-3) Manned Manipulators‘(loc 1983) - A man-rated
maneuvering vehicle with manlpulator arms used
“in assembly.' :

e (~04~4) EVA Equipment (IOC 1983) - Space suits -and
.gqulpment for an EVA mode of assembly. .

# (~04-5) Logistics Equlpments (IOC 1983).— A small tug
ugsed to move eguipment, materials, and
personnel in-the v1c1n1ty of the assembly
site.

On~0rbit Assembly Support Mocdules and Equipment ( 05} -
Equipment needed in support of assembly operations, -this 1ncludes
space stations, shuttle anc;llary equipment, and crew transport
modules., The following items comprlse a summary of the Level-3
WBS elements: :

e {-05-1) LEO Space Station (IOC 1987) ~ A modular,
6-man space station used to house the assembly
crew, maintenance fagilities, large elements
work area (hangar), and assembly equipment in
low earth orbit. '

® (-05-2) 80 Space Station (IOC 1987) - A modular, 6-man
space station to perform functions similar to .
those for LEO Space Station but on
geosynchronous orbit.

e {(-05-3} SO Transfer Module (IOC 1987) - A crew trans-
port module used to house crews for transport
between LEO and synchronous orbit.

Transport and Assembly Ground Support Eguipment (-06) -
The ground equipment required to suppeort launch and mission
operaticons including development of communications centexs and
networks. This WBS element has not been included in the pro-
grammatic analyses because more depth of definition of the satel-
lite, assembly equipment, and operations is required to define
this WBS element to sufficient depth for costing. In the interim,
this is considered to be included in the 20 percent task factox
applied for cost uncertainty.

LEQ Development and Test Satellite (-07) - Figure A-2 is
a conceptual design for a 15 MW (transmitting antenna output
power) demonstration and test satellite. The solary array is
layed out at a concentration ratio of two. The silicon solar
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Figure A-2

Demonstration

| * BLANKET
: j_K » CONCENTRATOR

* NONCONDUCT. STRUCT.
* CONDUCT. STRUCT.
* MAST

SUBTOTAL

Enuunww

1l

38,571 KG {0.525 KG/M?2)
3,014 KG (0,02 KG/M2) :
16,692 KG {2.76 KG/M LENGTH)
2,633 KG {2.76 KG/M LENGTH) -

1,049 KG (2,76 KG/M LENGTH). -

—_—
62.959 KG

ROTARY JOINT = 12,670 KG (1/10 WT OPS 8YST)

ANTENNA
s STRUCTURE
CONTOUR CONTROL

CONTROL ELECT
TUBES
WAVEGUIDE

SUBTOTAL

POWER DISTRIBUTION

[ (1 S 0 (I

9,083 XG (.43 ka/m2)
3,648 KG (.38 ka/m?)

10,648 (3 (RAYTHECN EST)
5,632 KG (RAYTHEQN EST}
2,848 KG (RAYTHEQON EST)

95,206 KG (RAYTHEON EST}

=127,165 KG

and Test Satellite




cell blanket efficiency was established by using the projected
efficiency for the SEPS array {12%) and then degrading efficiency
for the operating temperature at a concentration ratioc of two, A
power distribution system efficiency of 82 percent was utilized
to compute the array output power,

The array mass estimates used the projected SEPS sqlar
blanket masses (0.525 kg/m2) and the 0.5 mil aluminized Kapton
masses projected for the 1995 mirror system. The mass per unit
length of structure for the 1995 satellite was used to establish
the non-~conducting structural masses. The column lengths for
this design are approximately the same as the 1995 system. fThe
mass of the conducting structure and central mast are sized by
electrical requirements in the 1995 system; but are sized by
structural requirements in this system. The rotary joint isg
scaled down (1/10 size) from the 1995 system. The total mass of
the satellite is 228,343 kg (503,148 1b).

Pilot Plant (-08) ~ Figure A-3 is a conceptual design of a
l GW, ground-output pilot plant for operation at geosynchronous
altitude. Whether this 1 GW plant should be built depends upon
its economic merit. The assumptions used to size the configura-
tion are included. The total system mass is 8.33 x 106 kg. The
transmitting antenna on this configuration is the same size as
that for the 1995 SSPS; however, it is assumed to transmit below
the operational power level. -

Operational Plant (IOC 1995) ({~09) - The operational plant
is a 5 GW facility which utilizes an advanced solar blanket and
the same antenna size as the pilot plant with full complement of
RF generators. The following items comprise a sunmmary of the
subdivision ¢% work:

e (~09-01) sSolar Array: A large photovoltaic array
operated at 2:1 concentration with the follawing
elements:

-~ (-01.1) Solar Blankets

{(-01.2) Concentrators

= (-01.3) Conducting Structure

= (-0l1.4) Non-Conducting Structure

= (~-01.5) Power Distribution, Control and Switching

= (-01.6) Attitude Control and Avionics

| I—

e e .
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2.87 Kiv

1.5 KM

LRU = 88,125 KG __—

Figure A-3

CHARACTERISTICS

& SOLAR BLANKET
—~ CONCENTRATION RATIO =2
— CELL EFFICIENCY = 11%
— POWER DISTRIBUTION EFFICIENCY = 92%
e MICROWAVE CONVERSION EFFICIENCY = 57% RECTIFIED AT GROUND

WEIGHTS
ARRAY KG X 10° COMMENT
® BLANKET = 282 | (7.04 KM i0.4 KG/M®Y
e CONCENTRATOR = 0.31 115.4 KM?} LOZKG/IM?)
« NONCONDUCT STRUCT = 0.61 {18.5 KM?) (0.033 KG/M*)
o CONDUCTING STRUCT = 0.07 {18.5 KM*} 0,004 KG/M?}
o MAST = 0.38 (7.4 KM (0052 KG/KM)
4.19
ROTARY JOINT 0.20 {SAME AS 1995 SYSTEM)
MW ANTENNA 294 {SAME AS 1995 SYSTEM
_ __WITH REDUCE # OF TUBES)
TOTAL 8.33 (18.3 X 10° LB}

Pilot Plant - 1 GW Ground Power
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8 {-09-02) Antenna Interface: A large diameter rotary
joint for fine pointing the antenna and transferring
power with the following elements:

- (~02.1) Slip Rings and Fiex Harness
- {~02.2) Control Drive

- {(-02.3) Structure

- {-02.4) Power Distribution

- (-02.5) Control and Avionics

) (-09-03} Transmitting‘Antenna: A large phased array
that utilizes slotted waveguldes and crossfield
amplifiers. The following elements are included:

- (=02.1) Power Interface

- (=03,2) dc to rf Converter
- (-03.3) Slotted Waveguide

- (-.3.4) Phase Front Control
- {-03.5) Suppout Structure

© (-09-04) Rectenna: A large solid state receiving and
rectifying antenna for conversion of rf power to dc
electric, The following cost elements are included:
~ (-04.1) RF~DC Subarravs
- (-04.2) Power Interface
- {~04.3) Site Preparation
- {(~04.4) Real Estate
- {(-04.5) Support Structure
- {-~04.,6) Phase Front Ceontrol.

Systems Maintenance (~10) - This includes those equipments

for on-orbit maintenance of the satellite, and the cost of gpares
and the equipments necessary to maintain spares. The cost of the
on-orbit eguipments and spares have been included in the cost

esltimates.

EPRODUCIBILITY OF THE
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Facilities (-31) - This WBS element includes the facilities
- required for support operations and the manufacture of the major
hardware elements of the satellite. Cost estimates for facilities
have not been included in the overall Program assessment in this
© preliminary study. These are assumed to be covered in the 20
i . percent cost uncertainty allotment. ' - R

aA.l,2 Cost Estimates

i . Cost estimates for the SSPS program have been made using -
existing cost estimating relationships (CER's). The Koelle model b
ig (presented at the International Academy of Astronautics, October £
i 14, 1972) was used to establish development and unit production ¢
‘estimates for the transportation systems, and support equipments. 0
:o The aerospace "Spacecraft System Cost Model," augmented wih the
Do Koelle model trends as a function of "new technology" required
' ~in the program, was used to estimate the SSPS. subsystem .- :
development cost. ' ' o '

— Table A-l is a compilation of cost estimates for the SSPS
program. Costs are listed by WBS element. :

Estimates of the SSPS subsystem costs required an exten-
sive extrapolation from the existing data base. Considerable
"grass roots" estimating based on detailed engineering definition
: of the subsystem should be performed to refine the estimates
e Presented here.

i A B 8 e -

L . The major subsystem development. cost is the solar array

Lo in which costs vary as a function of system power level and
weight. Development costs for a 10 GW operational plant solar
array could increase as much as $1 billion over that for a 5 GW
system. L

Cost sensitivity studies indicate that the SSPS rotary
joint with its associated control system could ke a major develop- |
ment cost driver. To limit maintenance cost, the design 1ife of
the rotary jeint and control system is of major importance.

These development cost estimates assumed a rotary Jjoint and con-
trol system design life of Ffive years. If the design 1ife wezxe _
. increased to 30 ye~rs, development costs for the first full scale
_ ~ rotary joint (used in the pilot plant, if built) could run as
i high as 81 billion.

g The cost estimates for structure are considered to be low.
The CER's used to establish these estimates are based on a his- :
. toxry of spacecraft launched as a single unit. The added complex- i
ity of space assembly on the design and development of the
'structure could impact the costs considerably. o
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Table A-1 §System Cost Estimate, Sheet 1 of 3
WBS WES LEVEL 1 WBS ELEMENTS
NO. IDENTIFICATION I0c | 1-DEVELOPMENT 2—-PRODUCT'D 3-OPERATIONS | COMMENTS
1 -01 | PROJECT MANAGEMENT - 40% OF TOTAL
“F—02 o] SYSTENG & INTEGRATION: .COST OF WBS
S T  ELEMENTS 02
CTHRU =11
=08 ;.| TRANSPORTATION AT R L oo Ll
—03-01" | SHUTTLEDIRIV" - G| o1t NA $ 200  M/UNIT = | $12M/FLT
'—03~02 | DEPLOY ONLY LAUNCHER. | 1987 | § 380M 150  M/UNIT | $13M/FLT
~03-03 " | HLLV - - ' 1992 6,540.M 400  M/UNIT $OM/FLT
—-03-04 LARGE CRYO TUG 1087 166 M 15 M/UNIT $IM/FLT
—03-05 ADVANCED ION 1992 3,847 M 190  M/UNIT $TM/FLT
—~03-06 PROPELLANT FARM 1987 223 M 16 M/UNIT
-03-0 MANEUVER TUG 1987 215 M 2.6 M/UNIT
04 ASSEMBLY
—04--01 FABRICATION MODULES 1983 $ 271 M $ 12 M/UNIT
—04-02 TELEOPERATORS 1983 19 M 25 M/UNIT
—04-03 MANNED MANIPULATORS 1983 365 M 11 M/UNIT
—04—04 EVA EQUIPMENT 1983 20 M 15  M/UNIT
—-04-05 LOGISTICS EQUIPMENT 1983 a4 m 25 M/UNIT
—05 ON-ORBIT ASSEMBLY
SUPPORT EQUIPMENT.
—05—01 - | LEO SPACE STATION 1987 1,000 M $ 16  M/YR/MAN
0502 S0 SPACE STATION 1987 57 M 16 M/YR/MAN
—05-03 SO TRNASFER VEHICLE 1987 190 M 23 M/MAN
—06 TRANSPORT & ASSEMBLY TRD TBD §NCLUDE IN UN-
GROUND SUPPORT CERTAINTY
EQUIPMENT FACTOR
-07 LEO DEMO SATELLITE 1985 1376 $7xa(Y (1) ASSEMBLY
OPERATIONS
0701 SOLAR ARRAY 1,108 M 3461  $/KW
| ~07-02 | ANTENNA INTERFACE 383 M 2,670 $/KW
| =07—03° | TRANSMIT ANTENNA 610 M 386 $/KW
~07-04 RECEIVING RECTENNA 59 M 1,088 H/KW
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Table a-1 System Cost Estimate, Sheaet 2 of 3 .

LEVEL 1 WBS ELEMENTS - - ' ) !
WBS WES - : ' ' ' _ ' f
NO. IDENTIFICATION . I0C | 1-DEVELOPMENT 2—-PRODUCTION 3-OPERATIONS COMMENTS :
~08 .. | PILOTPLANT 1980 . 10868/kG"2 | (2) TRANSPORTA: |
: - . : - | 'TION & ASSEMBLY o
- OPERATIONS - o
Z —08-01 | SOLAR ARRAY $2,453 M 765 $/KW
oo —08-02 ANTENNA INTERFACE 446 M 105 $/KW ]
o . | —08-03 TRANSMIT ANTENNA 320 M 144 $/KW C
Lo | —~08-04 RECEIVING ANTEMNA 1,218 M 392 $/Rw 1
09 - OPERATIONAL PLANT 1995 . 180 $/kG"? | . (3} INCLUDED IN i
: —09-01 SOLAR ARRAY 1995 $3,104 M g T - | coNDUCTING !
—~09-01.1 | SOLAR BLANKET : o S o855 smZ | L - STRUCTURE i
—09-01.2 | CONCENTRATORS o : S KKV co - | ESTIMATE -14
—09-01.3 | CONDUCTING STRUCTURE | _ . ' 81 $/Ke - |
—08--01.4 | NONCONDUCTING 81 $/Ke i
> STRUCTURE : |
A —09-015 | PWRDISTCONTL& (3) iw,
R o SWITCH _ _
~09-01.6 | ATT'D CONTR'L & ' ' $2,7 M/THRUSTER ]
: AVIONICS
—09-02 ANTENNA INTERFACE 1995 $ 199 M 18 $/KW ] 4
—09-03 | TRANSMIT ANTENNA 1995 | § 260M | ;o
—09-03.1 | POWERINTERFACE - ' 18 H/KwW T
~09-03:2 | DCTO RF CONVERTER 26 $/KW [
—09-03.3 { WAVEGUIDE 14 $IKW ‘
—09-034 | PHASE FRONT CONTROL _ 26 S/KW
~09-035 | SUPPORTSTRUCTURE . L 1B S/KW
—09-04 RECEIVING RECTENNA 1995 $ 403 M : : : g
—09-04.1 | RF TO DC SUBARRAY 76 HKW L~
—09--04.2 | POWER INTERFACE 47 $/KW -
—09-04,3 | SITE PREPARATION 8 /KW
—09-04.4 | REAL ESTATE - 19 $/Kw
—09--04.5 | SUPPORT STRUCTURE 114 $/KW
—02-04.6 | PHASE FRONT CONTROL 5 $/Kw
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Table A-1l System Cost Estimate, Sheet 3 of 3 i
LEVEL 1 WBS ELEMENTS ‘-. .:
WBS WBS l
NO. IDENTIFICATION i0C | 1-DEVELOPMENT 2—PRODUCTION 3—0OPERATIONS COMMENTS | ;
=10 SYSTEM MAINTENANGCE (4) SEE SECTION |
' —10-01 LLEO DEMO 1985 TBD TBD TBD 24 4
—10-02 PILOT PLANT 1990 TBD TBD TDB I
—10-03 PERATIONAL PLANT 1995 $919 M(4)/sSPS $87.7 M/YR14) -
—10-03.1 | SOLAR ARRAY 427 fyRld) g
—10-03.2 | ANTEMNNA INTERFACE . 0.4 M/YR) *
~10-03.3 | TRANSMIT ANTENNA 1 M/YR4)
—10-03.4 | RECEIVING RECTENNA 4.6 M/YR
-1 FACILITIES TBD TBD TBD
|
T
‘!
. 3
.
_3
-
© ]
k
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_ Eighty-five percent of . development costs for supportlnq
systems is spent to develop three major systems. The majoxr sup—
pPoxt system development cost is for the Heavy Lift Launch vVehicle
with DDT&E of over $6 billion. The Advanced Ion propulsion stage
is estimated to cost in excess of $3.5 billion while the Space e
Station is estimated at slightly above $§2 bllllon.

A2 Power Relay Satellite

aA.2.1 Work Breakdown Structure and Prbgram Schedule

L~

A strawman" PRS Work Breakdown Structure (WBS) and pro-,

gram schedule has been formulated to support programmatic studles.,f

A two~step program was utilized. A geosynchronous demonstration
satellite scheduled for 1985 requlred the development of a Low

Earth Orbit and Synchronous Orbit space station over the next ten_

years. A refined version of the demonstration system was
scheduled for 19%0.

All elements of the WBS outlined for the SSPE in para- ..
graph A.l, apply, with the exception of elements (07} LEO :
Demonstration Satellite, (-08) Pilot Plant, and (-09) Operatlonal
Plant. Figure A-4 is a WBS replacement used for accounting PRS
costs. :

The 1 GW system scheduled for 1985 is assumed to be
assembled and transported using the following major elements:

@ Shuttle (IQC 1981)

@ Full Capability Tug (IOC 1983)

e LEO Space Station (IOC 1983)

® S0 Space Station (IOC 1983).

The 1990 system, rated at 10 GW, for purposes of the .
"strawman" plan is assumed to be assembled and transported u51ng
the follOW1ng major elements.

® Deploy Only Launch (IQC 1987)

@ Large Cryo Tugs (IQC 1987)

® LEO Space Station (I0OC 19B3)

® S50 Space Station (ZIOC 19283)

L
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—07 ~08 ~09 i
LEO DEMONSTRA ~ PILOT PLANT OPERATIONAL
TION SATELLITE (1985) PLANT ™
(1990) 2
=
B
-1 —{32 —03 7 ed
TRANSMITTING RECEIVING Ty
gl REFLECTOR RECTENNA {
~01.1 —02.1 —03.1 g
POWER INTERFACE PHASE FRONT CONTROL BF-DC SUBARRAYS wt
-
—01.2 —02.2 -03.2 ;
DC-TO-RF CONVERTERS STRUCTURE POWER INTERFACE wocd
-01.3 -02.3 —-03.3 Sl
WAVEGUIDE CONTROL SITE PREPARATION Ed
—01.4 -03.4 o
| PHASE FRONT CONTROL REAL ESTATE e
~071.5 —03.5 ¢
SUPPORT STRUGTURE SUPPORT STRUCTURE -
—01.6 —~03.6 .
SITE PREPARATION PHASE FRONT CONTROL
—01.7
REAL ESTATE . ]
' [
T
Figure BA-4 Delta Work Breakdown Structure i

a-14
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A.2.2 PRS Cost Estimates

Table A=-2 contains a coﬁpilation of costs based on the
same relationships used in the SSPS estimates. The cost to

develop a full scale (1 km) reflector and place it into -
geosynchronous orbit using a Full Capability Tug (p/L to

g0 < 5000 kg) appears to be excessive. The development plan that
solves the assembly technology problems with a small, low earth
The use
of SHuttle derivatives (i.e., DOL and Large Cryo Tug) signifi-
cantly reduces transportation and assembly costs. The require-

orbit demonstration satellite should be lower in cost.

ment for an HLLV and advanced ion stage s$till must be evaluated,

though the relatively small mass-~to-orbit for the PRS reflector

may not justify the development of these advanced systems.

The dominant cost for the transmitter is the slotted

waveguide, which must cover an area of almost 100 km2 wi

precisely dimensioned surface. The receiving antenna costs are

the same as those used in the SSPS estimates.

The transmitter and receiving antenna maintenanc

th

e costs

=3

are based on the assumption of 1 percent per year replacement of

hardware and the following personnel (at each site):

e Control - Monitor Crew 10/shift x 3

& Maintenance Crew 8/shift x 3

e Support Personnel 2/shift x 3

The important repairable items for the transmitting

antenna are:

s Waveguides
10% repairable)
@ Phase Control $ 20 X 106

s DC~RF Converters $330 x 106

e Power Intexrface $410 x 106

For the receiving antenna, these are:

® Support Structure
o 50% repairable)

¢ RP~DC Subarray § 31 x 106

s
1

15

20

24

6

60

5 35 x 106 (taken as

§ 23 x 106 (taken as

oA AT RS T S T I LT
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Pable A-2 PRS System Cost Estimates

— i i
WBS WBS LEVEL 1 WBS ELEMENTS a
NO. IDENTIFICATION 10¢ |1-DEVELDPMENT | 2-PRODUCTION 3—OPERATIONS COMMENTS
—~u8 PILOT PLANT 1985 3624 $/xall) (1) TRANSPORTA-
—08-01 | TRANSMITTING ANTENNA $1140 M N/A TION & ASSEMBLY
~08-02 | REFLECTOR 1521 M - Sl;glil_'{'lgfm
—08-03 | RECEIVING RECTENNA 317 M BILITY TUG
— LEO & SO
SPACE
STATIONS
-09 OPERATIONAL PLANT 1980 |
-08-01 | TRANSMITTING ANTENNA $980 M © $11.8 M/YR MAINTENANCE
—~09-01.1 | POWER INTERFACE 41 BKW :
—09-01.2 | DC-TO-RF CONVERTERS 33 $/KW ;
> —09-01.3 | WAVEGUIDE 354 $/Kw {

B ~09-01.4 | PHASE FRONT GONTROL 2 $Kw ‘;
~09-01.6 | SUPPORT STRUCTURE 36 BKW o
—09-01.6 | SITE PREPARATION 14 $IKW ;
—09-01.7 | REAL ESTATE _ : 8 $/Kw i

—09-02 | REFLECTOR . $30 M 1086 $/KG TRANSPORTATION
~09-02.1 | PHASE FRONT CONTROL 16.3 - $/IKW $90 M/YE & ASSEMBLY '
—09-02.2 | STRUCTURE 94  $/KG MAINTENANCE
—09-02.3 | CONTROL $28 M/UNIT

—090-03 | RECEIVING RECTENNA $280M $4.6 M/YR MAINTENANCE -_
~09-03.1 | RF-DC SUBARRAY _ 76 $/Kw ,
—09-03.2 | POWER INTERFACE _ 47 HIw _ ,‘

—09-03.3 { SITE PREPARATION : . ' 8  $/KW o i
—09-03.4 | REAL ESTATE 19 $/KW - ' .
—09-03.5 | SUPPORT STRUCTURE 114 $/Kw }
—09-03.6 | PHASE FRONT CONTROL 5 $Kw i
— : {
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Power Interface $ 47 x 10

Phase Front Control § 3 x 1o

The yearly costs can thus be tabulated:

6

6

PRS Transmitting Antenna O and M = $11.5 x 106/year,

total :

- Equipment $§795 x 106 X 0.01
- Personnel 60MY/yr X $60K/vr
PRS Receiving Antenna 0&M = $4.64 x
~ Equipment $104 x 106 X 0.01

- Pexrsonnel 60MY/yr x $60K/yr

A~17/A-18

I

$7.95 x los/year

£3.60 x los/year
los/year, total

$1.04 x los/year

1]

$3.60 x lOG/year
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