


Solar Power Satellite 
System Definition Study 

ORIENTATION BRIEFING 
D 180-24135-1 
July 26, 1978 

,'* 

Approved By: , 
G. R. Woodcock 
Study Manager \ 

Boeing Aerospi~cc Company 
Ballistic Missiles and Space IJivision 

P.O. Rox 3999 
Scattle, Wirshington 921 1 24 



AGENDA 

This briefing includes a synopsis of the study plan and changes therein but prlmarlly presents early 
task progress in certain key areas. 



Agenda 

STUDY PLAN CHANGES 

EARLY TASK PROGRESS 

LASER ANNEALING 

SOLID STATE POWER AMPLIFIER 

RECTENNA OPTIONS 

INDEPENDENT ELECTRIC O N  AND CONSTRUCTION 

2.5 GW SPS (BOEING I R I D )  



STUDY ADDRESSES MULTIPLE ISSUES 

The study addresses issues i n  three main areas: 

(1) Variat ions and options t o  the current  reference design; baseline 
d e f i n i t i o n  updates. 

(2 )  End-to-end system operations. 

( 3 )  Programatics,  emphasizing development planning through a1 1 

phases o f  system development. 
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Study Addresses Multiple Issues: 
Systems Definition, Operations, Programmatics 

OPERATIONS 



STUDY PLAN OVERVIEW 

The study i s  d iv ided i n t o  two phases; the f i r s t  t o  l a s t  7 months and the  second t o  l a s t  9 months. 
The f i r s t  phase i s  p r i m a r i l y  d i rec ted t o  i nves t i ga t i ng  issues and questions t h a t  have a r i sen  i n  
the course o f  p r i o r  study. I n  addi t ion,  a pre l im inary  development p lan w i l l  be created, emphasizing 
the ground-based techno1 ogy advancement e f f o r t .  

Phase I1 i s  mainly an end-to-end operations analys is .  I n  add i t ion ,  some d e f i n i t i o n  a c t i v i t y  w i l l  
take place on the  const ruc t ion  systems and the SPS program planning w i l l  be worked i n  more depth, 
supported by a complete update o f  a l l  cost  analyses 



Study Plan Ovehiew 

I PHASE l I .?HAS€ II I 
1 

CRITIOUE-MODIFY-MAINTAIN 
BASELINE SYSTEMS 

I OEF INE 
PROOUCTION DEFINE INOUSTRIAL COMPLEX AND EARTH 1 I TRANSPORTATION SYSTEMS I 

4.2 

LAUNCH SITE SELECTION 

REF lNE CONST RUCTION AND 
MAINTENANCE APPROACHES EQUIPMENT AND 

LAUNCH SITE OPERATIONS AND 
LAUNCH SITE DEFINITION 

. 

- 

AND OPERAT IONS OVERALL OPERATIONS 

.' 

ANALYZE INTEGRATION OF 8)s WITH 
GROUND NETWORK 4.6 

- 
DEFINE RECTENNA SITING 

* P 

PRELIMINARY DEVELOPMENT 
4.7 DEVELOPMENT ISSUES AND 

UPDATE 

PREPARE TECHNOLOGY ADVANCEMENT, 
DEVELOPMENT, AND FACILITY 
REOUIREMENTS AND P L A N  

COST ANALYSIS AND lCCHEOUUe ANALVSlS 



PRINCIPAL STUDY PLAN CHANGES 

As a r e s u l t  o f  contract negotiations, a number o f  changes were made t o  the study plan. The most 
important o f  these are sumnarized here. 



Principal Study Plan Changes 

PHASE IlII LENGTHS ARE NOW 7 AND 9 MONTHS RATHER THAN 6 AND 10 

ADDED TO PHASE I: 

CRlTlOUE NASA BASELINE AND PREPARE SYSTEM OESCRlPTION 

ANALYZE NON-COMPOSITE ANTENNA AND SOLAR ARRAY STRUCTURE 

ANALYZE SOLID STATE POWER TRANSMITTER 

DEVELOP LONG-LIFE POWER PROCESSOR CONCEPT 

INDEPENDENT ELECTRIC OTV ANALYSIS 

SMALL ADDITIONAL EFFORT ON SOLAR CELL ANNEALING AND POWER 
TRANSMIITER THERMAL ANALYSIS 

EXTENSION OF JSC FtlPTS ARRAY COMPUTER PROGRAM CAPABILITY 

DELETED FROFA PHASE I: 

INLAND LAUNCH SITES AND DOWNRANGE LAND LANDING BOOSTERS 
(TASK 4.4) 

FAOST OF MAINTENANCE ANALYSIS DEFERRED TO PHASE II 

GENERAL CRITIQUE OF THE CURRENT REFERENCE DESIGN 

PHASE CONTROL SYSTEM ANALYSIS (USE LINCOM RESULTS) 



STUDY ORGANIZATION 

On this chart, the study organization is matrixed with study tasks and technical disciplines, showing 
primary responsibilities and chains of communication. 



Study Organization 
s 

IQIAI1D - 
OISClPLlN ES 

3 

I BOEING I GENERAL 
ITASK) ELECTRIC GRUMMAN TRW A Ds LITTUE 

- *.. 
< . - - .  r - 

SrUOY MANAGEMENT AND G. R. WOOOCOCK I I I 

DOCUMENTATION (4.91 

SATELLITE DEFINITION 
(4.1 .I 1 (4.1 3) J. GEWlN 
INTEGRATE TASK 4.1 

R. CONRAD (VdTS) 
1NDUSTRlAL OPERATlONS AND 
LOGISTICS (43.1.43.2.433, 
46.1) INTEGRATE TASK 43 
SPACE OPERATIONS AND 
CONSTRUCTION E. DAVIS 0. KAUPANG 

(CONSTR (42.1,4.23,43.4,4.53, - & I '4.2.3 
4.5.4,4.561 INTEGRATION\ INTEGRATE TASKS 4.2 81 45 K. MILLER (OPS) 

i 
i.2.1 

LAUNCH SITE DEFINITION H. DlRAMlO (4.4 ALL, 4.5.2) 
INTEGRATE TASK 4.4 J. JENKINS I 

I 
MICROWAVE AND RECTENNA 
(4.1.1 SUPPORT, 4.7 SUPPORT, E. NALOS 8. KAUPANG 

I I 
4 2.2) W. LUND 

1 -r P. FOLDES I 
GRlO OPERATIONS 

I 
(4.2.2.4.6 ALL) D. GREGORY 8. KAUPANG 11 
INTEGRATION TASK 4.6 

I 
TECHNOLOGY ADVANCEMENT 

I 
AND DEVELOPMENT (4.7 ALL) 0. GREGORY 

INTEGRATE TASK 4.7 0. OENMAN 

COSTS AND SCHEDULES 
(4.8 ALL) L. SLICER 

INTEGRATE TASK 48 I (REVIEW) 
t 



GENERAL ELECTRIC 

The principal task responsibilities for General Electric are summarized here. 



General Electric 
IIIII'# - 

PROVIDE SUBARRAY DESIGN INTEGRATION FOR LlNCOM PHASE 
CONTROL SYSTEM HARDWARE. 

PROVIDE RECTENNA POWER CONDITIONING ANALYII8. 

PROVIDE RECTENNA FAILURE MODE AND EFFECTS, 

CONSTRUCTION, AND MAINTENANCE ANALYSES. 

PROVIDE 8ATELLITE/RECTENNA/UTILlrV GRID INTEORATION 

CONCEPTS AND OUTAGE ANALYSIP, 

PROVIDE INPUTS FOR TECHNOLOGY ADVANCEMENT 

DEVELOPMENT, AND FACILITY REQUIREMENTS 



GRUMMAN 

The p r i n c i p a l  task r e s p o n s i b i l i t i e s  f o r  Brumman a r e  summarized here.  
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Grumman 

I@Iv"# - 
SPS-203 1 

ANALYZE ALUMINUM SOLAR ARRAY S7'RUCTURE 

PROVIDE CRITIQUE OF, AND ANALYZE ALTERNATIVE 
APPROACHES TO SPACE CONIDTRUCTION APPROACH. 

ASSIST WITH CONSTRUCTION BASE OPERATIONS PLANS AND 
BASE DEFINITION CONCEPTS. 

PROVIDE INPUTS IN THE CONSTRUCT~ON AREA FOR tne %rrs 
DEVELOPMENT PLAN. 

PROVIDE INPUTS FOR TECHNOLOQY ADVANCEMENT, 
DEVELOPMENT, AND FAClLlW REQUIREMENTS, 



TRW, INC. 

The pr inc ipa l  task responsl b l l  i t i e s  f o r  TRW, Inc .  a r e  summarized here. 
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TRW 

PROVIDE CRlTlOUE OF REFERENCE OF MPT8 INTLQRATION AND 
PHASE CONTROL 

DEVELOP CONCEPTS FOR ON-BOARD DATA PROCkmlNO AND 
COMMUNICATIONS SYSTEMS 

ANALYZE MISSION CONTROL OPERATIONS 



A.  D .  LITTLE CO.  

The prlncfpal task responsibilities for A.D. Little Co. are summarlzed here. 



* PROVIDE CRITIQUE OF THE NASA COMPROMISE DESIGN. 

PROVIDE DEFINITION OF THE INDUSTRIAL COMPLEX AND 
EARTH TRANSPORTATION SYSTEM. 

PROVIDE CRITIQUE OF BOElNO DEVELOPED COST AND 
SCHEDULE ANALYSES AND PROGRAM PLANS, . 





Laser 
Annealing 



ADVANTAGES OF LASER ANNEAL I NG 

S i l i con  solar  c e l l  performance degrades i n  the presence o f  pa r t i cu l a r  rad ia t ion  such as t ha t  i n  the 
geosynchronous environment o f  SPS. The reduced performance i s  the r e s u l t  o f  recombination centers 

tha t  have been generated i n  the order ly s i l i c o n  l a t t i c e .  The repa i r  o f  t h i s  damage requires the 

solar  c e l l  damaged region t o  be heated t o  an elevated temperature f o r  a s u f f i c i e n t  length o f  time 
t o  restore the order ly  c rys ta l  1 ine l a t t i c e .  This process i s  commonly re fer red t o  as so lar  c e l l  

anneal i ng. 

Annealing rad ia t ion  damage from s i l i c o n  solar  c e l l s  has been accomplished by three processes: 1) 
thermal bulk annealing, 2) e lectron beam anneal ing, and 3) laser beam annealing. Both the thermal 

bulk and electron beam annealing processes req.uire the annealing u n i t  t o  be phys ica l ly  closc t o  
the solar  c e l l s  f o r  proper operation. 

A basic descr ipt ion o f  the laser beam i s  noced on t h i s  chart  along w i th  the desirable character is t ics  

o f  laser annealing. The laser  wavelength can be chosen such t ha t  the energy i s  deposited a t  the 
desired depth i n  the s l l i c o n  o r  i n  the cover t o  heat the c e l l  by conduction. The laser  beam does 
not need t o  be phys ica l ly  close t o  the so lar  blanket since the beam i s  h igh ly  d i rec t iona l  and the 
l i g h t  i s  coherent. Tests have shown tha t  laser annealing i s  ef fect ive.  



Advantages of Laser Annealing 

CONVERTS SOME FORM OF ENERGY INTO LIGHT ENERGY 

THIS LIGHT ENERGY IS- 

* HIGHLY DIRECTIONAL 
MONOCHROMATIC 
COHERENT 

* CAN BE GENERATED I N  VARYING TIME/INTENSlTY RELATIONSHIPS 
FROM CW TO loo1* soc PULSES 
VERY LOW INTENSITY TO 1012 W/PULSE 

CAN BE USED TO PROVIDE HEAT ENERGY AT A OESlREO LOCATION AND 
AT A PREDETERMINED DEPTH I N  TARGET MATERIAL 

* DOES NOT HAVE TO BE PHYSICALLY CLOSE TO TARGET MATERIAL 

HAS BEEN SHOWN TO BE AN EFFECTIVE ANNEALING DEVICE 



LASER COMPARISONS 

Shown here are the major l ase r  c l a s s i f i c a t i o n s  and some representat ive examples o f  each. The output  
power and e f f i c i e n c y  l i s t i n g s  provide a comparison o f  the r e a l i s t i c  opt ions avai lable.  The lase r  
wavelength i s  a most important parameter since i t  w i l l  determine where the  energy w i l l  be absorbed 
i n  the  blanket mater ia l .  

Laser annealing tes ts  have been performed using the  1.06 urn Nd:YAG l a s e r  and the 10.6 um C02 laser .  

It appears t h a t  the selected wavelengths w i l l  be between these two l i m i t s .  This conclusion narrows 
the opt ions appreciably. 
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Laser Comparisons 
1IPOIAlP - 

SPS-2162 

TYPE - 
GAS 

co2 
co 

SOLID STATE 
RUBY 
Nd:GLASS 
Nd:YAG 

ItJJECTtON (SEMICONDUCTOR) 
GaAs 
GaAs (AT W K )  

LIQUID 
DYE VISIBLE 

INFRARED 
TUNABLE 

OUTPUT POWER (WATTS) 

cw, (PI 
cw, (PI 
CW 
CW 
CW 
P 

WISE LENGTH (SECONDS) EFFICIENCY 



TRANSMISS ION CHARACTER1 STICS OF CORNING 7070 GLASS 

This cha r t  shows the e f f e c t  o f  l a s e r  wavelength on energy depos i t ion  i n  the s o l a r  c e l l .  The Nd:YAG 
l a s e r  energy i s  absorbed p r i m a r i ? ~  I n  the so la r  c e l l  whereas the Cop wavelength l a s e r  deposi ts  the  

m a j o r i t y  o f  i t s  energy i n  the coverglass. Due t o  the  d i f f e r e n t i a l  thermal expansion zha rac te r i s t i cs  

between the  c e l l  and cover, 3 wavelength between these two should be invest igated.  



Transmission Characteris tics of 
Coming 7070 Glass 

3 4 6 6 7 

WAVELENGTH (MICROMETERS) 



RESULTS OF SPIRE LASER ANNEALING EXPERIMENT 

Shown here are the resu l t s  o f  two laser  annealing experiments perfomed by SPIRE, under subcontract. 
A higher energy density was attempted for  the Nd:YAG laser annealing process but  resul ted I n  so lar  
c e l l  fa i lures.  An energy density/pulse length re la t ionsh ip  between the one shown and that  tha t  

caused fa i lu res should be investigated. 

The C02 laser  anneal l ng  experlment was highly ruccersful oven though the complete c e l l  was not  

i l luminated. Recall tha t  a t  C02 wavelength the so lar  c e l l  recleves the annealing energy through 
thermal conduction from the cover glass. 



Results of SPIRE Laser Annealing Experirnen t 
I 1 P I / # '  - 

SPS-2160 

100 

I 

LASER PULSED 
" ' 8 0 -  W 

E 
CL 

r' 
.1 

5340- 
.li 

AMO-2e0c I-v 
CELL: CEB-11, E88 COVER 

20 - 211 2am 

ELECTRON DOSE: 2 x 1016,l MaV 

"0  100 200 300 $00 
Voc (MILLIVOLTS) 

INITIAL 
120 

LASER ANNLALED 

840- ~ U R  CELL LASER 
PU LSE PATTL RN 

AMO-~SOC I-V 
CELL: 443, €86 COVER 

20 - 2xZom 

Voc (MI LLIVOLTIB) 

I-V HISTORV OF Nd:YAO LASER PULSED CELL ImV HISTORY OF C02 LASER ANNLALBD CELL 



C02 LASER DESIGN P A M E T E R S  

Shown here are  the deslgn parameters f o r  r C02 l a s e r  and the r e s u l t l n g  physlcal character ls t lcs  f o r  
two sizes. Due t o  the length and hlgh voltage o f  the 1000 watt  l a s e r ,  the 500 wat t  system was 
chosen. This r e s u l t s  I n  a  l a r g e r  number o f  parts  but  I s  probably more conduslve t o  SPS appl lcat lons,  
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C02 Laser Design Parameters 
- 8 !  - 

POWER OUTPUT: 

EFFICIENCY: 

TYPICAL POWER OUTPUT 
(75 W/m): 

DISCHAROE POWER INPUT 
(600 Wlm) : 

SATURATION PARAMETER 
(1 ~/mrnZ):  

(DISCHARGE VOLTAGEIcm) 
x CAPILLARY DIAMETER (dl 
(2,000 (Vlcm) mm): 

DISCHARGE CURRENT TO 
CAPILLARY DIAMETER 
RATIO (Ild) (2.6 mA/mm): 

GAS PRESSURE TO 
CAPILLARY DIAMETER 
PRODUCT (Pd) 
(SO torr*mm) : 

1,- 

16% 

DlSCH LENGTH l3.W 

CAP1 LLARV 36.7 mm 
DIAMETER (d) 

VOLTAGE 74.7 kV 

1.811 don 



C02 LASER DESCRIPTION 

This f i g u r e  shows the baslc essent ia ls  f o r  a 500 wat t  C02 l ase r  operatlon. The small dlamater o f  the  
beam can be o p t i c a l l y  t a l l o r e d  t o  provide the desi red  l l l u m l n a t l o n  pa t te rn  on the so la r  blanket. 

This device would be a f l ow  type laser  i n  t h a t  the  C02 gas i s  moved through the  tube t o  a l l ow  recom- 
b ina t i on  and cool ing. This f i g u r e  shows a simple re tu rn  l i n e  but  i n  prac t ice ,  w i t h  several l ase rs  
operat ing i n  p a r a l l e l ,  a cent ra l  ized accumulator and thermal cont ro l  system may be desirable. 

Commercial C021asers have been b u l l  t t h a t  are much l a r g e r  than t h a t  shown here. The app l l ca t l on  o f  
t h i  s device t o  SPS requirements and improved re1 lab1 11 t y  are  the major areas t h a t  need f u r t h e r  
development . 



C02 Laser Description 

UBE SUPPORTS 
CAPILLARY DIAMETER GAS REfORN LINE 

ANODE 1 I CATHODE 

DISCHARGE LENGTH ll67nl 1 
GAS PRESSURE: 1.98 torr 

EFFICIENCY: 16% 

POWER OUTPUT: SOW 



LASER ANNEAL I NG CONCEPT 

The concept o f  how the actual anneal f ng process would be accompl f shed fs shown, Each laser gfmbal 
would actua l ly  have 6 4 - 5 0 0  watt C02 lasers i n s t a l  led. The laser  beams would be o p t i c a l l y  t a i l o red  
t o  provide the desi red i 11 umination pat tern and energy density . 
The gimbals would be mounted on an overhead gantry tha t  would span the e n t i r e  bay width, one bay 
o f  solar  array would be annealed i n  f i f t e e n  meter increments. I t  should be noted t ha t  the so lar  
array s t r ings tha t  are undergolng annealing are nonoperatlonal. 



Laser Annealing Concept 

SATELLITE MODULE 

SATELLITE M Y  
LASER SCANNER 
TYPJCAL-04IGANTRY 

GANTRY MOTION 

GANTRY TRACKS 

DETAIL A 
TYPICAL 667.6m BAY 

DETAIL 0 
TYPICAL LASER ANNEALER 



GIMBALLED SCANNING LASER CHARACTERISTICS 

The character is t ics  of the SPS Laser Annealing system are shown, The t imelines are f o r  one anneal- 
i ng  gantry operating i n  each s a t e l l i t e  module. I f  the cost opt imizat ion of the laser  annealing 
systems impact on SPS performance requlres a fas te r  anneal, more gantr ies can be ins ta l led .  I t  
should be noted t ha t  the power requirement i s  r e l a t i v e l y  small but the solar  array being annealed 
i s  not operational. 
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Gimbaled Scanning Laser Characteristics 

SPS-2157 
RIINAy1P - I Gimbaled Scanning Laser Characteristics 

ANNEALING ENERGY DENSITY: 

POWER DENSITY: 

TMAX (ACTIVE REGION): 

LASERS/GIMBAL: 

SCANNING SPOT SIZE: 

SPOT SWEEP RATE: 

POWER REQUIREDI'LASER GIMBAL: 

POWER REQUIRED/GANTRY: 

a NUMBER OF GANTRIES/SATELLITE: 

TOTAL ANNEALING POWER REQUIREMENT: 

TIME REQUIRED TO ANNEAL ARRAY: 

128 w d c m 2  

84 ~ l c m *  

S W C  

64 

6 0 0 c m 2 ( ~ . 0 x  11Acm) 

6.7 cm/s 

213 kW 

S.37 MW 

8 (l/SATELLITE MOOULE) 

76 MW 

147 DAYS 





Solid-State 
Power Amplifier 



PROJECTED L I F E  OF GaAs F E T  TRANSISTORS 

The primary motivation for development of a sol id state transmitter is the long 1 ife expectancy o f  

the solid-state amplifier devices. It is conceivable that a successfully-integrated solid-state 
system could ap?roach the re1 iabil i ty level of the solar cell arrays, which are expected not to 

require replacement over the life of the SPS. T h e  successful integration of solid-state systems, 

however, poses serious problems. 



Projected Life of Ga As FET Transisto 

sPs.1130 

30 YEARS------- 

MTBF (HOURS) 

AV-AVANT€ K 
H-HUGHES 

NEC-NIPPON ELECTRIC 

300 200 160 100 50 28 

MlCllOWAVI JOURNAL 
APRIL, lB78 



SPS SYSTEM SENSITIVITY MODEL SOLID STATE TRANSMITTER 

The r e s u l t s  exh ib i t ed  here show outputs from the  SPS systems sensitivity model, assuming a 71% 
e f f i c i e n t  power amp1 i f i e r  and complete power processing of d i s t r l  bu t i on  vo l  tag@ (40 kv) t o  
representat ive sol  i d  s t a t e  voltages o f  l ess  than 100 vol  t s  . (A r e a l  i s t i c  penal ty f o r  the massive 
cur ren ts  requi red a t  these low vo1 tages was no t  taken). Accommodation o f  t y p i c a l  s o l i d  s t a t e  
temperature l i m i t s  w i l l  c l e a r l y  requ i re  reduct ion from the reference power l e v e l s  of 8644 MW, o r  
l a r g e  apertures, o r  both. 



CURVES ARE VALUES OF POWER ACROSS ROTARY JOINT 

8 I 
R A D l A T  ION PROM ON15 81015 - - RADIATION PROM TWO 8lDCS 

1 I\ 1 ,  1.2 1.3 1 1.8 1.6 1.7 14 1.0 2.0 
L I I I 1 I I I 1 

ANTENNA DIAMETER (KILOMETaR)! 



SPS SYSTEM S E N S I T I V I T Y  MODEL SOLID STATE TRANSMITTER 

Addit ional r e s u l t s  from the same model show t h a t  severe 1 l m i t s  a r e  placed on combln'ing hlgh powers 
wi th  l a r g e  apertures by ionosphere heating (and perhaps other)  l l m i t s  on peak beam i n t e n s f t y  a t  
Earth.  



SPS System Size Sensitivity Model 
Solid State ~ransmitter 

@ CURVES ARE VALIJES OF POWEII ACROSII ROTARV 
JOINT (MEOAWAT 181 

60 * 

I I I I I I I I I 
1.0 1.1 1.2 1.3 1.4 1.8 1.6 1.7 1.8 1.0 2.0 

ANTENNA DIAMETER (KILOMETER8) 



SPS SYSTEM S E N S I T I V I T Y  MODEL SOL ID  STATE TRANSMITTER 

When these cons t ra in ts  are combiqed on a  cost  i n d i c a t o r  char t ,  i t  i s  c l e a r  t h a t  ( I )  the  constrained 
opt imal system w i l l  have a  r o t a r y  j o i n t  t r a n s f e r  power l ess  than 5000 megawatts w i t h  a t ransmi t te r  
aperture o f  about 1.5 kw; ( 2 )  the cos t  w i l l  be h igh r e l a t l v e  t o  the k l y s t r o n  reference; (3) a  
s t rong cos t  mot iva t ion  e x i s t s  t o  develop a t ransmi t te r  conf igura t lon  t h a t  can r a d i a t e  waste heat 
from both sides. 



SPS System Size Sensitivity Model - 
Solid State Transmitter 

h CURVES ARE VALUES OF POWER ACRO88 
ROTARY JOINT (MEOAWATTS) 

1 21S0c 
RAOl ATION - ONE WOE 

,,, RAOlATlON 
MI0 BIDES 

PROM 

FROM 

ANTENNA OlAMETER (KILOMETERS) 



SOL ID STATE POWER AMPLIFIER COST LEVERAGES 

The cos t  inc lus ions  o f  the  pr.evious cha r t  are s t rong ly  In f luenced by assumptions. Since the  r e l a -  

t ionsh ips  between assumptions and hardware rea l  i t i e s  are no t  y e t  e n t l r e l y  c lea r ,  I t I s  Important 

t o  examine the cos t  leverages of assumptions as i s  done on t h i s  char t .  The e f f i c i e n c y  and power 
processing inputs  t o  the systems s e n s i t i v i t y  model were var led  as noted, w i t h  the r e s u l t s  shown. 
I f  a  more e f f i c i e n t  SSPA d e v i c e / c i r c u i t  could be developed, and if such devices cou ld  be ser ies /  - 
p a r a l l e l  connected t o  match h igh  voltage dc power, a  sol i d  s t a t e  transmi t t e r  compet i t ive w i t h  or 
b e t t e r  than the k l y s t r o n  reference might be possib le.  The p o t e n t i a l  bene f i t s  a re  we l l  worth 

the technology i nves t i ga t i on  and ana lys is  needed t o  f i n d  out .  



Solid State Power Amplifier Cost Leverages 

Note: SWA offecthre radiating tompmtun = 12S0C. 

S P A  
71% 
EFFICIENCY 

8.0 

- 6.0- 
1 
Y 
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a 
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I- 
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8 
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0 
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EFFlClENCY 
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KLYrnON 
C 1 PROCESSING 
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n1,000 MWILINK 
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I I 
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BEAM E F F I C I E N C Y  VERSUZ SPACE ANTENNA- 
RECTENNA DIAMETER PRODUCT 

I n  comparing the po tent ia l  u t i l i t y  o f  the uniform i l l um ina t i on  funct ion as a means o f  i rc reas ing  
the power o f  a s o l i d  s ta te  SPS conf igurat ion w i th  the Gaussian i l luminat ion ,  the curves below 
out1 i ne  the achievable ideal  antenna beam ef f i c iency .  The selected values o f  Dl and D2 are based 
on the rectenna s lze  Dp beyond which the re turn  f o r  increased e f f i c i ency  i s  marginal. The unifornl 
i l l um ina t i on  i n  t h i s  case gives a value o f  81% compared w i t h  94.5% f o r  the uniform d i s t r i b u t i o n ,  
Design curves f o r  these cases were developed separately, y i e ld ing  power output and space antenna 
dimensions as a funct ion o f  thermal and ionospheric constraints.  
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COMPARISON OF UNIFORM AND GAUSSION ILLUMINATION FUNCTION 

A t y p i c a l  s o l i d  s ta te  SPS design might be considered as b u i l t  up a number o f  modules, each corres- 
2 2 

ponding t o  a 75 cm c e l l ,  t y p i c a l  o f  d ipo le  ur s l o t  spacing a t  2.4 GHz. Taking 1 Kw/m as a con- 

servat ive  thermal 1 i m i  t a t  1 2 5 ~ ~ ~  w i t h  a design e f f i c i e n c y  o f  75%. one can der ive  an rf clensi ty 

- n 2 
'rf - ( I-r ) Pth = 3 Kw/m . This corresponds t o  22.5 watts f o r  a d ipo le  c e l l .  The derived 

curves i n  the  attached f i g u r e  i nd i ca te  t h a t  such a design, i f  10-20 ind i v idua l  devices o f  1-2 watts 

each were configured i n  the module feeding one d ipole,  would r e s u l t  i n  1.8 Gw output  w i t h  1.7 km 

space antenna dia.  (10 db taper)  o r  2.2 Gw w i t h  a 1.3 km space antenna ( ~ ~ n i f o r m  d i s t r i b u t i o n ) .  





IMPACT OF MULTIPACTOR OF SPACE ANTENNA SLOT DESIGN 

2 2 The baseline 5 GW SPS design, with an area of ~ 6 0  cm per s lo t  and an rf loading of 23 kw/m a t  

tile center, result  in a power per s lo t  of ~ 1 4 0  watts. The conservative worst-case design cr i ter ian 

shown on th i s  curve suggests that this should be accompl ished w i t h  a s lo t  width of 6-7 mrn which i s  

considered greater than desirable. Further work i s  required including the s l o t  conductance, con- 

f l ic t ing  factors of  2 in the analysis, and practical spacecraft experience based on ,ess stringent 

Fd products. Muftipactor suppresian techniques also need to  be investigated, such as coatings and 

dielectr ic  inserts in s lots .  
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RECTENNA R E C E I V I N G  ELEMENT OPTIONS 

I n  order t o  achieve e f f i c i e n t  r e c t i f i c a t i o n ,  i t  may be necessary t o  connect several d lpoles t o  

a s i n g l e  r e c t i f i e r ,  c rea t ing  small areas o f  coherent reception. Several such opt lons are shown 

inc lud ing  the  x/2 "Bowtie" d ipo le  (c )  and a f u l l  wavelength d ipole,  e i t h e r  i n  a i r  d l a l e c t r i c  (d) 

o r  i n  s t r i p l i n e  (e). The f u l l  A d ipo le  may be easier  t o  match t o  the r e c t i f i e r  because of i t s  

higher impedance. Also shown i s  a modified lumped element x/2 dipole, designed f o r  ease of auto- 

mated manufacture by Raytheon (b) . The o r i g i n a l  l y  tes ted d l  pole conf igurat ion f o r  h lgh  r a c t i f i c a t l o n  

e f f i c i e n c y  i s  shown i n  (a). 
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POTENTIAL RECTENNA CONFIGURATIONS 

Aside from connecting several d ipoles c ~ h e r e n t l y ,  i t  i s  possib le t o  increase the  co l  l e c t l v e  

energy dens1 ty by concentrat ion using the Hogl i n e  conf igura t ion  ( c y l  i n d r i c a l  parabola) shown i n  (8) .  

The f i g u r e  shows possib le conf igurat ions o f  the  conventional f l a t  rectenna and the  Hogl lne, e i t h e r  

ground located, o r  elevated f o r  possib le dual land use. 





REQUIRED RECTENNA ELEMENT S I Z E  FOR GIVEN INCIDENT POWER DENSITY 

To achieve good r e c t i f i c a t i o n  e f f ic iency  (45%). i t  i s  desirable to  develop 2-6 watts o f  rf power 

a t  each diode. This f igure shows the rectenna element width and area required t o  achieve these 

values a t  the center ~ n d  a t  the edge of the rectenna. 
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POTENTIAL RECTENNA CONFIGURATIONS FOR EFFICIENT RECTIFICATION 

2 Good rectenna c o l l e c t i o n  e f f i c i e n c y  can e a s i l y  be obtained a t  t he  cen te r  o f  t he  r e c e i v e r  (23 mw/cm ), 

2 where w i t h  o n l y  two 75 cm modules, a  per-diode power o f  3.45 wat ts  can be developed. A t  t he  

edge o f  t he  rectenna, however, methods o f  inc reas ing  d iode power must be developed e i t h e r  by coherent 

i n t e r connec t i on  o f  d i po les  (Case (a j and (b )  , o p t i c a l  concentrat ion,  o r  combinat ion o f  bo th  (c,d ,e,g) . 

For a  g iven  assumed s a t e l l i t e  p o s i t i o n  accuracy, t he  l o s s  due t o  ga in  reduc t i on  has been est imated 

from prev ious curves f o r  severa l  poss ib l e  l ayou t s  a t  t he  rectenna edge. A d d i t i v e  'losses i n  t h e  two 

dimensions can be minimized by matching t he  rectenna leng th - to -w id th  r a t i o s  t o  the  r e l a t i v e  angular  

p o s i t i o n  accuracies a v a i l a b l e  i n  the  s a t e l l i t e  plane. For example (Case c ) ,  w i t h  modest o p t i c a l  

2 concent ra t ion  ( 4 : l )  and r e l a t i v e l y  few d ipo les  per panel (8 f o r  75 cm d i p o l e  c e l l  s i z e ) ,  t he  l o s s  

f o r  a .5O x .lo o r b i t  p o s i t i o n  s t a b i l i t y  i s  l e s s  than 14. 
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CAPTURE AREA OF DIFFERENT TYPES OF RECTENNA ELEMENTS 

The choice o f  rectenna element i s  d i c ta ted  by s i m p l i c i t y ,  ease o f  mass manufacture, element gain 

( i .e. ,  c o l l e c t i o n  area) and ease o f  matching t o  the r e c t i f i e r .  The non-coherent c o l l e c t i o n  w i t h  

one d ipo le  i s  i l l u s t r a t e d  i n  cases (1) t o  ( 5 )  i n  the fac ing  f i gu re .  The l a r g e s t  c o l l e c t i o n  area 

per  d ipo le  r e s u l t s  i n  the lowest t o t a l  number o f  dipoles. The resonant c a v i t y  (6)  and (9) and 

waveguide s t i c k  ( 8 ) ,  represent l a r g e r  coherent c o l l  ec t i on  areas imposing increas ing ly  greater  

requirements on the s a t e l l i t e  p o s i t i o n  accuracy. 

The Yagi antenna, shown f o r  the case o f  a power gain o f  a100 (max. p r a c t i c a l  1 imi  t), would r e s u l t  

i n  a minimum number o f  s i ng le  elements (non-coherent) , bu t  represent complex manufacturing problems. 

Po in t  (1)  represents the  base7 i n e  design d ipo le .  
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HOGLINE POINTING LOSSES VERSUS POWER CONCENTRATION 

RATIO ANC SATELLITE POSITION ERROR 

I f  o p t i c a l  concen t ra t ion  i s  used, such as w i t h  the  Hog1 i n e  rectenna con f i gu ra t i on ,  t he  s e n s i t i v i t y  

t o  s a t e l l i t e  p o s i t i o n  i s  increased, un less a method can be dev iscd whereby a s e c t i o n  of a rectenna 

can be d c t i v a t e d  i f  i l l u m i n a t e d  by rf. For a  t y p i c a l  range o f  concen t ra t ion  r a t i o ,  t h i s  l o s s  i s  

i nd i ca ted  below. High concer t r a t i o n  r a t i o s  a re  incompat ib le  w i t h  t o l e r a b l e  losses unless the 

above suggest ion can be implemented. 
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POWER LOSS DUE TO SPS ORBIT DEVIATION 

For the  case o f  coherent c o l l e c t i o n  over  a s p e c i f i e d  rectenna panel s i t e ,  suggested f o r  t he  

case o f  p a r a l l e l l i n g  a number of  diodes per r e c t i f i e r ,  the  l o s s  o f  ga in  due t o  e l t h c r  panel 

t i 1  t o r  s a t e l l i t e  angular  displacement from the  normal t o  t h e  panel i s  i n d i c a t e d  i n  t he  f igu re .  

For example, f o r  a 112 meter panel w id th ,  t he  l o s s  assoc ia ted w l t h  g a i n  reduc t i on  i s  less than 

0.4% f o r  a 112' angular  dev ia t i on .  
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SATELL ITE CONSTRUCTION AND OPERATION OVERVIEW 

The s a t e l l i t e  cons t ruc t ion  e f f o r t  i s  d iv ided i n t o  four  major blocks o f  work. A l te rna te  cons t ruc t ion  

concepts w i l l  be analyzed and compared w i t h  the basel ine t h a t  was establ ished through Par t  111 of 

the SPS study. I f  possible, by the midt.erm,a concept w i l l  be selected a t  which t ime fu r the r  

refinement i n  terms o f  base s ize  and s e n s i t i v i t y  t o  modular s i ze  w i l l  be performed as we l l  as 

f u r t h e r  work on antenna const ruc t ion .  More de ta i  1  ed cons t ruc t ion  and operat ions ana lys is  w i  11 be 

performed on the selected concept dur ing  Phase 2. I n i t i a l  1  y, de ta i l ed  operat ions associated w i t h  

the LEO Construct ion Base and i t s  design w i l l  be performed fo l lowed by s i m i l a r  operat ions associated 

w i t h  GEO Construct ion Base. Also occurr ing i n  Phase 2 w i l l  be the analys is  associated w i t h  mission 

conto l  systems and operations, space t ranspor ta t i o r~  operat ions, niai ntenance systems and operat ions 

and f i n a l l y  an in tegra ted  operat ions p lan w i l l  be developed. 
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PHASE 1 CONSTRUCTION AND OPERATIONS SCHEDULES 

A more de ta i l ed  i n d i c a t i o n  o f  the tasks and schedules associated w i t h  Phase 1 i s  presented. By 

midterm, a l t e rna te  cons t ruc t ion  concepts w i l l  have been analyzed. Included i n  these concepts 

w i l l  be tha t  o f  a GEO cons t ruc t ion  concept using independent e l e c t r i c  o r b i t  t rans fer  vehic les 

f o r  t rans fe r  o f  cargo from low ea r th  o r b i t  t o  geosynchronous o r b i t .  Select ion of a p re fer red  

construct ion concept w i l l  be performed by the midterm. The selected concept w i l l  then be re -  

i i n e d  up through the f i n a l  p o r t + ~ ~  o f  Phase 1. Refinement o f  the s i z e  o f  the  GEO base and 

con : t~uc t i on  operat ions associated w i t h  the antenna w i l l  a l so  be performed dur ing  Phase 1. 

A p r e l  i m i  nary i n d i c a t i o n  o f  mission con t ro l  concepts w i  11 a1 so be performed. 
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MISSION CONTROL I N T  "ACES 

A new subtask proposed fo r  Task 4.5 i s  c a l l e d  Mission Control System and Operations. The in te r faces  

between the  program elements (oval boxes) as we1 1 as t h a t  associated w i  t h  the various tasks ( rec-  

tangular  boxes) o f  the study are  indicated.  During Phase 1, mission cont ro l  system and operat ions 

work w i l l  be conf ined t o  analyzing the  opt ions t h a t  a re  ava i l ab le  i n  terms o f  the d i v i s i o n  of the  

respons ih i l  i ty between the  major program elements and making a select ion.  An example of t h i s  work 

would be es tab l i sh ing  which program element would con t ro l  the f l i g h t  o f  an o r b i t  t r a n s f e r  veh ic le  

w i t h  the opt ions being from cen t ra l  mission con t ro l ,  a  LEO cons t ruc t ion  base, a GEO cons t ruc t ion  

base, o r  through some o ther  manner. During Phase 2, the physical  i n te r faces  w i l l  he i e t ~ r ~ e c i  between 

the  program elements fo l lowed by resource requirements f o r  each o f  the con t ro l  centers i n  terms of 

manpower and computation c a p a b i l i t y .  Another subtask proposed f o r  Task 4.5 w i l l  be t h a t  of the  

in tegra ted  mission operat ions plan-where a l l  operatiorls def ined i n  o ther  sect ions o f  the study w i l l  
be summarized t o  g ive  a concise end-to-end operat ions descr ip t ion .  
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GEO CONSTRUCTION/ELECTR I C OTV CONCEPT 

As a means o f  es tab l i sh inq  the framework f o r  d iscu  .s ing  t h i s  concept, an o v e r a l l  i l l u s t r a t i o n  of  

the concept i s  presented. I n i t i a l i y ,  a  low ear th  o r b i t  base i s  establ ished w i t h  i t s  i n i t i a l  

o p e r a t i ~ n s  being t h a t  of cons t ruc t ing  the e l e c t r i c  o r b i t  t r ans fe r  vehic les.  Fol lowing cons t ruc t ion  

the EOTV's are  then used t o  t ranspor t  components o f  the s a t e l l i t e  up t o  a GEO cons t ruc t ion  base 

where they w i l l  be assembled i n t o  a nronol i t h i c  5 GWE s a t e l l i t e .  Fol lowing d e l i v e r y  o f  the com- 

ponents, the e l e c t r i c  o r b i t  t r a n s f e r  vehic les w i l l  be returned t o  the low ea r th  o r b i t  base where 

they w i l l  be refurbi:;hed, refueled and reloaded w i t h  add i t i ona l  components and repeat the d e l i v e r y  

L ,  ra t ions .  The concept o f f e r s  the bene f i t s  o f  the  h igh  performance associated w i t h  the LEO 

construct ion/self-power concept and i r  monol i th ic  ~ o n s t r u c ~  operat ions associated w i t h  the 

GEO const ruc t ion  approach. Cost ef fect iveness of t h i s  concept, however, w i  11 be dependent upo~, 

seberal f ac to rs  which a t  present have l i t t l e  data base; namely, t h a t  o f  the degree o f  r e u s a b i l i t y  

o f  the e l e c t r i c  o r b i t  t r ans fe r  veh ic le  ard the d x i g n  l i f e  associated w i t h  i t s  components. 
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EMPHAS I S AREAS 

Emohasi s Areas t o  be address2d i n  a n a l y r i  qg the  GEO construct inn/  IEOTV concept a re  ind icated.  

I n  veh ic le  s i z i n g  and performance, both s i l i c o n  and ga l l ium arsenide c e l l s  w i l l  be considered. 

The p r i n c i p l e  e f f o r t  here w i l l  be es tab l i sh ing  a cos t  optimum s p e c i f i c  impulse and t r i p  t ime 

as we l l  as basic veh ic le  s i z i n g  parameters. These s i z i n g  parameters w i l l  be used i n  es tab l l sh lng  

the vehic;e con f i gu ra t i on  which i n  t u r n  w i l l  be used t o  perform the cons t ruc t lon  analys is  of the 

e l e c t r i c  OTV '  s. A1 1 phases o f  miss ion operat ions w i  ll be analyzed w l  t h  p a r t i c u l a r  emphasls g iven 

t o  the r e u s a b i l i t y  aspect of the e l e c t r i c  OTV. The key Issue associated w i t h  veh ic le  cons t ruc t ion  

w i l l  be hod f a s t  the f l e e t  i s  t o  constructed. The LEO cons t ruc t lon  base d e f i n i t i o n  w i l l  no t  o n l y  

iqc lude the systems and personnel associated w l  t h  cons t ruc t ion  o f  t he  e l e c t r i c  OTV, but  a l s o  

must serve as maintenance base f o r  the OTV as we1 1 as provfde depot operat ions associated w l  t h  

support ing crew anu supply deliveries t o  the GEO base. The s a t e l l i t e  cons t ruc t ion  impact ana lys is  

w i  11 p r i m a r i l y  deal  w i t h  the n iodi f icat ions i n  the construct fon operat ion when one i s  cons t ruc t ing  

a mono l i th ic  s a t e l l  -! t e  as compared w i t h  a modular s a t e l l i t e .  The launch operat ions impact w i l l  

c ~ n s i d e r  the b e v r i t s  t o  the concept i f  launch i s  made frort~ a lower l a t i t u d e .  Cost ana lys ls  

c the concept w i l l  e~i~phasize i n i t i a l  investment cost  and d o l l a r ?  per  de l i vered k i logram of s a t e l l i t e .  
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VEHICLE SIZING AND PERFORMANCE 

The payload d e l i v e r e d  requirement o f  4,000 m e t r i c  tons pe r  f l i g h t  r e l a t e s  t o  the  t r a n s f e r  o f  10 

HLLV payloads. The down payload requtrement o f  400 m e t r i c  tons assumes no repackaging o f  t he  

payload w i l l  be done a t  t h e  LEO base and, there fo re ,  t he  payload rack  and con ta lners  f o r  the 

components must be d e l i v e r e d  t o  GEO as w e l l  as re tu rned  t o  LEO f o r  reuse, Prev ious ana l ys i s  has 

assumed the  rack  and container's t o  be 10% o f  t h e  gross payload. The GEO c o n s t r u c t i o n  concept 

shows a g rea te r  mass d e l i v e r e d  t o  GEO than t h a t  assoc ia ted w l  t h  LEO c o n s t r u c t i o n  s lnce  the va lue  

inc ludes  96,000 m e t r i c  tons assoc ia ted w i t h  t he  sate11 i t e  p l u s  an d: ,di t ional  10,000 m e t r i c  tons 

assoc ia ted ~a l i t h  t he  payload rack  and conta iners  as p rev ious l y  discussed. The va r i ab les  i n  t h i s  

ana lys is  w i l l  be t h a t  assoc ia ted w i t h  s e l e c t i n g  the  c o s t  optimum s p e c i f i c  impulse and t r i p  t ime, 

Speci f ic  impulse p r i m t r i l y  a f f e c t s  t he  p r o p e l l a n t  load ings  and the  s i z e  o f  t h e  power genera t ion  

systeln, w i t h  p r o p e l l a n t  l o a d i r q s  p r i m a r i l y  i n f l  ~ e n c i n g  the operat ions cos t  w h i l e  t he  v e h i c l e  s i z e  

w i l l  lmpact t he  i n i t i a l  investment and amort ized c o s t ,  T r i p  t ime w i l !  i n f l u e n c e  the  i n i t i a l  

investment cost .  
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Vehicle Sizing and Perfonnance 

PAYLOAD REQUIREMENTS 

PER FLIGHT 

UP 
DOWN 

OEO CONSTRUCTIW 7 
I ~ , O O O  MT l00,Om M t  
10,000 MT NONE 

KEY VARIABLES 

SPECIFIC IMPULSE 

HIGH IS LESS PROPELLANT, BlQQER ARRAY 
LOW 1 : MORE PROPELLANT, SMALLER ARRAY 

TRIP TIME 

SHORT 810 ARRAY, FEW VEHlCLES 
LONG SMALL ARRAY, MCRE VEHICLES 



TRANSFER ACCELERATION CAPABILITY 

Several c o n t r a s t i n g  parameters dea l i ng  w i t h  a c c e l c r a t i o n  a re  present  i n  ana lyz ing  low acce le ra t i on ,  

s o l a r  powered, + ranspo r t a t i on  systems. System mass decreases w i t h  t ime and as a  r e s u l t  p rov ides  

an inc rease  i n  a c c e l e r a t i o n  w i t h  a  cons tan t  t h r u s t  l e v e l .  Correspondingly,  as t ime  goes by, t h e  power 

ou tpu t  f rom t h e  s o l a r  a r rays  w i l l  be decreasing due t o  degradat fon a f t e r  passing through t he  Van A l l e n  

b e l t s  and accord ing ly ,  t h e  a c c e l e r a t i o n  w i l l  be go ing down. Ar l  es t imate  o f  t he  degradat ion f o r  severa l  

t r i p  t imes i s  i nd i ca ted .  Fast  t r i p  t imes r e q u i r e  more power, however, t he  average a v a i l a b l e  power 

w i l l  be h igher  s i nce  the v e h i c l e  w i l l  be passing through the  Van A l l e n  be1 t s  i n  a  s h o r t e r  p e r i o d  o f  

t 'rne. For  example, a  120 days t r ans fe r  t ime between LEO and GEO, w i l l  have an average power ou tpu t  

app~,oxin~ate:y 86% o f  t h a t  a t  t he  beginn ing o f  t h e  n i iss ion.  
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Transfer Acceleration Capability 
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120 CENTIMETER ARGON I O N  THRUSTER PERFORMANCE 

Another key parameter i n  establ  i s h i n g  system l e v e l  performance i s  the performance obtained from the 

ion th rus ters .  The cha rac te r i s t i cs  ind ica ted  are the same as those used f o r  the self-power ana lys is  

performed dur ing  the past SPS study. These cha rac te r i s t i cs  a re  based on a beam cur ren t  o f  80 amps 

wh:ch i s  we l l  w i t h i n  the pro jec ted  growth c a p a b i l i t y  from present day th rus ters .  The beam cu r ren t  

af fects the t h r u s t  l e v e l  and power cha rac te r i s t i cs  and a l so  i s  a key f a c t o r  i n  es tab l i sh ing  the  l i f e  

cha rac te r i s t i cs  associated w i t h  the th rus te r .  Component l i f e  i s  inverse ly  p ropor t iona l  t o  beam 

cur ren t  and power dens i ty  and w i t h  80 amps i s  expected t o  be 8000 hours fo r  the g r i ds  and cathodes. 



120-CM Argon Ion Thruster Performance 

EFFICIENCV ---\ '4 

BEAM VOLTAGE 

FROZEN LOSSES - 200 aVlION 
UTILIZATION - O.l)rsl 
BEAM CURdENT - dOA 

SPECIFIC IMPULSE (SECONDS) 



PRELIMINARY IEOTV PERFORMANCE 

The impact o f  var ious s p e c i f i c  impul ses and t r i p  times on prope l lan t  loading and d ry  mass o f  a 

veh ic le  i s  ind icated.  Lower propel 1 an t  loading occur w i t h  higher speci f i c  impul ses and longer 

t r i p  times, w i t h  the l a t t e r  occur r ing  due t o  the veh ic le  having a lower d ry  mass s ince l ess  power 

i s  -equired w i t h  long t r i p  time. Power requirements are shown on the fo l l ow ing  cha r t .  



Preliminary IEOTV Performance 

SILICON SOLAR CELLS 

TRIP TlME (DAYS) TRlP TlME (DAYS) 



PRELIMINARY TRANSFER CHARACTERISTICS 

Two o the r  key parameters assoc ia ted w i t h  var ious  t r i p  t imes and s p e c i f i c  impulse a re  the  power 

requ i red  f o r  the  t r a n s f e r  and t he  r e t u r n  t r i p  t ime. Power requirement i s  s i g n i f i c a n t  i n  terms 

of s i z i n g  t he  bas ic  v e h i c l e  w h i l e  t he  r e t u r n  t ime i s  i ~ p o r t a n t  t o  o v e r a l l  f l e e t  s i z i n g  due t o  

i t s  impact on t o t a l  t u r n  around t ime f o r  a  given veh i c l e .  For a  g iven  up t r i p  t ime, veh ic les  

having a  lower s p e c i f i c  impulse have sho r te r  r e t u r n  t r i p s  due t o  having lower  d r y  mass as was 

i n d i c a t e d  on the preceding cha r t .  
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Preliminary Transfer Characteristics 
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P!?ELIMINARY ItbTV C3ST TRENDS 

Although a  complete cos t  analys is  has not been done as y e t  i n  terms o f  se lec t i ng  the  optimum t r i p  

time, a  t , i ~  time a l lowing twc f l i g h t s  per year i s  used t o  i l l u s t r a t e  the cost  trends. This f l i g h t  

p lan  includes 120 days - ~ p  t r i p  time, 45 days down and 15 days f o r  re fu rb ,  r e f u e l i n g  and payload 

handling. The t rend i n  veh ic le  l i f e  cyc le  cos t  as a  funct ion o f  s p e c i f i c  impulse i s  shown. I n -  

c l l ~ d e d  i n  l i f e  cyc le  cos t  are the b s i c  u n i t  costs f o r  a  veh ic le  as we l l  as p rope l l an t  d e l i v e r y  

cost  t o  perform 10 f l i g h t s .  A i l  cos t  items have no t  been included as i t~d i ca ted ,  however, when 

they are included i t  i s  estimated t h a t  the bucket o f  curve w i l l  no t  be moved l a t e r a l l y  bu t  merely 

rai,ed t u  L higher cost .  With the data incluaed thus f a r ,  the 7,000 t o  8,000 seconds s p e c i f i c  

i r o u l s e  appears t o  be optimum. When compnred w i t h  the 13,OCO sccond s p e c i f i c  impulse, a  savings 

o' approximately $60 m i l l i o n  per veh ic le  would occur. With 13 vehic les requi red i n  the basic 

f l e e t ,  a  t o t a l  savings o f  approx i ra te ly  $800 m i l l  i o n  would 9ccur i l l  the i n i t i a l  investment. 
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Preliminary IOETV Cost Trends 
SPS-2176 

I m " I ! !  - 
120-DAY UP TIME 

LEO DELIVERY COST $ 3 d / ~ 0  

UNIT COST $70/K0 

10 FLIGHTS 

ITEMS NOT COVERED 
INTEREST 
SPARES 
CHEM ACS 
THRUSTER REDUNDANCY 



I EOTV CONFIGURATION CONCEPTS 

Once s i z i n g  parameters such as a r ray  s i z e  are known conf igura t ions  can be developed. Several 

conf igurat+ons a1 te rna t i ves  have been proposed i n  the past w i t h  the mot! va t i on  usual l y  associated 

w i t h  one o r  more o f  the considerat ions ind ica ted .  The considerat ion rece i v ing  the greates t  

emphasis i s  t h a t  o f  g r a v i t y  gradient  torque (GGT) , a1 though a1 1  the considerat ions are s i g n i f i c a n t .  

The diamond shaped con f i gu ra t i on  has re1 a t i v e l y  1  ow GGT but  has some t h r u s t  vector r e s t r i c t i o n s  

t o  prevent plume impingement. Large length/wide r a t i o  conf igura t ions  have a  1  i t t l e  h igher  g r a v i t y  

gradient  torque than the  diamond, bu t  w i l l  have no t h r u s t  vector  r e s t r i c t i o n s .  The pyramid con- 

f i g u r a t i o n  was designed t o  have a l l  moments o f  the i n e r t i a  equal and, consequently, no g r a v i t y  

gradient  torque. I t  has, however, t h r u s t  vector  r e s t r i c t i o n s  s i m i l a r  t o  t h a t  o f  the diamond. 

The four th  conf igura t ion ,  "box k i t e "  , dcveloped by the Marshal 1  Space F l  i g h t  Center/Rockwell , 
r e f l e c t s  the shape o f  the cons t ruc t ion  base used t o  cons t ruc t  the MSFC s a t e l l i t e .  The r e s u l t i n g  

cha rac te r i s t i cs  o f  t h i s  design i s  t h a t  i t  would have minimum g r a v i t y  g rad ien t  torque. Assessing 

these con f i gu ra t i on  opt ions, several can be e l im ina ted us1 ng the ind ica ted  c r l  t e r i a .  The box 

k i t e  concept does n o t  have good s i m i l a r i t y  w i t h  the JSC/Boeing base1 i n e  s a t e l l i t e ,  would be more 

d i f f i c u l t  t o  construct ,  and has plume impingement concerns r e l a t i v e  t o  the veh ic le  s t ruc ture .  

The pyramid concept a lso  i s  d i f f i c u l t  from the cons t ruc t ion  standpoint and a lso  has t h r u s t  vector  

r e s t r i c t i o n s .  Ear ly  assessment o f  the diamond and l a rge  length lwide r a t i o  c ~ n f i s u r a t i o n s  i n d i c a t e  

e i t h e r  concept would be acceptable. Control  ana1ys. i~ o f  the diamond conf igurat ions has i nd i ca ted  

14,s than 1% o f  the d e l t a  V c a p a b i l i t y  i s  requi red t o  overcome g r a v i t y  g rad ien t  torque. Consc- 

quent ly,  t h i s  design appears t o  be q u i t e  acceptable and w i l l  be used i n  fu r the r  con f i gu ra t i on  

analys is .  



IEOTV Configuration Concepts 
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SPS-2165 
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KEY CONSIDERATIONS 

CONSTRUCTABI LITY 
SIMILARITY TO SATELLITE DESIGN 
FLIGHT CONTROL GRAVITY GRADIENT TORQUE 
THRUST VECTOR RESTRlCTlON 
POWER DlSTRlBUTlON 

CONCEPTS 

NOT TO SCALE 

"BOX KITE" r 



INDEPENDENT ELECTRIC OTV CONFIGURATION 

A configurat ion f o r  de l ive ry  tlf 4,000 metric  tons and r e tu rn  of 400 metr ic  tons i s  ind ica ted .  E l e c t r i c  

power required i s  200 megawatts requi r ing  a t o t a l  s o l a r  a r r a y  a rea  of 1.26 mi l l ion  sq meters and a 

t h r u s t  l eve l  of over 4,000 N .  The dry mass o f  t h i s  vehicle  i s  1,530 metr ic  tons requi r ing  a t o t a l  

of 605 metr ic  tons o f  argon propel lan t  f o r  t he  e l e c t r i c  t h r u s t e r s  and 50 metr ic  tons of LOZ/LHZ 

propel lan t  f o r  supplemental a t t i t u d e  con t ro l .  



Independent Electric OTV Configuration 
s Preliminary 

I ' I 8 N '  - 
SPS-2187 

l INITIAL POWER PER FLIGHT • PAYLOAD 
= 200 MW UP 4,000 MT 

TOTALARRAYAREA DOWN 400 MT 
6 2 - 1 . 2 6 ~ 1 0  m TRIP TIME 

l ELECTRIC THRUST UP 120 DAYS 
Q 4,080 N DOWN 46 DAYS 

l THRUSTERS 
120 cm DIAMETER 
1,512 UNITS 
7,000 SECONDS 

l DRY MASS = 1,530 MT 
ARGON PROPELLANT 
= 605 MT 
LO2/LH2 PROPELLANT 
Q 

I Z AXIS PAYLOAD -7 , 



MISSION EVENTS 

Some o f  t h e  more s i g n i f i c a n t  m iss ion  events assoc ia ted w i t h  a  t y p i c a l  f l i g h t  o f  an e l e c t r i c  OTV 

a re  ind ica ted .  Should a  t o t a l  m iss ion  t ime o f  180 days be considered a long w i t h  120 days up 

and 45 days down, o n l y  15 days remain f o r  t h e  o t h e r  func t ions .  Future ana l ys i s  w i l l  i n d i c a t e  

t he  f e a s i b i l i t y  o f  accompl ishing these f unc t i ons  i n  the  designated t ime w i t h  p a r t i c u l a r  concern 

assoc ia ted w i t h  anneal ing o f  t he  s o l a r  a r rays  and r e f u r b  o f  the  t h rus te r s .  



Missions Events 

TRANSFER TO GEO 

UNLOAD 

ANNEAL ARRAY 

LOAD 

TRANSFER TO LEO 

UNLOAD 

REFRUBISH 

REFUEL 

LOAD 

COST OPTIMIZE 

SEVERAL DAYS - (10) 400 MT UNITS 

WOULD MINIMIZE POWER GENERATION 
SYSTEM FOR ANNEALING MACHINES 

WOULD RESULT IN SHORTER RETURN 
TRIP 

CONTAINERS, ETC. 

DICTATED BY POWER AVAILABLE 

CONTAINERS, ETC. 

THRUSTERS, ANNEAL ARRAYS 

ARGON, L02, LH2 

(10) 400MT UNITS 



IEOTV REUSABILITY 

Although a complete r e u s a b i l i t y  a n a l y s i s  has n o t  been done as y e t ,  severa l  key i ssues  and 

c h a r a c t e r i s t i c s  can be i d e n t i f i e d .  I n  t he  case o f  hardware maintenance, t h e  most no tab le  

requirements a re  those assoc ia ted w i t h  t he  refurbishment o f  t h e  s o l a r  a r r a y  and e l e c t r i c  t h rus te r s .  

Using an anneal ing machine s i m i l a r  t o  t h a t  proposed f o r  t h e  s a t e l l i t e ,  a t o t a l  o f  250 anneal ing machine 

hours would be r e q u i r e d  t o  r e f u r b  t he  s o l a r  a r r a y  o f  t he  EOTV. Ch ie f  u n c e r t a i n t i e s  i n  t he  anneal ing 

opera t ions  f o r  t h i s  t ype  of v e h i c l e  would t h a t  o f  t h e  number o f  anneal i ngs  which a r e  p o s s i b l e  and t h e  

l e v e l  o f  recovery  w i t h  such deep l e v e l s  o f  degradat ions as compared w i t h  t he  l e v e l s  p resen t  w i t h  t h e  

ooe ra t i ona l  sate1 1 i te .  As i n d i c a t e d  e a r l  i e r  , the  kcy parameter assoc ia ted w i t h  e l e c t r i c  t h r u s t e r s  i s  

i h a t  o f  t he  beam c u r r e n t  and i t s  impact on l i f e  o f  t he  system. Wi th  80 amps pass ing through t h e  t h r u s t e r  

i t  i s  est imated 8,000 hours o f  l i f e  a re  p o s s i b l e  w i t h  t he  cathode and t h e  g r i d s  be ing  those components 

g rea tes t  concer r .  Re fue l i ng  o f  t he  OTV w i l l  be necessary w i t h  each m iss i on  and i n v o l v e  approx imate ly  

700,000 k i lograms o f  p r o p e l l a n t .  Maintenance l o c a t i o n  i s  an i ssue  i n  terms o f  whether o r  n o t  t h e  

e l e c t r i c  o r b i t  t r a n s f e r  v e h i c l e  should be brought back and docked t o  t he  LEO base o r  remain a t  a 

s t a t i o n  keeping l o c a t i o n  i r ~  LEO and have maintenance veh ic les  f l y  o u t  f rom t h e  LEO base. 
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IEOTV Reusability 
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HARDWARE MAINTENANCE 

SOLAR ARRAY 

e 250 ANNEALING MACHINE HOURS (1 MILLION SQM) 

a 10 MW PER MACHINE ( 1 h  x W m )  

UNCERTAINTIES-NUMBER OF ANNEALINGS 

-LEVEL OF RECOVERY 

THRUSTERS 

FUNCTION OF BEAM CURRENT 

a 8,000 HOURS WITH 80 AMPS 

a CATHODE AND GRIDS CHIEF CONCERN 

8. REPLACEMENT 

COST--50% OF UNIT 

MASS AND TIME---TBD 

APPROACH 

IN PLACE VERSUS REMOVE MODULE 

REFUELING 

REPLACE TANK VERSUS PROPELLANT TRANSFER 

hlAINTENANCE LOCATION 

AT LEO BASE VS AT STATIOPJ KEEPING LOCAT ION 



COST ANALYSIS 

As i n d i c a t e d  e a r l i e r ,  a  key f ac to r  i n  t he  cos t  e f f ec t i vene :~  of t he  GEO constructlon/EOTV concept w i l l  

be t h a t  assoc ia ted w i t h  t he  degree o f  r e u s a b i l i t y  and design l i f e  of the  system. Th is  can be expressed 

both  i n  terms o f  the  number o f  spares requ i red  and t he  number o f  veh ic les  forming the  f l e e t  t o  t r a n s f e r  

t he  components. A f a c t o r  t h a t  w i l l  have a  l a r g e  impact on ef fect iveness w i l l  be t he  w r i t e  o f f  t ime 

assoc ia ted w i t h  t he  veh i c l e  and t he  LEO base. Product ion r a t e  on the  power process ing u n i t s  and 

t h r u s t e r s  w i l l  be l e s s  than t h a t  f o r  the  s e l f  power concept thereby having an impact on t h e  u n i t  c o s t  

o f  these systems. Two methods used t o  express c o s t  w i l l  be the i n i t i a l  investment, which w i l l  i n c l u d e  

the f l e e t  as w e l l  as spares requi red,  and a l s o  t he  d o l l a r s  per de l i ve red  k i log ram o f  s a t e l l i t e  which 

w i l l  r e f l e c t  t h e  annual operat ions cos t  as w e l l  as amor t i za t i on  o f  t he  i n i t i a l  investment. 



Cost Analysis 

KEY FACTORS 

DESIGN LIFE 

SPARES 
NUMBER OF VEHICLES 

WRITEOFF TIME 
PRODUCTION RATE ON PPU AND THRUSTERS 
OPERATIONS COST 

AREAS 

INITIAL INVESTMENT 
WLLARS/kg 



Cost Preview 

Although the cost  analys is  has no t  been completed a t  t h i s  t ime, the areas which w i l l  be e f fec ted  and 

which r e s u l t  i n  a change i n  cost  f o r  t h i s  concept can be i d e n t i f i e d .  A number o f  increases r e l a t i v e  

t o  the LEO construct ion,  self-power concept w i l l  be present and inc lude the basic  u n i t  cos t  o f  the 

e l e c t r i c  OTV and i t s  d e l i v e r y  t o  low ear th  o r b i t .  The LEO base i t s e l f  w i l l  be l a r g e r  than t h a t  

associated w i t h  the GEO construction/chemica1 3TV concept due t o  cons t ruc t ion  operat ions o f  the 

IEOTV and i t s  maintenance. The GEO base w i l l  r e f l e c t  a l a r g e r  penal ty  due t o  the r a d i a t i o n  p ro tec t i on  

requi red fo r  a l a r g e r  crew (500 vs 65 fo r  the LEO const ruc t ion  concept). A decrease w i l l  occur, however, 

i n  the form o f  HLLV operations, since i n  the t r a n s f e r  o f  a complete s a t e l l i t e ,  a  smal ler amount o f  

o r b i t  t r a n s f e r  p rope l l an t  w i l l  be requi red by the e l e c t r i c  o r b i t  t rans fer  vehic le.  



INCREASES RELATIVE TO LEO CONSTRUCTION AND SELF-POWER 
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Cost Preview 

I E O N  UNIT COST POWER GENERATION AND OlSTRlBUT ION SYSTEM 
ANNEALING SYSTEM 

0 HLLV OPERATIONS COST I E O N  POWER GENERATION AND DlSTRlBUTlON SYSTEM 
(A MASS TO LEO) 
(COST/ FLIGHT SAME AS LEO 
CONSTRUCTION) 

SPS-2169 
IOS.8HO - 

LEO BASt SIZED TO CONSTRUCT AND MAINTAIN I E O N  
(RELATIVE TO GEO CONSTRUCTION) 
GEO BASE RADIATION PROTECTION 
CREW ROTATION AND RESUPPLY A 400 CREW AT GEO 
TRANSPORTATION A CREW FOR IEOTV CONSTRUCTION AND MAINTENANCE 

DECREASES 

HLCV OPERATIONS COST A LEO-GEO-LEO PROPELLANT 
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Phase 1 Construction Concept Overview 

SPS-2154 
ALTERNATE CONSTRUCTION CONCEPTS 

BASIC DATA 
44 

(GENERIC TRADES) ,I* CONCEPT REFINEMENT 
1 MONTH 2+ MONTHS 2 MONTH 

BASELINE 
(TWO DECKS) 

I 
AND SHAPE 

SENSITIVITIES 

E 
REFINEMENT 

LlTE 

CONSTRUCTION 

END FIXTURE 
(SLIP THRU) 



S E R I E S  CnNSTRUCTION T I M E L I N E  

A pre l im inary  analys is  was conducted t o  ascer ta in  the mer i ts  and demerits o f  cons t ruc t ing  the SPS 

modules, yokes, and antennas i n  ser ies  ra the r  than i n  the basel ine p a r a l l e l  cons t ruc t ion  approach. 

Basel ine factors t h a t  were held constant were: 1) LEO construct ion,  2 )  basel ine module, yrke, 

and antenna conf igurat ions,  3 )  one year cons t ruc t ion  time, and 4 )  base1 i n e  equipment conf igura- 

t i o n  and operat ion concepts. 

I n  the ser ies  cons t ruc t ion  concept, the f i r s t  three modules are constructed, then the f i r s t  yoke, 
and then the antenna i s  constructed. The module and yoke cons t ruc t ion  crew would be sent home 

wh i l e  the antenna i s  constructed. A f t e r  the antenna i s  bui 1  t, the antenna crew i s  sent home and 

the module crew i s  returned. 

Al te rna t i ve  f a c i l i t i e s  were considered, bu t  due t o  operat ional complexi t ics o f  these a l t e rna t i ves ,  

i t  was e lected t o  stay w i t h  the basel ine LEO f a c i l i t y ,  



Series Construction Timeline 
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SERIES CONSTRUCTION LEO BASE RATES AND QUARTITIES 

I n  order t o  f a b r i c a t e  the modules and antennas i n  about h a l f  the t ime t h a t  was ava i l ab le  when 

using p a r a l l e l  construct ion,  there are two opt lons:  Option 1 - use f a s t e r  cons t ruc t ion  equipment 

rates,  o r  Option 2 - use more equipment wh i l e  keeping the ra tes  the same as the basel ine.  

The t a b l e  shows the  comparison o f  the eauipment rates,  quan t i t y  of equipment items, and the  crew 

s izes f o r  these two opt ions and the basel ine concept. A t  t h i s  p o i n t  i n  t ime i t  i s  uncer ta in  

whether o r  no t  the base1 i n e  equipment ra tes  are reasonable. Grumman w i l l  be analyz ing the  base- 

l i n e  equipment concepts and w i l l  make judgements o f  how r e a l i s t i c  the a l l oca ted  ra tes  are. 

As the reasonableness o f  the ra tes  are s t i l l  undefined, the Option 2 concept assumes t h a t  I t  i s  

necessary t o  double a l l  o f  the c r i t i c a l  cons t ruc t ion  equipment quan t i t i es  i n  order  t o  keep the 

ra tes  approximately the same as the basel ine. This would probably no t  be necessary f o r  a l l  o f  

the machine types so the Option 2 data represents a conservat ive upper bound. 



Series Construction LEO Base Rates 
and Quantities 

- - -  - 

b 

EQUIPMENT RATES 

BEAM MACHINE 
SOLAR ARRAY DEPLOYERS 
SUBARRAY DEPLOYERS 
POWER BUS DEPLOYERS 

EQUIPMENT QUANTITY 

BEAM MACHINES 
SOLAR ARRAY DEPLOYERS 
SUBARRAY DEPLOYERS 
CRANE/MANIPULATORS 
POWER BUS DEPLOYERS 

CREW SIZE 

MANAGEMENT 
CONSTRUCTION 
BASE OPERATIONS 
BASE SUPPORT 

J h 

BASELINE 

5.06 m/rnin 
12.6 m/min 
20 minfSUBARRAY 
0.7 mfmin 

I 

2 
4 
1 

31 
3 

10 
362 
39 
77 - 

488 

SERlES 
OPTION 1 

FASTER RATES 

10 m/min 
23.7 mfmin 
12.9 minfSUBARRAY 
1.2 m/min 

OPTION 2 
MORE EQUIPMENT 

6 m/mln 
10.2 m/min 
26.7 min/SUBARRAY 
0.6 mfmin 

I 
2 
4 
1 

23 
2 

10 
239 
39 
57 - 

346 

4 
8 
2 

40 
4 

10 
314 
39 
77 - 

440 



S E R I E S  CONSTRUCTION O P T I O N S  

This  c h a r t  shows the  p r e l i m i n a r y  measures o f  the  two ser ies  construct ion opt ions as compared t o  
the  basel i ne para1 1 e l  construct ion concept. 
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SERIES CONSTRUCTION COST DELTAS 

The f i r s t  u n i t  costs associated w i t h  the two ser ies  cons t ruc t ion  opt ions and the basel ine concept 
an z shown i n  t h i s  char t .  These costs inc lude crew sa la r i es  and d e l i v e r y  costs t h a t  were n o t  inc luded 
i n  cos t  statements shown i n  Par t  I 1 1  basel ine cost  statements. 

The pre l im inary  data shows t h a t  i f  f a s t e r  equipment ra tes  can be achieved (Optjon 1) as much as 20% 

savings can be rea l ized.  This i s  p r i m a r i l y  due t o  e l im ina t i ng  two crew hab i ta ts .  



D 180-24735- 1 

Series Construction Cost Deltas 
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APPROXI MATE 
RANGE OF 



SERIES CONSTRUCTION PRELIMINARY CONCLUSIONS 

Series cons t ruc t ion  could r e s u l t  i n  s i g n i f i c a n t  savings when compared t o  the base1 i n e  para1 lel con- 
s t ruc t i on .  The exact amount w i  11 be determined a f t e r  the generic cons t ruc t ion  f a c i  l i t y  concept i s  

selected, the  cons t ruc t ion  equipment i s  character ized i n  more d e t a i l ,  and the  crew module costs a re  

updated. 

Series cons t ruc t ion  does have the disadvantage t h a t  there w i l l  be i d l e  equipment (antenna construc- 

t i o n  eqhipment i s  i d l e  dur ing module cons t ruc t ion  and v ice  versa), there would be operat ional  

i ne f f l c i ences  r e s u l t i n g  from the discont inuous product ic* i  o f  the major end items, and there would 

be inventory  con t ro l  and warehousing complicat ions. 



Series Construction Preliminary Conclusions 
S 

SERl ES CONSTRUCTION MAY RESULT I N  +10% TO -20% COST A 

EXACT A WILL DEPEND UPON- 

GENERIC CONSTRUCTION FACILITY CONCEPT SELECTION 
CONSTRUCTION EQUIPMENT RATE, COST, AND MASS OEFlNll7ON 
CREW MODULE COST AND MASS DEFINITION 

ADVANTAGES: 

POTENTIAL COST SAVINGS 

DISADVANTAGES: 

IDLE EQUIPMENT 

DISRUPTION I N  PRODUCTJON CONTINUITY 

WAREHOUSING AND INVENTORY CONTROL COMPLlCATlONS 



SINGLE-DECK CONSTRUCTION BASE 

The single-deck cons t ruc t ion  base i s  a  d e r i v a t i v e  o f  the basel ine LEO base. I n  t h i s  concept, 

the " rno f "  and "back wa l l  " o f  the base1 i n e  f a c i l i t y  have been e l im ina ted by moving the f a c i l i t y  t o  

module indexers t o  the  lower l e v e l  and by us ing two const ruc t ion  gant r ies  ( t he  gant r ies  are  

descr-i bed i n  the fo l l ow ing  cha r t ) .  

The i r d ~ x e r s  would operate from the t rack  network t h a t  i s  used by the cons t ruc t ion  and l o g i s t i c s  

equipment. The t rack  pa t te rn  def ined i n  the  F a r t  I 1 1  studies provides enough a l t e r n a t i v e  pathways 

t h a t  compet i t ion f o r  t rack  loca t ions  between the indexers and o ther  equipment does n o t  appear 

t o  be a  proolem. 

The cons t ruc t ion  gant r ies  would operate from a  dedicated t rack  network due t o  the l a rge  wheelbase 

requ i red  f o r  these 1 arge machines. 

The antenna f a c i  1  i t y  r e t a i n s  the C-cl amp conf-i gura t ion  due t o  the mu1 t i p l e  number o f  i n s t a l  1  a t i o n  

operat ions t h a t  occur on both faces o f  the antenna s t ruc ture .  



Single-Deck Construction Base 



6 0 0 m  GANTRY CONFIGURATION CONCEPT 

The construct1 on gant r ies  provide the working surfaces f o r  the beam machines and crane/manipul ators 
t h a t  are used t o  f a b r i c a t e  and assemble the upper surface of the module and yoke (on l y  one of the 

gant r ies  would have a beam machine attached). The cons t ruc t ion  equlpment would be capable of 
moving about on the t rack  network b u i l t  i n t o  the gantry.  A crew bus would be I n s t a l l e d  on each 

gantry t o  t ranspor t  the  crews irom the p la t fo rm t o  the cons t ruc t ion  eqi; )mento 



600m Gantry Configuration Concept 
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END JIG FACILITY 

The so-cal led "End J i g "  f a c i l l  t y  concept represents a gener i ca l l y  d i f f e r e n t  approach t o  s a t e l l i t e  

cons t ruc t ion  as compared t o  the basel ine concept. I n  t h i s  concept, the module would be "extruded" 

from a f a c i l i t y  by the simultaneous f a b r i c a t i o n  o f  the l ong l tud ina l  beams. The "extrus ion"  a c t i o n  

could be employed t o  deploy the so la r  a r ray  blankets. The ex t rus ion  process would be stopped a t  

the end o f  each bay t o  a l l ow  the l a t e r a l  beams and so la r  a r ray  contalners t o  be i n s t a l l e d .  

I n  the  end j i g  concept shown, the antenna and yoke assembly operat ion would be performed on a 

p la t fo rm located below the module. These mi t s  would be assembled i n  a pas1 t Ion where they could 

be jo ined t o  the module i n  the o r i e n t a t i o n  i n  which the antenna would be located f o r  t ranspor t .  

There are several issues t h a t  w i l l  need t o  be resolved t o  implement the end j i g  concept. Frame 

indexing/support and simultaneous beam assembly are the pr imary problems. 



End Jig Facility 

MODULE ASSEMBLY 
n * DIRECTION 
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2 .5  GW SOLAR POWER SATELLITE (SPS)  
IR&D RESULTS 

A Boeing independent research e f f o r t  i s  underway t o  g a i n  a p r e l i m i n a r y  understanding o f  t h e  va lue  o f  

a 2500 MW ground output  SPS as e i t h e r :  

1 )  A l a r g e  developmental u n i t  

2 )  A production u n i t .  

Mot iva t ions  f o r  t h i s  e f f o r t  inc lude  poss ib le  lower  development funding and improved u t i l i t y  "capac i ty  

c r e d i t "  f o r  a s c a l l e r  SPS. 



2.5-GW Solar Power Satellite (SPS) 
IR&D Results 



S I Z E  S E N S I T I V I T Y  ANALYSIS:  POWER LEVEL AND TRANSMITTER DIAMETER 

Tnis cha r t  was developed dur ing Par t  I I I of cont:*act NAS9-15196 and i s  the  r e s u l t  o f  computer 

processing of  a SPS systems model. It was shown tha t  minimum ove ra l l  SPS cos t  might be obtained 

when the space t ransmi t te r  diameter was about 1.4 km i n  diameter, s ince t h i s  caused the ground 

rece iver  t o  be smal ler (than, f o r  example, w i t h  a 1.0 km t ransmi t te r ) .  However, l a r g e  t ransmi t te rs  

r e s u l t  i n  exceeding the cu r ren t  23 m w/cm2 "1 i m i  t" on ionospheric power densi ty ,  unless the 

de l ivered g r i d  power i s  2500 MW o r  less .  Hence i t  may be possib le t o  have smal ler SPS wi thout  

a s i g n i f i c a n t  recu r r i ng  cos t  penalty.  
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GROUND RULES 

These ground ru les  apply t o  the Boeing independent study o f  the 2 . 5  GW SPS.  



Ground Rules 
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MICROWAVE CONSIDERATIONS 

Compared t o  the 1 . 0  krn diameter a ~ t e n n a  of the 5.0 GW ground output system, the 1.4 krn antenna 

has approximately: 

1. One h a l f  the t ransmit ter  tube mass 

2.  Twice the waveguide mass 

A prel iminary estimate ind icates  t h a t  the spec i f ic  mass ( t o t a l  o r b i t a l  systev mass div ided by 

del ivered g r i d  output)  i s  19% higher f o r  the 2 . 5  GW u n i t .  



BrnEIDE 
SPS Microwave Considerations 

WlTH THE GROUND-RULED PARAMETERS FIXED, THE PRODUCT 
OF THE APERTURES IS NEARLY CONSTANT. 

WlTH HALF THE TRANSMlnED POWER, THE TRANSMITTER AREA IS NEARLY 
TWICE, AND THE RECTENNA AREA NEARLY HALF OF THE 5 GW SYSTEM 

HENCE: TRANSMITTER DIAMETER WILL BE APPROXIMATELY 1 M  

RECTENNA EAST-WEST WIDTH APPROXIMATELY 7.0 km 

MASS IMPACT (GROWTH NOT INCLUDED) 

ANTENNA ELEMENTS 

STRUCTURE 
WAVEGUIDE 
KLYSTRONS 
CONTROL SYSTEMS 
POWER DISTRIBUTION 
POWER PROCESSING 

POWER GENERATION 

kg/kW RECEIVED 

5GW 
(METRIC TONS1 

2 5  OW 
_(METRIC TONS) 



2.5 GW SPS CONFIGURATIONS 

This shows a  p re l im ina ry  s i z i n g  of a  system t o  d e i i v e r  2.5 GW. I n  accordance w i t h  a p re l im ina ry  

cons t ruc t ion  analys is ,  the  bay s i z e  i s  the same (666 m) as the 5.0 GW "reference" design from 

con t rac t  NAS9-I 5196. The "beveled edges1 can be used s ince the mono1 i t h i c  s t r u c t u r e  does n o t  

i nvo l ve  modules which must mate edge t o  edge. The antenna would be ro ta ted  t o  the  center  of 

the  "bottom" s ide  dur ing  s e l f  power t r a r ~ s p o r t ;  t h rus te rs  would be located a t  the fou r  corners. 



2.5-GW SPS Configuration 
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SHllTTLE D E R I V A T I V E  VEHICLE CHARACTERISTICS 

Analysis ~ n d e r  contract  NhS9-15196 indicated tha t  t ransmit ter  subarrays should be launched from 

Earth as completely assembled un l t s .  The low density subarrays const i  tuted the ma jo r i t y  of the 

volume t o  be car r ied  t o  o rb i  t. For a  2.5 GW SPS, w i  t h  twice the subarray area per del ivered 

ground kw, the packaging task i s  even more challenging. I f  the i n i t i a l  uni t i s  t o  be launched 

by a  der i va t i ve  of the space shut t le ,  a  high volume shroud w i l l  be required; a  possible arrangement 

i s  show. 





BOOST COST EFFECTS 

A shu t t l e  de r i va t i ve  launch vehic le (SDLV) w i l l  have a lower develoment cost  than the la rge heavy 

1 i f t  launch vehicles (HLLV) cur ren t l y  proposed f o r  SPS; however, the recurr ing cost  (per del ivered 

kilogram) would be much higher. I f  a SDLV i s  used t o  launch an I n i t i a l  2.5 GW SPS, t o t a l  program 

funding t o  the po in t  o f  "systc? on the l i n e "  w i l l  be approxlmately $58 less than I f  the HLLV 

were used. 



Boost Cost Effects 
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SMALLER SATELLITE CONSTRUCTION ISSUES 

The 2.5 GW SPS cons t ruc t ion  ana lys is  has y ie lded  several general conclusions. 

The module an antenna frame bay s izes should be made as ,arge as p r a c t i c a l .  The longer the bay 

size, the fewer j o i n t s  t h a t  need t o  be assembled. Mcre important ly ,  the longer the bay size, the  

fewer indexing maneuvers are  required. 

The so la r  a r ray  b lanket  width should be as l a r g e  as allowed by the earth-to-LEO cargo veh ic le  pay- 

load bay s ize.  The wider the blankets, the  fewer t h a t  need t o  be i n s t a l l e d .  

The subarrays should a l so  be as l a r g e  as possib le,  It i s  p a r t i c u l a r l y  important t o  avoid having t o  

subassemble subarrays a t  the  LEO base. 

The f a c i l i t y  s i ze  i s  d i c ta ted  by the bay s izes used i v  the power c o l l e c t i o n  module and i n  the 
antenna. I f  these dimensions are  s i m i l a r  t o  those used on a 10 GW SPS, then the o v e r a l l  f a c i l i t y  

p lat form area w i l l  be s i m i l a r .  

The module and antenna const ruc t ion  crew s izes w i l l  be s i m i l a r  t o  those requi red t o  make the l a rge  

SPS because the cons t ruc t ion  operat ions are  the same. By us ing ser ies construct ion,  the t o t a l  crew 

s i ze  can be reduced by changing ou t  the module cons t ruc t ion  crew and b r i ng ing  up the antenna crew 

a f t e r  the yoke i s  constructed. 



BrnEINE 
SPS Smaller Satellite Construction Issues 

MAXIMIZE SOLAR ARRAY BLANKET WIDTH (FEWER B U N K E n  - LESS 
INSTALLATION TIME) 

MAXIMIZE SUBARRAY SIZE (FEWER SUBARRAYS -' LES8 IN8TALLATION 
TIME, LARGER SIZE --L LESS SUBASSEMBLY - FEWER PEOPLE) 

FACILITY WILL NOT NECESSARILY BE SMALLER THAN THAT USED TO 
CONSTRUCT LARGER SATELLITES (FACILITY DlMENSlONS PROPORT IONAC 
TO BAY SIZE) 

MODULE AND ANTENNA CONSTRUCTION CREW SIZES, SAME AS THOSE FOR 
10 OW (THE SAME CONSTRUCTION OPERATIONS MUST BE PERFORMED) 



2.5 - GW SPS - INDEPENDENT STUDY 

The 2.5 GW SPS could be constructed us ing a  single-deck LEO f a c i  1  i t y  such as shown here. This  

f a c i l i t y  would be used t o  cons t ruc t  the  e n t i r e  SPS a t  LEO ( I  .e. s e l f  power t r a n s f e r  would be 

f o r  the en t i re ,  non-modular u n i t ) .  

Two movable cons t ruc t ion  gant r ies  are  used t o  prov ide working surfaces f o r  the equipment t h a t  I s  

used t o  assemble the  top surface o f  the power c o l l e c t i o n  module. The module i s  supported and Indexed 

from the  module assembly p la t fo rm t racks  by indexers. La tera l  and l ong i tud ina l  indexing i s  requi red.  

Using an approach wherein the power c o l l e c t i o n  module, the yoke, and the antenna are constructed i n  

ser ies, 90 days are requ i red  t o  cons t ruc t  the module, 10 days t o  cons t ruc t  the yoke, and 175 days t o  

cons t ruc t  the antenna. A crew s i z e  o f  478 ( the same as the base1 ine 10 GW SPS base crew s i ze )  would 

be a t  the LEO base f o r  the f i r s t  100 days and 350 would be requi red f o r  the l a s t  175 days. 

The same types and q u a n t i t i e s  o f  cons t ruc t ion  equipment as were def ined f o r  the 10 GW SPS cons t ruc t ion  

would be requi red.  The quan t i t y  does n c t  change because the same const ruc t ion  operat ions are requi red.  



B@Eflm@ 2.5-GW SPS: Independent Study 
SPS 

SATELLITE FACILITY 
DIMENSIONS IN METERS 

275 DAY CONSTRUCTION TIME 
CONSTRUCT MONOLITHIC SATELLITE 
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wy l o c r l y  1810 Cunth 
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CREW SIZE: 478 FOR 100 DAYS, 350 FOR 175 DAYS 
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GENERAL FUNDING OBSERVATIONS 

These preliminary observations indicate the primary impacts t h a t  may result from implementation o f  

a 2 . 5  (rather than 5 .0  or 10) GW SPS. 



General Funding Observations 

IF THE SPS OEVELOPMENT COST IS CONSIDERED TO INCLUDE FACILITUATION AND 
THE FIRST UNlT (HENCE NEARLY $84 BILLION FOR THE 10 OW UNIT), THEN THE 
25 GW UNlT OFFERS: 

A LOWER FUNDING PROFILE, BY: 

6 LOWER FIRST UNlT COSf 

DEFERRED DEVELOPMENT OF THE HLLV 

LOWER FAClLlTlZATlON COST (IF THE PRODUCTION RATE IS 
2 5  GWIYEARI 

HIGHER TOTAL COST TO OBTAIN 10 GW ONLINE (FOUR UNITS) 



PRELIMINARY SITING CONSIDERATIONS 

Preliminary s i t i n g  analysis w i t h ~ n  spec i f ic  nationa! areas (those covered by the three "contr ibut ing 

u t i l i t y  regions") under contract  NAS9-15646 indicates t h a t  the smaller rectennas o f  the 2.5 GW SPS would 

al low approximately 50% more capacity t o  be s i t e d  a f t e r  a l l  " p r a c t i c a l "  5.0 GW rectennas had been sited. 



DDEDrnB 
SPS Preliminary Siting Considerations 

(Contract Funding) 

AFTER PLACING ALL PRACTICAL 6 GW RECTENNAS I N  A FOUR-STATE 

AREA, AN ADDITIONAL 50% MORE POWER FROM SPACE CAN BE 

OBTAIN€') FROM THE 2.5 GW RECTENNAS, WHICH CAN BE SITED USING 

THE SAME GROUND RULES. 



GRUMMAN 

The following charts were presented by Grumnan at  the orientation meeting to describe their 

initial  planning for investigation o f  const,ruction a1 ternatives. 
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IMPACT SUPT BEAM MACH 8 SUPT BEAM MCH 8 SUPT BEAM MACH 8 
S ,A, DEPLOY MACH STRING CAbLES STRING CABLES 

;OUR ARRAY TRANS, IMPACT FOLDED ARRAY ARR Y3 W/ RoLkkk CA!L~S 

l S it 



f 0 180-24735-1 

El!uuum 

Y 

. 

o CONSTRUCTION ACTIVITY I S  TAILORED TO THE X - Y PLANE, 

o ACTIVITY ALONG THE Z - AXIS I S  LIMITED TO THE DEPTH OF THE FACILITY, 

.. 
onunmmu 

152 - v ,  
C, 

1%' 



OPTIONS: 



I LATERAL I 

10 LONG, 
7 LAT, 



TRIPOD BUTT 

. 



\ STIFFENERS ) 

CONSTRUCT ION 
BASE I 

MODULE 

1. ARTICULATING BEAn MACHINES 
2 a EXTENDW ARMS (UPPER 8 LOWER 

J011QING) 
3 4  FREE-FLYER JOINING 
4a TENSION WIRES 



1, END-FRAME 

2 @  BAYS 

3.  MODULE 

BASELINE* 
("C" CLAMP) 

48840 HRSo 

ALTERNATE *. 
(END-BU I DER) 

713 HRSo 

768 HRS, ( V I r n S ~ / ~ 1 ~ )  

11.5 HRS. (V,-~M/MIN) 

7200 HRSo ( V I m S ~ / ~ l ~ )  
146.0 HRS. (V,=~M/MIN) 

* BASELINE FABRICATION RATE ~ M / S E C  

** 17 BEAM MACHINES 



OPTION 2 (SLOTTED') 

L 

ANTENNA 



ma- FA,, ~ t ~ ~ . + . ~ u . r - ~ + ~ . o m u r . ~ -  

D 180.24735- 1 

ALTERNATE LEO CONSTRUCT I ON RASES 

- EXTERNALSYSTEMS -- 

@ & @  @ 
I 

I 
I 

BASELI NE '-I x 2 MOD, 4 x l/4 4 x 0  
4 x 2  

@ P' 

4 x 0' 

2 x 2  2 x 0  I 
I 

IFIFD SB;[FI I JTF - OPTIONS 
o BOOTSTRAP CONSTR, 
o SMALL MODULE 
o SIMPLE ANTENNA . 

A 159 



ALTFRNATF COGTRUCT ION CONCEPT EMPHASIS 

o BASELINE VS, END BUILDER (EXTRUSION), INTERNAL SYSTEM, 8 OTHERS 
. 

o ALTERNATE BASE ARRANGEMENTS 8 CONSTRUCTION ELEMENTS 

- MODULE STRUCTURAL B U I L D  UP (BEAM MACHINES & CONSTR AIDS)  
- ANTENNA/YOKE B U I L D  UP 8 ASSY TO MODULES 
- SUBSYS INSTALLATION OPERAT IONS (SOLAR ARRAY DEPLOYERS MICROWAVE 

SUBARRAY DEPLOYERS, ETC , 
- CREW SUPPORT 

o BASE/MODULE INTERFACE LOADS 

- SHEAR STIFFNESS 
- A X I A L  LOAD EFFECTS (BEAM BUILDERS) 

o BASE B U I L D  UP 8 TECHNOLOGY REQMTS, 


