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STUDY FLOW

A time-related study flow diagram that summarizes the study approach is showm in
this figure. The major data base was documentation from the previous Rockwell SPS '
Concept Definition Study (Exhibits A and B).. Additional data included documentation
of the Boeing Company SPS Concept Definition Study and results of NASA (MSFC and JSC)
in-house SP8 studies. . . . . .

During the first 3 months of the study, major emphasis was placed on an update of
the point design defined in Contract Exhibits A and B. The update resulted from addi-
tional trade studies conducted during the first 3 months. The updated point design and
similar data from the Boeing Company studies-and NASA in-house studles resulted in a
preliminaxry description by NASA and DOE of a reference system. The purpose of the refer-
ence system is to provide a specific single data base for the SPS concept evaluation
being conducted by DOE. The reference system was then defined and a report was issued
oy NASA/DOE that describes this system and coantains key trade studles leading to defini-
tion of this system. This system description formed the basis for a servies of studdes
(construction, transportation, experiment/verification program, and cost) that further
defined the concept and program. In addition, a series of trade studles at the total
system level and at the subsystem level were conducted to identify modifications to the
currently-defined reference system and to define alternative system concepts which have
the potential for significant improvements.

The major outputs of the study are shown in this figure. The coustructability
studies resulted in' the definition.of the concepts for satellite, rectenna, and satel-
lite construction base construction. Transportation analyses resulted in-definition of
heavy-lift launch vehicle (HLLV), electric oxbit transfer vehicle (EOTIV), personnel orbit
transfer vehicle (POTV), and intra-orbit transfer vehicle (IOTV) as well as overall opera=
tions related to transportation systems. The experiment/verification program definition
resulted in the definition of elements for the Ground-Based Experimental Research {GBER)
and Key Technology plans. These studies also resulted in conceptual appreaches for early
space technology verification. The cost analysis defined the overall program and cost
data for all program elements and phases. ' :

This data will form the bagis for further program definition and is the basis for
recomnended future effort. ) - . .

[



STUDY FLOW
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SUMMARY TOPICS

This chart is self-explanatory. .

=
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REFERENCE SATELLITE CONCEPTS

The reference system defined by NASA and DOE contains the two satellites shown
in this figure. The reference system has the characteristics shown on the next chart.
‘The major difference between the two satellites is the energy conversion approach;
one uses silicon solar cells in a planar, non-concentrated array and the other uses
GaAs solar cells in a planmar array with CR=2. The microwave antenna on both satellites
is located at one end of the satellite. Power at the utility interface on the ground .
is 5 GW. A phased array is used for the rectemna, ’ '

The construction location, GEO, is the same as previously described for the
Rockwell system. The transportation system is comprised of elements similar to those
described for the Rockwell point design. ) .

The purpose of the reference System is to provide DOE with a specific and counsistent
set of data on the SPS for purposes of evaluation. Following preliminary definition of
this concept, trade studies were conducted on this contract to further define the char-
actexistics of the system. ' These studies were conceutrated on the GaAs system concept.

LY i



REFERENCE "SATELLITE CONCEPTS .

BLANKET AREA » 26.52 km?
PLANFORM AREA = 65,13 km?

GaAlhs CR=2

Rockwell

e~ E
g %
>3
u-
S
we
[
=
T e
xd
Q-
3d)
3
22
el
» @

"PLANFORM AREA

14955D01702 .

m

International

R

2+~ Satellite Systems Division
Space Systems Group



REFERENCE SYSTEM CHARACTERISTICS

This chart is self-explanatory.



REFERENCE SYSTEM CHARACTERISTICS I

SPS GENERATION CAPABILITY (UTILITY INTERFACE) 5 GW

OVERALL DIMENSIONS (KM)
SATELLITE MASS (KG)

POWER CONVERSION-—PHOTOVOLTAIC
STRUCTURE MATERIAL ‘
'CONSTRUCTION LOCATION

. TRANSPORTATION
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(NUMBER) "
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'MICROWAVE POWER TRANSMISSION

¢ NUMBER OF ANTENNAS . - T

¢ ANTENNA POINTING/CONTROL
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e FREQUENCY (GHz) ‘

® RECTENNA DIMENSIONS (KM)

® RECTENNA POWER DENSITY (MW/CMz)
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34 x 106 -+ 51 x 106 B
GaAlAs (CR=2)  SILICON (CR = 1) . .-
GRAPHITE COMPOSITE ‘ -
GEO

VERTICAL TAKEQOFF, WINGED TWO~STAGE .
(424,000 XG) . . .
MODIFIED SHUTTLE

(78) :

DEDICATED ELEC. OTV
TWO-STAGE LOX/ Lig
(75)

1

CONTROL MOMENT GYROS (CMG'S) 29
‘KLYSTRON ' 3 522
2.45 7 S B
10 x 13. O
‘ c »

=D

. ER
3 2w

Satellite Systems Division
' S$pace Systoms Group

‘ i . , ' L —
4&% Iematonal  [9] : ' (3955001703



ALTERNATIVE STUDIES

This chart is self~-explanatory



ALTERNATIVE STUDIES
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FACTORS INFLUENCING-ANTENNA LOCATION

“The location of the antenna may have an influence on several system characteristics including
(1) satellite mass, (2) attitude control qnd stationkeeping, (3) microwave transmission, (4) thermal
control, and, (5) satellite construction.' . ' )

The impact on mass was already shown on the previous chart. As shown, a three trough end-mounted
concept has a mass 2.2%x10°% kg greater than .the center-mounted antenna concept. The mass difference is
attributable to increased power distribution mass caused by longer -distribution distances for the end-
mounted antenna concept. 2 Lo e - ‘

- Stationkeeping requirements are virtually identical for end- or center-mounted antenna concepts. .
The major stationkeeping requirement is due to solar pressure perturbation. Although the solar pressure
.perturbation is cyclical over a year, the orbital excursions are unacceptable because of the increased
amount of geosynchronous space occupied by the satellite without corrections. Because of the assymetry
of the end-mounted antenna concept, the attitude control requiremeats due to sclar pressure are large.
If these torques were controlled separately from stationkeeping, 4.0Z of the spacecraft mass would-be
required in propellants over 30 years (as compared to a total of 5.6% for all attitude contxeol reguire-— -
ments). By combining the solar pressure and other stationkeeping corrections with attitude control
corrections, the center~mounted and end-mounted concepts have virtually the same propellant mass require—
ments because of the dominance of solar pressure stationkeeping, which is the same for both concepts.
Because of the amount of solar pressure stationkeeping correction required, the SPS troughs can be
partially pointed toward the sun to reduce losses: due to excursions of the sun north and south of the
_equator without an attitude control propellant penalty. i
Microwave transmission interference with the inboard collector array structure also was considered ' .
"as a potential penalty for the center-mounted antenna concept. However, because of the large antenna
‘aperature, spreading of :the beam and side lobe formatilon is negligible in the neighborhood of the satel-’
lite. .As long as no structure is located such that a normal from the antenna intersects it, ne inter-
ference should occur. The center-mounted concept is designed to satisfy this constraint.

Because carry-through and wotary joint structure is located directly behind the mlcrowave antenna
where waste heat from the klystrons is being rejected, there is some concern of the thermal impacts. '
Thermal control can be achieved to an acceptable level for edther aluminum or graphite composites by
surface coating or surface covering at a negligible weight penalty.

Satellite construction studies indicate some additional construction complexity due to the center
jocated antenna. At this time, ‘the complexity is difficult to trade off against the additional mass
required for the end-mounted concept. ’ ”

As a result of these trade studies, it was concluded that elther antenna location results in a
feasible concept. The only significant penalty identified was the mass increase for the end-mounted
antenna of 2.2x10% kg. Tor this reasom, the center-mounted concept is preferred, but elther satellite
concept is acceptable. . - - L o . . :



" FACTORS: INFLUENCING ANTENNA LOCATION

FACTOR __
| ® SATELLITE MASS

e ATTITUDE CONTROL/
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o MiCROWAVE TRANSMISSION -
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"o PROTECTION FROM HEATINC OF CENTER STRUCTURE

| IMPA CT
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NASTRANS STRUCTURAL ANALYSIS SUMMARY

The triangular trough arrangement concept {Rockwell point design) was used to conduct,

- a detailed structural analysis using the NASTRAN computer model. It was assumed that con-
struction occurred at a uniform temperature of 0°C, that calculated equilibrium temperatures
occurred during normal operation in the sun, and that a minimum temperature of -150°C occurs
during an eclipse of the sun by the earth. Results of this analysis showed maximum structural
‘deflections at the solar array tips of 100 m for aluminum structure and 1.1 m for composite
structure. Detailed analysis of tribeam loading revealed that local loading for aluminum
structure caused by deflections exceeded crippling allowables of the elemental caps for a

" 10 mil thickness aluminum structure. For some reglous, material thicknesses up Lo 30 mlls
would be required. If all members were constraluned to a 30 mil aluminum material, thickness,

a structural wedght of up to 10%10°% kg would result for aluminum structure compared to 1.2x10%
kg for composite structure. This maximum value for aluminum could be reduced by about one~half
by selectively using 30 mil stxucture only 4n the lateral structure where crippling allowables
are exceeded and 10 mil structure in the longitudinallstructure.

The major problem with the cémposite structure is the current lack of knowledge on lifetime
. in orbit. The 30-year SPS requirement 1s much more severe than for other spacecraft,

As a result of these trade studies, it was concluded that either aluminum or composite
structure can be used for SPS. Because of the lower deflectioms, induced stresses, and lower
weight of composite structure, it is recommended for the satellite structure. Research is
required to assure eilther that current composite structure applicable .to SPS will survive the
space environment for 30 years or that composite structure materials can be formulated that
will survive the space enviromment foxr 30 years. Aluminum structure can be carried as a viable

‘alternative.

]
o
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NASTRANS . STRUCTURAL ANALYSIS SUMMARY

RESULTS

" o MAXIMUM DEFLECTIONS -
-~ = ALUMINUM - 100 M
~ -'COMPOSITE - 1.1M

" .o ROTATING JOINT DEFLECTIONS
- ALUMINUM ~ 0.88 M

o .COMPOSITE - NEGLIGIBLE
- GADDITIONAL STRUCTURAL

s1 30vd. WNIONO

ALMVrd do0d 30

| - ANALYSIS INDICATES THAT ALUMINUM
ASSUMPTIONS " 'STRUCTURE THICKNESS SHOULD BE
PSRN T30 MILS
* 3-TROUGH CONFIGURATION - . < RESULTS IN 5 TO 10.0 MILLION KG
o THERMAL CONSTRAINTS .- ALUMINUM STRUCTURE WEIGHT
- EQUILIBRIUM-OPERATING . COMPARED TO COMPOSITE WEIGHT
TEMPERATURES - OF 1.2 MILLION K6 |
coT NéIUNRIm%MEgWPPsE?A»THE%Oc ‘© DESPITE LARGE DEFLECTIONS, ALUMINUM
L CT IO _ -~ STRUCTURE WILL WORK -

TEMPERATURE = 0°C @ COMPOSITE PROBLEM IS 30 YEAR’
'COMPOSITE & ALUMINUM - LIFETIME
STRUCTURES - .
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RECOMMENDED CHANGES TO REFERENCE SYSTEM
OVERALL Gads SATELLITE CONCEPT

As a result of the trade studies, several changes.'to the GaAs solar axray
satellite reference concept are recommended. This flgure illustrates the recom-
mended satallite concept.and its characterilstics, The concept has 3 bays con-
taining GalAs solar arrays and flat reflectors giving CR=2. The milcrowave antenna
is located in the ceanter of the solar array. Because of partial pointing toward
the sun as the seasons vary, the efficlency due to seasomal variations is greatex
than the reference concept which is assumed to remain perpendicular to the orbit
plane at all times. Additionally, the output on the ground is 4.61 GW rather tham
the reference concept 5 GW because of reductions in efficiency In the microwave
transmilssion chain. Sizing of the solar blanket has been altered to reflect these

changeas. )



9 - - RECOMMENDED CHANGES TO REFERENCE SYSTEM
2, Overall GaAs Satellite Concept

CURRENT ‘ , RECOMMENDED
CONCEPT . REASON FOR CHANGE . CONCEPT
_UTILITY POWER 5 6W *EFFICIENCY CHAIN 4,61 oW
ANTENNA LOCATION | END "o LOWER MASS (2x10% Ka) - _ CENTER
. * *STRUCTURE INTERFERENCE NOT A
. - PROBLEM : :
BAY GEOMETRY | 5x20 BAYS | eEASIER CONSTRUCTION ' 3x10 BAYS
OVERALL DiMEN,’ 5.3%10.5 KM| *®ARRAY PACKING FACTOR - 3.9x17.9 KM
L ‘ * REDUCED POWER ,
OVERALL EFF." 6.97% * PARTIAL SUN TRACKING . 6.h7%
* SMALL CHANGES IN EFF. CHAIN
MASS 34x106 KG | RESULT OF CHANGES : 30.7x10% KG

" Satoliite Systams Division Rockwell . . FoE e oy
Space Systoms Group AL international = | 7 , :3985D01707:




ALTERNATIVE RECTENNA CONCEPIS .

Several rectenna phased axray designs have been comsidered for application to
S§PS. This figure compares the characteristics of these concepts. The number of
elements in the array decrease from top to bottom in this figure. However, as the
number of elements decrease, the aperature effilciency decreases. Of the concepts
{llustrated,'the dense array, using stripline interconnectilons, is easiest to mass
" produce and install in addition to having a high efficiency.  The dense array of
_stripline interconnected dipoles is the recommended concept.

a8



ALTERNATIVE RECTENNA CONCEPTS

. BILLBOARD
_DIPOLE
. " -wh wq ’ - - .

. NUMBER OF . _ . ,
. ELEMENTS : .
CONCEPT . 1 {9 X t5MAREA) DESCRIPTION COMMENTS
DENSE ARRAY . 35044 DIPOLES, X /2 SPACING STRIPLINE INTERCONNECT 0.5%
{BILLBOARD) : SQUARE CLUSTERS OF MATCHING LOSS ).
- 49 ELEMENTS EDGE EFFECTS NEEDS STUDY
. ‘ 12R LOSS — 0.5% T0O 5.5.KM
YAG! ARRAY ¢ 9011 A SPACING, RECTANGULAR | MUTUAL COUPLING
' . CLUSTERS OF 12 ELEMENTS | EFFECT NEEDS STUDY
SHORT BACKFIRE | . 2254 2 ASPACING, SQUARE BEAMWIDTH SLIGHTLY
ARRAY .- . -, v, |CLUSTERS OF 4 ELEMENTS |TOO NARROW NEEDS STUDY
TROUGH .. 2208 ., 18 PARABOLIC TROUGHS | APERTURE EFFICIENCY
CoL YAGI FEEDS SPACED \- . | <80%
SQUARE . 540|540 PARABOLAS ' ~ {APERTURE EFFICIENCY

PARABOLAS - | . -  YAG! FED ' <70%

'PARABOLIC_ ' ~
TROUGH - m’iiL
PARABOLIC HORN
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STATUS OF SOLID—STATE.ANTENNA CONCEPTS

Two overall approaches are being considered for the 'solld state microwave
transmission concepts: antenna-mounted and solar array-mounted. The antenna
mounted concepts include two means of solving the power coandltioning problems
(1) series/parallel connection of the power amplifiers to obtain up to 2,000
volts and (2) the use of a two-stage, high power dc/dc converter approach.

The parallel/series approach suffers a severely reduced efficiency because
of phase‘matching. A conversion efficiency of 40% results compared to 857 for
klystrons. ' . ’ :

Two approaches have been identified for the solar-array-mounted concepts!

(1) use of high-power wave-~guides to collect and distribute microwave energy
from array-mounted solid-state conversion devices to a reflecting antenna and
(2) a sandwich approach which has the solar cells on one side and antenna on
-the other side. Since the sandwich.concept must be earth oriented to direct
the microwave beam, it is necessary to use reflectors to direct solar energy
..on the solar cells. Studies of the waveguide approach have indicated wvery ™
difficult technology problems related to RF mode control. Initial studies of
the reflector concept have shown that the approach is economically competative -
with the reference concept and that the utility-power level is'only 0.78 GW
- compared to 5 GW for the xeference concept. .



STATUS OF SOLID-STATE ANTENNA CONCEPTS

| ANTEN[\TA MOUNTED CONCEPTS

SOLAR ARRAY MOUNTED CONCEPTS

0 TWO ALTERNATE POWER COND!TIONING

AP PROACHES .

— SERIES -PARALLEL |
‘-- HIGH POWER DC/DC CONVERTERS

o SERIES —PARALLEL SUFFERS SEVERELY :

* REDUCED EFFICIENCY
 — PHASE MATCHING

_— 4% COMPARED 0 85% 7 FOR " .

KLYSTRON |

' HIGH POWER DC/DC CONVERTERS MAY ;

" PROVIDE ANSWER
L - 2-STAGE CONVERSION

. SEVERAL SOLUTIONS EXIST TO THERMAL -

PROBLEN\S

© TWO ALTERNATI VE SYSTEM APPROACHES: | -

.~ WAVEGUIDE CONCEPT
" — REFLECTOR CONCEPT

X THERMAL PROBLEMS SOLVED BY DEVICE

OTSTR!BUTION OVER ARRAY SURFACE:

o WAVEGUIDE APPROACH HAS PROBLEM OF -

. RF MODE CONTROL IN WAVEGUIDE

— HIGH RISK APPROACH

o REFLECTOR CONCEPT HAS DC/RF CONVERS [ON
. AND-RF TRANSMISSION ON REAR OF SOLAR
BLANKET

-~ LOWER UTILITY INTERFACE POWER -

. 0.78G6W
~— ECONOMICS COMPETATIVE WITH BASE- ‘

LINE CONCEPT
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DUAL MICROWAVE ANTENNA SOLID~STATE CONCEPT

Bacause of the differences between the klystron and solid state systems, the
overall microwave system design may be significantly different. In order to meet
the thermal constraints, it is nacessary Lo reduce thae maximum power dengity. This
can ha accowplished by increasing ‘the antenna area while reradiating heat from both
sides of the antenna. Howevar, as the antenna area increases, the power output must
be decreased to satlsfy the 23 mW/em® RF energy constraints in the atmosphere to
avoid potential microwave interference with the D and .F layers of the atmosphere.
Such a concept is illustrated in this figure. The area of each of 2 antennas is
about twice the area of the klystron antenna and each antemna has about half the
power output of the klystron antenna. Although the total power output of each
satellite system is about 5 GW at the utility interface on the ground, two rectemnas
of about half the area each of the klystron concept rectennas are needed to collect

the energy.

N



DUAL MICROWAVE ANTENNA SOLID-STATE CONCEPT
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SANDWICH PANEL SPS CONGEPT

Another approach to the solution of both the thermal and power distribution
problems is to combine the solar array and the antenna. One concept that uses
this approach is shown in this fipure. The solid state power amplifiers in this
concept are uniformly distributed on the back of the solar array. The thermal
problem is solved because of the low density of the power amplifiers, and the
power distribution problem is solved by the back to back location of the power
source and the solid state power amplifier. THowever, since the antenna wmust be
earth oriented it is necessary to direct the sunlight on the solar array using
large reflectors. The concept in this figure has a nominal concentration ratio
of 2. The large reflector rotates to face the sun and reflects the sunlight onto
multiple reflectors that concentrate the seclar energy on the solar array. Because
the maximum microwave energy must be Limited to 23 mW/em? near the earth, this
. particular concept is limited to 0.816 GW of power at the utility interface due
to the large microwave antenna aperature. Despite the relatively low power output,
preliminary cost estimates indicate that thils éoncept is competitive with the
reference concept. This approach allows use of "sandwich panels' that contain
the solar cell. blanket, the solid-state amplifier, and the transmitting antenna.
This cdncept requires considerable additional study to conduct an evaluation and
comparison with the reference concept and the other solid-state microwave systems
previously described. This approach could also be used with klystrons.



SANDWICH PANEL SPS CONCEPT
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SOME SP/SPS CONCEPT SENSITIVITIES

This chart summarizes the parametric effects of changing several
system parameters. The bottom curve assumes that the solar cells have
an efficiency which'is related to the reference GaAs solar cells. As
the concentration ratle on the cell increases, the power output increases
even though the diameter of the sandwich panel decreases. As shown, at
CR = 4.2, the installation cost decreases from $2755/kW (CR = 1.9) to
$2366/kW. Increasing solar cell efficiency by 50% (which could be achileved
with cagcaded solar célls) also increases the power output and reduces
installation costs. The upper curve adds the impact of increasing the
maximum allowable microwave intensity at the earth from 23 mW/cn? to 40 wW/
cm®. Once again, a significant increase in power output and decrease in
installation cost occurs. .



SOME SP/SPS CONCEPT SENSITIVITIES

POWER OUTPUT AT UTILITY INTERFACE, Py (MW)

CONCEPT R-8
L _ CR = 4,213 _
18001 L oy = 1758 M
' ' s §1573 /KW
‘ . , EFFECT OF 50% INC.
1600 b= ' o Pl A&\ IN CELL EFFICIENCY
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CR = 1.935 P 7’
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1200 : : , :
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Pyr = 816 MW
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LASER ENVIRONMENTAL IMPACT STUDY SUMMARY

This chart is sélf—explanato;y.



"LASER ENVIRONMENTAL IMPACT STUDY SUMMARY -

CONSIDERED |
. ’ Q{ %
"o GLOBAL CLIMATIC CHANGES - NO SIGNIFICANT MPACT 32
. o WEATHER MOD[FICATIONS AT RECEPTOR LOCATIONS - LESS THAN CURRENT 2o
- SYSTEM 22
‘o s
* o THERMAL HEATING OF LOWER TROPOSP HERE = LOCAL TURBULENCE e

o ENVIRONMENTAL IMPACT ON BIRDS & INSECTS - UNCERTAIN
o IONOSPHERIC LASER/PLASMA INTERACTION = NO SIGNIFICANT IMPACT

e PERTURBATION OF PLASMA CHEMISTRY IN MESOSPHERE AND THERMOSPHERE
PROBABLY NEGLIGIBLE (NFEDS CONFIRMING RESEARCH)

e SERIOUS ENVIRONN\ENTAL MOD!FICAT!ONS NOT POSSIBLE

GENERALLY CONCLUDED. NO DANGER OF SERIOUS ENVIRONMENTAL DAMAGE COULD
_ BE FOUND -

SIGNIFICANT LASER’ TECHNOLOGY IMPROVEMENT NECESSARY TO ACHIEVE SPS
GOALS . _

Salellite Systems Division Rockwell
 Saace Systems Grou ‘é_’ International 3955501713
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COMPARISON OF CONSTRUCTIOﬁ CONCEPT APPROACHES

. . Two basic approaches, illustrxated in this figure were consldered for the SCB: a single-

' pass facility that constructs all bays simultaneously and a multipass serpentine facility that
constructs one bay at a time. These approaches were compared to develop design data, construc—
" tion functlons and timelines, crew functions, and crew size. oo -

The multipass serpentime facility is attached to tracks-on a translation platform. The
platform consists of three sections attached to one another by sliding guideways which permit
lateral movement during repositioning operations. Ilevating frame' attach -fittings are used
to secure the platform to the partially completed satellite to permit movement of the facility
relative to the satellite. Such a movement is required as each longitudinal bay is completed.
All elements of the satellite are constructed in this facility. including the solar array and
the microwave antenna.

; The single—-pass construction facility does not require'a translating platform because it
never has to translate laterally relative to the satellite., All of the comstruction functions’
' occur simultaneously in the longitudinal direction for all three troughs. The solar blankets
are installed by means of dispensers which are located along the bottoms of the troughs. The
reflector dispensers are located on the diagonals of each trough. The longltudinal tribeams
are continuously manufactured in the tribeam facilities. ZLateral tribeams ‘are simultaneously
manufactured. to the proper length and are attached to the longitudinals. .

- The differences in facility mass, crew size, construcfion equipment, and construction com—
plexity for the serpentine and single pass construction concepts are listed oun this figure. The
satellites evaluated consist of three and four trough configurations with elther anm end-mounted
or centex-mounted antenmna. (The effect of this variation on the constructlon time, crew size
and supporting equipment is negligible.) The xelative complexity congiders the operations attend-
ant to fixture and platform translation required for serpentine construction as opposed to the
single pass concept. The crew sizes veflect average manloading, since the sequence of construc—’
tion operations (particularly for the single pass concept) permits return of some persomnel to
earth prior to satellite completion. Support equipment requirements {e.g., tribeam fabricators)
vary with the construction concept. TFor single pass construction, all troughs are completed
simultaneously instead of in series. However, the serpentine fixture is required to operate from
both sides, which requires two sets of dispensing equipment. The serpentine method results in a
smaller crew size, and in general, less supporting equipment. The .SCB mass for the two concepts
is essentially the same. The platform accounts for a large, percentage of the serpeatine SCB mass.

_ Precursor operations attendant’ to constructing a platform almost 3 km long in three sections which
translate relative to one another are formidable. The sequence of. translating these sections and
 the construction fixture many times during the construction of one satellite involves considerable

. operational complexity and risk. In addition, the concept dnvolves several sequences of securing '
and releasing the platform to and from the partially completed satellite structure (2 meter tri-
beam sections) by means of elevating attach mechanisms, Detalled study will be required to evaluate
the feasibility of this operation relative to the stress concentrations involved. For these reasons,
"the single pass concept is preferred. L ‘ .

ﬁﬁﬂ‘



" COMPARISON OF CONSTRUCTION CONCEPT APPROACHES

ERA
- _.
: MULTI-PASS
SINGLE PASS SERPELJTINE
9.
: . 38 _
e CONSTRUCTION TIME i . 108 DAYS (180 DAYS) ) g;g:_: ‘ 180 DAYS
e CREW SIZE (AVERAGE _ .- 376 (3323s : O u 266 g
e CONST. FACILITY MASS (KG) - * 5.3X10 2 5.2 X 10°.
e RELATIVE CONST, COMPLEXITY -~ 1° - 2 4,5
o TRIBEAM FABRICATORS . 28 :a ¥ 26
' i lvi N Rockwell ' -
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SINGLE-PASS SATELLITE CONSTRUCTION BASE (SCB)

The satellite construction base (SCB) for producing the three trough,
center-mounted antenna is shown. The SCB consists basically of three trough
fixtures used for simultaneous construction wof the three troughs, and a
center fixture to fabricate both the rotary joint and the structure which
connects the twe wings and provides support for the rotary joint.

The solar blankets are installed by means of dispensers which are
located along the bottoms of the lower troughs, - § , and the elevated
trough section b and @ (where a short secticd of elevated solar blanket
is required becauSe of infé@rference created by the extension of thie center

connecting structure into each wing) . '

The reflector dispensers are located on the diagonals of, each trough as
designated by @ @ ' - o :

The crew habitat, power modules, Warehousing and docking facilir.ies, @,
are located at the t0p of the SCB center structure.

132]



SINGLE-PASS SATELLITE CONSTRUCTION BASE:(SCB)

" EQUIPNENT &LOCATION DESCRIPTIONS

(D)) LONGITUDINAL TRI BEAM FABRICATORS

(@)~ (B CONNECTING CENTER STRUCTURE ROTARY JOINT SUPPORT TRIBEAM
FABRICATORS ;-

CROSSBEAM TRIBEAM FABRICATORS
(@) DIAGONAL TRIBEAM FABRICATOR

(39)~(35) CENIER STRUCTURE CROSSBEAM
& ROTARY JOINT TRIBEAM FABRICATOR

(30)—={&) SOLAR BLANKET DISPENSING AREAS
(@)—(&) REFLECTOR DISPENSING AREAS

" (&) CENTRAL HABITAT AND
WAREHOUSING

Satellite Systems Division FE™ Rockwell )
Space Systems Group $® Internationat ' 331 . [3955D01715:



ANTENNA SUPPORTING STRUCTURE
ASSEMBLY SEQUENCE

This figure 1llustrates the sequence of events for construction. The
construction facility, previously shown, Initially constructs the rotary
joint. A small, separate facility completes construction of the antenna
section. The main construction facility then constructs the solar array
section. The timeline used for this sequence agsuymes that total construc~
tion is accomplisghed in 130 davs.



ANTENNA SUPPORTING STRUCTURE"
ASSEMBLY SEQUENCE -
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TYPICAL SOLAR ARRAY BAI‘CONSTRUCTION

The perspective drawing illustrates the near—completion of the first three
800-meter "bays" in the. lower corner of the satellite with a sectlon of the out=
side reflector panels cutaway. It can be seen that the solar blankets are laid
out in horilzomtal strips but that the reflector panels are vertically oriented. .
The structure of an 800-meter bay ls estimated to take one 8-hour shift to fabri-
cate. During this time, the solar blankets are "played out' - from 25-meter rolls -
and edge-attached to longitudinal lines of composite materials; the reflectors are
refurled -(to be shown later) and also loosely constrained by vertical lines. Upon
reaching the end of a bay, the construction facility 1s stopped and, during the next
five 8-hour shifts, the cross frame membexrs are attached, the solar blankets are

secured and the reflector panels are tensxoned. ‘ . :
Y . : ’



- TYPICAL SOLAR ARRAY BAY CONSTRUCTION

CONSTRUCTION :
FACILITY . REFLECTOR 0o
STRUCTURE_ . TENSIONING @
' : - CATENARY - D .
REFLECTOR: - Y A . -t}
INSTALLATION ' ol
FACILITY (35 =¥
CROSS FRAME - ET.
. TRI~BEAM =B
i« COMPLEX '

LONGITUDINAL -
TRI-BEAM SOLAR BLANKET
COMPLEX INSTALLATION

FACILITY
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. REFLECTOR PACKAGING AND INSTALLATTION

The reflector panels, measuring 600~m X 800-m, are pleated at 25-m
intervals to produce an accordian type fold as shown. They are then rolled
along the plane of the end pleat inrto a roll 25-m long and 1.2-m diametex
" which is the configuration for transpozting Into orxbit,

When installed, each reflector panel is suspended withia the 800-m bay
by longitudinal catenaries attached to the upper and lower longerons and by
leading and trailing edge catenaries attached to the forward and aft diagonal
members of the transvevse frames. The catenaries axe attached to the trailing
and leading diagonal traunsverse beams and to the longerons. Two panels are
required for each 800~m bay of each trough ox a total of 144 panels for the
entire satellite. ‘ . .
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REFLECTOR PACKAGING AND ‘INSTAI__LATI_O_N

O BEAM NO,

O BAY NO.

-FABRICATE (25M X 600M STRIPS) _

UNROLL ON CONSTRUCTION FAC!LITY & ATTACH LEADING/
TRA!LING EDGE CATENARIES _

Sl |

. 25M s\ ) Sl

L " ROLLFOR © PLAYOUT .
TRANSPORTING - A5 BEAMS ARE

" TOP .

FULL PANEL @ LONGERON
LO

{ osewnso) TENSION

PANEL &
SECURE C?

MADE
INTERWOVEN BUNGEE

REINFORCED EDGES R : . G/\
REFLECTOR MATERIAL _ ) , ~
. * ' DIAGONAL

— | . BEAM
ROLL MASS = 12,780 KG (INCLUDES 30% WEIGHT GROWTH Lo . .
8 15% PAYLOAD INTEGRATION CONTINGENCIES) - ‘ BOTTOM LONGERON

NO. RO LLS 144

" Salellite Systems Division ' ﬁockWEﬂ T : e
. Space Systems Group 7 international @T i3955001 1



SOLAR BLANKET INSTALLATION CONCEPT

(The callouts indicated by the circied numbers are given on the two pages following
the figure.) - ' :

The solaXx blanket 'in each 800 m long bay is a structurally independent installation
suspended by side and end catenaries attached to the longerons and cross beams respectively,
and by longitudinal cables stretched between the blanket strips. Each blanket strip is
approximately 25 m wide and 750 m long, and is packaged in a 25 m wide roll by 0.6 m in :
diameter., Each two bays of solar blankets are electrically comnected in seriles, constitut~
ing a functional module which produces the required voltage.

Joader which inserts the rolls into the dispensers » The leading edge of the blanket
strips with end catenaries attached, are then threaded through the roller arrangement and
attached to the trailing edge of the cross beam just completed. The longitudinal cables to
which the side edges of the blanket will be fastened are threaded from the cable dispenser (:)
and attached in a similar manner. The longitudinal catenaries are fabricated on the middle
deck, fed into the dispensing spindle (t) and then attached to the cross beam trailing edge.

Initjally the blanket rolls'are transported from the SCB warehouse.area by a transporter/
ti

Solar blankets and catenaries are attached to the longltudinal cables by foldover tabs
which are-applied by automatic fastening equipment. As the cross beam advances the blanket
strips, longitudinal catenaries and cables are payed out: The two outside cables are attached
to the longitudinal catenaries, the two longitudinal catenaries to their respective longerons,
and the inside edges of adjacent blanket strips to their stabilizing cables. Upon completion
of the bay and the next following cross beam, the trailing edges of the blankets (i.e., the
trailing transverse catenaries) and the trailing end of the longitudinal catenaries are
attached to the leading edge of that cross beam. The installation is-'then tensioned and
electrical connections completed. o

.



'SOLAR CELL BLANKET INSTALLATION CONCEPT
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MANNED OPERATIONS AT SOLAR ARRAY INSTALLATTION STATIONS

) The primary operations occurring at the upper, middle, and lower deck
stations during beam fabrication and solar blanket installation are identified.
The locations of the manned manipulator modules (MMM) required to support the
installations also are shown. The modules are mounted on tramnsverse tracks and
aré spaced so that each module services approximately one-fourth of the 27 instal~
lation statious across.the span of the crossbeam. -

-



MANNED OPERATIONS AT SOLAR ARRAY INSTALLATION STATIONS

UPPER _ s MMM (4 EACH)
DECK - CABLE & SA
LOADER / DISPENSERS (26 EACH)" LOWER
{1 EACH) po DECK
ol
« DELIVER SA ROLLS TO LOADER
. © LOADER INSERTS ROLLS IN DISPENSERS .
¢ ROLLS THREADED THRU ROLLER SYSTEM TRACK-MOUNTED
« DISPENSER MONITORING . INSTALLATION TOOL (4 EACK)
iy T :
4 MEN H
- MMM (4 EACH)
MIDDLE
DECK . . .
o INSTALL SADDLE CLAMPS _
» INSTALL SWITCH GEARS, SM & RAC ASSP e
o INSTALL INSULATION MOUNTS C
“» ATTAGH & TENSION SA'S
o EACH) * NSTALL FEEDER & DM&C BUS
. , « MAKE ELECTRICAL CONNECTIONS '
* FABRICATE & THREAD LONG CATENARY _ ic o
» CATENARY/CABLE ATTACH MONITORING o =
~ 331
- , 12 MEN g E o
C b &

4 MEN
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ANTENNA SUPPORTING STRUCTURE FABRICATION

" This series depicts the sequence of antenna constructilon operations.
Initially, the yoke base is constructed in place across the face of the
rotary joint utilizing a beam fabricator {or two beam fabricators working
in opposite directions) which is free flown from its storage location on
the SCB into its imitial position and attached to the slip ring structure.

Upon completion of the yoke base, the beam fabricator is repositioned
to construct each yoke arm as shown. The strengthening ties at the corners
are fabricated elsewhere on the facility and then moved into place.

Following completion of the yoke arms, a beam fabricator is used to
construct utilizing the yoke base as a platform. The gantry is then attach- -
ed to tracks on the yoke arms. Elevating mechanisms at each end of the
gantyy provide for moving it to greater or lesser depths within the arms
as may be required.in tha antenns construction and RF mechanical module
installation operationg. . The alevating mechanisms also provide for raising
the gantry clear of the structure for stowing along tha yoke base when not
in udse. : o :

=
=



ANTENNA SUPPORTING STRUCTURE FABRICATION
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ANTENNA PRIMARY STRUCTURE FABRICATION

The antenna primary structure is constructed by beam fabricators mounted
to the lower side of the gantry. Initially, the antenna center beam structure
which attaches to the trunnions is fabricated and imrstalled in the trunnions,
which are then locked into position. Followlng this operation, the gantry-
mounted fabricator progress outward from the center beam, completing onc-half
of the structure, in successive passes. The gantry is then relocated and the
fabricator constructs the remaining half of the antenna. After removal of
the fabricator, the gantry is thea used for installation of secondary structure

and RF elements,

46
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OVERALL SATELLITE CONSTRUCTION SéENARIO

Because of the large size of the SCB, it is necessary to define the approach
to its construction starting with the baslc space shuttle resources and elements
that can be brought up from earth in the shuttle. A detailed study of this process
was conducted, ‘including an overview of the total build-up to start the satellite
construction process at geosynchronous orbit. .

The overall sequence of events is illustrated in the figure. The initial
step in satellite precursor operations is establishment of a LEO base as shown in
 the lower left of the figure. Crew and power modules are transported to LEC by
Shuttle derivatives and assembled.” When the base is fully operational, Shuttle
external tanks ave delivered and mated to form construction fixtures for SCB con-
struction. This figure shows a completed SCB. Simce the more economical HLLV will
not be available and since overall plans speclfy an EOTV test vehlele, it is probable
that only the center trough of the SCB would be constructed initially. This trough -
would be used to fabricate the pilot plant EOTV with antemnna. After proof of concépt
and SPS go-ahead, the remainder of .the SCB would be completed, the fleet of EOTV's
constructed, ‘and the SCB transferred to GEC, using one or more EOTV's for propulsion
and altitude control. Upom reaching GEO, satellite construction would commence, with
the logistics supporc as shown at the right of the figure.

438,



OVERALL SATELLITE CONSTRUCTION SCENARIO

RiNVYNd ¥ood d0

g1 39Vd TUNIDIEO

' SATELLITE -
GEO CONSTRUCTION

SCB

LEO

CONST,

g - FIXTURE % scB | &
| 8

HLLY .
ORBITER e
INITIAL LEO BASE - k_& DELIVERED - ‘%f?

) ET
Satellite Systems Divis! ™ Rockwell
a esp;:egy:!n;:\s cvir:::: 63$ International fZ? { 1055001723



TRIANGULAR ELEMENT FABRICATION FACILITY

This facility is for the purpose of producing the longitudinal and cross=-
beam pods which will be installed in 'the SCB for subsequent construction of
EOTV and satellite tribeams. It is comprised of six shuttle ET's joined
together as shown. The structure which attaches the orbiter to the aft
section of the ET is utilized for joining the ET's and is augmented by pre-,

. fabricated bracing delivered by the orbiter., A triangular element comprised

of 2 meter tribeams is mounted within the triangle formed by the ET's and
provides the structure required for mounting the 2 meter beam machines which .
are used for constructing the outer triangle of the tribeam pod, or fabricator.

A total of six beam machines are required; three for longitudinal beams and three
for crossbeams. A crew facllities and power module, shown at the left of the
chart, provides crew habitat and thé electrical power- required to operate life
support and the beam machines. Reaction control pods attached to the ET's
provide the required altitude coatrol. .
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MOBILE 79M GIRDER FABRICATION FACILITY

The primary structure of the SCB consists of a dlamond cross section
formed by two triangles. A mobile diamond-shaped fixture formed by joining
§ orbiter external tanks is utllized for SCB-primary structure fabrication.
The beam machines are located at the tips of the structure ericlosed by the
external tanks. Nine machines are required to construct the four longerons,
the four cross beams and the diagonal beam. A combination crew and power
module provides crew facilitiles and electrical power.



.MOBILE 79M GIRDER FABRICATION FACILITY
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PARALLEL FABRICATION OF EOTV'S

. Upon completion of the SCB in LEO, construction of the EOTV fleet can
commence. Since the EOTV ecross section is the same as one trough of the
satellite, the SCB is utilized for the EOTV construction as shown in this
figure. BHowever, it 1s probable that the SCB would be used initially to con-
struct an EOTV with end-mounted antenna as a test article for proof of concept
'As was previously mentioned, it is likely that the SCB will not be completely
- constructed until after the proof of concept demonstratlon. Only the center
portion would be built for this purpose. When it is fully constructed, the
SCB could produce two EOTV's simultaneously as shown in this figure.

-
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PARALLEL FABRICATION OF EOTV'S
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OPERATIONAL GROUND RECEIVING FACILITY (RECTENNA)

- .

; This perspective 1s a representation of a typical operational ground site.
The receiving panels are arranged in vows within the dinner allipse. Immediately
outside the eclipse is a series of power poles which carry the 40 KV de buses
around the perimeter of the panel installation. The 500 kV ac towers also ring
. the basic ellipse, but at a greater distamce. The power conversion stations are
located between the two arrays of power transmission lines. The entire site is
fenced in for security as shown. | ' .

.
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OPERATIONAL GROUND RECEIVING 'FACILI_TY (RECTENNA)
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RECTENNA COﬁSTRUCTION SEQUENCE

There are nine major activities involved in rectenna site con-
structiecn. In this chart, starting from left to right, the site must
be surveyed, utilities and other supporting facilities installed, refer-—
ence coordinates laid out, and the site cleared and leveled. TFollowing
this, more precise grading of the actual panel rows is conducted, footing
trenches excavated, concrete poured, and the panels installed. The 40 KV
de and 500 kV ac periphery buses must then be'installed, aeparated by the
connecting converter stations.



RECTENNA CONSTRUCTION SEQUENCE
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PANEL INSTALLATION

The panels are secured to two continuous concxete footings. A
"trade-off which considered esight individual footings versus continudus
footings was made. A maximum wind force of 90 m/hr was assumed. It
was determined that the amount of concrete required for either approach
was essentially the same, but that the continuous footing concept was
easier to dastall. . .

Each panel ls secured to the footings at eight locations by fixtures
which are imbedded in the conczete during the pouring opération. Mounting
attachments which provide for longitudidnal and lateral adjustment are
secured to the fittings. Screw jacks on each of the rear attach polnts
provide for panel adJustment and alignment.

The panel switch gears and feeder lines are mounted above ground behind
each panel as shown, although 1t is recogaized that either above or below

ground runs for the feeders is feasible.

pe
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PANEL INSTALLATION .

Hi DIELECTRIC
CONDUIT

INSULATED CONDUIT

STANDOFF SUPPORTS

SWITCHES

C.31M BELOW GRADE (2 PLACES)

\ 0.31M WIDE FOOTING, 0.15M ABOVE GRADE,

f611

Rockwéll
International

Satellite Systems Divislon’
Space Systems Group



RECTENNA SITE CONSTRUCTION SCHEDULE

The construction schedule is predicted on an overall time span of
completion of approximately 15 months. This schedule assumes that the
site selection already has been made and that the procedures incident

" to land acquisition have been completed. The overall approach, after

installation of utilities and support facilities, entalls clearing and
grading in sections, followed by footing excavation, concrete pouring,
and panel installation. Manpower and equlpment estimates, summarized
in subsequent charts, are based on thls schedule..
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CONSTRUCTION SUMMARY

Rectenna mass, crew requirements, and equipment needs are -
summarized. Approximately 85% of the total 1207%10% kg attributed
to panels is steel. The concrete requirements, approximating the
volume of Hoover Dam, are predicted on a 90 wph wind: Additional
analysis may result in a lowering of this requirement,,

0f the equipment; electrical installation trucks (panel trucks)
and concrete trucks comprise the greatest numerical requirement,
All equipment, with the exception of installers and trucks used to
deliver and install panels, i1s of current design and -n service.

&



CONSTRUCTION SUMMARY

'® SCHEDULE: 15 MONTHS
6

RECTENNA MASS * - PANELS . " 1207 X 10° kg

.. - CONCRETE ©- 7176

* FEEDERS | 1

REINFORCE STEEL =~ " 51

| 8435 X 106 kg
@ CREW : o
SHIFT SIZE = 274
TOTAL CREW FOR 24 HR/TDAY OPERATION © 9272
- ® EQUIPN\ENT : | o Q9.

" SCRAPERS/GRADERS - 67 -5
DUMP TRUCKS . 50 -
BULLDOZERS ' S 50 =F
CRANES . ‘ 34 s
BACK HOES - - 17 - £ &
TRACTOR/TRAILER TRUCKS - o 48 3z

CONCRETE TRUCKS | - - 190

CONCRETE POURING RIGS C 10

PANEL INSTALLERS S 40

P ANEL MAGAZ INE TRUCKS S 14
ELECTRICAL INSTALLATION TRUCKS - - * 229

MISC. JEEPS, PICKUPS, ETC.
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SPS SPACE TRANSPORTATION SCENARIO

The current reference concept uses a two—stage LO2 /LHz-propelled approach.
The first stage provides part of the ascent AV and returns to LEO. The second
stage provides the remainder of the ascent AV to carry the crew and cargo to
GEO. It .,also provides the AV to return the crew to LEO.

The alternate scenario illustrated on this chart uses a single stage to
transport crew betwesen LEO and GEO. The stage is filled with L0z /LHz propellant
at LEO which is used to carry the crew to GEO. At GEO, the stage is refueled
for a return of the crew to LEO. Propellants are carried to GEO from LEO by
the EOTV. The SPS HLLV carries the conmstruction, crew expendables, and POTV
propellants to LEO. The shuttle orbiter carries the crew and crew module to

_ LEO.

Although significant propellant savings occur using this mode compared to
the reference concept, the total mass saved is small compared to the comstxuction
mass. The major impact is in the much smaller stage size realized using this
approach. * : . " ' ’



SPS SPACE TRANSPORTATION SCENARIO

" SPS CONSTRUCTION FAGILITY

s PROPELLANT
TRANSFER

00
mx
o @
SINGLE STAGE 8 =
POTV TO GEO S =
© U
>
> o
- m,
.
=D,

POTV

y % CREW MODULE

LEO STATION
* PROPELLANT
TRANSFER

‘ SPS—HLLV

0TV . L CREW

DELIVERY
* CONSTRUCTION PAYLOAD
* CREW EXPENDABLES
o POTV PROPELLANT

: {
P S .
' 4
'- S

Saleltite Systems Division ' Rockwell ) : v Coe
_Space Systems Group AN international - |67 W



TWO-STAGE, PARALLEL BURN HLLV CONCERT

Maés properties data and key concept features of the updated
HLLV configuration are identified. )



TWO-STAGE, PARALLEL BURN HLLV CONCEPT

MASS PROPERTIES
- 100 KG 100 18
BOOSTER ~___ ORBITER ;
ST | GLOW - 72135 | - 1573
_ BLOW . . 4,831 10. 65
WPy - 4.359 9,61
uow .| - 2.177 4.80
- WPy 1579 3.48
IR ﬂ.’%« PAYLOAD | - 0.231 0.510
: 1026 M
oo~  CONCEPT FEATURES
32 o LOX/RP C.G. CYCLE 1ST STAGE
52 o 0X/LHp (STAGED COMBUSTION)
77 R ¢ 2ND STAGE
o 5. © PROPELLANT CROSSFEED—PARALLEL BURN
SrRIgla \ a
i LYU 1 & )\\\ e STAGING VELOCITY, 2127 M/S (6978 F/S) |
e Y| ~© STAGING ALTITUDE, 55 KM (181,000 FT) ~
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SINGLE-STAGE TO ORBIT HLLV CONCEPT (STAR-~RAKER)

A horizontal take-off and landing single stage to orbilt concept also le being
considered as an alternative to the vertical take—off HLLV's. This concept, shown
in this fipure, uses air-breathing engines for take-off, cruise, and acceleration
up to 6,200 ft/s and rocket engines for parallel bura with the air-breather between
6,200 £t/s and 7,200 £t/s and for £imal injection to orbit., This concept carries
91,000 kg of payload to orbit. Take-off and landing can be accomplisked with
standard alrport runway lengths. ‘
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.EOTV CONFIGURATION

_ Pertinent characteristics of the updated EOTV configuration
are illustrated. The vehicle has a down payload capability (GEO=-
to~LEQ) of 526,000 kg. . . .

1721



EOTV CONFIGURATION.

EOTV DRY WT. = 10° KG
EOTV WET WT. = 1,67 X 105 KG
PAYLOAD WT, = 5,26 X 106 KG
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POTV CONFLGURATION

The reference POTV configuration selected is illustrated and
significant parameters identified. ’

A potential altérnate would be an integrated 30 man crew

module and OIV capable of being carried in the growth STS payload
bay.

d&!



POTV CONFIGURATION

2 ASE
ENGINES

-

XL

~

| #60 MAN CREW MODULE

18,000 KG

o SINGLE STAGE OTV 36,000 KG
(GEO REFUELING)

¢ BOTH ELEMENTS CAPABLE OF GROWTH STS LAUNCH
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SPS EVOLUTIONARY DEVELOPMENT PLAN EiEMENTS

A major portion of this contract was devoted 'to development of a technology
plan. The principal elements of the SPS development plan aze summarlzed in this
figure. Four major elements comprise this plan:

* Microwave Ground-Based Exploratory Research Program

* Key Technology Program (other than microwave) : ' .
* SPS Orbital Test Platform Deﬁonstration Program .

* Pilot Plant Demonstration Phase

The microwave ground-based explbratory research program provides the seced-
bed for prototype development of microwave transmission systems. This program
will result in key microwave environmental data for evaluation of the microwave
transmission system.- The key technology program will develop the meeded technology
ir all other SPS technology areas. The orbital test program will result in.an end-
to~end technology verification of the SPS under operational environmental conditions
at geosynchronous orbit. The pllot-~plant phase will result in an end-to-end system
demonstration.of SPS. . ‘ . o Lo



SPS EVOLUTIONARY DEVELOPMENT PLAN ELEMENTS

i g
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TECHNOLOGY PLANNING

This char;: is self~explanatory.
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TECHNOLOGY PLANNING

DETAILED PLANS FOR NEAR-TERM TECHNOLOGY DEVELOPMENT

GaAs SOLAR CELL
PROPOSAL FOR 2-YEAR PROTOTYPE CELL DEVELOPMENT

| MICROWAVE TRA‘N‘SMISS ION' SYSTEM

. .00
- EARLY DEVELOPMENT OF SOLID-STATE P OWER oz
AMPLIFIERS Sz
= I o
3 ‘ Qg
POWER DISTRIBUTION §§
PLAN FOR DC/DC CONVERTERS AND SWITCH GEAR Ro
ADEQUATE TO SUPPORT 19851990 ORBITAL TEST
PLATFORM DEMONSTRAT ION:
L @L i 1 s



SPS MULTI-TEST PLATFORM EVOLUTION

This chart summarizes the poéssible evolution 6f the SPS multi-test platform.
Two developmental paths reflect (1) a highw-legacy large orbital test system and
(2) an alternative low—cost geosat system for early environmental and inverted

test range evaluations. Both silicon and Gads solar array options could be
available to space system developments. - . ! .



SPS MULTI-TEST PLATFORM EVOLUTION
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SPS PILOT PLANT IN FINAL PHASES OF CONSTRUGTION

Completion of the SPS Technology Advancement phase by 1990 will provide the technical
confidence to proceed with the full-scale pllot-plant demonstration phase. The primaxry
objective of this development phase is to demonstrate commercial viability of the SPS
system to those utility firms and consortiums that would ultimately capitalize and operate
tha production system.

The pllet~-plant satellite would be constructed in LEO using a Shuttle~derived HLLV
for mass transfer and construction support systems. The satellite is transferred to geo-
synchronous orbit by an electric-propulsion system. The system operates in the same mode
as the full-scale satellite by directing a microwave power beam at a total power level of
several hundred megawatts to a standard modular segment of the proposed operatiomal ground
rectenna. The demonstration/operational period would range from six months to a few years,
during which time the SPS elements of the full-scale solar power satellite would be operated
in the operational enviromment. Operational data would provide the quantitative basis for
" analyses which would support full SPS commercial capability.

) The initial step is establishment of a LEO base, previously described, that is capable -
of constructing a single trough of the satellite., The pilot-plant demonstrator, shown near
completion in this filgure, is sizéd to the projected EOTV power level of 335 MW at the array.

Allowing for radiation degradation and power distribution losses, power to the milcrowave

. antenna would be approximately 285 MW, Microwave transmission losses would reduce this value
to about 230 MW at the rectenna. This would result in recovery of 8 MW of power for & 7-lkm~
diameter rectenna or 2 MW of power. for a l.75-km-rectenna.



SPS PILOT PLANT IN FINAL PHASES OF CONSTRUCTION
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MAJOR OBSERVATIONS

This chart is self-explanatory.
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 MAJOR OBSERVATIONS

e CURRENT REFERENCE CONCEPT COULD BE MOD IFIED BASED ON. CURRENT STUDY RESULTS
. e FURTHER DETAILING OF THIS CONCEPT lS NOT BENEFIC]AL

‘o POTENT!ALLY ATTRACTIVE SOLID STATE CONCEPTS HAVE EMERGED
5"“: © " = NEED TRADE STUDIES AND DETAILED DEFINITION

® OVERALL SATELLITE CONSTRUCTION CONCEPTS PROVIDE PRELIMINARY FEASIB!LITY
<+ " = UPDATES REQUIRED FOR SlGNlFICANTLY D IEFERENT CONCEPTS -
. ©® GROUND RECEIVING STATION DEFINIT]ON ADEQUATE EXCEPT FOR L!GHTNING PROTECTION
e EOTV AND POTV DEFINITION ADEQUATE
- HLLV NEEDS FURTHER DEFINITION

59
58
i
. @ NEAR-TERM TECHNOLOGY DEVELOPMENT DEF[NED % 3
vo- ACCEPTANCE AND  IMPLEMENTATION NEEDED ) ’55_""_
f : —' o
4 SPS COSTS SENSITIVE TO COST GOALS FOR SOLAR CELLS AND DC/RF DEVICES -

- NEED BETTER DEFINITION OF MANUFACTURING COST AND CONCEPT
BN APPROACHES TO REDUCE SENSIT!VITY ‘

. S oL Satellite Systems Division ‘ ' Rockwell
A oo N SpaceSyslemsGmup :
L} . |: . - . 1 . I- :‘vn: ' ;t"" o= '. [
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EXECUTIVE
SUMMARY ot
SUMHAR ‘DESIGN DEFINITION
*REFERENCE CONCEPT

"G. M. HANLEY

~ A. A. NUSSBERGER
*SOLID-STATE CONCEPTS
- V. McRAE: .
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SYSTEM ~ C..Y. TOMITA

* LASER ENVIRONMENTAL

STUDY =~ G. M. HANLEY CONSTRUCTION &
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SYSTEM DEFIN.
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'PROGRAM AND
COST DATA
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REFERENCE CONCEPT BRIEFING OUTLINE

The briefing outline for describing the Rockwell SPS Satellite
System .Concept definition is given.



REFERENCE CONCEPT BRIEFING OUTLINE

© SPS SATELLITE CONFIGURATION ISSUES
~ “SOLAR CELL'SELECTION

= SATELLITE SHAPE
REFLECTOR SLANT ANGLE
COPLANAR CONF{GURATION
ANTENNA STRUCTURAL DESIGN
KLYSTRON INSTALLATION

- STRUCTURAL ANALYSIS -
-SYSTEM SIZING
SEASONAL VARIATIONS IN POWER
SPECULAR REFLECTANCE
ENVIRONMENTAL DEGRADATION OF POWER
EFFICIENCY CHAIN
" SATELLITE CONFIGURATION DEFINITION
o POWER DISTRIBUTION TECHNOLOGY: ISSUES
‘e RECTENNA CONCEPT

o SPS SATELLITE SYSTEM CHARACTERISTICS
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PROJECTED SOLAR CELL COST COMPARISON

. Solar cell comparisons wexre made to show major satellite considerations
between silicon and gallium arsenide. Amorphous silicon (A~51i) was included
. in the comparison to represent a relatively low cost solar cell material at
lower conversion efficiency. Present status on the A-Si is about 5.5% effi-
ciency with a theoretical efficiency of about 15%. A cost analysis based on
materials cost, cell manufacturing process costs, and blanket manufacturing
process costs was performed for the three solar cell configurations. Terrestrial
silicon cost model is shown to meet the DOE 1986 technology goal of $0.50/Wp.
Note. that the 'SPS solar cell cost allocation is based on 1990 technology cutoff
and for thig technology date the DOE terrestrial goals are $0.10 to $0.30/Wp,
For reference comparison, total solar cell cost( §/m?) estimates for Cads and
$i SPS solar arrays made by Arthur D. Little Co. Inc. ate shown. '



PROJECTED SOLAR CELL COST COMPARISON

COST MODEL “ADL
CELL/BLANKET CELL BLANKET REFERENCE (COMPARISON)
SOLAR CELL MAT'L PROCESS | PROCESS | TOTAL
CONFIGURATION 5/m? . 5/m $/m? S/m T;Z}TAL
m
GuAs/AizOg 36.815 17.00 17.00 20.815 &7 6
SILICON 13.251 17.00 17.00 . 47,251, .
‘ . - 53.0
A-SILICON . 3.096 17.00 17.00 | 37.096 -
. MATERIAL COSTS: ) GCALLIUM - $500/KG . . -
As - 150/KG *REFERENCE: "EVAL OF SOLAR CELLS & ARRAYS FOR POTENTIAL.
gﬁfl’?{gﬁf - 323',,‘22 SOLAR POWER SATELLITE APPLICATIONS"
A0 .ARTHUR D. :LITTLE' INC. NASA9-15294, MARCH 31, 1978 .
TERRESTRIAL(Y) . '
SHICON .. 21.4 22.0 23.5 66.9
' — _ () JpL—~LOW-COST SILICON SOLAR - |
: . . o ' _ ARRAY PROJECT :
S ' S8 . PRICE ALLOCATION GUIDELINE .
) NON-INGOT 1986 TECHNOLOGY ,
SE $0.50/Wp o
-
i NOTE: 1990 TECHNOLOGY GOAL
c > $0.10 TO so 30/Wp
= 0
= (]
=¥
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e
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SOLAR CELL TRADE RESULTS

The relative performance, effect on mass, and cost are shown for the
" three solar cell configurations. Environmental degradation factors of
0.96 and 0.85 were selected for the comparison. The greatest mags. penalty
is with the single crystal silicon due primarily to 1lts heawvier cross
section., The mass penalty shown for A-Si is due to its lower effilcilency
{10 to 14%). The GaAs (CR=1) configuration is used as a referemce for

comparison.

The major impacts on cost are solar cell, transportation and structure
cost deltas. Single crystal silicon costs look competitive to Gads CR=1 for.
the case where radiation degradation factor of 0.96 was taken. A-51 begins
* to look cost attractive at the higher efficiency of 14%.

Mass factors wsed in the analysis are shown at the bottom of the chart.

[
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SOLAR CELL TRADE RESULTS

_ PARAMETER GaAs ___Si | A-Sie
. CONCENTRATION RATIO 2 1 41 1 1 1
EFF1CIENCY (AMO, 280) 20%. 20% | . 17.3% | 17.3% | 10% 14%
ENVIR. DEGRAD. FACTOR 0.96 0.96 0.96 | 0.85 | 0.85 0. 85
'SPECIFIC PWR OUTPUT (W/m?), 340.9 205 170 150 86.6 121
SOLAR CELL AREA FACTOR | 0.602 | LLOJ Fnor ) nser | 237 | Leos
MASS FACTOR 0.705 1.75 | 197 1.719 1.239
- - 1(19.215%x10%kg)
COST FACTOR 0,622 0.972 | L11 1.40 1. 045
(4.731B)
MASS FACTORS :
' . 00
GaAs = (0.252 kg/m2 g4
oSt = 0.426kg/m2 =
A-ST = 0.143 kg/m? D=
AStructure . .= 0,087 kg/m2 (S.A.) g:g
PDC . = (A1/Ap} MAIN FEEDERS 5.
. .= (A]/A2) REMAINDER e
. 2 |
Reflectors 0.018 kg/m - «A-Si~Amorphous Silicon
“smauno Systems Division Rockwell W .

Space Systems Group

R

International
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SOLAR ARRAY COST COMPARISONS

This chart shows the parametric cost comparisomn with A-8i cost as
a parameter. In this comparilson, the A-8L cell process cost was reduced
from $17.0 m? to reduce the total A~Si solaxr cell cost down to $20.0/m>.
The chart shows A-Sd varying in efficiency from 10% to 14% compared to
fixed efficlencies for single crystal silicon and gallium arsenide. As
shown, the A-Silicon must achieve both low cost (~320/m2) and high effi~
clency {l4%Z) to approach the GaAs CR=2 costs. ’

Material cost factors used in tha analysis are showan in the chart.



7.0
T $37.,096/M2
/" A=SILICON
‘3.0 — . .
“SILICON (SINGLE
|/ 5.29312 CRYSTAL)
2 4

© | s/ _
50ma-sie [\ B | ,

‘;\. & CR=1

_ A
2 \ GaAlAS
0 $20,0/M A . a .
4.0 i- sz/ Q- (SINGLE CRYSTAL)
)N
$———I~CR =2
3.0 }— |
] |
10° 20
SOLAR CELL EFFICIENCY

" RELATIVE COST ~$8

SOLAR ARRAY COST COMPARISONS
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Space Systems Group

" MATERIAL COST FACTORS ($/KG)

Ga:- = 500
As = 150
Al205 = 325
Si = 60
-Al; Kapton = 143 (reflectors)
Structure = 80.66 . -
Conductors = 1.52
Switch gear = 65
Others =20 -
Transportation = $37.5 {to GEO)
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PRELIMINARY TRADE RESULTS

The preliminary trade results show that GaAs Solar cells'remain the
preferred cell material (compared to silicon). This is based on its higher.
efficiency (20% vs 17.3%); lower space radiation degradation (16% vs 30%);
greater potential for self-anmnealing out of radiation damage {125°C threshold
temperature vs »500°C); lower specific welght (0.252 kg/m® vs 0.427 kg/u?);
its compatibility with concentrators; improved temperature coefficient;
smaller cell area, potential for cell efficlency improvement (the multiple
band gap concept is essentially a gallium arsenide cell with potential of
25-30% cell efficiency) and lower overall SPS cost.

Silicon offers advantages in that silicon material 1s easily available;
however, scale up is required to obtain the necessary quantity of semi-grade
silicon {e.g., 11850 metric tons per 5 GW). A more mature sillicon technology
exists. OGallium arsenide solar ceéll development will require a new industry
in reclaiming gallium from bauxite and in producing the required solar cells
~30%10° m® per 5 GW.

The remainder of results are self-explanatorys



PRELIMINARY TRADE RESULTS

_ o GaAs SOLAR CELL REMAINS "BEST" CELL: MATERIAL (COMPARED TO_ SILICON}
e HIGHER CONVERSION EFFIC!ENCY (20% VS 17.3%)
* LESS SPACE RADIATION:DEGRADATION (.84 VS .70)

GREATER POTENTIAL FOR SELF ANNEALING OF RADIATION DAMAGE
(1259C VS 5000C)

LOWER SPECIFIC WEIGHT (0. 252 KGIMZ VS 0.421 KGIMz)
COMPATIBLE WiTH CONCENTRATION (CR=2 VS CR-1) | s
MPROVED TEMPERATURE COEFFICIENT (-0.0017V/°C VS -0,00215V/° o ('\5
SMALLER SOLAR CELL AREA (28.4X 100 M2 VS 56.3 X 105 M2) . N
POTENTIAL FOR CELL EFFICIENCY IMPROVEMENT (MULTIPLE BANDGAP 25-30%

e LOWER SPS OVERALL COST (3130. 2M VS 5257M NORMALIZED)

® SILICON OFFERS SOME ADVANTAGES

‘e BETTER MAT'L AVAILABILITY. ASSURANCE (67000 MT OF SILICON REQUIRED TO

PRODUCE 11850 MT SEMI CONDUCTOR GRADE SILICON (SeG-Sil}
NOTE: APPROX. 9,750,000 MT BAUXITE REOUIRED TO PRODUCE 390 MT

GALLIUM FOR 1 SPS
¢ MORE MATURE SOLAR CELL INDUSTRY (GALLIUM ARSENI DE SOLAR CELLS
REQUIRE NEW INDUSTRY) ' . .

Satellite Systems Division ‘ % Rockwell e
Space Syslems Group Internatlonal 97 13955D01746
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REFLECTOR SHAPE

* The geometry and ray traces for the Vee-—trough design for a 60“ and 71°
reflectoxr slant angle are shown. As ‘lllustrated, for a CR=2 the slant angle
is 60°, and for a CR=2.576 the reflector slant angle is 71°. Performance,
weight, and cost comparisons were made for the satellite configurations with |
reflector angles of-60°, 65° and 71°. Weight items affected included array
structure, solar cells, reflectors, and electrical conductors. The net
weight variation is minox. o '

SPS subsystem costs wera compared including transportation differences.
As the reflector angles increase, even with the savings of cost/mass shown,
it is dnsufficient to overcome the penalty from the added structure complexity.
The recommendation resulting from this comparison’is that the earliler baseline,
utilizing CR=2 and 60° glant angle, should ba retained.

198;



REFLECTOR SHAPE -

5
: - . - g6
§ REFLECTOR ANGLE SUN 8 .
‘ o o o T A I
Parameter 60 65 17 lsun 23 ¢
CRgeoM 2.0 2,286 2.576 AT BR N
CRepr (EOL) 1.83° | 2.067 | 2.308 T N iy
SRS haree 0.898 | 0.818 L
2 (30, 06) |
Ref(ifgéonq 2s)urface 1,366 1. 981
(60. 12)
Satellite length (km){ 20,09 |. 19.35 19.11
Cross-section beam | = - - - .
length (km) 1.1 | 1.92 13.3
Blanket width (m) 600 550 . .500
Mass (100 kg) 0.977 | 0.9982
(13.619) ' -
Cost ($M) 10,9497 0.9352
| 1 (3201, 99) ' |

Sateilite Systems Divislon
Space Systems Group

@ ‘ ) Roctwell i
international [99]
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COPLANAR SATELLITE CONFIGURATION AND CONSTRUCTION CONCEPT

This chart shows the reference coplanar satellite configuration used in
the various trade off comparxrisons. This concept utilizes GaAlAs solar arrays
at a concentration vatio of 2. The solar panels are arranged in a 4%9 matrix
to provide power to the end mounted antenmma. The last bay of solar panels can
be removed by reducing the misorientation allowance durlng summer Solstice from
23.5° to 14.48° by tipping the entire configuration 9.02°. This approach is
part of the attitude control and statilonkeeping subsystem considerdtions and
has a major impact on solar array sizing, i.e., reducing the overall solar
array area requirements £rom 30.6%X10°m? to 28.4x10°m2.,
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CONFIGURATION OPTIONS

This chart identifies elight (8) different configuration optlons
compared in the trade study. The major comparisons showed the impact
! from: solar cell material selection (GaAs and Sillcon)}, concentration
ratio, antenna mounting position (end and center), radiatlon annealable
and non—annealabla assumptions, and solar array width and length ratio.

. / -

For the study, solar cell and power distribution efficiencies wers

hald constant at the values shown in the lower right.

f102!



CONFIGURATION OPTIONS
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CONFIGURATION OPTION COMPARISON DATA

This chart presents the summary compariscen data on the eight configuration
options studied. Option 1 and 2 is GaAs CR=2 for end mounted and center mounted
antennas. Optilon 6 and 7 differ from 1 and 2 in that a narrow width 1s utilized
(i.e., 3 trough wide vs 4). Options 3 and 4 are the GaAs CR=l for annealable
and nonannealable consideratioms. Options 4 and 5 are silicon CR=l for annealable
and nonannealable. The First Quarter baseline (i.e., 2 tier configuration) is
presented for reference ouly.

Conclusions reached from the data is that the difference between & trough
width and 3 trough width in terms of weight is negligible {(<400,000 kg).: However.
‘there is a significant weight savings for a center mounted antenna {~2.0%10° kg)e
This is due to the savings in power distribution weight. A small difference in
welght is shown between annealable and nonannealable GaAs CR=1, Major weight
‘differences are shown foxr the silicon va gallium arsneide and for annealable vs
nonannealabla silicon. :



CONFIGURATION OPTION COMPARISON DATA

. - FIRST @
CONFIGURATION ® ® ® ® ® © O, BASELINE
CELL MATERIAL GoAs am | Si g | GoAs —
CONCRATIO | 2 - .1 . o 2
ANT MOUNT . {END CENTER END T CENTER e
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SATELLITE CONFIGURATION SUMMARY

This chart summarizes the results of the study to define the preferred
satellite configuration shape. GaAs CR=2 is the preferred concept and shows
a significant mass savings compared to CR=1 (6.3 to 8.1x10° kg) and/or Silicon
"CR=1 (21.8 to 36.9%10° kg). A 60° reflector angle is preferred because of its
simpler structural design requirements. The center mounted antemnna leads to
a significant mass savings (1.5 to 1.8%x10° kg) due to:shorter conductor lengths.
This ‘considexation is important when considering design uncertaintles in the
. power distribution subsystem. A three trough configuration results in a narrow
cross section and this leads to a preferred “single pass" constxuction scenario.
The remaining conclusions are gelf~explanatory.



SATELLITE CONFIGURATION SUMMARY

o GaAs CR =2 - GaAs CR = 1 SATELLITE WE[GHT PENALTY RANGE

‘ L 6.26x109KG T0 8.06 X 100KG.,
SILICON CR = 1 SATELLITE WEIGHT PENALTY RANGE
21.8 x 10% KG T0 36. 9 x 106 KG.

e 60° REFLECTOR SLANT ANGLE - COST/IMASS . SAVINGS INSUFFICIENT (AT GREATER
S C ' " . ANGLES) TO OVERCOME ADDED COMPLEXITY.
e CENTER MOUNTED ANTENNA ° ~ OFFERS LOWEST WEIGHT OF THOSE STUDIED.

" SIGNIFICANT POWER DISTRIBUTION WE! GHT
SAVINGS RANGE 1.5 x 106 KG 70 1.8 x 100 KG .

® THREE TROUGH -REF,_LECTORS - LIGHTEST WEIGHT OF THOSE STUDIED, SINGLE PASS
‘ . CONSTRUCTION SCENARIO IS PREFERRED AND NARROW

CONFIGURATION SIGNIFICANTLY REDUCES SIZE OF
CONSTRUCTION FIXTURE.

. SPACE FRAME ANTENNA STRUCTURE - ACCEPTABLE WEIGHT PENALTY., COMPRESSION FRAME,
SYSTEM REQUIRES COMPLEX CABLE SYSTEM AND-
MAJOR CONCERN WITH FREQUENCY RESPONSE,
CONCAVITY (BOWING), FAILURE EFFECTS, AND .
PHASE CONTROL/ATTITUDE CONTROL INTERFERENCES.

o KLYSTRON BACKS!DE INSTALLATION - _REQUIRES HiGH TEMPERATURE COMPOSITES FOR .
" STRUCTURAL MATERIALS BUT AVOIDS 3% BLOCKAGE

FOR "POKE THROUGH",

Satellite Systems Divislon ﬁ Rockwell [ e
Space Systems Group ; International mﬁ i 39'SSDO]748



* 8PS COMPUTER PROGRAM STRUCTURAL MODEL

Using the substructure features of NASTRAN, the two tier design configura—
tion for Exhibit A/B was modeled. The sketch, using the CRT printouts, depict
the buildup of the SPS structure through the combination of the substrutures,
The right-hand wing is a combination of three tramslated Substructure No. 1
units. Similarly, the left—~hand wing is a combination of three Substructure
No. 4 units. The center structure is a combination of the center section,
Substructure No. 2, and the antemna and rotating ring, Substructure No. 3.
Finally, the center section, the left-~hand wing, and right~hand wing are com-—

bined to form the SPS structural model.

108
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BASIC MODULE TEMPERATURES

This chart shows a portion of the temperatures
used for the solar trough members in the computer
program analysis. ' The thermal effects are highly
dependent upon the assembly temperature of the ele= -
fments; however, due to lack of an assembly tempera-,
ture profile, an assembly temperature of 0°C was
- used. . i

1o



BASIC MODULE TEMPERATURES
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DEFLECTIONS—SPS UNITS

This chart summarizes the end deflections of the SPS unit
for the three  analysis caseg considered, The pretension, the
force necessary to keep the X-braces from becoming compressed
undex the given thermal and loading envirommeat, is as follows:

Aluminum’ design | Steel X-bracing | 552 MPa (80 Ksi)‘

Crdphite design | Graphite X- 137 MPa (20 Ksi)
. “ bracine ! '

. 1112 k;
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DEFLECTIONS ~ SPS UNIT

NOTE:
- ALL DIMENSIONS
e "y = 10T AN METERS
1703, 7 P T
[\ == =] 95.88
: I . 21300 S
a) ‘Case 1. Aluminu@, Nb'?rqunsion }n X=Bracing 0.628 -—~1r~— _—
| | iy

li%' 1703.7 L__ __.J_f_L

8. I L 21300 Rl B

bR . . :

Q3

;'5: Gl'?'ﬁ 2 C it Pretension in X-Bracing

e b) . Cage 2. Composite,. ‘ 20,7 ™™ ™

<@ ‘ | 100.6

| F N g —
DEFLECTIONS ARE SEVERAL ORDERS 7087 —— it
t b T 96.25

OF MAGNITUDE LARGER FOR . 21300
ALUMINUM AS_FOR GRAPHITE MATERIAL. ‘ 8.88 T

Satellite Systems Division
Space Systems Group

c) ' Case 3,

6;} ' Rockwell
Internahonai
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RESULTS—STRESS

The chart presents the stress of selected members for
the graphite and aluminum material construction under pre-:
‘tensioning. As shown in the table, the stresses are much
‘higher for the aluminum case than for the graphite case.
The maximum bending stresses for many of the members exceed
" the crippling allowables of the elemental beam caps.



“RESULTS - STRESS

TABLE . COQMPRESSIVEC STRESS COMPARLSON

CASE 2, COMPOSITE CASE 3, ALUMINUM

'. STRESS MAGN lTUDES ARE 3 TlMES | AXIAL STRESS MAX. BENDr STRESS AXIAE STRESS MAX, BEND STRESS

ELEMENT

AND LARGER FOR ALUMINUM AS . Ko, Mba  (KST) iwPa (KST) wPa (xs1) HPa (KST)

101 ~1.01 (=14} ~B.72  (~1.26) =3.88 (~.8%) | =131.7 (~19.10)

FOR GRAPH[TE MATERIAL. . 102 ~1.02 ' {(-.14) ~1.89 (~.27) -2.85 (-.41) ~58.4 (~8.47)
. : ' (-.12) ~1 .47 {-.21) ~9.54  (-1.38) -72.7  (~10.50)

103 -0.87
104 ~1.02 {~.14) -1.89% {=.27) -2.85 (~.41) ~58.4 (-B.47)
105 ~-1.02 (~.14) ~8.72  {-1.26) «5.88 (-.85) | ~131.7 (-19.10)
106 ° ~1.99 {~.28) =4 .98, {-.72) ~9.81  {~1.42) ~41.3 (~5.99)
107 ~7.68  {~1.11) { ~15.90 (-2.31} |}-10.31 (-1.50} ~80.2 (~11.63)

108 ~0.71 -{-.10) -2.21 {~.32) =-3.20 {~.46) ~8.4 (-1.22)
103 =7.68  (~1.11) | =15.92 (-2.31) ||-10.03 (~L.45} -80.2 {-11.63)
114 ~0.21 (~.03).| =~1.15 {~.16) -2.74 (=.39) | «129.5 "(=-18.78)
115 ~0.70 (~-.10) =2.60 (~.27) ~4.46 {=.64) -22.5 {~3.26}
1i6 =7.65  (-1.11} | -16.59 (=2.41) |{~135.70 (-2.28) | -110.1 (~-15.97)
117 0,21+ (~.00) =-1.52 (=.17) 2,74 (~.39) | ~129.5 (-18.78)
118 =-1l.19 (=.17) ~3.85 (=-.55) ~5.82 (=.73) -39.5 (~8.63)
119 =-7.61 (~1.10) -1.52 {~.22) {1-11.06 {~1.68) ~36.1 (=5.24)
1204 =2.08 (.30 ~2.73 {(~.39) ~8.26  {~1.20) =-80.7 (~11.70)

1206 =7.58 (-1.10) | =17.62 (~2.56) [|-27.48 (=3.99) ~85.1  (~12,34)
1208 . =7.01  (~1.02) | ~18.09 {(=2.62) -8.66  (~1.26) ~49.6 {~7.19)
1210 -6.94 (-1.01) | -18.53  (-2.69) =9.83 {-1,43) =37,1 (~5.38)
1214 ~6.90 (~1.00) | =16.22 (-2.35) |/-12,71 {(~1.84) ~17.7 (~2.57)
1213 ~7.53  (=1.09) {, ~9.11 {-1.32) ||~32.55 (~4.72) | -102.6 (-~14.88)
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SPECULAR REFLECTANCE (0.4 ym - 0.9 jm)

A more appropriate concentrator reflectivity can be derived from measured data
in the conversion band of GaAlAs, Data measured at Sandia for aluminized Teflom
indicate a beginning-of-life magnitude of 0.87, and this value will be applied to
the SPS reflectors. Lifetime deterioration estimates also have been recomputed.

A math model of the meteoroid exposure levels has been developed. The model indi-
cates that a loss of about one~half of one percent can be expected., Because of

the relatively low temperatures of the reflectors, thermal cycling degradation due
to eclipse passapge should be slight and is estimated to be one percent. The
reflector radlator resistance has been increased from earlier estimates because it
has been shown that the test'datd used as a basis for predicting radiation losses
greatly exceeded the operation spacecraft environmental exposure, Consideration of
" these factors indicates that an end-of-life value of 0,827 can be expected,

[116)



SPECULAR REFLECTANCE (0.4 um - 0,9 um) -
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. *RADIATION RESISTANCE ="0.965

*30-YEAR E.0,L. REFLECTIVITY =[0.827]

o' SPS 30-YR DOSAGE, <10° RAD

o MECHANICAL REFLECTANCE DEGRADAT]ON
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SOLAR PROTON MODEL ENVIRONMENT

Different solar proton models are presented in the figure. One major
difference in the models is how the low energy portion of the solar flares
are accounted. Present measured data 1s limited to proton energies of >10 MeV
{essentially solar cycles 19 and 20). A conmservative extrapolation assumes a
power law spectzum at low energles and a more optimistic assumption is that the
exponential rigidity spectral description holds below 10 MeV. The Rockwell con-
cept is based on the Aerospace model shown by the dashed line. This differs
from the GPS 3 Aerospace model In that a safety factor (SF) of 1.0 is used
rather than SF = 1.5. The GPS $#3 model is recommended for use during the five
peak years, e.g., 1978 through 1982. Since the SPS program spans a total of
60 years it did not seem reasonable to impose a penalty by superimposing con-
tinuous peak years. Because of the very significant variations in these models
and thelr dmpacts on design it is recommended that more detailed study be made
to better define the SPS solar proton enviroumment for the years of interest.
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PEAK YEARLY PROTON FLUENCE Pjcm2- YR
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108
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SOLAR PROTON MODEL ENVIRONMENT
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SOLAR CELL DAMAGE EQUIVALENT/MEV
ELECTRON FLUENCE VS SHIELD DENSITY

The solar array electrical output is affected by the on—orbilt envizcoment
which includes trapped particle radiation, solar flare proton radilation, ultra-
violet radiation, and the temperature cycling associated with the eclipse
seasons. The natural trapped particle radiation environment was obtained
from the "Solar Cell Radiation Handbook," TRW Report 21945-6001-RV-00. The
trapped electrons are based on the AL~4 model of the outer radiation zone
electron environment. The solar flare proton model was obtained by averaging
the integral flux values foxr the 19th and 20th solar cycles similar to the
Aerospace model recommended for GPS phase 3 satellite design (Reference:

R. G. Pruett = Aerospace Corporation). The values for damage equivalent 1 Mevw
electrons are taken from A Proposal for Global Positioning Satellite Electrical
Power Subsystem," General Electric, Space Division Proposal No. N-30065,

28 Feb. 1974.

‘The impact from.a single event (72 single worst recorded event} iz shown
for comparison. .



SOLAR CELL DAMAGE EQUIVALENT 1-MeV ELECTRON FLUENCE VS. SHIELD DENSITY .
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TOTAL 1-MeV EQUIVALENT FLUENCE {e™/cm®) - 30 YEARS

The 30 GEO equivalent 1 MeV fluence (e—/cm®) is obtained for a solar proton model
using peak yearly proton fluence and applying an appropriate scale factor (5.3) for a
complete 11 year solar cycle. The values for an 1l year cycle are then multiplied by
a factor of 3 to obtain a 30 year model. The values in the Table are calculated for
the solar flare models shown previously. This includes 2.35%x10'% for GEO trapped
electron 1 MeV equivalent for 30 years. The Boeing predictions are given for compari=-
son. It is obvious that major differences result from the assumptions takem for account-
ing of protons below 10 MeV and with Rockwell including significant 1 MeV equivalent
trapped electron £luence (2.35%10%° efcm®). Some later data indicates that .the trapped
electron fluence may be approximately a factor of 3 greater than shown by the AE 4 model.
Reference - .Private Communication: M. Teage, J. I. Vetti, "MAELY (High) AEI7 (Low) *
Material electron environment model data decks," NASA Goddard Space Science Data Center).

"*The Hughes model noted was based on trapped electromns, M. Teage and J. I, Vetti
“AE-7 Trapped Electron Eavironment"™ (to be published), and the total accumulated proton
fluences for the 20th solar cycle (E. G. Stassingopoulos and J. H. King, "An Emperical
Model of Energetic Solax Proton Fluxes with Applications to- Earth Orblting Spacecraft",
NASA GSFC X-601~72-~489, December 1972. .
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TOTAL 1-MeV EQUIVALENT FLUENCE (e~/cra2) - 30 YEARS

SOLAR FLARE . NASA 71 " GPS PHASE 3 TADA ROCKWELL

__PROTON MODEL | _ MODEL . | AFROSPACEMODEL| _ MODEL | SPS MODEL |
snucow .
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SUBSTRATE )| - ‘ TR
NOTE:
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Ea
3
3
pl

() INCLUDES 2.35 x 1015 FOR GEO TRAPPED ELECTRON 1-MeV EQUIVALENT FOR 30 YEARS

{2} "BOEING MODEL PREDICTS 2 x 1016 1-MeV ELECTRON-EQUIV/cm?2 USING CONSERVATIVE
EXTRAPOLATION ASSUMING POWER LAW SPECTRUM AT LOW PROTON ENERGIES (<10 MeV
THE MORE OPTIMISTIC ASSUMPTION OF EXPONDENTIAL.RIGIDITY SPECTRAL YIELDS

2.5 x 1012 1-Mev ELECTRON FQUIV/cmé. BOEING STATES 30 YR ELECTRON FLUENCE
- =2.9x 1014 ¢/cm? (Phase 1 Final Briefing, Volume VI, December 1978)

(3) - HUGHES MODEL PREDICTS 5.2 x 1015 1-MeV ELECTRON EQUIV/cm2, 30 YEARS GEO
- -, Reference: (AlGalAs-GaAs Solar Cell Study for Rockwell | nternatlonal L J. Goldhammer,

- " R. Knechtli, S. Kamath, and R. Loo; Final Report, November 1977. Note 3~mil cover,
. 2-m|lKapton substrate,
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NORMALIZED MAXIMUM POWER VS 1-MEV ELECTRON FLUENCE

This chart shows effects of 1 Mev electron radiation on solar cell
power output. The data Indicates significant differences between the
reference sources. In the solar cell comparisons at Rockwell, the curve
ddentified for 50 um silicon extrapolated JPL -~ Solar, Cell Radiation
Handbook was used. This data is taken from several references and repre~
sents the mean behavior of n~p silicon solar cell production in the
United States, Solar cells produced with significantly different composi-
tions may not show the same radiatlon loss. The significance of the data
is that thinmer silicon solar cells, percentagewise, show less radiation
degradation than thickexr cells.
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NORMALIZED MAXIMUM POWER VS.:1 MeV ELECTRON FLUENCE
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RELATIVE DAMAGE COEFFICIENTS FOR SPACE PROTON IRRADIATION (Pmax)

The results of several studies of proton damage have been summarized in terms
of relative silicon solar cell damage as a function of proton energy. These relative
damage results, normalized to 10 Mev proton damage, are shown in the Figure {(taken
from JPL Publication 77-56, Solar Cell Radiation Handbook). Results for several
coverslide thicknesses are also shown. The dashed line 1s the result of GalAs solar
cell test data at Rockwell. The equivalent 1 Mev fluence for gallilum arsenlde solar
cells cannot be determined at this time. Only when radiation tests are conducted im |
which the damage coefficients for both electrons and protons are determined can the
equivalent 1 Mev fluence be calculated for gallium arsenide solar cells.

'For the present, we are assuming that the equivalent 1 Mev electron fluence for
gallium arsenide is reasonably close to silicon for the energy levels of interest
(above the cutoff levels with shielding).

Thé possibility ‘of thermal annealing of radlation damage 1s of critical importance.
Heavier protective cover and solar array substrate thicknesses soon lead to unacceptable
welght penalties which can be avoided if thermal annealing is found to be sufficiently

effective: '
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RELATIVE DAMAGE COEFFICIENTS FOR
SPACE PROTON [RRADIATION {Pmax)
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SOLAR CELL ANNEALING CHARACTERISTICS - ISSUE RESOLUTION

This chart presents an outline of a recommended technology plan designed
to determine the radiation damago annealing characteristics for both GaAs and
Si solar cells. This would be essentially a 2 year program using selected
solar cells, with dedicated test equipment/instrumentation and every effort
made to Ytighten up" on test procedures and tolerances.

Both GaAs and S1i would be irradiated for proton and electron effects
followed by annealing (both thermal and lasex induced). The annealing tests’
would be repeated on an array level (something greater than single cells).
The advanced thin £ilm Gads solar cell proposed for the SPS would be included
in the test when thesa experimental cells become avallable.



- SOLAR CELL ANNEALING QHARACTERISTICS—-ISSUE RESOLUTION

° USE VBEST™ CELLS AVAILABLE .. .
' 'GaAlAstaAs — SHALLOW JUNCTION (SELECTIVE) -

S — 50-um THICK {ESB COVERS)
e AR COAT & EDGE COAT (INERT EPOXY)
e TEST AT
*PROTONS ~ — 10 MeV, 3 MeV, 1 MeV, 0.5 MV

. a 1 "-*ELECTRONS — 1 MeV

< GaAlAs/GaAs: ONE WEEK ANNEALING TIME, 140-160°C
CORRECT BY ANALYSIS TO 125°C

. SlLlCON CON\PARABLE CO2 LASER ANNEALING

NOTE: Repeat an nealmg tests on array level

e EVALUATE RELATIVE DAMAGE COEFFICIENTS
o MODEL THIN GaAlAs/Al03 SOLAR CELL
. TEST GaAlAslAleg, EXPERIMENTAL CELLS (WHEN AVAILABLE)

CALIYRD 4004 40
S 29Yd TYNIDIMO

Two-year program with dedicated test equnpmen’cl instrumentation, :mproved test procedures/
toleranceslmstrumentatzon and selected solar cells.

Satellito Systems Division % Rockwell - ' .
. Spnce_Syn_lemnGroup . £ International (129" ‘1‘5'955901755,



SOLAR ARRAY EFFICLENCY CHAIN

An updated SPS solar axray efficlency chain ig snown. inese
values have been corrected for improved solar cell performance as
a vesult of the satellite being tipped 9,02° during summer solstice,
thereby, reducing the imclination angle to the sun from 23.5° to
14.48°. These values were used to size the solar array for satellite
concept definition. .

A continuous review of subsystem efficlencies is maintained in
order to provide updated efficiency factors for the design of the SPS.
The summer solstice is taken ag the sizing regwirement since power out~
put is a minimm during this peried.



SOLAR ARRAY EFFICIENCY CHAIN

SUMMER SOLSTICE

Space Systems Group

International

1311.5 W/mé .

2400, 1
387.9
375.5
360.5
359.4
352,6

31

oy
. ARRAY CELL PACK. RAD, SWiTCH
ORIENT. . u (T) FACT. -DEGR. GEAR. (3} _
.968 _;é,s .96 ,997 fum 9-52 GW ELECT, OUTPUT
'fgéﬂi; ?:PU - : SOLAR INPUT
o T (’ 0.1335 (INCLUDING 0.981 MARGIN) ENERGY ONTO CELLS
| (CR = 1.83)
M (T) (.1816)
DESIGN (.89)
SA - . | | seasonaL (.968)
56 5G 56 > " | PoWER DEGRAD (.96)
t | sg FACTOR (.997)
[ | MARGIN {.981)
} : |
1 - i .
i 2% | '
’ n & :
‘ 2% | '
"1 | 1 =T ' ‘l' M 30 = 9.52 GY
59.1 MW 159,71 MW 37,3 MW x_30 = 9. -
: < %% : 1352.6 W/m2 x 27.0 (100)m? = 9,52 GV]
Em. |
2o
Satellite Syste}tus Givision Rockv;rell ‘ T

[3955D01756




" SYSTEM EFFICIENCY CHAIN — PHOTOVOLTAIC (CR=2)

This chart shows the device/element power efficiency estimates
established to-date. The overall effilclency of operations is presently
estimated to be approximately 6.47%.

) The efficiency chain illustrates the seansitivity of component
efficiencies and, in particular, shows the impact on overall efficiency

by a slight change in switch gear efficlency, i.e., Ngg = 999" = ,986-
reference case compared to .995'% = ,932 should the switch gear individual
.efficiency factor.veduce from .999 to .995.. The reference.system is sized '
to the following efficiency factors: power distribution = .9381, wicrowave
antenna = .7608; ground system = .679l, dod power gemeration = ,1335,  °

[132;



SYSTEM EFFICIENCY CHAIN - PHOTOVOLTAI C (CR-2)

(9.57 GW)
sLIP
swivce | 1 SWITCH Knes
GeaR GEAR BRUSH b (8,72 GW)
0,952 0,779 0,988 0,597
0.9391
» PAAWED NICYT
7.07 6v) {5,319 GW) .
SWITCH SWITCH SWITCH (FEEDERS) SWITCH oc/oc niSER” SWITCH] ]
nce - KLYSTRON [~-8—1 "1k GEAR GEAR GEAR COny [~o% GEAR
(6,79 6W) | | :
——— 0, 9% i 0.85 | 0,999 P99 0,999 o = 0.9 =056 0.%9 0,599
- 0.7508
: o MW ANT
5.5 {4,524 G .
BEAM EFE .-4-"‘._:>\ RECTENNA | SWITCH {8US) SWITCH cgr‘f‘/v';‘:“ SWiTCH feus) SWITCH (4,61 Gvn)
& ATMOS . ARRAY GEAR GEAR GEAR GEAR CUSTOMER
STATION
0.818 ..._0.59——}»—0.9?94-!—0.999-- o.w——--_-—o.m—;——o.ea-——l— YT S - X 0,597
- » {0.6791)
} GROUND

=POWER GEN. X POWER DIST, X MW ANT, X GROUND

5.47%

(13.35%) (93.91%)

L (76.08%) (67919

- {5.4% BASED ON TOTAL INTERCEPTED AREA}
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SYSTEM SIZING SUMMARY

This chart presents a summary of the considerations that affect

the satellite sizing model. A4 major area of concern is definition of

the space environment for 30 years GEQO satellite operation. The selec—
tion of a solar flare model and interpretatlion of proton particles with
energy less than 10 Mev can impact definiiion of.equivalent 1 Mev electron
fluence levels by at least one order of magnitude. The importance of this
could greatly be winimized if solar cell annealing out of radiation damage
can be verified. A technology program is recommended to resolve the issue
of solar cell annealing and establish annealing characteriatics. The sum~

mary is self-explanatory,

(134"



SYSTEM SIZING SUMMARY

e SEASONAL POWER VARIATIONS (EXCESS POWER) SHOULD BE INCLUDED IN

~ DESIGN CRITERIA
' 30 YEAR EOL REFLECTIVITY 0.827 1S A REASONABLE DESIGN VALUE

-® NEED MORE STUDY TO ESTABLISH SPS SOLAR PROTON ENVIRONMENT FOR
30-60 YEARS TIME PERIOD OF INTEREST (ROCKWELL MODEL LOOKS oK

FOR FIRST CUT).
o NEED MORE TEST DATA TO DETERMINE SPACE RADIATION DEGRADATION OF

- 50 UM SILICON AND 25 #M GaAIAslA1203
NOTE TECHNOLOGY PROGRAM IS REQUIRED AND HAS TO INCLUDE
. ANNEALING CHARACTERISTICS o
) Q
o
e FFEICIENCY CHAIN IS DYNAMIC AND REQUIRES CONTINUING UPDATE giii
SE
Qg
=P

[3955D01757;

Satellite Systems Division ‘ {3 Rockwell
Space Systems Group International 13 :



SOLAR ARRAY DIMENSIONS

This chart depicts the Rockwell configuration for center
mounted antenna. It is a 3 bay by 10 bay configuration, 3900 m
wide % 17,900 m long. . The solar array panel is 600 m wide X 750 m
long. Two of these panels make up a voltage strxing (45.7 kV).

The 600 m width consists of 24 rolls each 25 meters wide. The
solar array design factors are given. Sizing of the array is based
on the solar constant at summer solstice {1319.5 W/m?), an end of
1life conceatration ratlo of 1.83, an operating temperature of 113 C
and the design factors listed in the table. A design margin factor
of .975 is retained to match available area of 27%10° m®." The total
power at the array output is 9.52 GW. o

136;



SOLAR ARRAY DIMENSIONS

. SL 39Yd TYNIDO

ALITYND 004 J0

SOLAR ARRAY DESIGN FACTORS

F ] £
a7,
: . N4 SOLAR INPUT 1311.5 W/m2
| . ENERGY ONTO CELL (CR = 1.83) 2400.1
' REFLECTOK , 21551)1“]:01\13 TEMPERATURE - -~ 113 C
/ | = DESIGN FACTOR (.89) : 387.9
R CELL S SEASONAL FACTOR (.968) 375.5
gLO:QKET & DEGRAD. FACTOR (.96) - 360.5
"1 L SG FACTOR (.997) . 359.4
: . MARGIN (.981) 352.6
Lol }5001\'/\[ - 3\ . SOLAR ARRAY PWR. OUTPUT = 352.6.W/m2 X 27.0 (10%) m2
e S00M 3 o B = 9.52 GW.

Satellita Systems Olvision @ Rockwell . . L
Spaca Systems Group A lntemnﬁonal_[l?-ﬂ |739SSDOT758
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"SOLAR ARRAY CONFIGURATION -~ TYPICAL SEGMENT (1 OF 30)

This chart illustrates the electrical flow diagram of a typical solar
cell bay. Switching devices (D through (D operate the satellite power system.
These devices may be used as switching devices or fault isolation. Switching
device (D used to regulate the voltage output of the array. The power network
is entirely under the control of the on-board data processing system. Switch-
ing device @ is the final switchgear of the solar cell bay at the summing bus.
This device may incorporate current overload detection. The device may be
used to isolate the bay and may not be incorporated in the data processing
_ system. The outputs of the-bays are routed to the appropriate summing bus
and slip ring pair. : .

[138],



" SOLAR ARRAY CONFIGURATION - TYPICAL SEGMENT (1 OF 30)

INTER Tltb@ . '.om. _U""‘
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: - < &
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K ek | 229KV 290 L5} (3) :
6.63 MW - 580 6.632MW
2 o ' g{fs SLIP RINGS
1 (j . 42,95 KV 42,9 KV
N X ' '8.936 GW . 8.925 GW
3 ] - i . 4
1 5 3 A
Np=s ST
43.1 KV 77
45 : 4 7.258 KA
625 7 685, 45 7 77,
g I-——v—v-l g FEEDERS I
s _ o : [ AV 1550V 1
2 1 3 3 | AT 72587 =3
o o . , e
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S0 I—-?——l 20 l 431KV
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PD§ SIMPLIFLED BLOCK DIAGRAM

This chart shows a simplified SPS power distribution system for the solar
photovoltale three trough-end mounted antenna concept. The distribution system
cousists of the solar arvay interties, main feeders, switchgears, summing busses,
tie busses, slip_rings, regulators, high and low de-dec converters, battery
charging system, array subsystem bus, gnd subsystem cabling. The interties
transfers the power from the solar array to the main  feeders. The on-board
data processing system performs the required switching of the submodules to
maintain the bus regulation as required for the satellite power system., The
power from the main feeders is transferred Lo a split summiag bus via swilkchgear.
Tie busses then connect the summing busses to the slip rings. A split summing
bus and two sets of slip rings gives redundancy on the antenva in case of a
partial power failure on the array. Tudividual klystron dc voltage conversion
is performed by centralized comverters.(one for each brush assembly}. A battery
-and battery charging system is for partial power to keep the klystrons warm, and
required housekeeping tasks during the ‘eclipse periods. ..

f140;



PDS SIMPLIFIED BLOCK DIAGRAM
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MICROWAVE ANTENNA—POWER DISTRIBUTION

- The rotating elements of the power distribution system consist of the slip
ring brushes, the power risers and de-~de converters, the secondary feeders, and
the de-RF converters {klysfroms). The distribution concept selected permits
full operational capability with almost any siogle Failure. TFoxr example, viser
or de-de converter failures are overcome by oversizing of buses and converters;
permitting increased current loads on remaining functlonal paths; secondary bus

. fallures are overcome by providing secondary pover paths for every mechanical
module; atc.

The ehart identifies the power/current levels (maximum) required at every
switching point. Also shown is the emergency bus and energy storage subsystem
required to maintain powered status for supporting subsystems and klystron
filaments during pericds of solar ec}.ipse.



MICROWAVE ANTENNA - POWER DISTRIBUTION
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SOLAR PHOTOVOLTAIC POWER CONVERSION MASS STATEMENT - ~10% kg
END MOUNTED ANTENNA

. Collector Array

The structure and mechanism weight of 1.122%10% kg (-:-0.138><10G kg)
is the result of reduction in secondary structure allowance in the power

distribution subsystem.

The power source weight of 7.855%10°% kg (-0.585%10° kgb*is the result
of size reduction by the reduction of required power from 10.3 GW to 9.51 GW.

The .power distribution and control weight of .872x10° kg (-1.731x10° kg)
is the result of a complete new analysis of conductor and conditioning equip~
ment requirements associated with the center mounted antenmna (essentially *

shorter conductor lengths.

. There were no changes in the weight of the attitude control or Informa-
tion management systems. ’

It should be noted that this mass statement is based on delivefing 4.61 GW
at the utility interface {9.5L GW solar array output).

%Compared to Znd Quaftér_

1441



SOLAR PHOTOVOLTAIC POWER CONVERSION MASS STATEMENT (~10° KG)
— CO- PLANAR (3-TROUGH)

! ANTENNA MOUNT
END ' CENTER
3RD QUARTER 4ATH QUARTER
B SUBSYSTEM DEC 6-7, 1978 MAR 21, 1979
[COLLECTOR ARRAY § ' '
STRUCTURE AND MECHANISMS * {1.260) (1.122)
PRIMARY STRUCTURE 0.702 0.702
SECONDARY STRUCTURE ; 0.358 0.187
MECHANISM . 0.200 0.233
. ATTITUDE CONTROL (0.116) (0.116)
- POWER SOURCE {7.855) (7.855)
SOLAR PANELS 6.818 . 6.818
SOLAR REFLECTORS - 1.037 1,037
POWER DISTRIBUTION AND CONTROL (2.603) {0.872)
POWER CONDITIONING: EQUIPMENT [0.193] [0.193]
POWER DISTRIBUTION [2.410] [0.679 oo
CONDUCTORS AND INSULATION 2.367 0.646 ¥
SLIP RINGS ‘0,043 0.043 g )
INFORMATION MANAGEMENT & CONTROL (0.050) (0.050) 8
DATA PROCESSING . 0.021 0,021 D~
INSTRUMENTATION 0.029 0.029 oy
Cn
. \ >0
" TOTAL ARRAY (DRY) 11.887 10.015 cm
) . :"B
a kwell ' ‘ ' .
Satellite Systems Division In(t):gn;’;g onal 75 W

Space Systems Group
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30LAR PHOTOVOLTALIC POWER CONVERSION MASS STATEMENT - ~10° kg (CONT.)
END MOUNTED ANTENNA

Antenna Sectiocn

The antenna structure and mechanism welght of 0.977%10% kg :
was the result of calculated weights from a. layout drawing of the gimbal structure
and re-sizing of the actual antenna ltself., )

The power distribution and controllweight of 4.505%10°
was the result of a new analysis of the system.

The eenter mounted antenna configuration results in a mass savings of 2.336x
10°® when compared to an end mounted antenna coanfiguration.

[146]



SOLAR PHOTOVOLTAIC 'POWER CONVERSION MASS STATEMENT (~10° KG)
—-CO PLANAR (3-TROUGH) (Cont.)

[’"9551)01761

4 ’
1

ANTENNA MOUNT
END CENTER
3RD QUARTER " 4TH QUARTER.
SUBSYSTEM . DEC 6-7, 1978 ___MaAR 21, 1979
: N . 3
[ ANTENNA SECTION :
. STRUCTURE AND MECHANISM (0.977) (0.977)
- PRIMARY STRUCTURE 0,120 0.120
‘ SECONDARY STRUCTURE g.gzg .g.gz; :
: .-ANTENNA . , . o
¥ MECHANISM 0.197 0.191 L
" THERMAL CONTROL (1.408) (1.408) ", . =54
‘ KLYSTRON COOLING . 0.85] 0.851 oD
INSULATION ' 0.557 0.557 8‘%-
' RADIATOR — — o5,
" : MICROWAVE POWER {7.012) - (7.012) o
* KLYSTRONS 4,250 4,250 ok
ATT. SEN. ELECTRONICS & PHASE CONTROL g. l gg (2). 2 gg 0
WAVEGUIDES - .620 . . (e m
POWER DISTRIBUTION AND CONTROL (4.505) (4.505) e
. POWER CONDITIONING EQUIPMENT [1.901] [1.901]
POWER DISTRIBUTION [2.604] [2.604]
CONDUCTOR & INSULATION' 2.587 2.587
‘ SLIP RING BRUSHES S . 0,017 0.017
. INFORMATION MANAGEMENT AND CONTROL (0.630) (0.630)
DATA PROCESSING 0.380 0.380 '
INSTRUMENTATION 0.250 0.250
TOTAL ANTENNA SECTION 14,532 14.532
TOTAL $PS (DRY) 26.416 . 24.547
GROWTH, 25% 6,604 . 6,137
TOTAL SPS {DRY) WITH GROWTH 33.02 30.484
Divis) 4 Hockwetl [,
ot O N



POWER DISTRIBUIION TECHNOLOGY SUMMARY

This chart shows the two key system recommendations for power
distribution technology advancement. The SPS concept as currently
defined is very dependent upon the development of high power, voltage,
and efficiency (at extremely light weight) dec converters and switch-
gear. 'The specific welghts of dc converters are presently close to an
order of magnitude greater than desired. An immediate technology program
is recommended to establish a basis for extrapolation to the SPS satellite
converter weights. Switchgear technology status based on terrestrial
components appear supportive of the welght and efficlency goals of SPS.

A need is obvious to validate this technology applied to SPS space applica=-
tiono * ’ .



POWER ‘DISTRI BUTION TECHNOLOGY SUMMARY "

° LIGHTWEIGHT DC CONVERTER IMPORTANT TO SPS (SATELLITE SYSTEM & EOTV)

"o ROCKWELL CONCEPT UTILIZES 0.1971 KG/KW SPECIFIC

WEIGHT-—-TECHNOLOGY EXTRAPOLATION BELOW 0,59 KGIKW
HiGH RISK!

.® NEED TECHNOLOGY' PROGRAM TO EXTEND WEIGHT
PROJECTIONS

& END-TO-END EFFICIENCY CHAIN VERY SENSITIVE TO SWITCH GEAR COMPONENT |
. EFFICIENCY (14 S. G, IN SERIES} -

e S.G. WEIGHT & EFFICIENCY GOALS {C. 99682 KGIKW & 99.9%
" . APPEAR ACHIEVABLE

oo
. ’ | WE‘E
- o NEED TECHNOLOGY PROGRAM TO VALIDATE SWITCH GEAR ‘ §%
. " CONCEPT IN TERMS OF SPACE APPLICATICN (SP_S) SF
ER
35

Satelille Systems Division @ ‘ () Rockwell e
. Space Syslems Group International
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REFERENCE SATELLITE CONFIGURATION CHARACTERISTICS

The next four charts summarize reference satellite configuration characteristics
taken from the Reference System Report, United States Department of Energy and the
National Aeronautical and Space Administration, October 1978. Matched against these
. reference characteristics are the major Rockwell study alternatives. The reference

characteristics are grouped into three levels: ' (I) Basic - top level characteristics
 which are solidly established and rarely subjected to a change; (II) System ~ derived
characteristics (primarily physical descriptions) from the selected subsystem point
designs; and (III) Subsystem - selected subsystem physical and performance character~
istics subject to change dependent upon current trade off evaluatilons.

The current Rockwell point design is sized to delivexr 4.8l Gigawatts to the
utility interface. This ls being recommended along with alternative configurations,
e.g+y 3 trough planar avray with a center mounted antenna. Planform, solar array
blankat area, reflector area and waight are derived from sizing parameters such as

overall efficiency.



REFERENCE SATELLITE CONFIGURATION CHARACTERISTICS

NASA/DOE Rl CONCEPT
LEVEL PARAMETER - REFERENCE CHARACTERISTICS |  CHANGE
S .FREQUENCY 2,45 GHz
. BASIC. .| POWER DENSITY 23 MW/CMZ (RECT. CENTER) -
S | "1 MW/CMZ (RECT, EDGE)
CONSTRUCTION LOCATION | GEO! o
OPERATIONAL ORBIT “GEO :
TRANSMISSION TECHNIQUE | MICROWAVE
PHOTOVOLTAIC TECHNIQUE GaAlAs SOLAR CELLS, CR=2
| " | SiSOLAR CELLS, CR =1
Il . | PWR @ UTILITIES INTERF. | 5.0 GW - 4.61 GW
SYSTEM | SOLAR ARRAY CONFIG. PLANAR.
- . | NUMBER OF TROUGHS 5 (GaAs) 3
ANTENNA MOUNT END ' CENTER
PLAN FORM . 55. 13 KM (GaAs) 62,4 KME
' | 54, 08 KM (Si) 65,5 KM2
SOLAR BLANKET AREA 26.52 KM (GaAs) 27.0 KM2
: 52,34 KM2(Si) 56.3 KM2
REFLECTOR ARFA 53,04 KMZ (GaAs) 54, 0 KM<
OVERALL EFFICIENCY 6.97% (GaAs) 6. 41%
7.0% (Si) 6.18%

WEIGHT . '

34.16:100 KG (Gahs)
50, 98x10% KG (Si)

30, 68x100 KG

.52,46x100 KG

T " * -
[ FULA. TP SPER L AT TR

. \ :
. - . A Satellite Systems Division @J\
W Spaca Svatems Groun

Rockweil
International . 151

128PD133163 -



REFERENCE SATELLITE CONFIGURATION CHARACTERISTICS (CONT.)

: ' ' : NASA/DOE Rl CONCEPT
LEVEL _  PARAMETER _* REFERENCE CHARACTERISTICS | = CHANGE
. | HLLV IR o 2-STG, V-LAUNCH, SEQ. BURN, { PARALLEL
- SYSTEM . " HORIZ, LAND, WINGED, BURN
(CONT. ) REUSABLE, 425 MT TO LEQ | 227 MT TO LEO
- COoTV : | 'INDEPENDENT, REUSABLE,
. o ELECTRIC ENGINE-POWERED
PLV . MODIFIED SPACE SHUTTLE
- ‘ ORBITER
POTV oo .| 2-STAGE, REUSABLE -CHEM,
: ; { FUEL
1l - | [POWER_CONVER./DISTRIB. ] -
SUBSYSTEM | ‘GaAs—BLANKET MATERIAL .| kaeTon (25 uM)
CELL THICKNESS - 25 M
CELL SUBSTRATE . SYNTHETIC SAPPHIRE {INVERSE.
. ORIENTATION)
BOL CELL EFFICIENCY .. | 20% (AMO, 28 )
OPS TEMPERATURE ©1 113 6 (n = 18.15%)
BLANKET WEIGHT 0.252 KG/M2
REFLECTOR MATERIAL  ° AL-KAPTON (12.5 uM)
BLANKET STOWAGE . ROLL~UP
REFLECTOR STOWAGE ACCORDIAN-FOLD & ROLL-UP
PROJECTED COST © | $71/M2 (SOLAR BLANKET)
S1=CELL THICKNESS o 50 uM .
BOL CELL EFFICIENCY 17.3% (AMO,. 28 )
0PS TEMPERATURE 36.5 € (n = 15.6%
ANNEAL ING ASSUMPT iON INDUCED (CO2 LASER 500 C)

- ,_ r:lk\-ri‘-uﬂ“s [
Satellite Systems Diviston ‘- Fiockweli 57 ﬂi:E BLANK OV FluiaEn
 Space Systems Group . ¥ lnternational [153 - 128PD133084



REFERENCE SATELLITE CONFIGURATION CHARACTERISTICS (CONT.}.

. . S NASA/DOE R1 CONCEPT
LEVEL PARAMETER | REFERENCE CHARACTERISTICS CHANGE
it " ${-~PROJECTED COST : . 1 $35/M2 (SOLAR BLANKET)
' COVER . BOROSILICATE, 75 uM ELECTRICALLY ‘
SUBSYSTEM BONDED (FRONT & BACK)
{CONT.) INTERCONNECTS . -. . | SILVER-PLATED COPPER (12. 5 uM) .
. STOWAGE ' " RGLL~UP OR FOLDED Coe ;
ARRAY OUTPUT VOLTAGE . 140 TO 50 KV ' -
CONDUCTORS . ALUM I NUM : _ .
. . ' POWER TRANSFER (ROT JOINT) SLIP RINGS/BRUSHES .
e STRUCTURES
AR GEN. CONSTRUCTION MATERIAL GRAPHITE COMPOSITES _ _
*| ANTENNA CONFIGURATION ' SPACE FRAME e,
ANTENNA PRIMARY STRUCTURE OPEN TRUSS, AUTOMAT!IC, FAB. IN
. , . SPACE (130 M DEEP) .
ANTENNA SECONDARY STRUCTURE DEPLOY. CUBIC TRUSS (9. 93 4 DEEP)
ROTARY JOINT 350 METERS DIAMETER
SLOTTED WAVEGUIDES ALUMINUM
KLYSTRON INSTALLATION BACKSIDE OF ANTENNA
[ATT. CONTR. & STA. KEEPINGJ '
OPERAT | ONS X-POP (LONG AXIS | ORBIT PLANE)
ANTENNA POINTING : CMG's :
RCS~=THRUSTER TYPE . 8 ARGON 10N BOMBARDMENT
. THRUSTER GIMBAL - INDIVIDUALLY
NO. OF THRUSTERS 64 (16 PER CORNER)
“ GRID LIFETINME 5000 HOURS
MTBF ‘ 5 YEARS
AVERAGE POWER _ 34 MEGAWATTS
oy SPECIFIC IMPULSE 13,000 se¢
: THRUST ' 13 N
PROPELLANT STORAGE . CRYOGENIC

o ', S5atellite Systems Divist Gl Rockwell PREGEDING PAGE BLANK NOT FII.MED
7 Space Systoms Group &@ Interational [155] ) .. 128PD133085



REFERENCE SATELLITE CONFIGURATION CHARACTERISTICS {CONT.)

: NASA/DOE Rl CONCEPT
- LEVEL PARAMETER - REFERENCE CHARACTERISTICS: CHANGES
el MICROWAVE C . ‘
MTCROWAVE CONVERTER ' KLYSTRON.
SUBSYST,EM_ MICROWAVE BEAM , * | 10°dB EDGE TAPER GAUSSIAN (88%
(CONT.) | S RADEATING ENERGY WITHIN 5 k4 | = - C
: - s S RADIUS | BORESIGHT) ~ '
BEAM WIDTH : 1.2 ARC WINUTES
.AMPLITUDE TOLERANCE . : &1 dB ACROSS SUBARRAY
ANT./SUBARRAY MECH. ALlGNMENT .| %3 ARC MINUTES (GRATING LQBE CON-
_ i STRAINED TO 0,01 MW/CMZ) -
NO. OF SUBARRAYS oL 7220 {1010 M} | ) 69393 (10.2%11,64 H) .
NO. OF POWER TUBES 36 PER SUBARRAY AT CENTER 50
' + & PER SUBARRAY AT EDGE- .. |é _
o 101,552 TOTAL - . 135,864 TOTAL
- POWER PER TUBE . 70 KW 50 Kw
Lo FIRST SiDE LOBE . 0.08 Mw/CH? -
fe) GRATING LOBES ' <0,01 MW/CH2
= ERROR BUDGET—TOTAL RMS B<ERROR i0°
=R —MAX BEAM § ERROR AT EDGE OF
. g . TRANSMIT ARRAY 20 ,
R POVER RADIATED (TRANSHIT ARRAY) 6.72 GW .o : 6.79 A ‘
2 = "THERMAL LIMITS (ANTENNA) ‘ 22 Ku/M2 : ) 21 Kw/M2
: gg MPTS EFFICIENCY : 633 . 61.4%
. %m RECTENNA PANELS . . MULTIPLE ELEMENTS FEEDING (STRIPLINE) °
2 ¥ o SINGLE DIODES
: OPEN-FACED o OPAQUE

. Satellite Systoms Divislon % Rochkwell m BAGE BLANK NOT m
Internationai 15 T

Space Syslems Group 128?0133086
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THE SP*/SPS CONCEPT
(*SANDWICH PANEL)

The concept of an SP/SPS is based on the use of advanced technology
solid-state amplifiers and GaAs solar cells. In oxder to clrcunvent the
mass penalties, efficiency losses and development risks asgsoclated with
power distribution and control, the solar cells would be placed directly
in contact with the solid state amplifiers as shown; thus, .the name ’
Wgandwich Panel." Conversion of light to RF energy would be accomplished
through an estimated panel thlckness of between 1 to 5 inches, depending
on radiator design and thermal considerations. The most direct deslgn
approach is to constrain the solar cell blanket area to a size equivalent’
to the transmitting antenna area and employing a transmleting aperture
with uniform illuminatiom. In the material to follow, these constraints’

apply.

1

[



THE SP*/SPS CONCEPT
{*Sandwich Panel)

DIRECT/ REFLECTED SUNLIGHT

~SOLAR CELL BLANKET PANEL

" RF ENERGY TG'EARTH -

“Initial design constraint: solar cell area < trans. antenna area’

Satellite Systems Division @ % Rochkwell
. _ Space Systems Group International l'159"f

SOLID~STATE AMPLIFIER PANEL
TRANSMITTING ANTENNA PANEL

- [3988D01763

ALITYND ¥00d. 40
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splsPs CONCEPT R~4B .

The SP/SPS configuration shown uses a double set of flat mirrors to
reflect sunlight to the solar cells of the Sandwich Panel. The three
secondary reflectors and the SP are fixed in Earth equatorial space.

The single primary reflector is always sun-oriented requiring a daily
rotation of 360° and an annual "t{ilt" of plus—-and-minus 11,75°, For

the concept shown, an average annual effective concentration ratio of
Just under 2 was achieved. This resulted in an SP diameter of 2,181
kilometers and power delivered to the utility interface of 818 megawatts,'
"Methods for computing these values will be shown. : '



SP/SPS CONCEPT R-4B

SIDE VIEW ‘ \ ' .
PRIMARY REFLECTOR. ... (R
(360° ROTATION/DAY,...TILTS = = \ Q%
£11.75°/YEAR TO COMPENSATE - ~ \
OR SOLAR VARIATION) L
CELUS. S. AMP/ANT .
SANDWICH \_ BASE OF .

ROTATION

'

Ao NFIXED ¢
\ uREFLECTORS

PLAN VIEW

_u00d 40 .
NIDINO

S pp=1237 MW
~ *Pyp =816 MW

ST ALITYAD
Sl 39Vd W

Lo e o

‘ o
Sateilite Systems Division @ Rockwell
Space Systems Group lnternaﬁonal FIETJ .

. ,3955D01764%



NASA/DOE REFERENCE SYSTEM EFFICLENCY CHAIN
(Modifications Shown for SP/SPS Concepts)

The efficiency chain for the NASA/DOE Reference System is shown. For
calculating convenilence, the chain has been grouped Into three categoriles;
the satellite's "configurational" efficiency and "fixed" efficiency, and
the "rectenna" efficlency. Modifications to the, Reference System's "fixed"
efficiency are those dealing only with power distribution and control, , The
"rectenna" efficlency was downgraded taq reflect the lower energy collection
efficiency inherent in using a uniformly illuminated aperture., Since the
SP/SPS designs will be different and varied, the "configurational' effici-.
ency must be calculated for each concept. ‘ '

1627



NASA/DOE REFERENCE SYSTEM EFFICIENCY CHAIN
(Modifications Shown for SP/SPS Concepts)

e . "
. . - 57.81GW 1156 GW 10,50 GW 9.46 GW
| © MCONFIGURATIONAL" |
EEFICIENCY REFLECTOR SOLAR CELL CELL TEMP [ ARRAY
I _ . ‘ __Gx_lrEFLECTIVITY EFF@AMO |. | DEGRADATION J"T DESIGN Ga
?.; . ! 50.43 GW 218G — oegr:);;:zgrtom 28 @113° ¢ l FACTOR
(567[-7“&;: SUMMER . 0.20 0.908 I 0.901 |
sl SOLSTICE + SEASONAL . ) ) ‘ . . {‘ e
20.81 Gw|__FACTOR VARIATION : 10.79GW 10.29 GW | SIIGW "1y oy
i ! 0.9675 . 0.91 SOLAR CELL CELL TEMP || ARRAY HENE -}
‘ Sisiow 5238 GW o _ |- EFF@AmO. | |DEGRADATION || DESIGN g '3 a3
- . C 28°c @ 36 c"l-" FACTOR |27 | o5 =
! . \ ‘ . 0173 0,054 | 0.951 - R
oy M el ooy M cogys ey gpsirgmiciip g gy iy S o PaE e Gpm ke AR AN my AVD S P St el mU W it m Gk e SR T TP M IR A e e 'O :
T T e o i S s = P - --J t..: g
R Baatabaaty BB
' Ll 5]
e goscw” ! . . .
- 0.96 : 8.50 GW - 8.50 GW 8.18 GW 6.96 GW 8.72 GW ©
"JULTRAVIOLET]{ 1 [ARRAY SV ; ' . - "
JLTRAVIOLETE | [ powen 1 sup | ANTENNA 1 pemr rransmiTTing]
st DEGRADATION : DISTRIBUTION ‘ RINGS DISTRIBUTION CONVERSION ANTENNA "‘"‘"
- 0.9273 i X 0.9368 ‘X 0.9995 X 0.8G3 ‘ 0.65 . 0.3653
l , - .
" 9.08 GW ] | { {""’L"Q 59 Ir' T l - l “EIXED"
TS T EESGW L sJ9GwW . sasGw ToonsTTT T “%EFSI%EZZICY '
RECTENNA RECTENNA ,
ATMOSPHERIG] | ENERGY | | ENERGY - GRID
- LOSSES "1 coLLecTion %] COLLECTION [™™] INTERFACES
0.98 X 0.09 0.88 . 0.97
] - (5.7 I l .- YRECTENNAS
--------- Yo e s K i m e K e e e e 3y EFFICIENCY
g : 0.661

OVERALL EFFICIENCY = 6.97% Ga
: . - 7.06% Si

Sateflite Systems Divis Rockwell N - Lo
2 space Systoms Group ‘A‘ International [163] . .- [3955D01765,

* MPTS EFFICIENCY =63.0%

Space Syslcms Group



ESTIMATING CAPITAL COSTS OF SP/SPS CONCEPTS

Assuming that all scciopolitical and technological barriers can be
overcome, the "bottom line” for SPS is generally understood to be its
competitive posiltion based on average unit capital costs. Shown is the
recipe for estimating the capital costs of SP/SPS concepts. Abbreviated
symbols that will be used in following this procedure are also introduced.

[T6%



ESTIMATING CAPITAL COSTS OF SP/SPS CONCEPTS

* CALCULATE "CONFIGURATIONAL" EFFICIENCY, E¢

MULTIPLY BY "FIXED' EFFICIENCY AND CALCULATE THE FOLLOWINC:

* POWER TRANSMITTED PER M2 OF ANTENNA AREA, PT/M2 = 950.6 E.
[ 4623
* AREA OF TRANSMITTING ANTENNA, Ar = PT/M2

® POWER TRANSMITTED BY SATELLITE, Pr = A7Pr /M2

* REFLECTOR AREA, Ap-. = f (A7)
57.5
® AREA OF RECTENNA, Ap = Ag
* POWER OUTPUT AT UTILITY INTERFACE, Py = 0.66 Py

- USING MASS RELATIONSHIPS, CALCULATE SATELLITE MASS

USING-SYSTEM COST RELATIONSHIPS, CALCULATE THE FOLLOWING: =

® SATELLITE COSTS

* ASSEMBLY & SUPPORT COSTS

* TRANSPORTATION COSTS "

* RECTENNA COSTS

. A&E SEM AND CONTINGENCY COSTS :

CAPITAL COSTS PER KW = SYg'[fjl-iM CO_STS. ,

Satellite Systems Division ‘ . ROCRWG"
Spaco Systcms Group lnternational 163}

[3955D01766!



CALCULATING CONFIGURATIONAL EFFICIENCY

The most challenging design objective of the SP/SPS concept ls to
achieve the highest number of “configurational efficlency. As will be
seen, thils dnvolves a trade between adding multiple reflectors to obtain
a large effective concentration ratio (CRp) and the response of the solar
cells to the higher CRg. From the equations on the previous chart one can
seesee that a higher CRg results in a smaller diameter SP yet with a greater
- power .level delivered to the utility interface (PUI); Ways to improve con-

figurational efficlency which sould be explored are noted. . :



CALCULATING "CONF]GURA‘TIQNAL” EFFICIENCY

Satellite
Concept
THEORETICAL | .| SEASONAL | - |REFLECTOR EFFECTIVE: |
" CR "| VARIATIONS. [ EFFICIENCIES |7, . oR .
: Configur-
‘ ational
- Efficiency*
*WAYS TO IMPROVE CONFIGURATIONAL EFFICIENCY: ggﬁg&%
- *NEW, OPTIMIZED CONFIGURATIONS - |
-« HIGHER REFLECTOR EFFICIENCIES 98.
* OPTICAL COATINGS TO REDUCE SOLAR CELL TENIPS 32
* MULTI-BAND GAP SOLAR CELLS L or
gz
=M
o~
o

" Saleltite Sysloms Division éﬁ&% E)?grggggnal f'IGT‘ _é_%g.ﬁ_o_ﬁ_g_?_

Space Systems Group



SOLAR CELL  EFFICLENCY ESTIMATES FOR SP/SPS CONCEPTS

This (preliminary) plot of GaAlAs cell efficilency as a function of effective
CR indicates that the simple additlon of reflectors will not have an unlimited
payoff. Indeed - as will be shown — there is an optimum design area beyond
which systems capital costs arxe increased. It is emphasized that this is a

preliminary working.plot with no filtering technlques introduced to decrease
the heat load on the cells. . .

4
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SOLAR CELL EFFICIENCY ESTIMATES FOR SP/SPS CONCEPTS

GaAlAs
CELL EFFICIENCY

0.208
0.200 |-

0.192 |-

-
~J
04

E
SI 39vd YNNG

0.184 |
0.176 -
0.168 -

. ALRYNg H00d

0.160 -
0:,152 -

0. 144 r ; C

{ 1 ' t ’ T
| L0 . 20 50 i
EFFECTIVE CR

Salemle Systems Division 6} L;D Rockwell
‘é} Intermﬁonal [’1’6’9’:

. Space Systems Group



ATMOSPHERIC POWER DENSITY LIMITS

The importance of achieving a high "configurational efficiency in
order to reduce the SP (or antenna) diameter is reflected in these curves
which show the upper limit power that can be transmitted for various .
antenna dlameters. TFor concept R~4B, shown previously, the antenna dia- °
meter of 2,181 km is right at the knee of the curve. A decrease in the
antenna diameter (i.e., an +increase in “configurational efficiency) will
have a significant payoff in allowable power transmipted from the satellite,
Alternatively, if it can be determimed that the power density limit can be
increased from 23 mW/cm? to, say, 40 wW/em?, then allowable power levels
are also Increased significantly. The capital cost sengitivity to charges
in the atmospheric power density limits will be shown.



ATMOSPHERIC POWER DENSITY LIMITS

4000

W W . UNIFORM DISTRIBUTION
00 | —" -\ | Y o
= 2616 MW 2550 MW - og
- 2400 & .t . o .
] , o= -
= R - oo o
7 . ) ol
= o ) t . = G
= 1600 ' T2 MW Ni=1638 MW 5
— L ,
g "
8 . : ) : .
80 F° . .
| SN s { 4 . 1 §
L0 2.0 3.0 4,0 5.0 6.0

_ ANTENNA DIAMETER (KW)

Salellite Systems Divislon @ 'Rockwell . ‘ L
* Spaco Systems Group ¢ International ]fm 39550017691



SATELLITE -MASS AND SYSTEM COST ASSUMPfIONS'

The assumptions used in calculating the capital costs Or an Sr/5rd
are shown. Wherever possible, mass .and cost estimates USed in generating
the DOE/NASA reference system were employed.



SATELLITE MASS AND SYSTEM COST ASSUMPTIONS

SATELLITE MASS ASSUMPTIONS

SOLAR CELLS -
SOLID STATE AMPS

. ANTENNA PANELS
REFLECTORS “
IMS & PHASE CONTROL
STRUCTURES, ET. AL,

|- SYSTEM COST ASSUMPTIONS

. .SATELLITE COSTS
" SOLAR CELLS
SOLID STATE AMPS
ANTENNA PANELS
REFLECTORS
IMS & PHASE CONTROL"
' STRUCTURES, ET. AL .
- ASSEMBLY & SUPPORT COSTS
TRANSPORTATION COSTS
RECTENNA COSTS Lo

© 0,252 KGIMA )
“ 0,600 KGIKW |
. 0.750 KG/M2 |

".0.020 KG/ME-

$67IM% © \

S L 3
Csoacd )

'10% SAT. COSTS

NASA/DOE REF. EST.

"

O $67IME

$100/KW
$10/M2

$50/KG
$4lIKG (TO GEG)

_EST. BASED ON S1ZE /

$40!Nl BEANAREA) /.

Spoco Systams Group

Sateitite Syslems Divislon ‘ ‘ F\‘ockwell ’
lnternntlonal r173

TO THESE MASS ASSUMPTIONS
- ADD 25% FOR GROWTH
© MARGIN

TO THESE COST ASSUMPTIONS
. ADD 16% FOR A&E, SEM . .
-~ AND CONTINGENCY = - *

ALITVNO ¥0Od. 40,
Sl 39vd TYNIDINO

3955001770 ..



SIZING THE SP/SPS CONGEPT R-4B

An example calculation, based on concept R-43, is shown to illustrate
the first steps iIn estimating SP/SPS capital costs. One should note thak
a reflector efficlency of 0.85 was used, .and with the double-reflector con-—

. cept thils equates to 0.85% = 0.7225. "The solar cell efficiency is obtalned
from the preliminary plot shown earlier and when multiplied by the effective
‘CR, yields a "configurational' efficiency of 0.348. By following the “recipe",

previously described, the power delivered to the utility iaterface can then

be calculated. '



SIZING THE SP/SPS CONCEPT R-48

THEORETICAL CR = 2.814) . -
SEASONAL VAR = 0.9578- {—— EFFECTIVE CR- =1.935

REFLFCTOR EFF. = 0.7225— _. SOLAR CELL EFF "= 'g.i]_g

CONFIGURATIONAL
EFFICIENCY,
) EC =, 348

P

w2 .= 950.6x0.348 = 331 wim?
N 2 o -

Ap VTt BT KN 0= 218K

Pk dImxB-LAMW - LT
" ‘ .l‘z - = - 2 ) 7= | |

Ager, ™ %95 X 3T = 2 K
a A T

Aq 2o - 15,39 KM° -

Pyy . = 0.66x 1,237 = 816 MW. -

Satollite Systems Dlvision ' ' ROCR e
$pace Systems Group Internaﬁonal rl_-] !393500}77]



CAPITAL COST ESTIMATES FOR CONCEPT BB

The data shown is a coantilnuation of estimating SP/SPS capital costs
for concept R-4B. From the material presented in prior charts, the data
generated is self-explanatory. Given that the $2,755 per kilowatt is a
representative capital cogt, then the concept is in the competitive reach
of the DOE/NASA reference system capital costs, Cufay approximately
$2,400 per kilowatt. _

o
&y



CAPITAL COST* EQUATION FOR SP/SPS CONCEPT
*(Dollars Per Kilowatt at Utility Interface)

$257.69.+ $25L.55 E L + §74.36 CRLEF + $676.36 E LA~ + 4,252.47 E(;;ATZ

NOTE: THIS TERM IS A FUNCTION
ONLY OF SOLAR CELL
EFFICIENCY, Eg,

— EXAMPLES:
LEGEND: | 18% E¢ —$413. 11
E.. .- CONFIGURATIONAL EFFICIENCY = | ... °C__
CF IS THE PRODUCT OF E. - (SOLAR | 0% Egq™%206.56
" CELL EFFICIENCY) TIMES CR; | - r |
ﬁﬁ&”“ CONCENTRATION - NOTE: THIS TERM'IS A FUNCTION
- ‘ - ONLY OF THE ATMOSPHERIC
Ar - AREA OF TRANSM]TT}NG ANTENNA] . DENSITY LIMIT. -
IN KMZ v} 2 | EXAMPLES:
46 miljcm?=>$437. 21

Sateliite Systems Divigion @ F{ock ’
l& Intemational ll??g

Spnace Syslems Group

ALYNO ¥00d 49
S 39Yd TWNIDRO

'3955D01772,
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SOME SP/SPS CONCEPT.SENSITIVITIES

. A second SP/SPS concept with eight reflectors (one primary and seven
secondaries) was configured and the capital cost estimating process repeat~
ed. The results showed a more competitive capital cost, e.g., $2,366 per -
. kilowatt, with power delivered to the utility interface of slightly in
excess of one gigawatt. Questlons naturally arose as to the potential .
impact of multi~band gap cells of higher efficilency and of increased
atmospheric power density limits. This chart depicts the results of some
of the selected (arbitrarily) parameters. The sharp reductions in SP/SPS
capital costs may or may not be achievable, but the theoretical potential
of the concepts clearly dictate that they be explored 'to a greater depth.

[178:



_POWER OUTPUT AT UTILITY INTERFACE, Pyy; (MW)

SOME SP/ISPS CONCEPT SENSITIVITIES

: CONCEPT R-8
_ CR = 4,213
1800 }|]/ Pyy = 1758 MW
' 7| ¢ s1573 /KW
P Ty
1600 =" AR
CONCEPT R-48 PRy
CR = 1.935 JEAEE
- / - '
MO0 Py = 1318 MW o L~ .
$1811 /KW ' Pyy = 1333 MW
. $1993 /KW
1200 |- ' '
. Py = 999 MW T Pyy = 1088 MW
1000 =~ $2291, $2366 /KW
$2755
400 ...“_ . ’ ' “\
1 L { i SN B DR
1.0 2.0 3.0° 4.0 5.0
EFFECTIVE CR
e Systoms Divis Rockwell A,
suapssytomsoison (31 IR )

" REFERENCE "
~ EFFICIENCIES

EFFECT OF 50% INC.
IN CELL EFFICIENCY
+ ATMOS., DENSITY2
LIMIT OF 40 mW/cm

" EFFECT OF 50% INC.
"IN CELL EFFICIENCY

ALITYAD 8009 4o

Sl 3oyy TVNIDIHO

395501773,
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POTENTIAL ADVANTAGES OF THE SP/SPS CONCEPT

The potential.advantages of. the SP/SPS concept can be
summarized as follows: Fewer technological barriers to over~
cbme; safer to build and operate; more'reliable; and lower
costs. , ' T
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POTENTIAL-ADVANTAGES OF THE SP/SPS CONCEPT

o ALLEVIATES/BYPASSES CONCERNS :

" TECHNOLOG! CAL ADVANCES IN POWER DISTRIBUTION AND CONTROL

" REQUIREMENTS FOR HI- TEMPERATURE COMPOSITE STRUCTURES
ASSEMBLY, OPS AND MAINTENANCE IN A H! VOLTAGE, HI TEMP
ENVIRONMENT POWER TRANSFER ACROSS A ROTARY JOINT

RELIABILITY OF NIWPTS SHOULD BE GREATLY ENHANCED
o POWER LEVELS OF 1 TO 2 GW MORE ADAPTABLE FOR EXPORT MARKET
o HIGHER DENSITY PACKAGING FOR'LAUNCH VEHICLE INTEGRATION |

POCIDENIO SATELLITE NIAY BE NIORE CONIPATI BLE WITH SCHEDULE AND
FUNDING .

POSTULATED ADVANCES IN SOLAR CELL, SOLID STATE AMPLIFIER AND
REFLECTOR. EFFICIENCIES COULD SIGNIFICANTLY ENHANCE COIVIPETITIVE

POSTURE OF -SPS

Satellite Systems Division Rockwell
. Space Systems Group éL International I 181 !

[395SD01774:



DOMAINS OF MOST PROMISING SP/SPS DESIGN CONCEPTS

" From the data presented, the obvious question to be raised is: What is
the most cost effective SP/SPS configuration? By laying out additional design
concepts, parameiric relationships relative to a range of effective concentra-
tion ratios were developed. Recall that the first step In the process of
estimating capital costs results in the computation of power delivered to the
utility interface. These results are shown as the dashed line on the chart and
correlate with the right side axis. Typically, minimm costs relate to maximum -
powers and the initial reaction is that an optimum design will have a CRp in
the range of from 7 to 8. But - as shown by the solid line -~ continuilng through
. the process, the minimum capital costs occurred at a CRp of betweea 4 and 5. '
The minimums at that range are a result of the decrease in solar cell efficiency
with the corresponding lncrease in CRg. These data are based on an atmospheric

power demsity limit of 23 mW/cm?®.



DOMAINS OF MOST PROMISING SP/SPS DESIGN CONCEPTS

CAPITAL INVESTMENT ($/KW)
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IMPLICATIONS OF CONFIGURATIONAL ANALYSES

The first two Technology Implications listed are clearly evident
at this stage of the configurational analysis.’ To a lesser capital-
cost-impact degree, the third item listed Is nevertheless of equal
programmatic importance in that it represents an achievable near-term
objective. Of course much greatex in~depth work need to be conducted
in the design and analysia of 'SP/SPS concepts. But the potential
appears promising. ; -



[MPLICATIONS OF CONF1GURATI ONAL ANALYSES

L TECHNOLOGY LIMPLI CATIONS® '“

o ATMOSPHERIC DENSITY LIMIT DEFlNITION o
‘© MULTI-BAND GAP SOLAR CELL DEVELOPMENT :
¢ OPTICAL FILTERING AND MATERIAL REFLECTI\VITY

DESIGN/ANALYSIS |MPLICATIONS

e CONCEPTUALIZE CRg RANGES OF FROM 4 TO 8

' DESIGN SANDWICH PANEL SUBSYSTEMS

* - @ ANALYZE SANDWICH PANEL THERMAL INTERACTIONS
o REFINE SATELLITE MASS AND'SYSTEM COST ESTIMATES

*ASSUMES SOLID STATE TECHNOLOGY IN WORK

Satellite Systems Divislon @ Rockwell —e
Space Systems Group International, [185] | 3955D01776.



MAJOR CONCERNS OF THE SP/SPS CONCEPT

List:ed are the major concerns lnitially expressed about the
SP/SPS concept approach. Preliminary analyses conducted by in-
dividuals In the NASA and industry :I.ndicate promise on the resoluw
tion of each of these concerns.



'MAJOR CONCERNS OF THE SPISPS CONCEPT

SATELLITE CONFI GURATION, SI1ZE

ORIENTATION ‘AND ANTENNA POINTING

MWPTS PHASE CONTROL

SP THERMAL COMPATABILITY

UNIFORM vs GAUSSIAN POWERBDiSTRIBUTION

SOLID STATE TEGCHNOLOGIES

SYSTEM POWER LEVELS

Satellite Systems Division
Space Systems Group

Rochkwell
international
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COST TRADES FOR SP/SPS CONCEPTS OF EQUAL Ecp

The design preferences referred to on the previous chart may not ultimately
represent realistic objectives for a CRg of 4. There are other design alterna-
tives, however, that may allow one to approach the lower capltal costs. Desipgn-
ing to a higher CRp 1s an alternative that was exercised to develop the comparaw
tive data shown.' TFor example; although more than twice the reflector area (and
supporting structures) are required for an Egp of 1.20 with a CRg of 8 as opposed

"to a CRg of &4, it may be more technologically realistic to achleve a solar cell
efficiency of 15% with the CRg of 8 than 30% with the CRg of 4., The configura-
tional analyses give an insight into some of the alternative concepts to be
pursued as the SP/SPS is studied in greater depth. .

_l:]
o
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- SYSTEM CAPITAL COSTS ($-/KW)

COST TRADES FOR SP/SPS CONCEPTS OF EQUAL E¢r

- S In all cases, EcF (configurational efficiency) is 1.20
2l
2000 +

i Py; = 1.516 6W

D = 1.60 KM

1800 |- . o .

N CRz =8 :
1600 I~

- Pyp = 1.999 oW
1400 [’ . DT "1.84KM

ir\bl [ 1 A | | l L1 .
‘ , 10 0.14 0.18 0.22 0.25 . 0.30 S

SOLAR CELL EFFICIENCY, Esc

‘ Satellite Systoms Division ‘ Rock :
Space Systema Group Internntionnl 139 ) [ 3955D01778



SP/SPS CONCEPT SENSITIVITIES FOR CRg OF 4.0

The magnitude of capital cost impacts attributable to increasing solar
cell efficiencies and/or atmospheric power density limits on an SP/SPS con=-
cept with a CRg of 4.0 is shown. A line (dashed) indicating satellites of
ldentical size illustrates changes in power levels (Py1) experienced for
combinations of Egc and power demsity limite. 7The dramatic decrease in
capital costs yields a clear iandication of design preferences.
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Pyj = L.072 GW

——~—SATELLITES OF IDENTICAL SIZE
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CAPITAL COST# éQUATION FOR SP/SPS CONCEPT
(DOLLARS PER KILOWATT AT UTILITY INTERFACE)

In order to gain more visibility into the contribution of ingredients
that comstitute capital costs, the "recipe" given earlier was refined and
boiled down to the single equation shown. Of the four variable terms in the
equation, note that “configurational" efficlency, Egp, 18 1n thé denominator
of each. Note also ~ as indicated on the chart — the relative Impacts of
solar cell efficiency and of the atmospheric density limit, When one is
operating in the range of $2,000 per kilowatt, the asignificance of these

numbers is readily apparent.



CA

SATELLITE MASS ESTIMATES (100 KG) ' - SYSTEM COST ESTIMATES ($100)

SOLAR CELLS. - 0.942 © - SATELLITE COSTS 828. 15
" SOLID STATE AMPS - 0.773 . . SOLAR CELLS 250. 38
ANTENNA PANELS - 2,803 . SOLID STATE AMPS 128. 85
REFLECTORS 0.744 "~ ANTENNA PANELS 37.37
IMS & PHASE. CONTROL  0.772 * REFLECTORS 111,55
- STRUCTURES, ET AL 2,000 IMS & PHASE CONTROL 200.00
GROWTH MARGIN . 2,009 STRUCTURES, ET AL 100, 00
10.043 ASSEMBLY & SUPPORT COSTS 82,82
TRANSPORTATION COSTS 411.76
. RECTENNA COSTS - - 615. 60
A&E, SEM & CONTINGENCY COSTS  310.13
2,248.46
CAPITAL COST ESTIMATE = $2, 755/KW 9‘5.3_;
= -
S & By v
. >
28
o g

Satellile Systems Division ﬁ ' Fiock well .
Space Systems Group Intemational ] 193 l 3955001780,
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SPS ANTENNA CONCEPTS

PRECEDING PAGE BLANK NOT FILMED
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MICROWAVE TRANSMISSION SYSTEM-—SATELLITE ANTENNA

This chart depicts the basic configuration, including overall dimensions
of the selected antenna structure concept.

The smallest antenna building block is the power module; which varies in |
size from the one illustrated (which is used at the center portion of the
antenna) to 3.40 by 5.82 meters at the periphery of the antenna. Ten diffexw-
ent power module sizes are used to comprise the antenna element. Each power
wodule has a klystron located in its center. The power modules axre arranged
into subarrays measuring 10.2 by 11.64 meters.  Rach subarray has its own )
phase control electronles. Nine subarrays are connected to form a mechanical
module 30.82 by 34,92 meters. '



' MICROWAVE TRANSMISSION SYSTEM - SATELLITE ANTENNA

MECHANICAL
MODULE (777 REQD) -
30,62 ~ o

SUMMING BUS
(2 PLACES) - '

POWER MODULE
(10 TYPES)

SECONDARY
| FEEDERS (34 PLACES)

J& Rockwell International [157;- ’ 18PD128656A

Cnnra Nivicina



SOLID STATE ANTENNA CONCEPT

The antenna array is composed of a series of modular units of diminishing
size. The major umit is the mechanical module which consists of a graphite-epon
structure. The structure is attached to the dual set of crossed catenary cables,
which are attached to a compression frame at the array edge and form a tensione
web (trampoline structure), Each 30.62 X 92-q mechanical module is an assembly of
nine 10.20 % 11.64-m subarrays. Each subarray is a radiating element in the total
array. As such, it has a single transmitting phase which is set by the retrow
electronics associated with the subarray.

The subarrays are formed out of power modules. Each power wodule has a
single dec-to-microwave converter together with its associated radiator. In the
point design, these are resonant cavity radiators (RCR's). There are ten .types
of power modules, all with converters of the same power, but differing in siza.

A c&pieal power module'assembly consisting of a 50 kW, solid state dc-RE
converter installed on a typical power module ig also illustrated. -



‘SOL1D STATE ANTENNA CONCEPT

MECHANICAL
MODULE

© 50 KW PER MGDULE

021 KW/M2 RADIATION AT CENTER

o MAJOR PROBLEM AREA
-~ LOW VOLTAGE POWER
DISTRIBUTION SYSTEM
~ THERMAL CONTROL

égﬁ‘t Rockwell Intemational {1991 68PD130608



PROJECTED SOLID STATE POWER MODULE EFFICIENCY
REQUIREMENTIS TOQ ACHIEVE OVERALL EFFICIENCIES
‘ OF AT LEAST 78%

"The projected solid staté power module efficiencles will decrease
as output power increases due to the effecta of additional combiners
and module stacking. .

B
()



" PROJECTED SOLID. STATE POWER MODULE EFFICIENCY
REQUIREMENTS TO ACHIEVE OVERALL EFFICIENCIES OF AT LEAST 78%

1IE .
B ._ sy
BASIC AMPLIFIER CIRCUIT- % . ~ 92%
EFFICIENCY R

OUTPUT RADIAL LINE . .- . . 9%
- COMBINER EFFICIENCY (0.2308)
MULTI-MODULE OUTPUT. -
- RADIAL LINE COMBINER
CEFFICIENGY.
" STACKING EFFICIENCY. -
OVERALL EFFICIENCY . 907

POYER OUTPUT AT 2,45 GHz

C LK . - 10KH
SR 14 907
95% . 9%
(0.23p8) . (0.27pB)
- e
(0.31pB)
85.5%  79%

o

50 K
95%
937
- (0.27pB)
927 .
(0.03BDB)

- 95%
/8%

Rockwell
International

68PD130735X
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SPS SOLID STATE POWER MODULE CANDIDATES .
USING CONVENTIONAL POWER COMBINING TECHNIQUES

Based on the previous transistor elactrical performance and .
physical profile projections, a wide range of solid state power module
options are available. Current optimization estimates indicate that 4
the 1 kW to 5 kW output power range appears to be best for the solid T

" state. power module. oL, feos
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SPS SOLID STATE POWER MODULE CANDIDATES
USING CONVENTIONAL POWER COMBINING TECHNIQUES

{f .

- ITEM

© BASIC AMPLIFIER
-CONFIGURATION |

@ COUPLER CONFIGURATION

. € SUPPLY VOLTAGE

© TRANSISTOR CANDIDATE

" © NUMBER OF INDIVIDUAL .

55 POWER MODULES

© INDIVIDUAL' SS POWER .

SIZE.

" @ INDIV. SS PWR MOD WGT

{(with DC/DC Conv.)

& STATUS

2008

115W Single Stage
Class C or E
(< 90% Efficiency)

5 Way-Radial Line
{Fused Silica or
Sapphire)

40V Ta

GaAs Biﬁblar

13,586,400
4“ D.iam ‘x 2“.
2.5 1b.

Could be built now

with push-pull @ 50%-

60% eff. using 10-
way combiner

POWER OUTPUT AT 2,45 Gilz

1KW

236W Push Pull 5

"Class C'or B

(< 86% Efficiency) .

.. 5 Way-Radial Line
. (Fused Silica.or

Sapphire)

C 40V

GaAs Bipolar

6,793,200

4" Diam x'zﬁ“

2.7 1b. .

' ‘"ﬁg:
Significant'R§D re-
quired for transistor

gl ¥ood 40
SI 39Vl TYNIDIO

- 247W Push Pull

. 25V,
. GaAs FET

679,320

. 17" Diam x 3"

Significant RED re-

L1OKW

Class C or E
(< 79% Efficiency)

50Ky

260W Push Pull
‘Class C or E
"(< 78% Efficiency)

10-1KW Modules on a '12-2.6KW Modules on a

10 Way-Radial Line

ca or Sapphire}

22 1b.

quired for circuit
eff., combiner loss
and transistor out-

e

'

12 Way~-Radial Line Coupler
. Coupler (Fused Sili- stacked with another 12
Modules (Sapphire)

- 40V

-GaAs Bipolar

l ’

- '135,864
‘20" Diam x B".
"83 1b.

Significant RED required |
for circuit eff., combiner
loss, thermal management and
transistor output ’

Rockweli
International

68PD130734X



PRELTMINARY IMPLICATIONS FOR SPS SOLID °
STATE POWER MODULE AND MPTS ARRAY
' CONFIGURATIONS

The preliminary implications for the SPS solid state power module
approach indicate a lower optimum module output power (1 kW - 5 kW)
compared with the klystron (50 kW). The preliminary implications also
indicate a gignificant change in the size, weight and complexity of the
solid state module power distribution system. Increased complexities
and reduced efficiencies asssociated with the solid state module power
- distribution system, in the present point’ deaign configuration, appear
to require an alternate SPS configuration for the solid state approach. -



.SoL1D SEATE Power

o1 kw105 ki PowER ‘

MODULE

© HIGH TEMPERATURE (ALLOY)

BONDING

° MATCHED SERIES TRANSISTOR
. PAIRS™ (NOT A GOOD IDEA
FROM EFFICIENCY STANDPOGINT

® MPTS ARRAY SIZE AND POWER

‘DISTRIBUTION CHANGE

© MICROWAVE POWER DISTRI-

. BUTION SYSTEM MAJOR
CHANGES.

*WHAT WE NEED IS A TRANSISTOR; CA
% 8IMPLE STRUCTURE; HIGH TEMPERATUR

#ELEchonrcs ARE PRIMARY THERMAL DESIGN DRIVER (<100°C)

DEsiGN DRIVER

® POWER DISTRIBUTION

DC/DC CONVERTER.

-© THERMAL PROFILE

- @ EFFICIENCY

® LIFE~TIME

o LIFE~TIME

© POWER MODULE & ELECTRONICS

TEMPERATURE

@ TRANSISTOR BREAKDOWN
VOLTAGE

"o LOW vOLTAGE (<100v)

PABLE OF DELIVERING 92? EFFICIENCY AT 2.45 GHz, wITH
£ CAPABILITY AND A BREAKDOWN VOLTAGE IN EXCESS OF

PRELIMINARY IMPLICATIONS FOR SPS SOLID STATE
_POWER MODULE AND MPTS ARRAY CONFIGURATIONS

Reasons
© CAPACITANCE LIMITATION ON
TRANSFORMER WINDINGS,

& TEMPERATURE LIMITATIONS
ON STACKED MODULES.,

© LOWER POWER MODULES ARE .
MORE EFFICIENT

0 CONVENTIONAb BONDS WILL
FAIL OVER 2

@ TRANSISTOR FAILURES

" TEND TO INCREASE AS
BREAKDOWN VOLTAGE IS
APPROACHED, :

@ BASE TEMPERATHRES IN
- gxcess oF 250% ARE
ANTICIPATED.

HIGH CURRENT PROBLEM.

ALFVAD 400d 40
SI 39vd TUNIDIHO
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DC/RF SOLID-STATE/WAVEGUIDE SPS CONCEPTS

, The data presented in the following chartsldevelop a series of ideas as to the' feasibility of
adapting the de/RF, solid~state, waveguide principles, developed by Aerospace Corporation GSSPS to
the MSFC four-trough galium-arsenide SPS under, study contract to Rockwell International.

The facing chart shows the general arrangement of the Aerospace GSSPS and the Rockwell SPS sys—
tems. In the spring and fall of each year, the solar collector panels of GSSPS obscure each other.
Aerospace Corporation suggests a twice-per—~orbit libration about the satellite roll axis to minimize
this obscuration, In the winter and summer, the panels do not obscure each other due to the 23.5-
degree angle between the earth equatorial and ecliptic planes. The libration cycles must be phased
to cause a once—a-year precession if synchronization with the changing sun angle is to be maintained.
All of these mameuvers may requixe a complex attitude control system for the 47 km long string-like
satellite to maintain sun~polnting of the solar panels and earth~pointing (to latitudes not on the
- equator) of the lens antenna.: ' © o .

The Rockwell configuration simplifies sun-pointing of solar.cells and earth-pointing of the -
reflector-antenna using a simple mechanical rotary joint amd pivot’ system containing no electrical or
RF components. The satellite attitude is perpendicular tg the equatorial orbit plane with the antenna
located on the South Pole end of the satellite pointing toward northern earth latitudes. For south
latitude antenna-pointing, the antenna 1s mounted on the North Pole end of the satellite, Ton propul=
sion units maintain active control over satellite attitude and either coutrol-moment gyros ox simple
electric motor drives maintailn earth-pointing of the antenma. The Aerospace Corporation GSSPS uses 2
three-layer (butterfly dipole/phase—~shifter/butterfly dipole) lense antenna to transmit energy,

. emitted from a horn mounted on the end of the 47 km long-main wavegulde, in a coherent manner to earth.
Latitude pointing and minor longitude pointing is accomplished by wave-front phasing and may require
some mechanical pointing to maintain low sidelobe requirements. ' Lo

1) - Al

The Rockwell configuration‘uses a'paraboloidal wire mesh antenna to reflect and collimate energy
transmitted by a waveguide mounted transmitter horn' that is designed as a field leas to emit a spheri=
cal wave fronte The waveguide horxn is located at the focal point of the paraboloidal, wire mesh '
mizrror. . . ) - '
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SOLID~-STATE SATELLITE POWER SYSTEM

The general configuration of the Rockwell/MSFC four-trough SPS is shown on
the facing chart. An antenna support structure is attached to the 600-m centrally
located triangular structure. The support structuwve includes a rotary ring assembly
and an antenna assembly attached by pivots to the rotating element of the ring
assembly. The rotating wing (axls along SPS centerline) permits the daily rotation

of the antenna; the pivot permits latitude antenna pointing. ,

RF waveguides and solar cell panel in transverse orvientation are shown.

(208} "



SOLID STATE SATELLITE POWER SYSTEM
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LIGHT~TO~MICROWAVE CONVERTER (LITOMIC)

This chart illustrates the basic elements of the sandwich
panel concept. =~ . . .
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LIGHT-TO-MICROWAVE CONVERTER {LITOMIC)

ANTACEMT MONIIR E°
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ALTERNATIVE SOLID STATE ANTENNA CONCEPIS

The present satelllite point design utilizes HV klystron dc-RF converters to convert
‘ the d¢ power generated to the 2.45 GHz microwave state. The .power for the RF converters
{s transferred at 40 kV dc (vominal) across the antenma slip rings, converted to five
selected HV de voltages and utilized by the klystrons.

Solid state de-RF convertere require an input veltage of less than 100 V {present
design indicate an input voltage of approximately 40 V dc). If the appropriate véltage
(40 V dc) is generated the curreat carrylng capacity of the rings would need to be pro-
hibitively laxge (one-half of approximately 10 GW @ 40 V = 125x10°% amps). If relatively
high voltage is generated {20-40 kV dc) and transferred across the rings, the subsequent
* de-de conversion results as large ilncreases in antenna mass (10-20‘&106 kg) considexing
both the comversion elements and the additional thermal control requirements.

It was therefore concluded that the present satellite design concept was mot compatw
ible with a solid state dc-RF converter concept. Three alternate configuration concepts
" are identified which eliminate the power distribution effects but still present signific=
ant design problems although these are now in different areas. All three concepts Te~
structure the solar blanket configuration to develop the low voltages required by the
‘golid state devices and locate the dc-RF converters immediately adjacent to the solar :
blankets to reduce IR losses. : - -

In the first alternative satellite the construction form 1s the same as the point
design, however, the summed RF energy must now be transferred over a waveguide rotating
joint with a capacity of over 4 GW @ 2.45 GHz. :

The second alternative completely restructures the satellite and requires that the

plane of the solar blanket be sun stabilized. The céllected RF energy 1s transmitted to
a free-flying stationkeeping satellite. and retransmitted to the receiving rectemna. In
.order to control thg RF beam it will be necessary to provide extremely precise station~-
keeping and pointinf/focusing control. : o

The third alternative shown is similar to the second except that the satellite is
gtabilized to the rectenna boresite and the variable sun sngle is compensated for by using
an attached (or if desirable a free-flying) reflecting mirrer. The point accuracies re= ,

quired for this concept would be signigicanglx less than for the second alternative.
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 ALTERNATIVE SOLID STATE ANTENNA CONCEPTS

E

PRESENT CONCEPT (KLYSTRONS)
o HV/DC ROTARY JOINT

. o DC~-RF CONVERSION ON"

ROTATING SIDE - .} d

ALNYN
si_ 3oy

Y

SOLID STATE DC-RF
* LOW VOLTAGE .
“DC-DC CONVERSION HEAVY

© .& COMPLEX IN PRESENT
" <CONCEPT . ',

o

e EXISTING STRUCTURAL CONCEPT -
» LOW VOLTAGE SOLAR BLANKET
CONFIGURATION
= @ DC-RF CONVERSION ON
" NON-ROTATING SECTION
o SUMMING WAVEGUIDE &

.+ ALTERNATIVES -
ROTARY JOINT (~4 GW EA.)

o RF ROTARY JOINT .
- o STATIONKEEPING SAT.
¢ STEERABLE MIRROR

SOLAR CELLS °
(TOP}

'DC-RF CONVERTER
- - {(UNDERNEATH)
. T ' DC-RF CONVERTERS , . ” ' '
+ RF RADIATION> ¢ .. (UNDERNEATH) ' REFLECTOR/
e R FOCUSING ,
. SATELLITE .

N o . Salelli;eSyslemlevlsion % Rockwell :" _ ' LT .
oL o Space Systems Group _ & International - 213} . . - [3935D017862-



SP/SPS CONCEPT R—4B’

The SP/SPS configuration shown uses a double set of flat mirrors to
reflect sunlight to the solar cells of the Sandwich Panel. The three
secondary reflectors and the SP are fixed in Earth equatorial space.

The single primary reflector 1s always sun-oriented requiring a daily
rotation of 360° and an annual "tilt' of plus-and-minus 11.75°. For

the concept shown, an average annual effective concentration ratio of
just under 2 was achieved. This resulted in an 8P diameter of 2.181
kilometers and power delivered to the utility interface of 816 megawatts.
Methods for computing these wvalues will be shown.



~ SOLID. STATE SOLAR CELL SANDWICH CONCEPT

SIDEVIEW \ |
‘ R PRIMARY REFLECTOR
(360° ROTATION/DAY....TILTS
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FOR SOLAR. VARIATION}
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ANTENNA FQOTPRINT

The anteana footprint ° . ") from an SPS
satellite antenna ig presented. The -concentrie ellipses
represented certain sidelobe levels and power levels as
labeled. The dimensions (miles) of the sidelobes are also

marked to indicate the distance of the sidelobe from the
' center. : s . -
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 EARTH ILLUMINATION FROM SPS EQUATORIAL SATELLITE ANTENNA
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.SOLID STATE DEVICES’

ALIVRO ¥00d 0
Si 39Vd TYNIDINO
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SOLID STATE AMPLIFIER TRANSISTOR CANDIDATES

Four basic transistor types can be considered as potential
candidates for the solid state power module. )



SOLID STATE AMPLIFIER TRANSISTOR* CANDIDATES

Gahs BIPOLAR | - HIGH BREAKDOWN - . - SLIGHTLY LOWER POWER & GAIN
| ' . VOLTAGE ¢ 40v) ' COMPARED WITH GaAs FET
Gahs FET - ~'HIGH POWER & GAIN ~ '~ LOWEST BREAKDOWN VOLTASE
_— T ¢ )

| - SURFACE EFFECT LIMITATIONS
Gahs STATIC - HIGHEST BREAKDOWN - OUTPUT POWERS ARE LOW WITH
INDUCTION TRANSISTOR VOLTAGE POTENTIAL . PRESENT DEVICES -

| | G - -

HETEROJUNCTION. - ~ HIGHEST EFFICIENCY - HIGHEST DEVELOPMENT COSTS
BIPOLAR TRANSISTOR POTENTIAL -

- HIGH OUTPUT POHER

POTENTIAL.

* APPEARS TO BE THE ONLY SOLID STATE DEVICE CAPABLE OF MEETING THE HIGH EFFICIENCY REQUIRET"ENTS.-

‘ ' Hockwell
International

68PD130725X



COMPARISON. OF GaAs BIPOLAR AND GaAs FET PROJECTED
) PERFORMANCE PARAMETERS '

The projected transistor performance parameters can be estimated
from|. .previous performance projections. e .

WIS ’

|
2 797}



COMPARISON OF GaAs BIPOLAR & GaAs FET PROJECTED
. PERFORMANCE PARAMETERS

ITEM ' oo .- GaAs BreoraR . - Gals FFT
*. Power Ouvpur - . - . o e - 108W
"«  EFFICIENCY * : . 278% : <907 -
. SPURIOUS DUTPUTS BELow CARRIER BT :>50 DB | - "~ > 50 pB
. GaIn g . .- 20DB . 22 pB
‘v YoLTaGE t - -<40V : | <25V '
. JUNCTION TEMPERATURE [lSOOC AMBIENT] <200°C[jl70°C LIMIT © o <2009¢ [l?GOC LimMIT
9 = l°C/W d ] . ]
.. CLass 7 . ' . u , C ‘ E
JOMTBE a1l Years, [J<2 104 A/CMZ] <12 YeARs [Jsz-m‘% A/CH:
+ Rabratron HARDNESS F o Lo Ty = 200°C Ty = 200°C
' Raps (S1). o . '
..~ Neutron T IR <1015 N/CM. 2 , : (=Y
. 1DB COMPRESSION PoINT. (Po) oo 130 L 1400 =
. R . : Q2
- | EE
* “TRANSISTORS WILL REquUIRE INTERNAL' INPUT/OUTPUT MATCHING NETWORKS. | '8%
t HieH FET Source Drain Breaxpown Vortace Reauires InLaiD N* Source - DRAIN. E
* DesrADATION IN FaLL Time Due 1o R-C (1-22 & 3 ~ 10pF) Favors Z

CLass C For BipoLar ‘aND Ctass E For FET, ‘ ‘
FABRUPT EMITTER-BASE JUNCTION & OPTIMUM BASE N}DTH WiLL - INCREASE BIPDLAR HARDNESS,

ke @% Rockwell .
2231 -, ‘ International

- 68PD130730X
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COMPARISON OF Gahs BIPOLAR AND CaAs FET
* PROJECTED PHYSICAL PARAMETERS

The projec}:ed trangistor physical parameters can i)a estimated
from present transistor physical profiles, . _"-

[224



COMPARISON OF GaAs BIPOLAR & GaAs.FET PROJECTED
| PHYSICAL PARAMETERS L

ITEH . GaAs BIPOLAR. 7 GaAs FET

© SUBSTRATE MATERIAL : GAA'S, SAPPHIRE, BEO OR SPINEL GaA's, SappHIRE. BED @ SPINEL
o 'CHIP SizE ‘ 200 MrL x 50 miL - - 300 ML x 100 miv
o CHIP THICKNESS ‘ 8 MIL {THick GaAs) - 10 m1L  (Tain GaAs)
© GEOMETRY" ‘ INTERDIGITATED - INTERDIGITATED .
o META LLIZATION PROFILE CR/PT/Au, Au/fGe AuGE /Pt (THERMAL AGING)
ST | Ti/W/Au. Au/Sn. Au/Zn Ni/Au/Ge, CR/PT/Au, . AU/CR-PT AL (PER:
‘ , _ — T1/W/Au (BurnouT) .
o EMITTER OR GATE LENGTH = 1.5m 2.0u (4,51 CHANNEL)
~© EMITTER OR GATE WIDTH C 60w . < 5000w |
* JUNCTION .~ Ion IMPLANT INLAID N source & DRAIN o0
-~ Dop1nG, - S NT2.10%° enTE(3w) N* Resron 3 10° cm”® -2
: N 10°7 cM™® (5w) N regron (0.2u THICK) 10*7 oM™ g2
o Die-PACKAGE (IF APPLICABLE) BEO - o, BeO . : e
~o NumBER OF INDIVIDUAL CeLLs 200 (60m) . 100 (250u) ‘%%
. e m
=%

. *.INTERDIGITATED CHOSEN FOR LOWEST T, GOOD FERQUENCY RESPONSE AND.OUTPUT POWER AND

REASONABLE PROCESSING REQUIREMENTS.
+ 20 250u wipe FETs CONNECTED IN PARALLEL (A/1o LIMITATION CONSTRAINS INDIVIDUAL GATE WIDTHS.)

* For HIGH SOURCE-DRAIN BREAKDOWN VOLTAGE.
l' ‘ % Rockwell
|225 . lnternaﬁonal

68PD130731X .




TRANSISTOR COLLEGTOR BREAKDOWN VOLTAGE {VBg)

- "This chart illustrates the functional relationship between the
'base width" (W), epitaxial width (Wgpy) and doping concentration
Ny, N,) of t:he various types of transistor configurations investigated.

[228)



TRANSISTOR ~COLLECTOR B REAKDOWN VOLTAGE (BV¢)

o THEORETICALLY, THE BASIC FORM OF BV sHows A FUNCTIONAL RELATIONSHIP
" BETWEEN BASE WIDTH (W), EPITAXIAL WIDTH (Wgpy) AND DOPING CONCENTRATION

(Na, Nod. IN GENERAL: !

: : e N N 2: B
BV, = AR (UNIFORM BASE ALLOY TRANSISTOR)
2 €, & : A
S | W2 N W2 -
LBV = 2 Ve Yees W, - _11__2_521... + _AE_B_.. (DOU,B,L}; DIFFUSED TRANSISTOR)

;) FOR OPTIMUM CONDITIONS WITH THE DOUBLE DIFFUSED TRANSISTOR.

| N W 66

‘NEPI (opT) Ny " ‘ :g.
o e N WA | h E
B v g (N, = 2:10%/c3, Ny ~ 5-20%0/c) % &
R 0 - 23
o IF Wy IS APPROXIMATELY Uu.aND €, s 12: g%
BV - 25V ' e

.o IT IS READILY APPARENT THAT THE TRANSISTOR BREAKDOWN VOLTAGE IS A EUNCTION
‘OF DOPING- AND DEVICE STRUCTURE. :

" Satellite Synio;ns Dlvision ' 3 Rockwell’ ' ) - ' 98PD13177¢
Spaca Systams Group * international f227) o . .




FLOW CHART - GENERAL METHOD-

Tois chart is self-explanatory.

[228!



FLOW CHART - GENERAL METHOD

} FABRICATION DATA

BIPOLE !

A

Il

DESIGNER

DEVICE

Satollite Systems Divislon
Spaco Syslﬂms Group

EXTENDED E-M PARAMETERS |——8] WATAND
CIRCUIT
DESIGNER
DEVICE «
DESIGNER |
118PD132984"

@ ’Q:) Rockwell
lntemational )

ALYNd ¥ood 4o
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SUMMARY SPECIFICATION AND PERFORMANCE DATA

This chart summarizes the parametric data utilized duriﬁg the
various computer simulations as well as establishing power outputs
for each of the transistor configurations studled, °



SUMMARY SPECIF [CATION AND PERFORMANCE DATA

Units $i (315 MH2) §i (245 GH2) GaAs (2,45 GH2) LFP
5 cm 10 - 1.33 1.33 2.48
L pm 2.0 15 1.5 250
Xei am 35 f 20 2.00 8¢
Moo em™ 8x 1013 25x 1616 25x10'6 0.9x 10"
Xq um . 0.3 020 . 0.147 7.5
X2 am 0.6 0.37 0.429 19.0
pe,fsq _ohm 22 3] 93.9 0.44 -
peplsq ohm 3t 447 1520 5.5
P ohm 2640 3530 2110 419.0
Venr v 2.7 31.7 33. 1340
7% v 6.3 65 — 12.8
Iy A 2.8 8.8 8.8 10.1 4
CO.
Xibim um 0.4 0.22 0.22 - M
%)
Nim e 1x 1018 20x 1013 2x1018 - o3
Roim p 507 6.05 0.10 - [FE -
e max GHz 2.89 6.14 10,7 0.016 ‘8 -;g
i Gz 1.7 19.9 184 0.119 50
mosg ; E ‘
max ) 5 m
Woom watts 22, 35, 36. 1630. < W
Note: For the implantad profiles Xb,m \/_ 24q,
iblm = ¢f {\/ 2 ﬂa}
XI:um p
alx) = I@!\/—na] axp-{{x -x )I\/fa]z
Satellite Systems Division , @ @ Rockwaell T T
lnternat!onal [—!231,

Space Syslems Group

i

N
g

118PD132974



CXIRCUIT SCHEMATIC MODELS USED IN STUDY

This chart is self-explanatory.’



CIRCUIT SCHEMATIC MODELS USED IN STUDY

o [
0.2 R.EXT o CPBL
e o AAA At : H
* . c -
‘ | S ne . R
D.1 ' Y Cae Ié RCexr
1R}
i ISR ~
- ’ 'es § & _,_ * RB. RB.8 ac
. - ° ; IR/BT - ’ .
} MW-NFNW-—“.-&N\( y . .
R.BE R.BA 8.88 . . .
- . ! b’ ) 1 "
Lo ..'.EEISE ' t'sc =Cap ==C s g GF-18) @ .
a B . . . .
F , _ Cos S IF/8M .

EBERS-MOLL é B.E’ |
(EXTENDED & MODIFIED) ) SUMMEL~POON 91 %
" . {MODIFIED} . S RE o5

‘E, ’ v 8 % N
E o~
I QY
R -- g2
. . []__I A ] A =B
1 (4 Rem -
. . 35
Y ‘cl ‘Cz cm s
g b Mot by [TCT) Bz il s oy o [To ]+ BPOLEVATAND
o B 1T, mT (TABULAR)
31 82 ! |9m . .
E ‘a' Me‘l ' Algz ’ }iam
Salollite Systems Division . @j ‘ Rockwell i
Space Syslems Group lnternaﬁonal 1233 ; Y 118PD132976



HIGH TEMPERATURE STUDY (SILICON, 2.45 GHz)
BIPOLE-WATAND -~

This chart shows the results if a high_ t:emperature study using .
BIPOLE-WATAND for the silicon transistor at 2.45 GHz. The value of
collactor resistance is indicated at each temperature.

234



HlGH TEMPERATURE STUDY(S!LICON 2.45 GHZ)
BIPOLE-WATAND - -

95—

CALITYND ¥00d 40
Sl 39¥d TWNIDO

llita Systems Divlsion Rockwell i -
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HIGH TEMPERATURE STUDY (GaAs, 2. 45 GHz)
*  BIPOLE-WATAND

This chart shows the results of a high temperature study using
BIPOLE-WATAND for the GaAs.transistor at 4.§ GHz. Collector resist—
ance is’ shown at each temperature. . :
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HI GH TEMPERATURE STUDY (GaAs, 2 45 GHz)
B1POLE-WATAND

| ‘,D:\QM 100°C, R, ;= 0.0362
"\ 180°C, 0.04502
' 200°C, 0.05352

27°, 0.0245

I B IR 1 Ly

e
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RECTENNA STUDIES
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OPERATIONAL GROUND RECEIVING FACILITY
(RECTENNA) TYPICAL

This perspective is a representation of a typical operational gfound site.
The recelving panels'are arranged in rows within the inaer ellipse. Immediately
outside the eclipse is a series of power poles which' carry the 40 kV de buses
around the perimeter of the panel imstallation. Thé 500 kV ac towers also ring
the basic ellipse, but at a greater distance. The power conversion stations are
located between the two arrays of power transmission lines. The, entire site ig

fenced in for security as shown,
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PANEL INSTALLATION

The panels are secured to two continuous concrete footings. A
trade-off which considered eight individual footings versus continuous
footings was made. A maximum wind force of 90 m/hr was assumed. ‘It
was determined that the amount of concrete required for either approach
was essentially the same, but that the coatinuous footing concept was
easier to install, t

Each panel is secured to the footings at eight locations by fixtures
vhich are imbedded in the concrete during the pouring operation, Mounting
attachments which provide for longitudinal and lateral adjustment are
secured to the fittings. Screw jacks on each of the rear attach points
provide for panel adjustment and alignment.

The panel switch gears and feeder lines are mounted above ground behind

each panel as showm, although it'is recognized that either above or below
ground runs for the feeders ig feasible,.: '

242



PANEL INSTALLATION

HI DIELEGTRIC
CONDUIT

. S8

= 5 9

. O L

. . o

p B

A ~ INSULATED CONDUIT.  ~ @ %

- =~ S . STANDOFF SUPPORTS ER

~ \ ~ . . :- -‘5
SWITCHES/REGULATORS

\ 0.31M WIDE FOOTING, 0,15M ABOVE GRADE,
0.43 M BELOW GRADE (2 PLACES) '

Salellite Systems Divislon ‘ {fh Rockwell e ~-,-‘
Space Systems Group international [243]
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RECTENNA POWER DENSITY ~ PLAN VIEW
(34°N LATITUDE) - OCT. 18, 1978

This chart presents the average incldent RF power levels in five
zones of the SPS vectenna farm. This farm is assumed to be located
at 30°N Latitude and at 0 Longitude relative to the SPS satellite.
Total incident power at: the receiving dipoles is.defined as 5.53 GW
and firradiates 102.1 km® of panel surface area. Total number of
individual panels exceeds 580,000. Voltage strings (series rectifier
eircuit) output 40.5 kV @ 0.321 amps. Total number of rectifier
diodes (assuming & single diode ::ype) exceeds, 330"10
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RECTENNA CONCEPTS

The basic objective of this study was to establish feasible
recedving/rectifying antenna (rectenna) concepts that would establish
overall losses of less than 2%. Five areas of potential losses were
considered: 1) I®R losses between the RF dipoles and the rectifier
circuits, 2) beam width associated losses, 3) .aperature losses, 4) diode
losses, and 5) off-axis logses, LR losses are controlled by limiting
- path lengths; beam width is maximized and aperature losses are minimized
by controlling the number and pattern of the dipole clusters, and finally
diode loss effects are minimized by proper selection of the diode operat—
ing wattage. . Co

’

Concurreatly, costs must be minimized by reducing the total nunber
of components in the rectenna field.- " . .

[246]



"RECTENNA CONCEPTS

OBJECTIVES: | |
© MINIMIZE LOSSES— OFF'AXIS . BEAMWIDTH>3° @ 2% POINT
(GOAL <2% L0SS) © . (19.5° @ 3 DB POINT)
APERTURE ~ ARRAY LESS THAN
| PARABOLA

ELEMENT | e
INTERCONNECT |  DETAIL DESIGN
DIODE > 6 WIDIODE

MINIMIZE COST —- MINIMUM NUMBER OF ELEMENTS

Satellile Systems Divislon g Q Rockwaetl [
$pace Systams Group international 24 7 I 128PD133097



ALTERNATIVE RECTENNA CONCEPT

Thig chart illustrates the fivé antenna concepts that were
considered. The data shown is self-explanatory.’

1@



AI;TERNATI VE RECTENNA CONCEPT

BILLEOARD ' _

~ NUMBER OF
." ELEMENTS
CONCEPT - {3X15M AREA}| =  DESCRIPTION COMMENTS
DENSEARRAY -+ | 36044 DIPOLES, A /2 SPACING STRIPLINE INTERCONNECT 0.5%
(BILLBOARD) .. |S0UARECLUSTERS OF MATCHING LOSS |
oo . {49 ELEMENTS EOGE EFFECTS } NEEDS STUDY
' 12R LOSS ~ 0.5% T0 5.5 KM
| vactarrav 9011 © | M SPACING, RECTANGULAR | MUTUAL COUPLING
" CLUSTERS OF 12 ELEMENTS | EFFECT NEEDS STUDY
- , SHORT BACKFIRE « 2256 . {2XSPACING, SQUARE BEAMWIOTH SLIGHTLY * ¢
SHORT BACKFIRE ARRAY . - : . | CLUSTERS OF 4 ELEMENTS |T0O NARROW NEEDS STUBY
TROUGH . 2205 |18PARABOLICTROUGHS | APERTURE EFFICIENCY
o _ " | YAGIFEEDSSPACED A ~  [<80% ’
SQUARE ‘ 540 §40 PARABOLAS APERTURE EFFICIENCY
PARABOLAS * . YAGI FED . <70%
PARABOLIC
TROUGH
PARABOLIC HOR
Satellite Systems Division 6} ™ Rockwell T _ -
Space Systoms Group AN International [2497 118r0132887
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POLARIZATION CONSIDERATIONS

This chart is self-explanatory.
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" POLARIZATION CONS!IDERATIONS

FARADAY'ROhTATlON | (HANDBOOK OF GEOPHYSICS) .
S AND SPACE ENVIRONMENT
T.YP‘lCAl_. | :9 450° TO 3600° AT 100 MHz = DIURNAL VARIATION
- Q"“ | % :
" AT '2.‘4‘5’ GHz

TYPICAL = .75° T0 6° -

IF UNCORRECTED - LOSS = .024 DB = .55%"
- ° POSSIBLY LARGER UNDER ATYPICAL CONDITIONS

" Satellite Systems Division -
. a‘gp:ce?y:::ms G‘:oup . “@ International 251 ‘ 128PD133096



MPTS SIGNIFICANT STUDY FINDINGS

e SOLID STATE CONCEPT STRONG CONTENDER TO KLYSTRON ‘BASELINE

w

o SILICON BIPOLAR DEVICES WILL NOT MEET TEMPERATURE REQUIREMENTS

WEIGHT SPS POTENTIAL KEY.TO LOWER

o SOLID STATE LOWER POWER, LIGHT
COST PFR KW .. '
F
25
SE -
Lo ]
ER
| =3
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H
F
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LASER ENVIRONMENTAL IMPACT STUDY

OBJECTIVE

The majoxr emphasis in this study was to establish whether the use
of laser power transfer concepts would cause any adverse effects upon the
intervening atmosphere during space~to—earth tramsmission. A sccondary
. objective was to derive a candidate transmissilon system; defining a repre-
gentative transmission concept, establishing a realistic atmospheric model,
and defining a realizable ground recelver concept. A major guldeline was
that the approach selected was to assume a reallstlce probability of avail-
ability in the time period of interest (CFY 1990-2000}.

Finally, several ancillary issues were examined to determine system
applicability to the derived operating goals,

The study was performed for Rockwell International by R. E.. Beverly XIIL,
PHD, Consulting Physicist, under direct subcontract,.

254,



LASER ENVIRONMENTAL IMPACT STUDY

" OBJECTIVE l

® EMPHASIS IS ON ENVIRONMENTAL IMPACT OF SPACE-TO"EARTH
TRANSMISSION

“® SECONDARY OBJECTIVE 15 TO DERIVE RELEVANT CHARACTER!STICS FOR
LASER POWER GENERATION, ATMOSPHERIC TRANSM!SSION &, RECEPT@R
ELECTRICAL CONVERSION -

® ANCILLARY ISSUES (BEAM SPREADING SAFETY & S‘ECURITY MASS &
VOLUME. TECH. GROWTH) ALSO ARE CONSIDERED

Study performed for Rockwe!l International by Dr. R. E. Beverly, 11]
of Columbus, Ohio under subcontract MOM 8BNB-896662D. " -

Satellite Systems Division ‘ % Rockwell
' Space Systems Group International . 255i i_?3~9$5001785§



INITIAL CONDITIONS

The initial conditions established by Rockwell 1s as shown
on the facing chart. These conditions were selected to permit
the establishment of a laser concept that could be consldered in
parallel with the reference microwave concept. The selection of
"C0 or CO; Electric Dilscharge Lasexr (EDL) concepts was based upon
the maturity of EDL approaches and the uncertainty of the avall-
ablility of the more exotic and potentlally more efficient concepts,
that have recently been discussed in the availlable literature.

S
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INITIAL CONDITIONS

e OPERATIONAL ORBIT—GEO

o LASER (OR LASERS) TO BE GROUPED TO UTILIZE TOTAL
OUTPUT OF BASELINE PHOTOVOLTAIC SYSTEM (9.4 GW)

® ZENITH ANGLE 6 = 50°
e ELECTIRIC DISCHARGE LASER (EDL) TYPE SYSTEM CONSIDERED

" +C0 OR COp GAS TYPES . Sg.
* MORE ADVANCED TECHNOLOGY NEEDED FOR 88
.SPS APPLICATION PR 35
o=
&

Satellite Systems Divislon %‘ ;‘Ict)ckweli : ; ) .
. .
Space Systems Grot’lp nternationa 257 ;r———“"““"—‘39ss DOT786.



EOL LASER SYSTEM

A very simplifled.schematic block dlagram of the varilous
elements of the laser based system is shown in the facing diagram.
The three (3) elements are defined as the satellite lasers, the-
atmosphere, and the ground recelvers (receptors)

The satellite element consists of the basic power scurce, the
laser, the laser support subsystems, and the thermal control sub-
system (radiators). The ground element includes' the recepter (in
this case a thermal boilexr), turbines and generators, and a power
distribution system similar to’ existing hydro~e1ectric or thermo«
electric systems. - . . .

"l



EDL LASER SYSTEM
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CW DISCHARGE CHARACTERISTICS

This chart 1s self-explanatory.



CW DISCHARGE CHARACTERISTICS |

. ric and specific power load-

_ further research; promises

ings may be possible with

to be more refiable -

sustained devices not yet -
achieved; technology not high ly
evolved -

Discharge - \ | Suitability
"~ Type Advantages’ Disadvantages €O |. CO9
Self-sustained Simple, reliable, highly Low to moderate discharge effi- No | Yes
discharge evolved technology; scaling | ciency; low specific and
‘ behavior well understood volumetric power loadings
Non-self- '
sustained
discharge : ‘ , .
(1) Electron= Improved discharge effici- Poor reliability, X-ray hazards, |- Yes| Yes
beam~ ency; high specific and .| complex maintenance, e-beam.. "
sustained ~volumetric power loadings, |.transmission foil blow out Ieads* O
discharge | . scaling behavior understood | to a loss of lasant gases
(2) Pulser- Less complicated and smaller | Scalability to large devices not Yes| Yes
sustainer than e-beam-sustained . | demonstrated, discharge effici ,
discharge. devices; comparable volumet- | encies comparable to e~beam-
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SPACE BASED LASER TRANSMITTER
PRINCIPLE OPTLCAL CANDIDATES

- The three most likely optical systems applicable to the laser satellite
concept are shown on the facing chart. All are reflective, metal-surface
optics because of the power densities involved.

The simplest concept, prime-focus, is considered unacceptable because
of the significant beam spread due to diffractilon when the obstruction (in
thls case the laser) is greater than 10% of the mirror diameter. With a
nirror diameter of 25 m the laser beam would have to be less than 2.5 m in
diameter.

The off-axis system suffers from the difficulty of configuring large-
area off-axis mirror sections. Thus the cassigrain system has been selected,

for further design analysis.

The major disadvantage of the Cassegrain system is the requirement’ that
the secondary (smaller) mirror be capable of withstanding vary large power
densities (~3 kW/ecm?)., The secondary mirror will thus require some form of
active cooling. {(In comparisen, the primary mirror must accommodate power
densities of the order of 10-20 W/cm®). : .
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SPACE-BASED LASER TRANSMITTER
PRINCIPAL OPTICAL CANDIDATES

Fp = 0.5

- - JLAsER
AND

TASER ]/ | 7 — |-
*=="IDIVERGER - - WDWERGE‘R
: : Fp= 0.5 - , -

(b) CASSEGRAIN
SYSTEM

Fp = 1.0, SECTION

PR FROM A PARABOLOID. :
HAVING F'p = 0.42

" {a) PRIME-FOCUS
' SYSTEM

Do

47
ALIVND ¥ood 4o
S1 39vd N

(c) MINIMUM-LENGTH
OFF-AXIS SYSTEM

i Rockwell o
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OPTICAL SYSTEM SPECIFICATIONS -~ PRELIMINARY

This chart presents a very preliminary estimate of the specification:
for a realizable laser optical system. A reasonable estimate for the
required pointing accuracy (2%x10~7 rad) has been included for reference.

364 ]



OPTICAL .SYSTENI SPECIFICATIONS—PRELIMINARY

® OPTICAL CONFIGURATION~ CASSEGRAIN TELESCOPE

o PRIMARY MIRROR
Composmon Be or BeCulAg overcoated -

Reflectivity: 0, 9938

Diameter, Dy = 25,0 m
Average incident power density: =20 Wiem2

Thermal heat load (laser only): 1.3 kW/m2

® SECONDARY MIRROR
Composition: Cu/OCLI coating

- Reflectivity: 0.998

Diameter, Dg =2.00 m
Average incident power density: =3 kWIcm2

Thermal heat load (laser only); 64 kWIm2
Coollng method conduction S

o CENTRAL OBSCURATION RATIO, £=0.08
® MIRROR FIGURE CONTROL—DEFORMABLE SURFACE
~© TRANSMITTER EFFICIENCY—0, 992 | o
e POINTING.ACCURACY—2 10"7 rad

Salellito Systems Division - Rockwell
L Soace Systoms Graop é‘:ﬂ}‘[% International ' [265] 3955001790

Space Syslems Group

Nd ¥ooq 3o
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ATMOSPHERIC TRANSMISSION

This chart presents, in summary, the conditiona, influences, and
effects of the atmosphere upon the transmitted laser power heam. Of
major interest 1s the fact that of all the comstituents of the atmos-
pher only water vapor, and in certain locals, the pollutants, will
have any significant effect. It is therefore reasonable to achieve
chigher transmission efficlencles when the receptor is located at
significant elevations (e.g., on a mountalm top). .O0f course thig

makes site selectlion even more difficult.

| 2661



' ATMOSPHERIC TRANSMISSION

I ASSUMPTIONS E

® STANDARD MIDLATITUDE ATMOSPHERIC CONDITIONS
® WAVELENGTH A{um) - 9,105 -9.369
® 0 =50°

| MAJOR INFLUENCES E

* WATER VAPOR
® POLLUTANTS .

ABSORPTION EFFECTS |

® AT 0.5 KM ELEVATION  81-98%

‘e AT 3.5 KM ELEVATION . 36-99%
(MOUNTAIN TOP) o

Satellite Systems Division ‘ ‘ Rockwel L
Space Sysiems Group International 267 i . ;'395500179] :



CANDIDATE RECEPTOR CONCEPTS

This chart identifies four (4) receptor concept candidates.
In the chart are summarized the data concerning type, efficiency,

0perat;ng wavelength, stage of development and certain inherent
limitations. . . . :

1268



CANDIDATE RECEPTOR CONCEPTS

+ Satellite Systems Divislon ‘ Q
Space Syslems Group

Internahonal }

: Wave- Dev.
Candidate System " Type length, umjEfficiency | Stage Limitations
e — = T T
° Photovoltaic cells | | '.
HgCdTe Semicond. 4-18" | 0.50 . | Research | Expensive; degradation by
PbSnTe Semicond. - 4-13. | 0.50 Research | the terrestrial environment .
e Tuned optical diode Semicond. 2?2 ? Research | Fragile; limited power -
: ‘ ‘ l'l : " | handling capability
® Heat engines \ L | ‘ ' |
Boiler. Mechanical || '0.40 | Advanced
Laser Mechanical 0.50 | Explor. - Window strength
;. Laser N >uv thr P &
Photon | . Mechanical R ;.- :{0.60-0.75 | Research Lack of high~temperature - -
. T ' R 1 materials, wnnmwsh%nﬁh
[:> Energy exchanger/ | Mechanical 0.75 | Research | Scaling uncertain’
binary cycle - S /2 AR TS B L
- e TELEC Thermoelec. | Nearto | 0.42 | Research | Scaling uncertain S
- = | midIR | - o | 3
: ' -~
Rockwell

. .[3%3D01792! . -


http:0.60-0.75

GROUND RECEIVING STATION - LASER RECEPIOR
HEAT ENGINE CONCEPT

This chart i1llustrates a simplified ground recelving statlon,
The station .system consists of a thermal recelver/couverter, a
turbine—generator set, and the approprilate power distribution
elements (switchgear, relays, filters, buses, etc.}.

The laser beam, which has been focused into a beam <30 m
in diameter, is pointed into the receptor {boiler) opening where
the contained heat ls used to heat a metalllc media into its f£fluld
state. This moter metalllc substance is then used, either directly,
or with water (steam) as an intermedlary fluid, to drive turbine-
generators. The power density on the inside surface of the receptor
is estimated to, approach 35 kW/m> (~26 suns) ‘ .

[270]



GROUND. RECEIVING STATION—LASER RECEPTOR
HEAT ENGINE CONCEPT

® BEAM DIAMETER ~30M

© POWER DENSITY » 35 KW/ M2 (~26 SUNS)
~ {INTERNAL SURFACE) -

TURBINE

4" GENERATOR .

FILTER(S)

Salellite Systems Divislon

‘ Qg Rockwell
Space Systems Group

International 27

& POWER

DISTRIB, -

uTILITY

INTERFACE. -

[3955D01793



SELECTED SPS ~ LASER SYSTEM MODEL

This chart is self~explanatory.
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SELECTED SPS LASER SYSTEM MODEL

® SUPERSONIC, CLOSED-CYCLE FLOW, CO ELECTRIC-DISCHARGE LASER WITH LINE .
SELECTION | |

® PULSER-SUSTAINER TYPE OF LASER DISCHARGE

® TOTAL OF 20 OR 24 INDEPENDENTLY CONTROLLABLE LASER SYSTEMS AND OPTICAL
TRANSMITTERS EACH WITH AN OUTPUT POWER OF =100 MW o

o ADAPTIVE ON-AXIS CASSEGRAIN OPTICAL TRANSMITTER
® HEAT ENGINE RECEPTOR (EITHER ADVANCED BRAYTON CYCLE OR LOCKHEED ENERGY )

JSI&TO\ :

. EXCHANGER WITH BINARY CYCLE g
]
o HIGH-ELEVATION RECEPTOR SITE PREFERRED 2
) . Qn
o
® OPERATION WITH CLOSELY PACKED RECEPTOR-DEVICE CLUSTERS LOCATED AT A em
COMMON SITE FEASIBLE WITH THE EXACT NUMBER OF RECEPTORS PER SITE . S5
o =F

DEPENDING UPON THE DESIRED POWER- PLANT ELECTRICAL RAT!NG

+ Space Systems Group

. Salelllte Systems Division @é&‘ Rockwell 3 .
!nternational [273] (3953001794



SATELLITE POWER SYSTEMS (SPS)
LASER "POWER TRANSMISSION

This chart depicts the antenna’ cluster mounted at the
end of the reference photovoltailc concept. In this concept
the basic structure of the anteanna is assembled to be nearly
identical in both cases.

Total power transmission from a single satellite 1s
estimated to be approximately t.43 GW.

1274



. SATELLITE POWER SYSTEM (SPS) LASER POWER TRANSMISSION

Space Systems Group

SOLAR CELL POWER . - 10 GW

POWER DISTRIBUTION EFFICIENCY ~ 94% ! o9
LASER CONVERSION EFFICIENCY  °  15% (EST 1990) "'g g
. " o =
TRANSMITTED POWER 2 E
,».,...,.,,..“,-_,Mm,,..-,‘.‘...,.,,-M-.,‘_.‘. ..,.....,....‘.a.».m.....m. i ar ST AT A D S 10 ,go ‘J}:
~m

Em

N .

Satellite Systems Division % ﬁct’grrg?ilcl‘mai [..2.7_5-] : m



LASER POWER TRANSMISSION ~-SPS SYSTEM EFFICIENCY CHAIN

This chart shows that the laser support subsystems immediately use
up 49.9% of the available energy simply to condition the operating laser,
Overall system efficiency (of the laser network and ground system Only)
is estimated to be less than 15.3%.

[276}



CHAIN EFFICIENCY

LASER.POWER TRANSMISSION—SPS SYSTEM

AW =
'd B
Pe = .499p . HY DC-DC AND E
elec SWITCH GEAR DC~AC , SWITCH GEAR ;gﬁggessm T =,08
CONVERTERS . ,
.999 .96 .992 .96
POWER
AT &
RINGS"
P =94 ) :
A SWITCH GEAR HY DC-DC SWITCH GEAR | LASER T = G
Ppg = .501P CONVERTER ny = .50 .
.999 .96 .992 '
G J 1 PL
e = .
nps o
TRANSMITTING %D
0PTICS . B
A ' 992 8L
POWER TRANSMISSION EFFICIENCY o o
<
7.29 - 15.3% 2 2
E.rﬂ
ATMOSPHERIC =g
TRANSMISS [ON <@
-84--97 '
14,3 GW '
1
TO USER SWITCH GEAR POWER $WITCH GEAR
POWER  —— CONVERS | ON RECEPTOR T =,98
AR — L
GRID 998 .96 " .997 h0-.73
Satellite Systems Dlvision  f"] Rockwell
st symemsoen - (10

International
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ELECTRICAL, MECHANICAL AND THERMAL POWER

This chart summarizes the power estimates at various polats of
the satellite laser system for a syst:em desipgned to handle elther
20 or 24 independent lasers.

[278]



ELECTRICAL, MECHANICAL, AND THERMAL POWER

CO FDL WITH SHPFRSONIC GAS FIOW

Saleliite Systems Division
Space Systems Group

oR

International

{279

_ No. of Independent Laser Systems
| Parameter i 20 24
Total power input per system " 470, 0 MWe - 392.0 MW
Laser output power, Py 109. 8 MW 01.61 MW
Compressor mechanicai power, - 209, 7 MW, 174.9 MW
Pemech ' . | )
Compressor electrical power, .. 234.3 MW, ‘ 183.2 MWe -
Peetec . e . .
Discharge electrical power, PE || 219.7 MW 183.2 MWe
Discharge power supply power, - | " 235,7 196.5 MWe©
PPS . -
Waste heat power, Qy 2830 MWey | 2403 MW
Space radiator area, Ay 1 78,830 m2 65, 750 m2
8
F{ockweil N

ALITYND ¥ood HO
S 2DVd YN0

13955001797 ¢



LASER SYSTEM MASS ESTIMATES

This chart summarizes the total satellite laser system mass
for the 20 and 24 laser unit approaches. Total mass is nearly
identical (difference of less than 5000 kg, 0.017%). Specific
mass for both concepts is estimated to be 13.3x%10° kg /KW,



LASER SYSTEM MASS ESTIMATES

MASS (103 KG)}/LASER SYSTEM
SUBSYSTEM DESCRIPTION 20 LASERS 24 | ASERS
© POWER SOURCES : L -
_© Laser discharge power supply J41La 393.2 .
¢ Compressor motor and power converter. . - 585,8 - 488.5 L
COMPRESSOR . | 21,0 1.5 gl
WASTE HEAT EXCHANGER 576 8.1 g
A L G B
LASER FLUID, DUCTING, CHANNEL AND | N R
" OPTICS 68t e 12240 08
SPACE WASTE-HEAT RADIATOR. 157.7. © BL5: . Slg
"TRANSMITTING OPTICS - T I
o Primary mirror - 19,5 C o195 !
o Secondary mirror 1.1 L1
TOTAL LASER SYSTEM MASS . 1,460.9 1,221.8
TOTAL MASS FOR ALL SYSTEMS 29,218.0 29,323, 2
MASS/RADIANT OUTPUT POWER (KG/KW) 13.3 13.3°
gl Sl D]



SYSTEM MASS COMPARTISON
CO (EDL) LASER VS KLYSTRON MICROWAVE TRANSMITTER

Assuming the 'same power availability for both concepts, a single satellite
can transmit 6.79 GW and 2.196 GW of the mlcrowave and laser concepts, respec—
" tively. This equals to efficiencles of 72.2 and 23.4%. If the total power
requirements at the utility interface are firm the laser concept will require
186 satellltes as compared to 60 for the reference baseline.

Since a major cost factor of the system is the cost of delivery of mass
to orbit, the laser approach will increase launch costs to approximately 5.5
times the cost estimate for the milcrowave based approach.



. SYSTEM MASS COMPAR!SON

CO (EDL) LASER VS, KLYSTRON MICROWAVE TRANSMITI'ER

-

o MICROWAVE LASER
- POWER | | '
INPUT {GW) 9.4 9.4
OUTPUT (GW) . . 6.79 2,196
~ EFFICIENCY (%) 72,2 23.4
'MASS - © (33,020 (62.96)
POWER SOURCE (105 Kg) 11.84 - 11, 84
ANTENNA (10°KG) 14,532 38,484
STRUCTURE | 7 H0.977) (0. 977)
POWER DISTRIBUTION L 4.505) - (4.505)
~ INFORMATION SYSTEMS - 710, 630) (0. 630)
. THERMAL {1, 405) L (3.150)
SUBARRAYS {7.012) (29,218
CONTINGENCY (25%) (100 Ko) 6,604 12,592
NUMBER OF SATELLITES ON ORBIT | 0 18
(BASED ON A RADIANT PWR AT ANT. OUTPUT) )
TOTAL MASS TO GEO (108 KG) 1981 1T
COST OF TRANSPORT TO ORBIT N 591N
SIS @L‘ ERShthna 2o RSO

ALITYND ¥00d 40-

Sl 39vd [IVYNIDRO
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ANCILLARY ISSUES

This chart iz self-explanatory..

|2841



ANCILLARY ISSUES

"-\

~©BEAM SPREADING
* NEGLIGIBLE

© SAFETY AND SECURITY

> TRANSMISSION AIR ZONE RESTRICTED .
* OCULAR HAZARD DUE TO SPECULAR REFLECTIONS
* SHUT-OFF RESPONSE TIME TOO SLOW ( 0.285 SEC)

o TECHNOLOGY
' g
(SEE NEXT CHART) 32
TR
® MASS/ VOLUME '§ 2
.‘ ) ‘l_ '!?
_(PRIOR CHART) &

Salellite Systems Division .’ ‘,A‘ Rockwell ) 2 758 ‘
international [285] 3955D01800X
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TECHNCLOGY GROWTH

Three major areas must be considered in terms of desired technology
advancement or growth. The specific path selected depepds, of course, upon
the question of the eventual selection of new, theoretical approaches over
those for which much technical data exists. )

For example, if an EDL concept is selected the applicability of exlsting
data to system scaled up by a factor of 1000 must be investigated. In addition
the determination of a feasible method of cooling large-area transmissive windows
at power levels on the order of 100 MW must be made. A third concern-in the
design of large scale EDL's is the ability to mailntain and/or rejuvenate the
active gases in the desired closed cycle system.

Ir a new concept such as direct solar pumping, or the so called free
electron laser (FEL) 1s selected it becomes necessary to provide significant -
rasources to proceed from the present theoretical status to a proven hardware
status in an extremely short period of time (10 years).

. Finally the examination of materials and techniques applicable‘to the
ground elements must be inltiated at the earliest possible time. :

1
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TECHNOLOGY GROWTH

CONSIDERABLE RESEARCH AND DEVELOPMENT REQUIRED FOR:

" o EDL CONCEPTS

~ * SCALING FACTORS OF 1000 IN OUTPUT POWER .

"o COOLING METHODS FOR LARGE-AREA TRANSMISSIVE LASER WINDOW

{INCIDENT POWER LEVEL =100 MW)

* GAS PURIFICATION/REJUVINATION IN CLOSED-CYCLE SYSTEM

® NEW LASER CONCEPTS .
| o DIRECT SOLAR PUMPED LASER
* FREE-ELECTRON LASER (FEL)

" GROUND RECEPTOR/SYSTEM CONCEPTS -
* HIGH-TEMPERATURE MATERIALS /FLUIDS
« ENERGY EXCHANGER/BINARY CYCLE
«OTHER" = :

i1
Satellite Systems Division ‘ Rockwell _
Space Systems Group % international | ,‘_2'871

395SD01801X;



SUMMARY OF ENVIRONMENTAL IMPACT ISSUES

' Thie chart is self—explanatorf."



SUMMARY OF ENVIRONMENTAL IMPACT ISSUES

GLOBAL CLIMATIC CHANGE HIGHLY IMPROBABLE

MESOSCALE WEATHER MODIFICATIONS AT RECEPTOR LOCATIONS LESS SIGNIFICANT.
THAN CONVENTIONAL OR NUCLEAR ELECTRIC POWER PLANTS OF COMPARABLE
POWER RATING ' :

THERMAL HEATING OF THE LOWER TROPOSPHERE BY LASER BEAM WILL PROMOTE
WASTE-HEAT DISPERSAL BY VERTICAL MIXING—-SEVERE TURBULENCE HAZARD

TO AIRCRAFT _
ENVIRONMENTAL IMPACT ON BIRDS & INSECTS UNCERTAIN | .
LASER-PLASMA INTERACTIONS IN IONOSPHERE‘ INSIGNIFTCANT

LASER-BEAM PERTURBATION OF PLASMA CHEMISTRY IN THE MESOSPHERE AND
THERMOSPHERE BELIEVED OF NEGLIGIBLE MAGNITUDE AND CONSEQUENCE
—CONFIRMING RESEARCH NEEDED . , :

SERIOUS ENVIRONMENTAL MODIFICATIONS SUCH AS DEPLETION OF THE OZONE
CONCENTRATION IN THE STRATOSPHERE NOT POSSIBLE .

" Salellite Systems Division 6’ ' Rockwell .
.. Space Systems Group A lnternatiOnal | 289 | !3955[)0]802)_(‘{



STUDY CONCLUSIONS

This chart is self~explanatory,



STUDY CONCLUSIONS

“® CURRENT STATE-OF-THE-ART SUPERSONIC-FLOW CO EDL CAPABLE OF
- ACHIEVING THE HIGHEST TOTAL SPS LASER TRANSMISSION EFFICIENCY

(=216%)

® SIGNIFICANT TECHNOLOGY IMPROVEMENT NECESSARY TO REALIZE CLOSED-
CYCLE LASER DEVICE CAPABLE OF PERFORMANCE GOALS

¢ TWO VIABLE RECEPTOR CONCEPTS IDENTIFIED WHICH PROJECT LASER
ENERGY CONVERSION EFFICIENCIES OF 40 TO 73%

® HIGH-ELEVATION RECEPTOR SITES PREFERRED FROM ENVIRONMENTAL AND -
SYSTEM EFFICIENCY STANDPOINTS

e RESTRICTION OF AIRCRAFT FOR SAFETY N\AY HAVE SERIOUS CONSEQUENCES
—NEEDS STUDY TO DETERMINE FEAS’I‘BILITY & IMPACT

® NO EFFECTS COULD BE FOUND WHICH PRESENT A REAL DANGER OF SERIOUS .
* INJURY TO THE ENVIRONMENT—ENVIRONMENTAL IMPACT ON BIRDS & |
lNISECTSE POTENTIALLY A RRQBLEM'WHI(EH, NEEDS. FURTHER ASSESSMENT

Sateilte Systems Divislon @ % Rockwell " .
Space Systems Group International [_291-! ,395300]803_)( .



RECOMMENDATIONS

This ghart is self-~explanatory.
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RECOMMENDATIONS

o BECAUSE OF LOW SYSTEM EFFICIENCY & LARGE SPECIFIC -
MASS OF THE CURRENT PHOTOVOLTAIC-EDL SPS CONCEPT,

- FUTURE EFFORT NEEDS TO ADDRESS FEASIBILITY OF
. ADVA\ICED LASER SYSTEMS IN SPS TIME FRAME,

® POSSIBLE PERTURBATIONS OF UPPER-ATMOSPHERE PLASMA
CHEMISTRY BY AN INTENSE IR~ PHOTO FLUX NEEDS MORE

DETAILED ANALYSIS

e FEASIBILITY AND IMPACT OF AlRCRAFT RESTRICTIONS
NEED FURTHER STUDY.

o IMPACT ON BIRDS AND INSECTS SHOULD BE EVALUATED
- FURTHER oo C :

Sateliile Systems Division ‘ % Rockwell © ..
Space Systems Group lnternahonal |—:_’.93 | ' 3955D01804X



EXECUTIVE

SUMMAR ‘ '
MHARY -| DESIGN DEFINITION

G. M. HANLEY
HA *REFERENCE CONCEPT
- A. A. NUSSBERGER

»SOLID~STATE CONCEPTS
- W. V. McRAE

¢ MICROWAVE TRANSMISSION
SYSTEM. =~ €. Y. TOMITA

o LASER ENVIRONMENTAL
STUDY - 6. Ho HANLEY - | CONSTRUCTION &

OPERATIONS
~E—— R. F. WADSWORTH
TRANSPORTATION
SYSTEM DEFIN.

- R, P. BERGERGN

PROGRAM AND
COST DATA

=~ Fs Wi VON FLUE

Satellite Systems Divislon ﬁ‘L Rockwell L . .
¥ International  PRECEDING PAGE BlLaNRK O el

Space Syslems Group
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OPERATIONS ANALYSIS

CONFIGURATION -AND CONSTRUCTION OPTIONS

PRECURSOR  OPERATIONS |

RECTENNA CONSTRUCTION

Sateliite Systems Divlslon
Space Syalems Group

PRECEDING PAGE BLANK NOT ﬂl-"m.

&R

' SERPENTINE CONSTRUCTION CONCEPT

'REFERENCE CONFIGURATION CONCEPT

Rockweli
International

r297;
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|3955D01805X;



COPLANAR SATELLITE AND CONSTIRUGTLIUN OFLLUNS

This chart shows the 3-trough coplanar satellite with center mounted
antenna and with an end mounted antenna together with their applicable '
optional construction techniques. (The effect of increasing the satellite
width to four troughs, with attendant reduction in lengths, is shown on
the next two charts.) The serpentine construction technique offers the
potential of a small SCB and small crew size but offers little flexibility
for reducing construction time since each trough is constructed serially;
also it 1s less appropriate for the center mounted antemnna configuration.
The single pass construction technique has somewhat the opposite character-

ist;cs.

[298.



SATELLITE AND CONSTRUCTION OPTIONS

BASIC SATELLITE CONFIGURATIONS'

CENTER MOUNTED ANTENNA

CONSTRUCTION CONCEPTS

. SINGLE PASS © MULTI-PASS SERPENTINE - SINGLE PASS

Satellita Systems Division Rockwell
Space Syslems Group Eﬁ international l 299 .. 98PD131572



3~ AND 4- THROUGH SATELLITES .
WITH CENTER MOUNTED ANTENNA

The center mounted antenna is shown for the same trough configurations
displayad on the previous chart. The difference in satellite mass for these
configurations as compared to the end-mounted vervadona is largely attributable
to power distribution. (Parallel build,.single pass construction was selected
for these configurations since the complexity asscciated with serpentine build
of a center-mounted antenna configuration appeared to be excessive.)

From a constructability standpoint the 3-trough satellite is more desirable \
than the 4-trough configuration because the SCB is narrower, of lower mass, and

requires a smaller crew asize.

360°



3- AND 4-TROUGH SATELLITES WITH CENTER MOUNTED ANTENNA

CONSTR

CONCEPT"

SCB

CONFIGURATION

MASS =5.3 X 106 KG

6.5 X108 KG

TMASS

SATELLITE

CONFIGURATION

MASS =35.7 X 10° KG

MASS =360 X 100 KG

98pp131355

[301]

Rockwell
International

R
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3—- AND 4~ TROUGH SATELLYITES
WITH END MOUNTED ANTENNA

Three and four trough versions of the satellite end-mounted antenna
configurations are shown. The solar blanket area is the same for each
version. Two different construction concepts have been identified;
parallel build single pass for the three troughs and serpentine for the
four troughs. It can be shown that the single pass concept possess
potential for shortening the nominal 180 day comnstruction schedule; the
serpentine concept, because of sequential trough cemstruction, requires
the entire 180 days. While the mass of the SCB used for scrpentine con-
struction is slightly less than for the single pass SCB, the serpentine
SCB, featuring a large platform with sliding sections, is moré complek.

J
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3~ AND 4-TROUGH SATELLITES WITH END MOUNTED ANTENNA

CONSTR
CONCEPT

't SERPENTINE:
4 PASSES

CONFIGURATION

SCB

MASS =5.3 X 100 KG

MASS =37.9'X 106 kG

CONFIGURATION

SATELLITE

37.5 X 106 KG |MASS =5.2 X 100 KG

MASS

98pPD131356

International {303 j'

Rockwell -

P

- Saleilite Systems Division
Sipace Systems Group




CONSTRUCTION COMPARISON-

The differences in facility mass, crew sizes, construction equipment, and construction
complexity for the serpentine and single pass construction concepts are shown. The satellites
evaluated consist of the three and four trough configurations with either end-mounted or center-~
wmounted antenna. (The effect of this variation on the construction time, crew size and suUpport-
ing equipment is negligible.) The sexpentine concept requires a pass for each trough as opposed
to the single pass concept wherein all troughs are constructed simultaneously. The relative
complexity {or program risk) considers the operations attendant to fixture and platform trans=—
lation required for serpentine comstruction, as opposed to the single.pass concept.

The crew sizes reflect average manloading, since the sequence of construction operations,
particularly with the single pass concept, permits returning of some personnel to earth prior
to satellite completion.

The support equipment requirements (e.g., tribeam fabricators) vary with the construection
concept in that for a single pass comstruction, all troughs and solar converter equipment are
completed simultaneously instead of in series. However, the serpentine fixture is required to
operate from both sides, which requires two sets of dispensing equipment.

It is noted that the serpentine method results ia a smaller crew sizes, and in general, less
supporting equipment. The S5CB mass for the two concepts is essentially the same, with the platform
accounting for a large percentage of the.serpentine SCB mass. However, the precursor operations
attendant to constructing a platform almost 3 km long in three sectlons which translate relative
to one another are formidable. Moreover, the sequence of translating these sections and the con-
struction fixture many times during the comstruction of one satellite involves
considerable operational complexity and risk. In addition, the concept involves several sequences
of securing and releasing the platform to and from the partially completed satellite structure
{2 meter tribeam sections) by means of elevating attach méchanisms. Detailed study will be required
to evaluate the feasibility of this operation relative to the stress concentrations ifuvolved. For
these reasons, the single pass concept is preferred. '
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INTEGRATED FABRICATION FIXTURE

The fixture shown is for the serpentine construction concept. This entails
beam fabrication from each side of the fixture as shown, for example by the
duplicate sets of longeron beam fabricators, demoted by ‘ and @.
addition to fabricators foxr the basic satellite structure, fabrica ors for the
antenna frame are shown « The concept for building the anteuna frame a
half at a time will be sequently covered. Antenna RF elements are installed
from the two assembly and installation statioms, @ « OCrew, power, warehousing
and re iv:[.ng facilities are grouped on the central portion of the fixture, indicat~
ed by through @ The rotating joint assembly fixture, ‘ s 18 located in
the tr angle formed by the two left diagonals.

The fixturé ig mounted on a platform in tracks which provide for transverse
and longitudinal movement. The movement is effected by means of 3 translation
carriages, @ , which are attached to tracks in the platform, shown in the

Trnmb b iasm
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INTEGRATED FABRICATION FACILITY
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SATELLITE CONSTRUCTION BASE (SCB)
(SERPENTINE CONSTRUCTION)

The translation platform is shown here with the construction facility
attached to the tracks, €!> by the three tramslating carriages. The platw-
form consistg of three sedtions attached: to one another by means of sliding
guideways, which permit lateral velative movement during the repositionw-
'ing operations as shown on the bottom figure and as described in other charts.
The elevating frame attach fittiags, (i%), are used to secure the platform to
the partially completed satellite and ¥ thus permit movement of the construc-
tion facility relative to the satellite,

(The callouts indicated by the circled numbers are identified on the following
chart) . : . .
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CONSTRUCTION FIXTURE
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TROUGH 1 CONSTRUGTION

Five tribeam fabricators for making loagerons are indicated in the upper right
hand view on tha chart. All five are used in the f£irst pass as trough 1 is built.
In constructing the remaining troughs only three fabricators (1, 2, 3) are required.
The longerons are continuous members for the entire length of the satellite. Gnly
four tribeam fabricators are required for making the cross beams except for the )
first pass which requires six. The cross beams are continuous for theilr respective
lengths. In meking the solar converter troughs the initial frame ls constructed
using the fixture as'the tooling jig. The longerons are then fabricated away from
the face of the SCB moving the frame with them. As they move out, the solar blankets,
reflectors, power feeders and other elements of the solar converter are dispensed. .
At tHe completion of the length of each bay, fabrication im the longitudinal direction
is stopped, the besms for the next frame (which have been fabricated during construce
tion of the longerons) are connected in place to the loagerons and the solar blankets
and reflectors are tensioned between the frames to complete the bay.

The translating platform supports the fixture assembly.and all SCB facilities.
It is designed to move with the rest of the 8CB in the longitudinal direction but esn
also be locked to the completed atructure to perform its functions at the end of each
trough. Tha fixture assembly ls mounted in tracks on the platform which permlt movement'
of the fixture both laterally and longitudinally. The platform extends 775 m wider than
the structure of the trough being constructed. After the last frame of trough 1 ds
completed the translation platform is clamped to the longeroms of trough 1. The fixture
assembly is first transiated in the longltudinal direction to clear the last frame, then
translated laterally to be in line for comstruction of trough 2. It 48 then traunslated -
longitudinally back along the side of trough 1 to be in positlon for fabricatlon of the
first frame of trough 2, After the filrst frame of trough 2 is completed and tied into
the last frame of trough 1, the traanslation platform is released from the trough 1
longerons and translated to the left to again be in the position with respect to the
fixture assembly shown on the right hand gide of the chart. .
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TROUGH 1 CONSTRUCTION
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TROUGH 2 AND MW ANTENNA FRAME CONSTRUCTION

This series of charts 1llustrate the serpentine coplanar satellite configuration
and construction concept. The constructure fixture is designed for simultaneous
fabrication of the antenna on the ~¥ face while the second trough is being fabricated
from the +Y face. The SCB geometry and the sequence of construction of the solar con—
verter portion of the satellite make it necessary that the antenna and ratary joint
installations be completed prilor to starting construction of the third trough., The
rotary joint can be assembled and checked out independently omn the special eircular
jig any time during construcation of the first two troughs. Antenna frame fabrication
is initiated simultaneously with start of construction of trough No. 2. Installation
of the RF elements is started as soon as the teanslon web installation is completed.
Fabrication of the antenna yoke and rotary joint standoff support structure occurs
after completion of trough No. 2 since those operations take place on the +Y side of

the coanstruction fixture.

The 50-m tribeam fabricators produce the structure for the antenna frame. Referring
to the middle view on the chart, the lower one-half portion of the frame is fabricated
first using the part of the fixture iIndicated by the heavy dashed lines. This half-
frame is closed out across the top with the temporary 50-m tribeam tle bar indicated
for stabilization during the remainder of the assembly operations. This frame half
is then translated to a position below the tramslation platform (arrows and phantom
outline in the middle view) and the upper half is fabricated using the heavy solid 1ine
part of the fixture, and the two-halfs are joined to form the hex—shaped frame. '

The lower right-hand view shows that the 5CB provides for up~down translation of
the antenna in the X-Z plane. ' The position of the tie bar is variable from the X-¥
plane of the base of the translating platform to the X-Y plane of the upper cross
frame of the comnstruction fixture, This permits installation of the tension web,
installation of the RF mechanical modules (antenuna upper-half installed from the upper
RF assembly and “installation facility, antenna bottom half installed from the lower RF
facility), and alignment of the completed antenna with the rotary joint. Assembly and
checkout of the subarrays and mechanical modules is also accomplished at the RF

facilities. )
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TROUGH 2 AND MW ANTENNA CONSTRUCTION & RF INSTALLATION
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ANTENNA ROTARY JOINT AND YOKE CONSTRUCTION

Upon completion of trough No. 2 the slip ring supports and antenna yoke
shown on the chart are fabricated using one of the avallable 50-m tribeam
fabricators. The slip rimng supports are joined to the solar converter struc-
ture and the slip-wing is removed from its jig and installed on the supports.
The base of the antenna yoke is fabricated parallel to the translating base,
the antenmna is translated to be centered in the projection of the base, and
the trunnion support arms are built out in the -Y direction to pass through
extensions of the antenna center line on which-the trunnions are located.
Guideways are provided along the trunnion support arms which engage the
trunnions as the support arms are fabricated outward. The translatiom plat-
form is used to move the center line of the antenna/yoke coincident with the
center line of the rotary joint and the yoke is attached to the rotary joint.



ANTENNA ROTARY JOINT & YOKE CONSTRUCTION
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ANTENNA MOUNTING AND ROTATION

Referring to the chart a crawler system installed on the temporary tie

. bar is used to translate the antemna along the trumnnion guideways to its
gimble plane. The gimbles are secured, azimuth control elements are installed,
and electrical power, information management and control system connectilons
are made utilizing the crawler system. Since the slip ring and yoke base are
necessarily,. constructed on opposite sides of, the construction fixture it is
necessary to rotate the slip ring and antenna assembly 120° as shown to -
release the construction base. The construction base is then translated

into position to start constructlon of trough No. 3 (see next chart) through

a series of operatlons similar to those described for moving from trough No. 1.
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ANTENNA' MOUNTING & ROTATION
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SCB TRANSLATION FOR TROUGH 3 CONSTRUCTION

The completed antenna installation is shown. At this time the temporary
tie bar is vemoved from the antenna frame and installed in the guideways of
the trunnion support arms to become the permanent antenna maintenance platform.
Translation of the platform along the puideways, together with the crawler
system which transverses its length, provides access to the entire antenna
surface. The platform is stored at the base of the yoke during normal

satellite operation.
‘Construction of troughs No. 3 and No. &4 is identical to construction of

No's 1 and 2, The -completed watellite has been shown previously. After check-
ing out the satellite the SCB is secured and flown away.to the site for

construction of the next satellite.

322.



SCB TRANSLATION FOR TROUGH 3 CONSTRUCTION
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COMPLETED SATELLITE

] This chart shows the completed satellite. The SCB, which has
just finished the fourth pass, will now be detached from the satellite
and moved to the next opevational satellite location for construction
of that patellite. g :
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COMPLETED SATELLITE

" Gahs SOLAR CELLS
CR=2

13600M (850M X 16) +50

_5250M (1300 x 4) + 50

PP > - Q=
A e B S 2
L i o
. " B . .
SOLAR CONVERTER—"" == g =
SECTION ‘ - Al ER
h 7 =
+Z B X ) _\ .’::“q
{ S Ve 2 '
] Y Z )
=X ' | .
(S SATELLITE
. )X o CONSTRUCTION
-~y BASE = . :
K _
wZ ' '
o™ Rockwell '
(3251

_ 98PD131397

Satellile Systems Division @ >

Space Systems Group ¥ International



-REFERENCE CONFIGURATION
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REFERENCE CONFIGURATION

The Rockwell configuration (Reference concept) for a coplanar
satellite with an end-mounted antenna is shown. The satellite has
three troughs, each with ten bays, and is 3900 meters wide at the
longeron points and 16,000 meters long (less antemna}. . Twenty-four
solar blanket strips, measuring 25 meters by 750 meters, are instal~
led in each bay along the bottom of the trough. The reflectors are
attached to the imner diagonal sides of the troughs as indicated.

The space frame end-mounted antenna with slip rings, support strucw
ture, and txunnion arms extends 1750 metexs from the basic satellite.-
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SATELLITE CONSTRUCTION BASE (SCB)

A three view represeatation of the SCB, including the twenty-seven
tribeam fabricators is shown. The three solar blanket dispensing areas
are installed along the bottom of each trough. The reflector dispensing
areas are located on the inner faces of the six diagonal members forming
the sides of the trough. The central habitat, landing area and warehouse
is shown at approximately the middle of the top tramsverse element,
Additional auxiliary bases are situated at the bottom of each trough.

The additional structure shown in the center trough provides fixtures for
‘constructing the rotary joint and 1ts supporting structure.
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INTEGRATED SATELLITE CONSTRUCTION BASE

This is a perspective of the preceding chart.
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SLIP RING INTERFACE STRUCTURE

The satellite structure and solar converter ia constructed in a single pass,
utilizing the integrated SCB. Initially construction of the longitudinal members
of the slip ring interface structure is initiated and the members fabricated to a
length which will permit attachment to the triangular frame shown in the chart.
The frame 1s then constructed. Followlng this operation, fabrication of the .
longitudinal members is resumed until the triangulaxr frame is positioned the
proper distance away from the face of the SCB so that the second triangular
frame can be completed. ‘
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SLIP RING INTERFACE STRUCTURE
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ANTENNA SUPPORTING STRUCTURE
ASSEMBLY . SEQUENCE

The sequence of assembling the antenna supporting structure is shown.
After completion of the slip ring iInterface structure and slip ring support-
ing structure, the slip rings are installed and the antenna yoke base fab—
ricated as.shown in the two center 1llustrations. When the yoke base has
been completed, the yoke arms are fabricated as shown in the vight hand

illustration. Subsequently, the antenna trxunnions will be installed and
the antenna structure assembled. )
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ASSEMBLY SEQUENCE

118PD132943

ALIVNO ¥ood. g4 .
SI 39Yd TvNIDNg

Sateliite Systems Division ﬁ Rocloweli —_— .
' Internationat 337

» Space Syslems Group



ANTENNA CONSTRUCTION CONCEPT A

This concept utilizes two sets of travelers which move on tracks installed on the yoke
arms. Each set consists of two travelers, ona on each yoke arm, connected by cables, One
set travels on the upper yoke arm surfaces; the other set travels on the bottom of the arms
as shown in the figure. Platforms are attached to the cables and can be positioned on the
cables as desired. The mobile RF assembly facility is shown in position in the lower yoke
arm of the figure. Mobille beam fabricating facilities are packed on the lower trawveler
cable/platform system. )

Construction of the antemna primary and secondary structure begins at the antenna edge
nearest the votary joint., The lower traveler system fabricates the fixrst structural row
(primary and secondary structures) which is secured to the uppexr traveler system for correct
positioning. The second structural row is then fabricated, being connected to the first row
during "the fabricatlon process. When the completed structure has progressed to the .antenna
gimbal plane, the gimbal (or trunnion) interface structure is imstalled and the partially
completed antenna structure connected to the yoke arms by the trumnions joints. At this
point, since the structure is attached to the yoke, the upper traveler system can be released
from the antenna structure to begin installation of RF elements in that portion of the antenna
structure thus far completed. The lower traveler assembly proceeds with the completion of the
remainder of the antenna structure.

Upon completlion of the antenna, the RF assembly facllity is relocated to the SCB vhere
assembly of RF elements for the next satellite ig started. The two traveler cable/platform
systems remain in their track on the yoke arms to support antemna maintenance activities
afrer the satellite 1s operational. , .
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ANTENNA CONSTRUCTION CONCEPT A (PERSP.)

A perspective of Concept A is depicted in the chart. The traveler set which
rides tracks on the upper face of the yoke arms is positioned adjacent to the slip
ring, or rotary joint. The platforms which traverse the cables of this set have
been positioned and attached to the first structural row of the antenna structure.
The other traveler set, which is equipped with cables for securing both primary
and secondary structuyal fabrication equipment, has almost advanced to the glmbal
plane of the antemnna. The fly away platform used to support assembly and installa-
tion of antenna RF elements is shown'on the right yoke arm. This facility preseptly
‘Is approximately 1 km in length. It is probable that detalled engineering studies
of the equipment and activitles required for RF assembly would result in a reduction

of facllity size. . - : .



ANTENNA CONSTRUCTION CONCEPT "A"™ (PERSP)"
TRAVELER/ - CABLE/PLATFORM SYSTEM

SUSPENSION PLATFORMS

L
}

Satellite Systems Division

-‘\h"\ﬁl’.—-"-

& SIDE CABLES
HOLD STRUCTURE
DURING FABRICATION

FLYAWAY PLATFORM
; ASSY & STAGING OF

RF ELEMENTS MECH MODULE

T
.\
!

—;

.__‘__../—- .3
/'-

SPACE FRAME ASSY

USING TRAVELER/CABLE/
PLATFORM SYSTEM

MOBILE E.T. BEAM MACHINE
FACILITIES PARKED
ON SUSPENSION PLATFORMS

-

Rockwell

Kirvnd ¥ood A0

Spaca Sysiems Group

R

International [ 341, $5D00031

5l 3Ovd TVNIDIHO



SOLAR BLANKET DEPLOYMENT FACILITY (ELEVATION)

An elevation of the solar blanket deploymeant facility is shown. This facility provides
for the installation of tension cables, switchgears, distribution feeders, and other equipment
associated with the solar blankets. An auxiliaxy base (15), including crew habitat (17), a
docking and service module (16), and a power module (shovm to the left of the crew habitat)
has been established at each of the three deployment facilities. Capability has been retained,
however, for movement of logistics and persoanel to and from the central base to the auxiliary
base, since more extensive warehousing and servicing facilities exist at the central locatilon,

and arriving payloads will be a mix. )

. The top deck of the facility contains & cargo loading %eck which can receive cargo from
either the central base or from an EOTV via transfer tugs (I0TV's). A warehousing area is
provided on the next lower deck {23). Means of transferring material from thia area to the
main deck are provided by the inter-deck elevator (24), and the material transif system (22).
Supply elevators (3) and (9) ave utilized for deliveries of material or manned manipulator
‘modules to the lower deck. POTV's arriving from LEO can dock as indicated at the right of

the illustration.

The first step in solar blanket deployment is to load the blanket rolls in the twenty-four
dispensers (5) installed in each of the three facilitfes. This is accomplished by a logistics
vehicle (4) which traverses the entire trough width, loading each dispenser as it progresses,

It is estimated that the velilcle can load the 24 dispensers in 6 hours (15 minutes per dispenser}.
The dispensers must be loaded prior to the fabricatilon of each bay, a six shift operation, so
additional time is available if required by contingencies.

The blankets are attached to the tension cables which are strung at elther side of the
blanket strip by an attach machine (7). Other stations for attaching side and end catenaries
and electrical components are also shown as Indicated in the number index at the left. '

The triangulaxr section at the bottom right of the chart represents the 50 meter crossbeam
' in the positon for attachment of solar blankets, cables, etc., and installation of switchgears

and other electrical components. . ‘ - ,
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INSTALLATION OPERATIONS AT CROSSBEAMS

Switchgear assemblies, secondary power féeders, DMAC elements sub-
multiplexers and remote acquisition and control {(RAC) units and DM&C buses
are located on the crossbeams at the ends of the blanket strips.. Alternate
crossbeams mount 23 and 12 switch assemblies respectively. Saddle clamps
are attached to the crogsbeams at 25 m Intervals to coincide with the blanket
strip edges. The saddle clamp assemblies provide connectors for attachment
and tensioning of cables and catenaries, mounting provisions for secondary
feeder insulators, and a saddle for support of the switch assemblies.



INSTALLATION OPERATIONS AT CROSSBEAMS
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MANNED MANIPULATOR MODULE AND CREW TRANSPORT MODULE

One of the satellite construction guidelines entailed no planned EVA. Accord~-
ingly, comstruction and installation operations concepts have leaned heavily on
automated activities, assisted by manned manipulator modules. A typlcal manipulator
module is shown. It's primary elements avre the control cab, the support base, and
the bilateral manipulator. The base rotates around the center line of the boom
attach wrist and the controel cab rotates 360° around the wvertical axis of its base.

The cab provides a shirt-sleeve environment, and can be operated by one man, but

has sufficient space ko acconmodate two suited astronauts. The life support system

is sized to support thxee persons for short periods of time (e.g., a rescue operation).
One docking port is located at the top of the cab and one at the bottom of the base,
providing dual exits. Facility power is provided through the boom.  The boom operatiocn
is controlled from the cab with secondary control capability at the platform. The MMM

contains provisions for'lights and TV camaras.

A crew transport module is depicted to the right of the MMM, It's life support

capabilities aré less than the MMM. It's primavy purpose is to rotate MMM crews for
operations requiring more than one shift (e.g., solar blanket electrical installation)

without having to remove the MMM aund replace it with a gimilar unit.
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SWITCHGEAR INSTALLATION

A travellng gantry, or platform installs and connects the electrical
components, and attaches and tensions the various cables. The gantry is
equipped with two MMM's and a switchgear assembly dispenser. The saddle
clamps already have been installed on the crossbeam (this operation taking
place in the tribeam fabrication facility) and the cables attached. The
MMM to the right has a tensioning tool used to apply the correct tension
to the cables and then clamp thenm.
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'CABLE TENSIONING DEVICE

. This chart shows another view of the tensloning tool. The tensioning
yokes are attached to the brackets with the clamp already attached. MMM's
apply the tensioning screw jack at the left of the chart until the longitudi-
nal cable is tensiored to the proper value. The end of the 'tool pushes
against the ciamp mounted on the yoke to maintain tautness. The cable clamp
is then secured to' the longitudinal cable.
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SWITCHGEAR ASSEMBLY DETAIL

In this chart, the switchgear magazine has been indexed to the
proper poasition for instalidng the switchgear assembly, which is
automatically inserted into the keyways on the saddle clamp and
lecked into position. An electrical connector attached to wiring
from the solar blanket is automatically inserted into its flanged
" mating receptacle as the assembly advances intd position.
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SECONDARY FEEDER INSTALLATION

After the cables have been attached and tensiomed and the switchgear
assembly installed, secondary feeders must be secured to alternate cross-
beams. This process utilizes the same gantry previously described. The
aluminum feeder roll is mounted on the brackets which are attachad to the
magazine. As the gantry traverses laterally from one installation point
te the next, the feeder is unrolled and welded to insulation mounts which
have been lnstalled at the tribeam fabrication facllity.
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PRECURSOR OPERATIONS
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OVERALL SATELLITE CONSTRUCTION SCENARIO

The initial step In satellite precursor operations is establishment of a

LEQ base as shown in the lower left of the chart. Crew and power modules are
transported to LEO by Shuttle derivatives and assembled. When the base is
. fully operational, Shuttle external tanks are delivered and mated to form
construction fixtures for SCB construction. The chart shows a completed SCB.
Since the more economical HLLV will not be available and since overall plaus
specify an EOTV test vehicle, it is prohable that only the center trough of

the SCB would be constructed initially. This trough would be used to fabricate
the pilot plant EQOIV with antenna. After proof of concept and 8PS go-ahead, the
remainder of the 8CB would be completed, the fleet of EOTV's constructed, and
the SCB transferred to GEO, uging one or more EOTV's for propulsion and altitude
control. Upon reaching GEO, satellite conmstruction would commence, with the
logisties support as shown at the right of the chart.
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RENDEZVOUS AND DOGKING EXTERNAL TANKS

Two BET's are shown gecured together by a module to which 1s docked
a combination crew habitat and power module. A 2 meter beam machine has .
. been installed by manned manipulator modules and has fabricated the beam
shown at the bottom of the two ET's. . This beam forms a part of the inner
triangular structure which provides mounting for beam machines.

. 360



RENIDEZV{‘)US & DOCKING EXTERNAL TANKS

' \CREWIPOWER
MODULE - -

MANNED
MANIPULATOR
/ MODULES
e symemsoen (G Rocket T




MOBILE 79 M GIRDER FABRICATLON FAGILITY

The primary structure of the SCB consists of a diamond cross section
formed by two triangles. A mobile diamond-ghaped filxture formed by join-~
ing 8 orbiter external tanks is utilized for SCB primary structurs fabrica-
The beam machines are located at the tips of the structure enclosed’
by the external tanks. Nine machines, are required to construct the four
longerons, the four crossbeams and the diagonal beam. A combination crew
and power module provides crew facilities and electrical power.

tion.
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INTERSECTION/INTERFACE —~ LONGITUDINAL POD WITH
DIAMOND GIRDER

This chart shows structural interface details of a longitudinal pod
intersection with the SCB diamond girder. Two mobile girder fabrieation
facilities have made attachments to the pod and are progressing outward
in opposite directions, fabricating the diamond girder as they advance.
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CONSTRUCTIQON OF SCB TOP DECK GIRDER

The initial step in the SCB construction is to fabricate a tribeam
longeron ped, or fabricator, as shown in the upper center of the chart.
Two mobile 79 meter gilrder fabrication facilitles are then posiltioned
on either side of the longeron pod and Fabricate sufficient lengths of
the diamond-shaped glrder to allow for attachment to the pod. When the
attachment is complete, the girder fabricators resume fabrication, moving
away in opposite directions from the pod as shown. At the proper gpacing
intexrvals, additional longeron pods are inserted, until the entire upper
deck of the SCB has been completed. However, for the precursor concept
shown herein, only sufficient deck length to support completion of the
center trough would be constructed imitilally.
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ASSEMBLY SEQUENCE - SCB MAIN STRUCTURAL ELEMENTS

As shown on the preceding chart, initial fabrication commences at the center
of the top deck (1), progressing outwards on each side uuntil the top of the center
trough has been completed. One side of the center trough is then fabricated down-
ward at the proper angle (2), turning the corner at the bottom to complate the
lower deck. The other side of the trough is fabricated as shown for attachment
to the lower deck, completing the main structure of the center trough. This is
followed by installation of the secondary structure (solar converter installation
and slip ring facilities). After construction of the 8PS precursor satellite, the
remainder of the primary structure is completed in the sequence shown, progressing
cutward on the upper-deck, completing the end diagonals and lower deck, and then the
remaining diagonals, followed by installation of the outboard troughs secondary
structure and lnstallation facilities.
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EOTV/DEMO SPS ‘
SATELLITE CONSTRUCTION BASE (PERSPECTIVE)

This is a perspective of the preceding chart. In the left an
exploded view shows the primary aad secondary structure. The com~
pleted base is at the ight. .
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EOTV/DEMO SPS REFERENCE CONFIGURATION

An end view of the slip rings and antenna supporting structure is
shown. The bottom view shows the location of the slip rings or rotary
joint relative to the EQOTV structure. This configuration is identdical
to the, installation in the center trough of the satellite.

The upper portion of the chart shows the location of.thé structure
which forms the rotating portion of the joint. The transverse element
: 1s the base of the U shaped structure which contains the trunnion Joints

and the antenna. .
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EOTV/DEMO SPS CONSTRUCTION SEQUENCE
SPACE FRAME ANTENNA

The mobile platform has adapters which contaln the beam IapliCatoLs
required for installation of the antenna siructure. Only sufficlent
structure to support the numbex of mechanical modules required for test

purposes will be completed.
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EQOTV/DEMO SPS CONSTRUCTION SEQUENCE
ELECTRICAL PROPULSION SYSTEM INSTALLATION

This chart shows the wvirtually completed SPS precursor satellite.
Both solar converter bays and the required portion of the antenna have
been completed. Any additional installation work on the electwical
propulsion pods installed on the end of the bay just disconnected from
the SCB will be accomplished by free flying facilitiles. '

«
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EOTV/DEMO SPS CONSTRUCTION SEQUENCE
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OPERATIONAL SATELLITE CONSTRUCTION BASE

Following completion of the SCB, the initial, fleet of six EOTV's
1ls constructed. The last of the six EOTV's is then utilized to trans-
port the SCB to the GEQ location where the first satellite will be
constructed.
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RECTENNA CONSTRUCTABILITY
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OPERATIONAL GROUND RECEIVING FACILITY
(RECTENNA) TYPICAL

This perspective is a representation of a typical operational ground site.
The recaeiving panels are arranged in rows within the inner ellipse, Immediately
outside the eclipse is a series of power poles which carry the 40 kV dc buses
around the perimeter of the panel instellation. 'The 500 kV ac towers also ring
the basic ellipse, but at a greater distance. . The power conversion stations are
located between the two _arrays of power transmission lines. %he entire site ia
fenced in for security as shown. '
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OPERATIONAL GROUND RECEIVING FACILITY {RECTENNA) - TYPICAL
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PANEL INSTALLATION

The panels are secured to two continuous concrete footings. A
trade~off which considered elght individeal footings versus continuous

‘footlngs was made, 4 maximum wind force ¢E-90 m/hi was assumed. It

was determined that the amount of concrete required for either approach
was essentially the same, but that the continuous footing concept was
easier to install. '

Each panel is secured to the footings at eight locations by fixtures

.which are imbedded in the concrete during the pouring operation., Mountiag
-attachments which provide for longitudinal and lateral adjustment are

secured to the fittings. Screw jacks on each of the rear attach polats
provide for panel adjustment and alignment.

ZThe panel switch gears and feeder lines are mounted above ground behind
each panel as shown, although it is recognized that either above or below
ground runs for the feeders is feasible. . )
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RECTENNA CONSTRUCTION SEQUENCE

There are nine major activities involved in rectenna site
construction. In this chart, starting from left to right, the site
must be surveyed, utilities and other supporting facilities installed,
roference coordinates laid out, and the site cleared and leveled.
Following this, more precise grading of the actual panel rows is
conducted, footing trenches excavated, concrete poured, and the panels
installed. The 40 kV dc and 500 kV ac pexiphery buses must then be
installed, separated by the coanecting converter statlons.
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RECTENNA SITE CONSTRUCTION SCHEDULE

* The construction schedule is predicted dn an overall time span of
completion of approximatély 15 months., This schedule assumes that the
site selection already has been made and that the procedures incident
to land acquisition have been completed., The overall approach, after
installation of utilities and support facilities, entails clearing and
grading in sections, followed by footing excavation, concrete pouring,
and panel installation. WManpower and equipment estimates, summarized
in subsequent charts, are based on this schedule. )
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CENTRAL PANEL FACTORY

The concept of a central panel factory to assembly recteana
panels was selected. A concept for such a factory is shown. The
factory sizing ({.e., number of assembly lines) was based on a
required production rate of 108 panels per hour and reflects largely
automatic processing. The pamnel structure (I beams and hats) are
firast assembled, the substrate containing the electronic elements
secured, and the panel is checked out. Completed panels are conveyed
to a magazine where they are loaded for delivery to the installation
site. Upon completion of a rectenna farm, the equipment wili be dis~
mantled and moved to a new site. '

Crew requirements are summerized in the lower left of the chart.
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PANEL LOADING SEQUENCE

The sequence of panel loadinpg entalls (1) elevating the
installation machine to permlt access by the delivery truck,
(2) placement of the delivery truck, (3) securing the installa-
tion machine magazine retention mechanism to the panel magazine,
(4) elevating the panel magazine to permit the delivery truck to
depart, and (5) lowering the bottom panel latec positien for.
attachument to the footings. .
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CONSTRUCTION CREW REQUIREMENTS
{4 SHIFTS)

. This chart 1s self-explanatory.
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CONSTRUCTION CREW REQUIREMENTS

(4 SHIFTS)
SHIFT
SIZE TOTAL
SITE PREPARATION (SINGLE SHIFT) 280 280
PANEL ASSEMBLY FACILITY 468 1872
CONCRETE PRODUCTION 5 220
 FOOTING EXCAVATION - 81 | 324
CONCRETE POURING 29 115 ) 4 SHIFT TOTAL
PANEL ATTACH FITTINGS 8 320 f’«;%
PANEL INSTALLATION . 225 900 EE
ELEC. INS. & HOOKUP 1050 4200 %,%.
TOTAL | - 2528 - 9272 @

NOTE: 3 8-HR SHIFTS/DAY, 7 DAYS PER WEEK, 2 DAYS OFF PER SHIFT/WEEK,
4 SHIFTS TOTAI

‘ cj Rockwell . e ’
Space Systems Group 5~/ International {395, } 3955D01806X



CONSTRUCTION SUMMARY

Rectenna mass, crew requirements, and equipment needs are
summarized. Approximately 85% of the total 1207x10% kg attributed
to panels is steel. The conerete requirements, approximating the
volune of Hoover Dam, are predicted ou a 90 mph wind. Additional
analysis may result in a lowering of this requirement.

Of the equipment; electrical installation trucks (panel trucks)
and concrete trucks comprise the greatest numerical requirement,
All equipment, with the exception of installers and trucks used to
deliver and install panels, is of current design and in service,

[
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CONSTRUCTION SUMMARY

@ SCHEDULE: 15 MONTHS

RECTENNA MASS . = PANELS 1207 x 10° kg

CONCRETE 1176

FEEDERS 1

REINFORCE® STEEL 51

. 8435 X100 kg
@ CREW : . _ .
SHIFT SIZE | | 2474
" TOTAL CREW FOR 24 HR/7DAY OPERATION 9272
© EQUIPMENT - |

SCRAPERS/GRADERS 67
DUMP TRUCKS 50
' BULLDOZERS 50 Sg
CRANES - ' 34 v 5
BACK HOES 7 S8
TRACTOR/TRAILER TRUCKS - 48 Pl
CONCRETE TRUCKS - 190 1
CONCRETE POURING RIGS 10 S
PANEL INSTALLERS 40 <5
P ANEL MAGAZINE TRUCKS 14
ELECTRICAL INSTALLATION TRUCKS . 229

MISC. JEEPS PICKIIPS  ETC,

Salellite Systems Division Rockw
eSpace,Sy:lc:ns Group ng Intemational 3597 118PD133003.



RECTENNA CONSTRUCTION - KEY ISSUES

Five general categories comprise key issues which affect rectenna
construction. Site characteristics could impact both crew/equipment
- requirements and the specified completion schedule. Approval of the
environmental impact upon and other permits have required up to five
years lead time for some projects. Site operational control is a necessary
element of any undertaking of this size and has not been addressed to date.
Lightening protection has been the subject of some study by Rice University,
but no definite conclusions have been reached to date. Finally, resources
(men, equipment, matexial) for one site are significant and will require
considerable advance planning for manpower avallability, equipment build-up,
and availability of the materials. ., - .



RECTENNA .CONSTRUCTABILITY - KEY ISSUES

@ SITE SELECTION

. @ TOPOGRAPHY
® DRAINAGE |

e SOIL ' .
o PREVAILING WEATHER ,
e [NDUSTRY AND TRANSPORTATION

® 'ENVIRONMENTAL IMPACT
© ENVIRONMENTAL 1MPACT REPORT
o PERWITS - .

® SITE OPERATIONAL CONTROL 99
o COMMUNICATIONS 32

e LOGISTICS AND TRAFFIC g2

e OPERATIONAL SEQUENCE - 23

£33

i m

1z

© LIGHINING PROTECTION

© RESOURCES AVAILABILITY

e MATERIALS
¢ EQUIPMENT
» MANPOWER

gi% Rockwell = _ __
Space System-s Group International ! 399. §3955D0]807X '




SUMMARY AND CONCLUSIONS

This chart is self-explanatory.
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SUMMARY AND CONCLUSIONS

OVERALL SATELLITE CONSTRUCTION CONCEPT FEASIBLE SUBJECT TO RESULTS OF PLANNED

TECHNOLOGY PROGRAMS

SINGLE PASS SATELLITE CONSTRUCTION CONCEPT LESS COMPLEX THAN SERPENTINE
APPROACH - -

SINGLE PASS CONCEPT ADAPTABLE TO EITHER END OR CENTER MOUNTED ANTENNA

USE OF EXTERNAL TANKS FOR INITIAL PRECURSOR FIXTURES APPEARS FEASIBLE

CONSTRUCTION OF SINGLE SCB TROUGH INITIALLY FOR USE IN BUILDING
PRECURSOR SATELLITE DESIRABLE : o ‘

. < HLLV NOT AVAILABLE IR S 5;,
|« PROOF OF CONCEPT AT EARLY DATE DESIRABLE © | -

~ +SCB CAN BE COMPLETED LATER :

EXISTING CONSTRUCTION EQUIPMENT DESIGNS ADEQUATE FOR RECTENNA SITE CON-
~ STRUCTION EXCEPTING PANEL INSTALLATION

EXTENS1VE MANPOWER AND EQUIPMENT REQU IRED T0 COMPLETE RECTENNA IN
15 MONTHS SCHEDULE

VARIABILITY IN SITE CHARACTERISTICS CAN IMPACT BOTH SCHEDULE AND CREW/ -

EQUIPMENT REQUIREMENTS
NO MAJOR TECHNOLOGY DRIVERS FOR RECTENNA SITE CONSTRUCTION

Satetiite Systems Division @ ‘ Hockwell
Space Systems Group - International | 401
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SUMMARY

G. M. HANLEY

DESIGN DEFINITION
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*S0LID- STATE CONCEPTS
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1 OPERATIONS
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SYSTEM DEFI

L% . TRANSPORTATION

N,
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PROGRAM AND
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REFERENCE HLLV LAUNCH CONFIGURATION

The reference HLLV configuratiom is shown in the launch configuration. As
illustrated, both stages have common body diameter, wing and wvertical stabilizer;
however, the overall length of the second stage (orbiter) is approximately 5 meters

I

greater than the first stage (boostex)..

The HLLV performance has been determined by using a modified STS scaling and
trajectory program. The vehicle can deliver a payload of approximately 231,000 kg
to an orbital altitude of 487 km at an inclination of 3L.6°. g

The vehicle relative staging velocity is 2127 m/sec (6978 ft/sec) at an aleitude
of 55.15 km (181,000 ft) and a first stage burnout range of 88.7 km (48.5 nmi). The
first stage flyback range is 387 km (211.8 mmi). For the reference HLLV configuration,
all engine throttling to limit maximum dynamic pressure during the parallel burn mode
is accomplished with the first or booster stage engines only (i.e., second stage

englues operate at 100% rated thrust).



REFERENCE HLLV LAUNCH CONFIGURATION

025 M

-
[

T

& - * 1 =l -
TS
-
'\

HLLV MASS PROPERTIES x 10-6

Ka
GLOW 7.1k%
_BLOW 4.92.
Wp1 . k.49
wow 222
Wp2 i.66
PAYLOAD - 0.23

LB
15.73
10.84

9.89

k.89

3.65

6.51

Satelllle Systems Division @ @
Space Systems Graup

Rockwaeil .
International [ 405!
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HLLV FIRST STAGE (BQOSTER) — LANDING CONFIGURATION

The HLLV booster is shown in the landing configuration. The vehicle
is approximately 300 feet in length with a wing span of 184 feet and a
maximum clearance height of 116 ft. The nominal body diameter i1s 40 feet.
The vehicle has a dry weight of 1,045,500 1b. Seven high P, gas genevator
driven LOX/RP engines arve mounted in the aft fuselage wilth a nominal sea
level thrust of 2.3 million pounds each. Edght turbojet engines are mount-~
. ed on the upper portion of the aft fuselage with a nominal thrust of
20,000 tb each.

During the booster ascent phase, the second stage LOX/LHz propellants
are crossfed from the booster to achieve the parallel burn mode. Approx—
imately 1.6 million pounds of propellant are croasfed from the booster to

the orbiter during ascent.

o
o“
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HLLV FIRST STAGE (BOOSTER) - LANDING CONFIGURATION

o CROSS FEED, DUAL DELTA
DRY WING, /D =

62,63 M"
56.0 %
. g 8
23
o
o
€3
* E m_
47.76 F! 7]
. 80.0 M
_ : ROCKET ENGINES - 7 REQ'D
‘ RP-1 TANK . . . TOTAL THRUST = 71,441,960 N(S.L.)
, VOL = 1181.0 M3 :
CREW COMP'T_ -
WT = 925,741 KG e,

VOL = 84.94 M3 < ‘] AIR BREATHER -
LHp TANK -\ 'V LO2TANK o ) . FLYBACK ‘
Voi = 21687 M3\ YOL= %%%53%2 o 21.0 ENGINES — 8 REQ'D
WT = 145,830.KG | WT = 3,300.3¢ TOTAIELHRUST=

34.86 M Sk 711,71
s T 1 ' (e
B I, Y (REF) U wm-o. 8_‘" 6095 M
i223001a
. f— 27.518 ot 50.451
: 91.728 M

Salellile Systems Division @B iRockwgll | P:Q_T ) :
: - Space Systems Group nternationa : E§9S$D018]0?§



HLLV SECORD STAGE (ORBITER) ~ LANDING CONFIGURATION

The HLLY orbiter is depicted in the landing configuration. The
vehicle is approximately 317 feat in length with the same wing span,
vertical height, and nominal body diameter as the booster. The orbiter
employs four high P staged combustion LOX/LH; rocket engines with a

nominal sea level thrust of 1.19 million 1b each.

The cargo bay is located in the mid-fuselage in a maunner Bimilar
to the STS orbiter and has a length of approximately 906 feet.



HLLV SECOND STAGE (ORBITER) - LANDING CONFIGURATION

" #CROSS FEED, DUAL~DELTA
- DRY WING, /D=7.5- -

B e e 1
it ol b K |r-

-t : i wE 62.627 M
4“ <‘::.. R L T it . -_-
. e LI kA ) 56.0 .

- 47.46
e e 800 M

: o ROCKET ENGINES — 4 REQ'D
CARGO BAY o TOTAL THRUST = 21,129,050 N (5,L..}

: CREW COMP'T . VOLU =2649.93 M3 -

VOL = 84.94 M3 WT = 226.757 KG LO TANK 3 I
. VOL = 1260.26 M3 1
LHg TANK _ ! '
Vol - sare £2)4Kl\(g3 WT = 1407714 K8/ 21.0 12.900 DIA
WT = 234.6] j 180 35.42 M (REF)
T, :_ ———————— =X ,’! | ‘L . . )
1 L4 Ll
:[ - —;”"‘“I‘“‘i"_ ’ ] -
R L NP ~ i A 7974 SN
o 29.028 . 53.218 ——
S 96.760 M

Satellite Syslems Division @ Rockwell - ; o
_ Space Systems Group Intemational I 409 ! : 1l 39SSD(-)'[81 -lx‘



+HLLV WELGHT STATEMENT

This chart is self-explanatory.



HLLV WE!IGHT STATEMENT kg x 1072 (Ib X 1073)

2ND STAGE

1ST STAGE

SUBSYSTEM

FUSELAGE 103.41  (227.98) 130.73 (288.22)

WING 39.20 { 86.41) 78.17 (172.3h)

VERTICAL TAIL 5.70 ( 12.57) 7.21 ( 15.89)

CANARD - 1.39 ( 3.07) 2,21 ( 4.87)
- TPS 52.59 (115.94) ’ -

CREW COMPARTMENT 12.70 ( 28.00) Tk K
_AVIONICS 3.8 " ( 8.50) 3.40 ( 7.50) -

PERSONNEL - 1.36 { 3.00) ek

ENV | RONMENTAL 2.59 ( 5.70) *k

PRIME POWER 5. 44 (12,00} LE

HYDRAULIC SYSTEM 3.86 ( 8.50) ' ke o
ASCENT ENGINES 26.93 ( 59.38) 67.45 (148.70): S8

RCS 'SYSTEM 9.59 ( 21.15) Kk , 3L

LANDING GEARS 18.3% ( 40.51) wk S £
. PROPULSION SYSTEMS Cox . 44,99 { 99.18) el

ATTACH AND SEPARATION - 4.59 -( 10.12) el
APU ~ 0.91 ( 2.00) =8
- FLYBACK ENGIHES - 28.55 ( 62.95) 3

FLYBAGK PROPULSION SYSTEM - 18.39  ( 40.54)

SUBSYSTEMS - 25,76 ( 56.80)

DRY WEIGHT 286.99 (632 71) ' (909.12)

GROWTH MARGUH (15%) 43.05 ( 94.91) (136.37)

TOTAL INERT WT. 330.04 (727.62) (1045.49)

. ®INCLUDED IN FUSELAGE WEIGHT
- %] TEMS INCLUDED IN SUBSYSTEMS

Satellite Systems Division
Space Systems Group

‘ . ™ Rockwell
lnternaﬁonal 41

| 3955D0T812X,



HLLV PROPELLANT WEIGHT SUMMARY

This chart is self-explamatory. ,
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HLLV PROPELLANT WEIGHT SUMMARY X 107

::\-uq‘

] BV -

FIRST STAGE SECOND STAGE
LB KG LB KG
USABLE 9.607 - 4,358 3.481 - 1.579
1 CROSSFEED 1.612 0.732 {1.612) " (0.731)
TOTAL BURNED | 7.995 3.626 | 5.093 2.310
RESIDUALS | 0.0k0 | 0.018 0.020 0.009 .
RESERVES 0.045 0.020 0.024 0.011 -
RCS 0.010 0.005 0.018 0.008 $
ON~-ORBIT - = 0.095 0.043 €
BOIL-OFF - - 0.010 0.005 5
FLY-BACK 0.187 0.085 - ~ '
. TOTAL LOADED | 9.889 4. 486 3.648. | 1.655

 Saleliite  Systems Division @A% F?ck g i 413
Space Sy len G nternational i v
aco Syslems Group }39SSDO]BT3X |



ENGINE PERFORMANCE PARAMETERS

Engine performance parameters used in overall HLLV
synthesis ave presented.,

| 414}



ENGINE PERFORMANCE PARAMETERS

NGl | SPECIFLC IMPULSE (SEci | MIXTLRE RATIO | THRUSTAVEIGHT
SEA LEVEL | VACUUM - -
LOXRP 66 CYCLE | 397 | 23 |0 281 )1
'LOX-IC.Hd Gb_C\;’CLE‘ "'336.9“. s _'36_1;3 1 351 10
IFQX/LHQ.SI‘TAG;D.C‘(;MB.' 3';7.‘0\“ | ‘466.7' g L &

Salellite Systems Division @@ flockwell l
. Space Syslems Group nternational I 41 % 39$SD9}8]4X



ENGINE THROTTLE TRADE SUMMARY

The results of variations in throttling percentage between flrst
and second srtage engilnes to stay within the maximum load factor and
dynamic pressure constraints, 3 g and 650 PSF respectively are present-
ed. The propellant weight consumed by the first and second stage during
ascent was held constant and the amount of crossfeed propellant from the
first to second stage was allowed to vary accoxdimgly (l.e., the second
stage propellant loaded weight was allowed to vary). An assessment was
made as to the effects on payload, staging velocity and gross Liftoff
weight (GLOW).

As may be seen, a 2.5% decrease in payload is reallzed when the
throttle level of the filrst stage 1s reduced from 100%4 to 50% with a
similar decrease in staging velocity. However, when throttling 100%
with the second stage, essentlally the same payload capabllity as afford-
ed by the reference configuration was achieved at a significantly lower
staging velocity (Case 66). )

[ 416!



ENGINE THROTILE TRADE SUMMARY

CASE | 15T STAGE | STAGING | PAYLOAD | 2ND STAGE | GLOW .| GLOWIPAYLOAD
‘ THROTILE | VELOCITY | (LB X 10%) | PROP. LOADED LBX106
% (FT/SEC) LBx106 -

REFERENCE | 100 .| 6978 | . 509.7 3.481 . | 1573 | - 30.87

s | s | e | 569 s | B3| 3L

65 &8 o | w6 | 358 | 12 | 3L

5 s 680.8: 995 3,574 5.72 | 3L73

66 0 | e | 5084 3{.631 15.73 30.92

P @% Pt iy s



FIRST STAGE PROPELLANT TRADE SUMMARY:

An analysis of the effects of varying first stage propellant loading
was performed. As expected, the payload capability increases as the first
stage propellant mass is increased. The vatio of glow/payload welghts is
also improved. However, the staging velocity also increases significantly.
In this trade study the first stage inert weight was mot penalized for the
additional TPS vequired at the higher staging velocities. . By including that
delta weight the glow/payload ratio would not be as favorable. By combining
the results of this study with the throttiling trade results, however, a pay-

load increase may be achieved without the significant increase in staging
. veloclty. . . . ' .

[%18



FIRST STAGE PROPELLANT TRADE SUMMARY

" CASE - | 1ST STAGE GLOW | PAYLOAD { STAGING | GLOW/PAYLOAD
CPROP. WEIGHT | (Bx106 | (LBX10%) | VELOCITY 4
(LB x 105 - ' (FT/SEC)
REFERENCE | . 7.9% 15.731 509.7 | 6978 30.87
2 8,49 1638 | 5516 7281 29.60
22 8,995 16.921 5800 | 7573 28.73 -
B | 0.4% Cwmsu | e | 1852 28.03 o9
B ' : ' g 8
o=
2 9.995 18.108 | - 659.3 | 8114 27.46 F=
. | . | oe
- ;.c;.,‘i’,
=
-

Rockwell

Internatuonal j 419
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SECOND STAGE PROPELLANT WEIGHT SUMMARY

The second stage propellant weights were varied in a simllar manuer as
the first stage. The results of this analysis, as might be expected, are
just the opposite of those presented for the first stage weight variation.

' As second atage propellant weight 1s increased the payload welght lncreases
but the staging velocity decreases and the glow/payload welght ratio becomes
worse.  Also, when the throttling function is shifted to the second stage,
the penalties become worse rather than showing an improvement as.in the case

of filrst stage propellant welght iIncreases.

[%20;



SECOND STAGE PROPELLANT WEIGHT STUDY SUMMARY

" CASE | SECOND STAGE | STAGING | PAvLoAp | . clow | cLowPAYLOAD
" | PROP. WELGHT | VELOCITY | (B x10%) | (LBX10°) | S
(LB X 106) (FT/SEC)
REFERENCE | 503" . . 6978 | 509.7 15.731 30.87
0 | s | 668 51.6 | 16310 | 3139
5 .| o0 - | em8 | sl | 1698 | 3246 .
32 6566~ | 5851 |- 5152 17500 | 38.05

Sateliite Sysiems Division @L% F?Ckwgli | [ '
S G el I
Spaccf ystems Group nterna opa | ! ! 3955001817?( :
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ALTERNATE PROPELLANT CONCEPTS

A performance comparison was made of the reference configuration
using LOX/RP with alternate propellant systems of LOX/CHy (Methane) and
LOX/LHy;. Selected vehicle parameters are compared. Although the LOX/

LH, configuratioh affords significant gains in payload capability, the
considerably higher cost of LOX/1LH; and the larger vehicle volume require-
.ments result in a less cost effective configuration than the bagellne,
The increase in performance (~6%Z) afforded by the methane system is
significant and contingent upon cost/availability in the quantities re-
guired for SPS, is the preferred propellant system. ’

p -3
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ALTERNATE PROPELLANT CONCEPTS

VEHICLE

FIRST STAGE PROPELLANT

WEIGHT (KG x 109) LOX/RP | LOXICH; | LOXILHy
GLOW 7.135 151 7.532
BLOW 4.831 4,849 5.109
Wy 4.359 4,372 4.3%
uLow 2.177 2.196 2. 260
- Wy 1.579 1.564 1.552
- PAYLOAD 0.231 0. 245 0.318
GLOW/PAYLOAD 30,87 29.18 . B0

Sateliita Systems Divislon @ % Rockwell
: Space Systems Group Intemahonal 423 !
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COMPARISON OF LIFTOF? THRUST-TO-WELGHT

The liftoff thrust-to-welght {T/W) was reduced from the reference
value of 1,30 to 1.25 in order to assess the effects. This wvariation
in T/W resulted in approximately 1% reduction in payload capability
without an appreciable change in staging velocity. The glow was also
reduced slightly. The major effect was a shift of approximately 70,000 1b
of second stage stored propellant over to the first stage crossfeed tanks.
This shift in propellant welght should briang both vehicles within the same
volumetric envelope. Selected vehicle parameters are compared with the
reference HLLV configuration. :

424!



COMPARISON OF LIFTOFF T/W OF 1.25 WITH REFERENCE HLLY

THRUST/WEL GHT -
| 1.3 (REF) 1.25

'GLOW (LB x 109) 15.731 15. 697
| PAYLOAD (LB x 103) 5097 503. 9
GLOW/PAYLOAD 30. 87 31,15
STAGING VELOCITY {FT/SEC) 6978 1000

" FIRST STAGE PROPELLANT - LOADED (LB x 106) 3,481 9.679
SECOND STAGE PROPELLANT - LOADED (LB X 106) 0.607 3.410

Saleilite Systems Division @E Rockwell ' o e
Sp:‘.ece Systems Group International 425 i 13955D01819X



PERSONNEL LAUNCH VEHICLE (PLV)

The PLV is a derivative or growth version of the currently defined Space
Shuttle Transportation System (8TS). The configuration selected as a baseline
for SPS studiles 1s representatlve of various growth optilons evaluated in
Rockweli~funded studies and NASA contracts, NAS8-32015 and NAS8-32395. The
growth version or PLV is achieved by weplacing the exlating solid rocket boosters -
(SRB) with a pair of liquid rocket boosters (LRB). The existing orbiter and
external tank are used in their current configuration. The added performance
afforded by the LRB increases the orbiter payload capability teo the reference
STS orbit’'by approximately 54%, or a total payload capability of 45,350 kg

(100,000 1b).

The LRB has a gross weight of 395,000 kg, made up of 324,000 kg of propellant
(278,000 kg of LO and 46,000 kg of LH ), and 71,000 kg of inmert weight. The over-
all length of the:LRB is 47.55 meters with a nominal dismeter of 6.1 meters.  Four
Space Shuttle main engine (SSME) derivatives axe employed with a gross thrust of’
412.7 newtons (sea level), providing a liftoff thrust-to-weight ratio of 1.335.



PERSONNEL LAUNCH VEHICLE (PLV)

: ‘BOOSTER (EACH):
e PR0P. 41T - 15 18
=0 INERT WT = 156K L8
i 7T OrFh-
‘Q'-.__ A \ﬂ'- SSME-35:
: - 45K LD (5.L.) (EAch)
LAUNCH CONF IGURATION ' 1sp - 408 SEC (5
PAYLOAD = 100K LB GLOW = 3,67CR LB I
a— 156 FT.
20,0 Ft DIA—
r o - '"".‘\
Li, TANK | ‘ ’-' L0, FANK Q [
I R d e
102K L8 \ K L8} (77 3
(102k 18) PN w7 %
N T, F A=y eue’

LANDING ROCKETS
RCS J

LANDING ROCKEI"a/

SSME-35

FLOTATION STOWAGE 4 REQD

PARACHUTE STOWAGE ENGINE COVER
(OPEN)

40|

ALFIYNO 100d 30
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8T8 HLLV CONFIGURATION

* The STS-~derived heayy 1ift launch vehicle (STS-HLLV), employed ia
the precursor phase of SPS, is derived by replacing the STS orbiter on
the PLV with a payload module and a reusable propulsion and avionics.
module (PAM) to provide the required orbiter functions. The PAM may
be recovered ballistically or, preferably, as-a down payload for the
PLV. These modifications yileld an STS-HLLV with a payload capability

of approximately 100,000 kg.

428.



STS HLLV CONFIGURATION

REUSABLE ENGINE
#00

o0

LIFTOFF WEIGHTS - o2
(10° kg) SE

O >

PAYLOAD ©100.0 2 =
EXTENAL TANK ~ 738.3 o "0
LRB (2) 790.0 c>
REUSABLE POD 13.7 Y]
TOTAL 1642.0 25

Salellite Systems Divislon @ % Rockwell
. Space Systems Group International 429 1

. [39ssp0I821X .



SELECTED EOTV COWFIGURATION

The electric OTY comcept is based upon a rigid design which ‘can accom~
modate two "standard™ solar blanket areas of 600 meters by 750 meters from
the MSFC/Rockwell baseline satellite concept. The commonality of the astruc~
tural configuration and construction processes with the satellite design is
noted. Since the thrust levels will be very low (as compared to chemical
stages), the engines and power processing units are mounted In four arrays
at the lower corners of the structure/solar array. Each array contains
36 thrusters, however, only sixty-four thrusters are capable of: firing
simultaneously. The additional thrusters provide redundancy when one or
more arrays cannot be operated due to potential plume Impingement on the
solar array. Up to 16 thrusters, utilizing stored electrical power are used
for attitude hold only during periods of occultation. The attitude determina
tion system i5 the same as.the SPS, mounted in 6 locatlons. Payload attach
platforms are located so that loading/unloading operations can be conducted
from "outside" the light welght structure. ’

430!



SELECTED EOTV CONFIGURATION

EOTV DRY WT. - 1.1x10° KG
EOTV WET WT. - 1.76x10° KG
" PAYLOAD WT. - 5.17x10° KG

0

d00q
TN,

XINvno
SI 39yq

36 INCLUDES
| 20 spages

clojolojojo)
0i0i010[0 0

0:0:010l00

O

|_~IM -

!\
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EOTV WEILGHT/PERFORMANCE SUMMARY

The solar array weights are conslstent with baseline SPS welghts
criteria. The thruster array weights ave dictated.by the size/performance.
of the individual thruster whose performance is fixed by available pover
and voltage/temperature limitations.

The major element of attifude control system weight, (the power supply)
15 based on the same sizing criteria as the SPS battery system.

The transfer propellant welght of 666,660 kg is thé maximum that can be
consumed by the thrusters during the assumed tramsit time of 120.days up
(100 days thrusting) and the resultant returan trip time of approximately

30 days (22 days thrusting).

The EOTV dry weight (including growth) is approximately 1.09%10° kg and
has a payload delivery capability to GEO of 5. 17x10 kg with a 10% return
payload capability to LEQG.

The estimated cost of $4. 72/kg—payload reflects propellant costs only
deldivered to LEO.

o~
g
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EOTV WEIGHT/PERFORMANCE SUMMARY (kg)

SOLAR 'ARRAY 588,196 .
CELLS/STRUCTURE 299,756
POWER CONDITIONING 288,440
THRUSTER ARRAY (&) : 56,685 .
THRUSTERS/STRUCTURE 10,979
CONDUCTORS 4,607
BEAMS/GIMBALS 2,256
PROPELLANT TANKS 78,843
ATTITUDE CONTROL SYSTEM 186,872
POWER SUPPLY 184,882
SYSTEM COMPONENTS " 274
" PROPELLANT TANKS - 1,716 _
~ EOTV INERT WEIGHT 871,753 L
. 25% GROWTH 217,938 =8
TOTAL INERT WEIGHT 1,089,691 S5
PROPELLANT WEIGHT 666,660 o g
. TRANSFER PROPELLANT 655,219 _ £3
ACS PROPELLANT. : 1,44 5.0
EOTV LOADED WEIGHT 1,756,351 <o
PAYLOAD WE!GHT 5,171,318
LEO DEPARTURE WE{GHT 6,9275669
.72

PROPELLANT COST DELIVERED ($/KG P/L)-

Satellite Syslemé Divislon %% Rockwell )
[4331 g
Space Systems Group Intern&rtional ) '1395500182?%{ )



RECOMMENDED POTV CONFIGURATION

The recommended POTV_conEiguration 15 shown in the mated conflguration with .
the PM. Either element is capable of delilvery from earth to LEO in the PLV; however,
subsequent propellant requixements for the POTV will be delivered to LEO by the HLLY

because of the lesser $/kg payload cost. :

Individual propellant tanks axe indicated for the LO; and LH; in this configura-
tion because of uncertainties at this time in specific attitude control requirements.
With further study, it may be advantageous to provide a common bulkhead tank as in the
case of the Saturn-IIL, and locate the ACS at the mating station of the POIV and PM, ox

in the aft engine compartments — space permitting.

A construction ‘sequence has been developed which requires a crew rotatlon every
90 days for crew complements in multiples of 6C. The FM was synthesized on this basis.
A limitation on PM size was established to assure compatibility with the PLV cargo bay
dimensions and payload weight capacity (i.e., 4.5 m X 17 m and 45,000 kg).

The PM shown is based on parametric scaling data developed in previous studies.
"It is assumed that a command -station is required to monitor and control POTV/PM funce
tions during the flight. This function 1s provided im the forward section of the PM
as shown. Spacing and layout of the PM is comparable to current commercial airline
practice. Seating is provided on the basis of one meter, frout to reay, and a width
of 0.72 meter. PM mass was established on the basis of 110 kg/man (including personal
effacts) and approximately 190 kg/man for module mass. The PM design has provisions for

60 passengers and two flight cwew members.
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POTV CONFIGURATION

2 ASE- -
ENGINES
= -
2%
a2
4 60 MAN CREW MODULE 18,000 KG QE .
- m r
¢ S{NGLE STAGE OTV 36,000 KG ‘ % g
{(GEO REFUELING) ) E?“ _
e BOTH ELEMENTS CAPABLE OF GROWTH STS LAUNCH 1 o
stems Divisio LA Rochkwell .
.sa‘zg::fys;:em?lclrﬁu; @$ in?:gn;’gtaional [435
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POTV WEIGHT SUMMARY

The recommended POTV confilguration has a loaded weight
of 36 000 kg and an inert weight of 3750 kg.
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POTV WEIGHT SUMMARY

SUBSYSTEM

TANK (5)
STRUCTURES AND LINES
DOCKING RING
ENGINE (2)

ATTITUDE CONTROL

OTHER

SUBTOTAL
GROWTH (10%)

TOTAL INERT
PROPELLANT
TOTAL LOADED

WEIGHT (kg)

1,620
702
100
490
235
262

3, 409
341

3, 750
32,750
36, 000

Space Systems Group

Satellite Systems Division @ @ Rockwell .
International {4371
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ADVANCED SPACE ENGINE

The POTV utilizes two advanced space engines (ASE), which are
similar in operation to the Space Shuttle main engine (SSME). The
engine is of high performance with a staged combustion cycle capable
of idle-mode operation. The engine employs autogenous pressurization
and low inlet NPSH operation. 4 two-position nozzle is used to mini-

mize packaging length requiremeats. ’

[438



ADVANCED SPACE ENGINE

il
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THRUST (LB)

CHAMBER PRESSURE (PSIA)
EXPANSION RATIO
MIXTURE RATIO

SPECIFIC IMPULSE (SEC)
DIAMETER (IN.)-

LENGTH (IN.)
NOZZLE RETRACTED
NOZZLE EXTENDED

20, 000
2,000
400
6.0
473.0
48.5

50.5
94.0

~ ALNvND ¥ood 40
Si. 39Vd TWNIDIEO

Satellite Systems Division
Space Systems Group

Rockwell
international [ 439" -
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CURRENT ASE ENGINE WELGHT

This chart is self-explanatory.
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CURRENT ASE ENGINE WEIGHT

FUEL BOOST AND MAIN PUMPS

74.5
OXIDIZER BOOST AND MAIN PUMPS 89.8
'PREBURNER 12.4
DUCTING 25.0
COMBUSTION CHAMBER ASSEMBLY - 62.8
REGEN. COOLED NOZZLE (€ = 175:1) | 58.4
EXTENDABLE NOZZLE AND ACTUATORS (€ = 400:) . 122.0 g%;
' ‘ o»
IGNITION SYSTEM 6.1 :;
CONTROLS, VALVES, AND ACTUATORS - 70.0 %‘r‘"ﬁ’
HEAT EXCHANGER 14.0
TOTAL (LB} 539.0

.*BASED ON MAJOR COMPONENT CURRENT MEASURED WEIGHTS.

Satellile Systems Division @ % Rockwell
Space Systems Group )

international [441]
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ON-ORBIT MOBILITY SYSTIM (I0TV)

On-orbit mobility systems have been synthesized iIn terms of application
and concept only.. On-orbit elements considered here are powered by a chemical
(LOX/LH2) propulsion system. At least three distinct applications have been
identified; (1) the need to transfer cargo from thée HLLV to the EOTV in LEO
and from the EOTV to the SPS construction base in GEO; {2) the need to move
materials about the SPS construction base; and (3) thé praobable need to mave
men or materials between operational SPS's.

$izing of the IOIV was based on a ninimum safe separation distance between
EOTV and the SPS base of 10 lm. It was also assumed that a reasonable tranafer
time would be in the ovder of two hours (round trip), which equates to a Ay
' requirement on the order of 3 to 5 m/sec. .A single advanced space engine (ASE)
is employed with a specific impulse of 473 sec. L
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10TV WEIGHT SUMMARY

SUBSYSTEM WEI GHT (kg)
ENGINE (1 ASE) 215
PROPELLANT TANKS 15
STRUCTURE AND LINES 15
-DOCKING RING 100
ATTITUDE CONTROL 50
OTHER ' 100
. SUBTOTAL 525 |
GROWTH (10%) 53 S5
. TOTAL INERT . 578 ;é: §
. PROPELLANT 300 23
TOTAL LOADED 878. £ M
- O

" Satellte Systems Divislon @ % Rockwell __ )
_ Space Systems Group internationat F!TEB._ m



TRANSPORTATION REQUIREMENTS

The following three charts summarize the mass to orbit and vehicle flight
and fleet requirements for the theoretical first unit (TFU) satellite, the total
60 year program, and shuttle growth vehicle requirements for the program.

The TFU requirements include those flight requirements for comstruction of
the LEQ base, SCB construction, and fabrication of the precursor satellite (EOTV
test vehicle). The TFU fleet requirements include these requirements as well as
those required to construct the first SPS. .

The Total Program Requirements are given for “satellite construction' and
"maintenance and operations"., Except for personnel transfer flights, the mass~to-
orbit and flight requirements for construction and operations and maintenance are
"roughly equivalent", The wehicle fleet requirements are based upon the expected
1ife of each vehicle type and does not include attrition or equivalent vehicle re-
quirements to maintain an operational status. .

The shuttle gfowth vehicle requirements are presented to better defict the impact
on prior program estimates which were based on the HTO~SSTO concept. '
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TFU TRANSPORTATION REQUIREMENTS

MASS x 106 K6 VEHICLE FLIGHTS
PLV | HLLV | POTV | EOTV 10TV
o LEO | GED 1 [E0 | 60
Sﬁ@ﬁk&§§§ CONST. BAINT. & 1 o 1) 37.12| 45 |163.5 | 45 6.5 | 164 | 164
CREW CONSUMABLES & PKG,  *| 0.98) 0.94] - | 43| - | 02.] 4| &
POTV PROPELLANTS & PKG. - 291/ L.46| - 1128 | - | 03| 13| 6
EOTV CONST.. MAINT. & PKG. |- 7.20{ =~ | 15 |{3.7 | - |. - | '3 | -
ECTV PROPELLANTS & PK6, ~ | 4,79 - - 2Ll -7 - | A -
[0TV PROPELLANTS & PKG.. 0.13) 0.06f - {06 ] - | - |.1] -
- - ' 235 | 174
TOTAL- 53.13[39.58 | 60 |234.0 | 45 | 7.0 | 409
. | . VEHICLE REQUIRENENTS
| TFUFLEET . 2|5 {4 |6 @
GROWTH SHUTTLE VERICLES— |- persowveL (pv)  |SapeceCAnn ER/ENCINE
PRECURSOR REQUIREMENTS: | - S |
<SPACE CONSTR. BASE | 72 FLteHTs 129 FLIGHTS |
*EOTV TEST VEMICLE 1VEHICLE - |° 2 VEHICLES

ALITVND HOOd 40
SI 3DVd TYNIDIHO

Salellite Systems Division @ ' Hock ‘ . :
, ? eSp:ce Sv:lems Group & lnternatlonal r 4451 { 395500182 8)(.\



TOTAL PROGRAM TRANSPORTATION REQUIREMENTS

Spaca Systems Group

MASS x 109 kg VEHICLE FLIGHTS
. PLV HLLV POTV | EOTV 10TV
LEO GEO N ‘ LEO GEO _

SATELLITE :

CONSTRUCTION 2197.8] 2197.8] 1340 | 9882 1220 | 425.1| 9682 | 9682
OPERATIONS & MAINTENANCE | 1803.0[ 1803.0f 3694 | 7943 3660 | 348.7[. 7943 | 7943

CREW CONSUMABLES ' o ' T :
CONSTRUCTION 31.5 28.7 - 139 & 5.6 139 126
OPERATIONS & MAINTENANCE 86.8(° 86.0 - 382 - 16.6 382 379

POTV PROPELLANTS . oL '

CONSTRUCTION 82,7 41.4 - 364 - 8.0 364 182
-OPERATIONS & MAINTENANCE | 267.8| - 133.8 - 1180 - 25,91 1180 589

EOTV CONSTRUCTION ) i '
CONSTRUCTION 28,2 24,2 - 124 - <471 124 107
OPERATIONS & MAINTENANCE 22,2 19.0 - 98 - i 3.7 o8 - 84 oo

§ N -

EOTV PROPELLANTS c . ”’Eg
CONSTRUCTION 340.3 2.0 - | 1499 .- | .to.a] 1400 9 | 8%
OPERATIONS & MAINTENANCE | 304.0 . - 1339 b o | - 1339 - o

IOTY PROPELLANTS ' - y i
CONSTRUCTION 7.2 3.3 -, 32 - 0.6 32 15 | 23
OPERATIONS & MAINTENANCE 6.6 3.0 - 29 - 0.6 29 13 =0

SUMMARY ' ﬁ —
CONSTRUCTION ° 2687.7] 2297.4| 1340 |11840 1220 444 | 11840 |10121 7

__OPERATIONS & MAINTENANCE | 2490.4| 2044.8| 3694 |10971 3660 396 [ 10971 | 9008
TOTAL 5178.1| 4342.2| 5034 (22811 4880 840 | 22811 J19129

VEHICLE FLEET ; '
CONSTRUCTION - - 14 39 12 i 22 110
OPERATIONS & MAINTENANCE - - 37 37 37 20 100

TOTAL - ~ 51 76 49 42 210
PREQEQEBEJHMH&IRJNNK NUW'F“J“EQ
Saleliite Systems Divisian % Rockwell .
Intemational [4aT |39SSD01829X.;



SHUTILE GROWTH VEHICLE AND FLIGHT REQUIREMENTS

VEHICLE/ITEM

DESCRIPTION
SHUTTLE ORBITER : :
(STANDARD VERSION) | (1) (3) 15 37 26 78 1EA
SHUTTLE CARGO , : _ ‘
CARRIER & MODULE 2 . 1. 3 1EA
EXTERNAL TANK (201) 60y |[1541 3694 5235 ' 1 EA | 1EA
‘ “LIQUID ROCKET :
BOOSTER (6} {10) 34 74 216 324 | 2EA | 2 EA
| ___FLIGHT REQUIREMENTS i
PERSONNEL LAUNCH : '
VEHICLE (PLV) (72) 60) {1412 | 3694 5106
CARGO CARRIER . | .
LAUNCH VEH, MODULE |. 129 129
* Precursor & TFU requirements included in satellite construction quantity,

Rociwel PRECEDING PAGE BLANK NOT '
International (449 ' %@*

Satellite Systems Division
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EXECUTIVE
SUMMARY

6, H. HANLEY

DESIGN DEFINITION
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- A. A. NUSSBERGER
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» MICROWAVE TRANSMISSION
SYSTEM = C. Y. TOMITA

* LASER ENVIRONMENTAL .
STUDY - G. H. HANLEY | CONSTRUCTION &
OPERATIONS
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TRANSPORTATION

SYSTEM DEFIN. |
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PROGRAM AND
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COST AND PROGRAMMATICS

This outline identifies the areas of cost, schedules,
and program plans to be covered.

=
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COST AND PROGRAMMATICS

| OVERALL APPROACH
COST SUMS AND ANALYSIS
SCHEDULES AND NETWORKS
RESOURCE ANALYSIS
INDUSTRY CONTACTS AND LITERATURE SOURCES

CONCLUSIONS/RECOMMENDATIONS

Rockwell
International

Satellite Systems Division @ ; g
. Spaca Systems Group " | 453

e e A

13955D01831X,



COST AND PROGRAMMATIC GUIDﬁLINES

The Exhibit C study considers an SPS option of 60 units with
an IOC in the year 2000 and the full 300 GW capability will increase
at the rate of 2 SPS or 10 GW's per year. Coats were determined for
the average satellite system and for the placement of the first SPS.
All costs are in 1977 dollars and standard percentage factors were
used for management/integration and to provide a mass contingency.

(454}



COST AND PROGRAMMATIC GUIDELINES

SPS 10C IS 2000 FOR 60 UNIT OPTION
10 GW ANNUAL BUILD RATE FOR 300 GW CAPABILITY
(1981 - 1987 KEY TECHNOLOGY PERIOD

1990 SPS COMMERCIALIZATION (PHASE CID)

REPORT COST 10 PLACE FIRST SPS '9‘\"%
COST ESTIMATES IN 1977 DOLLARS "°p-o
2%
. -g,t“
MANAGEMENT AND INTEGRATION COSTED AT 5% ’2‘

25% MASS CONTINGENCY.COSTED AS 15% BOTTOM LINE COST

‘Batellite Systems Division @l ﬁ%ckwﬂll , 45
Space Systems Group nernatona E
A 395500183le



ROCKWELL COST MODEL

This charxt is self-explanatory.



ROCKWELL COST MODEL -

e STRUCTURED TO REFERENCED SYSTEM WBS

® UTILIZES MSFC CER DATA BASE

e |NCORPORATES "GRASS ROOTS'" ANALYSIS AND ROCKWELL DATA BASE -

.e COSTS DDT&E, TFU, ICI, RCI, AND O&M

e ACCOUNTS FOR COMPLEXITY, LEARNING, DEVELOPMENT, AND DEGREE
OF AUTOMATION

e COMPUTER PROGRAM INTEGRATES COST, -SCHEDULE, RISK

1ynd ¥o0d 40
giuaava YNIDIHO

International

Gatellite Systams Dlviston @ % Rockwell I3
Spacn Systems Group

frr———————— =
| 3955D01833X




SPS COST RELATIONSHIPS

Rockwell SPS reference configuration costs are identified
for DDT&E, TFU, average satellite iavestment, and the replaceﬁent/
O0&M phases of the program. All costs consider a 60 unit SPS option
over 30 years and the chart shows major elements of cost within each
of the foregoing phases. Space transportation dominates the DDIGE
and TFU activitiles. A single satellite of an average 60 unit SPS
option costs $5.33 B, or 37%Z of the total $14.4 B cost. Replacement
capital investment and O&M costs for the satellite are $.2 B of the
$.66 B per SPS/yr.



SPS COST RELATIONSHIPS,

DDT&E

MGMT & INTEG
GRD REC. STATION

SPACE
TRANS -
PORTATION

| coNsTRUCT,
& SUPPORT

$31.68
INVESTMENT PER
MGHTI‘S. INTEG. SATELLITE
S :
§925§98§¥ST“' ASS SATELLITE
8% CONTIN 37%
13%
SP. TRANSP
13% GRND
RECEIVING
STATION
- 25%
$14.4B

MGMT & INTEG.

4%

MGMT & INTEG,

SPACE CONSTR.

bh%

CONTING.
13%

SPACE
TRANS~
PORTATION

REPL. CAPITAL/
0&M

SATELLITE
318

$0. 66B/SAT/YR

Satellile Systems Division
Space Systems Group
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Rockwell
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COST RELATIONSHIP THROUGH THE FIRST SPS

DDT&E and TFU costs are combined on this chart to show projected
allocations of the $79.7 B total. Cost estimates of space transportation,
space comstruction, the satellite, and the ground recelving statlon in-
clude precursoxr/technology programs and the costs for program elements
with a lifetime capability of building more than one SPS. This includes
the items of space transportation, the SCB, and the LEO base., The SPS
VTO/HL HLLV is a majox cost contributor to space traneportation along
with the recteana support structuré/power collection elements of the

GRS.
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COST RELATIONSHIP THROUGH THE FIRST SPS

{NCLUDES:
o TECHNOLOGY DEV
. o DDT&E
o TEST & EVALUATION

o SPS-VTO/HL HLLV

« FABRICATION | o STS-PLV
"o ASSEMBLY MASS o POTV
O e /. CONTINGENCY Coseace -\ o

- 13 TRANSPORTATION  \*,'o,

38%

SATELLITE: °
20%

SPACE S8
CONSTRUCTION 32
& SUPPORT B
o 20% e 3
. L ER
l:_" [ 1
‘ ~ o SCB <G
L | - o LEO BASE
$79.7 BILLION TOTAL ) e 0&M BASE

Satellite Systems Divislon ﬁ ' fiockweil | ZED
Space Systems Group nternaticha ! : i
“spaca sy L . | 395SDO1835X



5PS TIME PHASED COSTS

This chart displays annval funding requirements and peak year
distributions of cost for the DDT&E and TFU. DDTA&E costs peak at
$3.87 B in 1991. This time period corresponds to the activation
of heavy activity on the satellite, space construction and transporta-
tion vehicles. The TFU costs peak at $0.20 B in 1996 which is the
pexiod of system/hardware production and the beginning of space opera-
tions. Both phases accumulate to a gentle peak between the years, 1995,
6, and 7. ’ )

462



TIME PHASED DDT&E AND TFU COSTS

) SUBSYST SPS DEVELOPMENT SPS SCW
A I TECHNOLOLY DECISION 10¢ :
v V' DEMO v v !
SYSTEMS TECHNOLOGY - START MASS PILOT PLANT
READINESS V V TO.ORBIT V' SYSTEMS DEMO
12,0 - . DEMO :
11.0 4
10.G -
_ 9.0+
b4 (o]
S 8.0- )
o7 82
=
= o
2 6.0 - D .u
3 5.0 TFU c >
g > B 0
a B m
4.0 : e
35
50
2.0
1.0 4 DDTBE
TOTAL $
YEAR 80 181 18 |8 |8 8 [ 86| 8818 191719 19219 (9419 1096197198 199 12000 [2001 IBILLIONS)
DBTAE 1009 | 0831 .163 | 301 | .472| .ees| .881 |1.235]2,040]2.971[3 ¢62l3 07113.48d] 2,702} 2. 192]2.060 11 .759]1 .307] ..886] .601] .230] 0 31,551
TFU 0 0 ot o o 0o o lo 0| .184] ,535{1.139]2.101|3.524}5.591]8.01619.19718. 4710 5.9951 2.760] 485} © 48.111
YOTAL 009 ] .063).163 § 301§ 472 ) .665] .88111.235]2.04013.155] 4.197]5.010] 5, 58116, 224] 7. 88311 0.07ed1 0,95 7. 776} 6. 885 3. 36 .716f @ 79.862
Satellite Systems Division Al Rockwell R
Space Systems Group @N International ,‘463,,_3 .
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SPS MASTER PROGRAM SCHEDULE

This summary schedule identifies ground based explo¥atory
research activities and key technology programs preceding the
1990 phase C/D commercialization decision. The 335 MW EOTV
precursor pilot plant is shown as an extension of the gystems
test activity. The 1990 C/D kick-off will activate work on all
major elements leading.to the SCB fabrilcation, EOIV test article
assembly, transfer to GEO and precursor testing/beam mapping.
The growth Shuttle and Shuttle derived cargo carrier will have
an earlier start to transfer the necessary mass to orbit. Sub-
sequent SPS VIO-HL HLLV operations will combine with the Shuttle
for full scale build of the TFU. The GRS is proceeding as an
earth based recelver of MW energy. ' ,



SPS SUMMARY SCHEDULE
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RECTENNA CONSTRUCTION SEQUENCE

Tndividual schedules of the conetruction and operational readiness
“activities were developed on each of the first four ground receiving
stations. These schedules were then integrated into the summary flow of -
activities represented in this chart. The sequences of glte preparation,
rectenna fabyication/assembly, conversion station grid interface and GRS
hook-up indicated variable operational times. However, a pattern was
identified that considered the operational requirements, machine utiliza-
tion, and equipment tear~dowa, transfer, and set~up. ‘his study lead to
the conclusion that two sets of equipment were needed to build the GRS
requirements and satisfy the SPS bulld rate of 2 per year.



RECTENNA CONSTRUCTION SEQUENCE
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MATERIAL REQUIREMENTS FOR MAIN
SATELLITE SYSTEM ELEMENTS

An analysis was completed on natural resource requirements of °
the satellite, GRS, and space transportatilon system propellants
needed to complete the first SPS in the year 2000, This chart
lists material requirements for satellite subsystems, A 257 mass
contingency was added to the baslc éalculation for potential growth

of the systems listed. .

[468,



MATERIAL REQUI REMENTS FOR

MAIN SATELLITE SYSTEM ELEMENTS

POWER POWER
STRUCTURE/ | CONCEN- | “SOLAR DISTR, MODULE TOTAI, WEIGHT
MECHANISMS |TRATQRS | BLANKET | & COND. (KLYSTRONS) KG LB
MATERIAL x 105 ¥G |x 10% kG |'x 10° KG | x 106 KG | -x 109 KG | - x 105 x 108
ALUMINUM 1.769 0.013 '0.013 6.824 0.346 8,965 19.768
ALUMINUM OXIDE = 0.531 0.531 1.171
ARSENIC . 0.465 0.465 1,025
COBALT . 0.242 0.242 0.533
COPPER - 0.476 0.839 2.550 3.865 8.520
GALLIUM 0.432 ' 0.432 0.952
GLASS FIBER - 0.154 0.024 0.178 0.392
GOLD 1,640 1.640 3.615
GRAPHITE 0.309 ' 0.048 . 0.357 0.787
IRON : 0.545 0.545 1.201 |oo
- 3
KAPTON 1,283 1.219 5.517 | .5
NICKEL - 0.141 0.141 0.311 |0
PLASTIC 0.681 0,681 1.501 | O
RESIN 0.565 0.088 0.653 1.440 { P ™
SAPPHIRE C 2,700 2,700 5.952 f%;;
SELENIUM (34 k@) ' (34 KG) 75 LB) | £ B
SILVER 0.172 0.006 0.178 . 0.392 | ~m
STEEL 0.506 | 0.690 1.196 2.637 | Je=
TEFLON 0.915 : 0.915 2.017
TIN 0.488 : 0.488 1.078
TITANIUM ! 0.028 i 0,028 0.062
ZINC (11 KG) ' (11 KG)- |. ‘(24 LB)
SUBTOTAL ‘2,797 1,296 8.518 8.884 5.205 26.700 58.873
OTHER (ACS & THERMAL) 6.318 13,931
' TOTAL WEIGHT 33,018 72.804
Satellite Systems Divislon ‘ @ Rockw y
Space Systems Group A lntematlona! 469! ] 39§SD 0] 839X



INDUSTRY CONTACIS

During the cost analysis, direct contacts were made with
industrial representatives who aided in the development of
"srass roots" costing such as that of the support structure
For the GRS. These conbtacts were also used to obtain equipment
definitions that facilitated the development of timelines and
detail scheduling of operational sequences.
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INDUSTRY CONTACTS

ORGANIZATION

e SME (SOCIETY OF MANUFACTURING),
ENG INEERS)
» RIVERSIDE CEMENT CO.

. o MODERN ALLOYS, INC

~ © SANDIA-SOLAR THERMAL

¢ TOWNSEND & BOTTUM, CONST. MGRS,

10 MW SOLAR PLANT IN BARSTOW, CA -

o AMERICAN BRIDGE - A DIVISION
OF UNITED STATES STEEL

o ALPHA-BETA DISTRIBUTION CENTER
¢ CATAPILLAR

o INTERNATIONAL HARVESTER

@ SOUTHERN CALIFORNIA EDISON

PURPOSE

~ OBTAIN TECHNICAL DATA ON ROBOTICALS

AND TECHNOLOGY STATUS

RECTENNA CEMENT/CONCRETE REQUI REMENTS
AND PROCESSES

METHODS & EQUIPMENT FOR CONTINUOUS
PLACEMENT OF RECTENNA PANEL CONCRETE
FOOTINGS

COMPARISON OF STTF CONSTRUCT{ON/HANDL-
ING APPROACH WITH SPS RECTENNA REQ'TS

SITE PREPARATION AND CONSTRUCTION
OPERATIONS

~ STEEL REQ'TS & CONSTRUCTION APPROACH FOR
. INSTALLATION OF RECTENNA PANELS

'ANALYS IS OF MATERIALS HANDLING SYSTEMS

EARTH MOVING & GRADING EQUIPMENT
EARTH MOVING & GRADING EQUIPMENT
DCIAC POWER DISTRIBUTION LINES/TOWERS -

ALITYND ¥OoO0d 40
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LITERATURE SOURCES

. This is a list of documents researched for cost and
- programmatic. information on the building of the GRS and -
for the definition of resource availlability and consump-
tion- o7



LITERATURE SOURCES

- ® THE RICHARDSON RAPID SYSTEM, GENERAL CONSTRUCTION ESTIMATING STANDARDS
1978 - 79 EDITION :

®* MEANS BUILDING CONSTRUCTION COST DATA
¢ NATIONAL CONSTRUCTION ESTIMATOR, CRAFTSMAN BOOK CO., 1978
» MINERAL FACTS AND PROBLEMS, 1978 EDITION, U.S. DEPARTMENT OF INTERIOR

@ SURVEY OF AVAILABILITY AND ECONOMICAL EXTRACTABILITY OF GALLIUM FROM
EARTH RESOURCES, ALUMINUM COMPANY OF AMERICA, 1 OCTOBER 1975

o STATISTICAL ABSTRACT OF THE UNITED STATES 1976, U.S. DEPARTMENT OF COMMERCE
® THE WORLD ALMANAC AND BOOK OF FACTS, 1979, GROSSET AND DUNLAP

" ® UNITED STATES MINERAL RESOURCES, U.S. DEPARTMENT OF INTERIOR (1973)

o CHEMICAL INFORMATION SERVICE S.R.1. ‘

| ® SOCIETY OF THE PLASTICS INDUSTRY.

" @ TYCO LABORATORIES, INC. ~ SAPHIKON DIVISION

® UNION CARBIDE CORP. - ELECTRONICS DIVISION

¢ CHEMICAL ENGINEERING - -

o AVIATION WEEK AND SPACE TECHNOLOGY

o CHEMPLAST INC.

o ALUMINUM COMPANY OF AMERICA REPORT

e MODERN PLASTICS

21YAd ¥oo0d 30
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SUMMARY

The SPS cost data base has been expanded with "grass roots"
analysis of the GRS; Rockwell contract and company sponsored
activity pertinent to the transportation system; and the improved
‘capability of the Roclwell cost model/computer program. SPS
Program plans have been expanded on material resources and on
DDT&E/TFU phasing schedules and technology networks pluas the
GRS, . .



SUMMARY

® COSTAND PROGRAMMATIC DATA BASE EXPANDED

& DDT&E COSTED TO SPS SCENARIO

e UNCERTAINTIES OF COST AND DESIGN EVALUATED

« TRANSPORTATION & -FACILITIES

* « GROUND RECEIVING STATION
« SATELLITE ANTENNA

® NATURAL RESOURCES IDENTIFIED FOR MAIN SPS ELEMENTS

=3
- ®
o2
| 82
e TECHNOLOGY DEVELOPMENT ACTIVITIES SCHEDULED 5“1
. , 6

« MW, PD&C, LASS.
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