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FOREWORD 
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1 a O INTRODUCTION 

This repor t  summarleer t he  th ree  pro jec t  system da f in i t i ons  developed 
a r  pa r t  of t he  ove ra l l  Task 1.0 e f f o r t .  The three  systems are:  (1) an SFS 
Development F l igh t  Teat Vehicle configured f o r  space fabr ica t ion  and compati- 
b l e  with s o l a r  electric propulrion o r b i t  t r ans fe r ;  (2)  an Advanced Conmuni- 
ca t ions  Platform configured f o r  space fabr ica t ion  and compatible with low 
th rus t  chemical o r b i t  t r ans fe r  propulsion; and (3) the  same Advanced Communi- 
ca t ions  Platform, configured t o  be space e rec tab le  but s t i l l  compatible with 
low th rus t  chemical o r b i t  t r ans fe r  propulsion. These project  systems a r e  
intended t o  serve as configuration modelr f a r  use i n  de ta i led  analyses of 
space construct ion techniques and processes. They represent f ea s ib l e  concepts 
f o r  "real" p ro jec t s ;  r e a l  i n  t he  sense t ha t  they a r e  r e a l i s t i c  contenders on 
the  l i n t  df candidate misrions cur ren t ly  projected f o r  the na t iona l  space 
program. Thus, they represent  reasonable configurations upon which t o  base 
there  ea r ly  s tud i e s  of a l t e r n a t i v e  space construct ion procerses. Not only 
w i l l  we  l e a rn  about some of t he  fundamental problems associated with space 
construct ion,  but we w i l l  a l s o  begin t o  l ea rn  about some of the spec i f i c  
i s sues  litcely t o  occur i n  the I n i t i a l  appl ica t ions  of l a rge  a rea  space systems. 

The three  pro jec t  nyrtems presented here  represent  the culmination of 
concept ana lys i s  and se l ec t i on  e f f o r t s  s t a r t e d  e a r l i e r  i n  Task 1.0. Pre- 
liminary analyses of some 49 concept va r i a t i ons  spanning three  basic  types 
of rpace p ro j ec t s  were conducted to  iden t i fy  the main combinations of p ro jec t  
options,  configuration design aoproaches and o r b i t  t r ans fe r  propulmion modes. 
These concept va r i a t i ons  were screened t o  s e l e c t  a a n a g e a b l e  number of speci- 
f i c  project  systems which could then be used i n  de ta i led  rpace construction 
analyses. The screening process conoidered the  individual  project  character- 
i s t i c s ,  t h e i r  legacy in t e r ac t i ons  with the space program, construction impli- 
ca t ions  and d r ive r r ,  and the  explo i ta t ion  of d i f f e r en t  o r b i t  tronofer propul- 
s ion  modes. The concept va r i a t i ons  and screening analyses a r e  presented i , ~  
Reference 1 (SSD 79-0025).* Thus, the  e f f o r t  r e p o r t 4  here begins with the 
th ree  selected concepts i den t i f i ed  above and expands them in to  complete system 
de f in i t i ons  covering a l l  of t h e i r  Important design and configurat ion features .  

Although these pro jec t  systems represent r e l a t i ve ly  complcte de f in i t i ons ,  
the main i n t en t  war t o  e s t ab l i sh  reasonable and typica'  subsystem s i z ing  leve ls  
and in t e r f ace  c h a r a c t e r i s t i c s  ra ther  than optimized designs. Since the main 
object ive of t he  study is t o  analyze space construction, i t  was f e l t  t o  be 
more important t o  have "reasonable" designs with good t r aceab i l i t y  of t h e i r  
p r inc ipa l  f ea tu re s  than t o  expend v i t a l  study resource3 on design optimizations.  
It is more Important t o  know t ha t  the construction procoss must handle a given 
type of subrymtem module with i ts pa r t i cu l a r  i n s t a l l a t f o n  cons:raintc/con- 
s idera t ions  than i t  is t o  have the  module s i z e  and features  o p t i ~ i - e  to  the  
nearest  inch o r  pound. With good t r a c e a b i l i t y  through c l ea r ly  docunentad 
r a t i ona l e  t he  configuration design d r ive r s  can e a s i l y  be correlated with 
resu l t ing  construct ion issues .  This w i l l  s implify the appl icat ion of che 
construct ion ana lys i s  r e s u l t s  of t h i r  study t o  fu ture  project  systems. Thus, 
the  main guidel ines  used i n  the  development of the  chosen project  systems were: 

*References appear a t  t he  end of each sect ion.  



(1) Utillro firrt order riniq malymor to produce foariblo and 
practical wafiguratianr, not optlmieod dorignr. 

I (2) Emphasiro doriga charactorl~ticr which rignif icantly af f act rpaco 
conrtruction procorroe. 

1 (3) Provldo good traceability through clear, succinct rationale. 
t 
i The throo project ryrtm dofinition8 rerulting from the application of 
I there 8uidelines are prerentod in tho following book sections. Section 2.0 

preronte tho definition of the SPS Dovolopmont Flight Tort Vehicle project 
and Section 3.0 prermta the dof initionr of two conf igurationn for the Advanced 
Conmunications Platform project, o space fabricated deeign and an orectablo 
design. Tho content of each rection includor ovorall project requiroxmtr, 
a configuration concept rummry, rubryrtem deacriptionr and o summary of con- 
rtructron requiromontr. Tho project requiremontr were developed through an 
abbrevtotod approach uring a ocenario technique. With thia techc~ique roquire- 
mnts rbre ootablirhed more on the barir of judgmental logic rather than on 
rigorouo dosign trader and coat benefita analyaor, thereby leavin~ more atudy 
rorourcor for analyrir of rpaco conrtruction. The configuration rumary 
describer the overall deaign concept along with the derign drivers and key 
ratlonalo. The rubryrtom dercriptionr briefly highlight the important featurea 
of each rubrystem along with their nuin rioing rationale. The conrtruction 
requiromontr tranrlate tho configuration dori* characterirtice for each pro- 
ject ryrtem into apacific rufeu and guideliner for construction including 
werall strategior, individual "piece part," inventories and construction 
tolormce coneiderationr. 

The deaign definitionr and construction requirements data prerented here, 
than, make up the principal input data to Taak 2.0 of the rtudy (Syrtem Analyria 
of Space Conrtruction). 

1. Space Construction Syetom Analysis Project Sy8t.m b v i w ,  
Bockwell International Corporation, Document No. SSD 79-0025, 
Dated 12 Decrmber 1978. 



2.0 DEFINITION OF SPS FLIGHT TEST ART1CI.E 

The following definition of the solar power satellite flight cert article 
Is complete and independent from the descriptionr of antenna platforms which 
follow in Section 3.0. It *,egins with a project scenario and continues with 
overall configuration dercription and rationals for design, detail subsystem 
definitions, and a mass properties etatement. Finally, there is a prerenta~ion 
of overall construction process requirenents,which is limited to the given con- 
straInts,end suggrsttd guidelines for construction inherent in cha design con- 
cept. Key feeture~ of the project are introduced in Figure 2.0-1 

SI:P MODULES \ 

SOLAR ARRAY BLANKETS 

MICROWAVE LVTENNA 

SPACE FABRlCATED STRUCTURE 

ROTARY JOINT 
-4 -.. 

'-- SEP ?IODL!LES 

Figure 2.0-1 Kay Features of the Solar Yowe? Satellite 
Yligkt Temt Article Conntruction Project. 

6 



I- - 

I 
-----_- -___ . _ _ - - .-- - , *,.. 

L' 

I SrWHllk Syatma Olvlalon Rockvvell 

I Space Sysloma Group lnternatlonal 
t 
F 
F 

I 
j 

i ! 1 2.1 SPS TEST ARTICLE PROJECT SCENARIO 
i 

The purpose of this section is to provide a "word picture" of the major 
factors likely to iiifluence or shape the design concept for this project. It 
includes a brief Pummary of the overall motivating environment currounding 
chis project, general operating modes suited to the project 00,cctives and 
servicing/growth considerations related to the scope and objectives *f the 
project. It serves as an abbreviated approach in establishing the to? level 
system requirements far use in the concept synthesis and design analjses. 

2.1.1 General 

The scenario for the SPS Test Article is outlined in Figure 2.1.1. This 
scenario presumes the results of on-going NASA-DOE research activities will 
continue to show solar voltaic space power satellites to be a viable contender 
in satisfying future US and world needs for clean energy. Implied with this 
presum?tion is the execution of the basic plan outlined in the SPS "Red Book" 
(Reference 1) calling for continued research and analysis of vital issues and 
the introduction of key hardwareltechnology developments. Many details of 
this plan are unimportant to this scenario, but the general need for a major 
development test vehicle such as ti~at dep:'.ct ;.d here for the SPS Project is 
presumed. This, then, sets the overall motivating environment for the analysis 
of the SPS Test Article Project. 

Within this projected environment the SPS scenario specifies a 1985 time 
period for the flight vehicle IOC as currently planned in the SPS Red Book. 
The prime objective of this project is to perform space-to-space tests of the 
microwave power beam. These tests are centered on the verification of the 
retro-directive phase control concept for beam formation and beam focus/ 
containment and the demonstration of heat rejection in the high thermal 
flux environment of the beam-forming electronics. 

Other objectives, such as high-voltage photovoltaic power generation, 
large system construction tests and evaluation and behavior of light-weight 
space structures are also an integral part of the plan. Further, the signifi- 
cant investment represented by the flight vehicle along with its potentially 
high electrical power output suggests that extra versatility should be incor- 
porated into its design so that it can serve as a multipurpose facility after 
the primary test objectives have been met. These considerations, then, set 
the timeframe and backgrou-~d of thinking which are applied to the operating, 
servicing and growth facets of the overall SPS Test Article Project scenario 
discussed below. 

2.1.2 Operating Scenario 

In addition to the operating scenario of Figure 2.1-1, a basic mission 
and the main flight modes required to perform the test operations are pre- 
sented in Figure 2.1-2. An orbit altitude of 555 km (300 nmi) was selected 
for the microwave tests. This was deemed the lowzst feasible altitude con- 
sistent with the large area, ;. \I W/CDA characteristics of the configuration. 
A higher orbit may prove to be required, but the lowest practical orbit was 
selected here in recognition of the payload performanceltransportation costs 
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associated with higher o rb i t s .  

A s ix month mission durat ion was estimated t o  be adequate f o r  the per- 
formance of the planned microwave t e s t s .  This provides over 2700 o r b i t  revs 
with nearly four  f u l l  cycles of sun/orbi t  geometries. A s  a preliminary esti- 
mate, these mult iple  cycles  of the  space o r b i t a l  environment should Se adequate 
t o  meet t he  various test object ives  including the microwave performance assess- 
ments, e l e c t r i c a l  power generation tests and measurements of s t ruc tu ra l  behavior/ 
response t o  both thermal cycling and th rus t e r  pulses. Future, more de t a i l ed  
planning may e s t ab l i sh  the  need f o r  a longer mission duration, but s i x  months 
was f e l t  t o  be su f f i c i en t ly  represeutat ive f o r  use a t  t h i s  time t o  s i z e  system 
fea tures  f o r  space construction analyses. 

2.1.3 F l ight  Modes 

The mission p r o f i l e  i n  Figure 2.1-2 i d e n t i f i e s  several  main f l i g h t  phases/ 
modes. Also, several  d i f f e r en t  o r b i t  a l t i t u d e s  a r e  depicted i n  recognition 
of the various influences shaping the project  throughout the l i f e  of the t e s t  
vehicle.  Construction is shown t o  occur a t  a lower, more "Shuttle accessible" 
o r b i t ,  than the  test mission o rb i t .  An a l t i t u d e  of 460 km (250 m i )  was 
a r b i t r a r i l y  selected f o r  space construction. Later ,  de ta i led  analyses of 
the  space construction process (Task 2.0) may require  a change i n  construction 
o r b i t  a l t i t ude ,  but f o r  the  preliminary requirements here, 460 km was selected.  

A higher, 740 km (400 m i ) ,  o r b i t  is a l so  shown a f t e r  the microwave t e s t  
mission is  completed. This was introduced i n  recognitibn of the po ten t i a l  
value of long durat ion ( 3 1  yr)  advanced technology experinentation which 
could be conducted i n  the post microwave t e s t  phase. Experjments during t h i s  
extended period could include s o l a r  e l e c t r i c  propulsion, remote servicing, 
and many others.  Following t h i s  period, t he  system could then be t ransferred 
':o a lower, more Shuttle-accessible o r b i t  f o r  re -out f i t t ing  t o  a new mission 
configuration. 

The above mission p r o f i l e  c a l l s  fo r  the  o r b i t a l  dr.livery of a rectenna 
vehicle  following construction and checkout of the SPS Test Art ic le .  The 
rectenna is the  receiving element of the space-to-space microwave beam per- 
formance t e s t  and is a separate  f l i g h t  vehicle.  I ts  del ivery i s  depicted i n  
dashed l i n e s  (Figure 2.1-2) t o  s ign i fy  tha t  the de f in i t i on  of t h i s  important 
element is outs ide the scope of the SPS Test Ar t ic le  de f in i t i on  reported 
herein. Howevsr, i t  is ident i f ied  i n  order t o  c l a r i f y  i ts  mission interfaces.  

Once the rectenna vehicle  i s  su i tab ly  placed i n  the t e s t  o r b i t  the SPS 
Test Ar t i c l e  would be maneuvered t o  the same o r b i t  with the appropriate stand- 
off distance. An "orb i t  adjustment" phase is included which i s  comprised of 
a s e r i e s  of small correct ion maneuvers to achieve the proper "co-orbital" 
accuracies between the two vehicles ,  These correct ion maneuvers a r e  assumed 
t o  be provided by the SPS t e s t  vehicle  r a the r  than the rectenna system. This 
allows the rectenna vehicle  which is a r e l a t i ve ly  spec ia l  purpose device t o  
be a s  simple and low cos t  a s  possible.  Placing the maneuvering capabi l i ty  
on the SPS t e s t  vehicle  follows the design v e r s a t i l i t y  c r i t e r i a  mentioned 
e a r l i e r .  Ve r sa t i l i t y  o f f e r s  addi t ional  productivity from the  f a c i l i t y  invest- 
ment a f t e r  the microwave t e s t s  a r e  completed. 



For t he se  same reasons, t h e  stationkeeping maneuvers were a l s o  aosumed 
t o  be  performed by t h e  SPS test vehicle.  These maneuvers a r e  needed t o  main- 
t a i n  t h e  16.5 km (8.9 nmi) separat ion d is tance  between the  SPS test vehic le  
and the  rectenna. This separat ion d is tance  is bounded by beam spreading/ loss  
of s i d e  lobe capture  on t h e  high s ide ,  and near f i e l d  e f f e c t s  on t h e  low s ide .  
A stationkeeping "deadband" of + 1 km was assumed. This could requi re  maneu- 
ve r s  a s  frequent a s  th ree  o r  four times per day, depending upon the  drag/ 
welght d i f fe rences  between the  two vehicles .  A wider deadband t o  reduce t he  
maneuver frequency might be poss ib le  within t h e  experiment requirements, but  
would not s i gn i f  ica..rqp af f a c t  t h e  AV required. Hence, the  1 km deadband was 
se lec ted  as a represent;l t ive value, Although excursions up t o  1 km a r e  allowed 
with t h i s  assumption, the  a c t u a l  separat ion d is tance  must be measured within 
an accuracy of 1: 80m t o  properly c o r r e l a t e  beam performance measurements. 

In  addi t ion  t o  stationkeeping, the f l i g h t  mode f o r  the  microwave tests 
requi res  prec is ion  pointing of t h e  antenna toward the  rectenna receiving system. 
Further,  t h e  so l a r  array a r ea  must be sun oriented. Thus, a ro t a ry  j o i n t  is 
needed between t h e  antenna and the  s o l a r  a r r ay  t o  provide t h e i r  respec t ive  
viewing requirements, A s i n g l e  degree-of-freedom (d.0.f.) j o i n t  appears t o  
be adequate f o r  t h i s  funct ion and would o f f e r  lower c o s t s  than a more complex 
two d.0.f. concept. With a Y-POP f l i g h t  mode (Y is the long a x i s  of the  s o l a r  
a r ray  area)  ro ta ted  t o  maximize s o l a r  view f ac to r s ,  t he  a r ray  kW output is more 
than s u f f i c i e n t  t o  power t he  microwave test, even f o r  maximum sun out-of-plane 
angles (0- = 52 degrees). 

It fu r the r  appears t ha t  the  microwave tests could be performed i n  a 
"daylight only" mode, t h a t  is, only during the  i l luminated port ion of t he  
orb i t .  The il luminated f r a c t i o n  of t h e  o r b i t  ranges from 60 t o  70 minutes. 
This i s  approximately twice the  30 minute thermal response time constant 
estimated t o  e x i s t  f o r  t he  high power Klystron i n s t a l l a t i o n  and antenna 
assembly. Thus, two " t i m e  constants" would be ava i lab le  f o r  generating the  
desired thermal response da ta  and heat r e j ec t i on  performance trends.  This 
would provide near ly  the  f u l l  range of thermal da ta  up t o  s teady-state  con- 
d i t i o n s  f o r  good co r r e l a t i on  with thermal models and would g rea t ly  reduce 
energy s torage  requirements. Thus, with a "daylight only" t e s t  mode f o r  t he  
microwave experiments, energy s torage  need only accommodate a power l e v e l  of 
a few kW fo r  bas ic  housekeeping functions r a the r  than the  severa l  hundred kW 
required f o r  t h e  microwave tests. 



This results in an auotere, but practical, concept for the SPS Test 
Article. Future, more detailed determinations of test requirements may indi- 
cate the need for longer test runs. These would involve additional energy 
storage capacity, but not necessarily sized to full time, continuous high power 
testing. High power test runs could be scheduled with several dayd between 
tests to allow longer battery charging periods. There is a wide range of possi- 
ble combinations of test run durations, battery charging intervals and test 
runs with and without simultaneous battery charging. However, the austere 
"daylight only" approach was selected for this analysis as a practical concept 
sufficient to meet the system definition needs for space construction analyses. 

2.1.4 Servicing and Growth 

Servicing and growth considerations are also important elements in the 
overall project scenario. In keeping with the preliminary nature of the system 
definition presented here the scope of servicing considerations is necessarily 
limited. Trades between reliability, redundancy and level of servicing are 
inappropriate. Emphasis is on the assurance that the project design not pre- 
clude on-orbit servicing, thus, allowing these trades to be made in the future 
when the design definition reaches the appropriate level of detail. 

Since the SPS Test Article will be constructed and operated within 
shuttle accessible orbits,the servicing scenario for this project would logi- 
cally include man-in-the-loop approaches. Also, commensurate with the lesser 
detail available within this early conceptual design process,the servicing 
considerations treated here are focused on the changeout of major elements or 
modules (not their internal redundancies), These module type replacements are 
similar in nature to the equipment changeouts required in re-outfitting the 
test vehicle for growth missions. 

The desirability of incorporating versatility into the SPS Test Article 
design to handle possible growth missions was indicated in the beginning para- 
graphs of the scenario discussion. This idea is expanded upon here. The 
relatively high power output of this vehicle suggests several growth mission 
options, each with its particular re-outfitting requirements. It could serve 
as an advanced technology platform in either LEO or CEO, or it could serve as 
a high power facility for an advanced applications program 

One interesting concept could be a solar electric propulsion (SEP) 
technology platform. This mission would likely not require large increases 
in energy storage capacity and would have several other useful features. It 
could be operated "up" and "down" through the Van Allen radiation belts to 
determine solar cell degradation characteristics,as we12 1 3  demonstrating 
SEP performance envelopes. Different thruster modules and different solar 
arraylsolar cell/shielding configurations could be introduced through re- 
outfitting operations as part of the overall SEP technology program. Other 
technology programs could also be accommodated as growth missions. The servi- 
cing and growth scenario, then, leads to the need for consideration of modular 
type equipment installations which can be replaced with units of similar or 
different capacities for extending and/or changing over to a growth mission. 



All of the above scenario conditions result in the top level system 
requirements summarized in Table 2.1-1. These requiremente form the basic 
framework from which the individual eubeysteme requirements and concepts were 
derived. 

Reference 

1. Solar Power Satellite Concept Evaluation, Volume 2 Detailed 
Report, Johnson Space Center, Dated July 1977 ("Red ~ook"). 



Table 2.1-1. SPS Test Article Project Requirements 

Mission Objectives 

Prime-Space-to-space microwave beam forming and containment 
test and klystron high thermal flux impacts and heat 
reject ion performance 

Other-Demonstrate high-voltage solar voltaic power generation 
Demonstrate space constructiutl techniques 
Measure behavior of lightweight space structure 

Operational Time Period 

1985-1987 

Test Mission Orbit 

h = 555 km (300 nmi) 

i = 28.5 degrees 

Test Mission Flight Operat ions 

Orientation: Y-POP, sun incidence varies with B-angle 
Microwave antenna tracks co-orbiting rectenna 

Test article stationkeeps w.r.t rectenna 

Microwave test operations only during "daylight" side of orbit 

Housekeeping and structural behavior tests cont!.nue on dark ~ i d e  

Orbital Maneuvers 

Construction orbit to test orbit, 460 to 555 km (250 to 300 nmi) 

Orbit adjust to rectenna standoff distance 

Stationkeep w.r.t. rectenna 

Test orbit to advanced technology orbit, 555 to 740 km 
(300 to 400 nmi) 

Advanced technology orbit to reoutfitting orbit, 740 to 460 km 
(400 to 250 nmi) 

Servic in& 

Consider man-in-the-loop and/or teleoperator available 

Growth 

Consider versatility in design to permit adaptability to 
multi-use facility after SPS test 
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2.2 CONFIGURATION DESCRIPTION - SPS TEST ARTICLE 
The general arrangement of the SPS Test Article is illustrated in Figure 

2.2-1. This figure also lists the subsys terns and the major componentldescrip- 
tions of each of the subsystems that make up the project system as required 
to implement the project scenorio discussed in Section 2.1. The configuration 
S;~U~J:I represents tho IEC) nprrtinna! c c n f i g ? ? r n t i o n .  Fig::rr 2 .2 -2  I :? l i : s trzt i .~  tlie 
orbit transfcr and CEO operating configuration, showing thr installation of the SEP 
modules used for orbit transfcr. Drnwing 42662-27 defines the S P S  Test Article 
concept (Appendix A ) .  

RCS N PUQS1 

OVERALL DIMENSIONS STRUflUltE 
LENGTH: 215 M 'UDDER' SOLAR ARRAY 

WIDTH: 20 M SPACE i A l  
C D  BEAM MACHINE 

fLECIRICAL P O W E R  .AT T 6 VEL CONTROL 

3952 M2  ARRAY c M G / R o  
LOCKHEED TYPE l L A N K m  IMU 
SILICON CELLS STAR/I.'?TH/SUN SENSOR 

SYSTEMS c O r 4 n o L  RECIENNA U N G l N G  
PRORILSION 

STORABLE PROPELLANT QUADS M-WAVf INTENNA 

b L8 THRUSTfRS 24 PANELS 
PROVISIONS FOR SEP 3 PANIL TWES 

TOTAL SYSTEM WEIGHT 
83.m 18 

Figure 2.2-1 SPS Test Article 
General Arrangement 
LEO Configuration 

Figure 2.2-2 SPSTest Article 
(;LO Configuration 

'ZECEDING PACE BLANA SOT FILMED 



The microwave antenna is i l l u s t r a t e d  i n  Figure 2.2-3 i n  its folded con- 
figurcation f o r  Shu t t l e  Orbi ter  del ivery as wel l  es i n  its operat ional  config- 

I uration. The microwave antenna is attached t o  the  ro ta ry  jo in t .  The ro ta ry  
j o i n t  is the  in t e r f ace  f o r  the  microwave antenna and f o r  o ther  payloads tha t  
m y  be selected.  A drawing defining the microwave antenna concept, Drawing 
42662-20, is contained i n  Appendix A. 

The SPS Teot Ar t i c l e  has a l i n e a r  type of configuration i n  cont ras t  t o  
equidimenrional, planar type arrangements t h a t  have been associated with pre- 
vious l a rge  space s t ruc tu re s  projects .  This l i n e a r  arrangement is a l s o  charac- 
t e r i s t i c  of t h e  Advanced Communications Platform pro jec ts  developed f o r  t h i s  
study. Thio shape is pa r t i cu l a r ly  compatible with automatic space fabr ica t ion  
concepts. It u t i l i z e s  the beam bui lder 'e  capabi l i ty  t o  generate long uninter- 
rupted members. The ladder  s t r u c t u r a l  arrangement of the SPS microwave test 
a r t i c l e  and the tri-beam s t r u c t u r a l  arrangement of the  advanced couununications 
antenna platform a r e  representat ive of e f f i c i e n t ,  automatic space fabr ica t ion  
concepts. The e rec tab le  type of s t ruc tu re  u t i l i z i n g  s t r u t s  and unions is 
equally capable of being constructed i n t o  l i n e a r  o r  planar arrangements. 
However, the  l i n e a r  arrangement represented by the  e rec tab le  advanced com- 
munications antenna platform was se lec ted  t o  provide a more d i r e c t  comparison 
with the space fabr ica t ion  concept of construction techniques a s  wel l  as a 
comparison of s t r u c t u r a l  cha rac t e r i s t i c s  such a s  s t i f f n e s s ,  na tura l  frequencies, 
modal shapes, e tc .  

The l i n e a r  configurations represent r e l a t i v e l y  f l ex ib l e  s t ruc tu re s  a s  
compared t o  a planar configuration. However, the  s t i f f n e s s  requirements 
desired f o r  t h e  mission operations of the  study pro jec ts  can be met. Tor- 
s iona l  s t i f f n e r s  is recognized a s  being the designing dr iver  fo r  the l i n e a r  
configurations,  pa r t i cu l a r ly  during o r b i t  t ransfer .  Consequently, addi t iona l  
ana lys is  is necessary t o  determine the  loca t ions  of concentrated masses, such 
a s  antenna packages, i n  order t o  minimize tors iona l  moments. 

In  summary, the l i n e a r  configurations s e n s i t i v i t i e s  have been considered, 
and analyzed. The r e s u l t s  ind ica te  elrch project  systems configurations can 
be designed t o  meet t he  requirements fo r  cont ro l  and or ientat ion.  Consequently, 
the  project  systems configurations selected represent  v iab le  configurations 
f o r  the  construct ion ana lys is  and comparison tasks.  

2.2.1 General Configuration Description 

The SPS microwave t e s t  a r t i c l e  project  cons is t s  of "ladder" type s t ruc t -  
u r a l  arrangement u t i l i z i n g  space fabricated beam members t o  which 25 eo lar  
blankets a r e  attached. A control  moment gyro/reaction control  system (CMG/ 
RCS) a t t i t u d e  cont ro l  stationkeeping concept is  incorporated. A system housing 
contaiarc the  CMG's, Tracking, Telemetry and C o n t r o l ( T ~ & ~ ) ,  and power s torage 
b a t t e r i e s  with thermal control  provided by a rad ia tor  and external  insulat ion.  
Micro meteoroid protect ion is a lso  incorporated. A rotary jo in t  provides 
the  connection between the s o l a r  array power generation system and the micro- 
wave test antenna. The microwave test antenna can be replaced with o ther  t e s t  
a r t i c l e s  i f  s o  desired. 





For o r b i t  t r u u f o r ,  molar Lactric nrodulor at. i n r t r l l o d  on bath onde 
of tho r o l a r  a r r ay  r t ruc tura .  Tbo SBP modular at0 i n r t a l l d  on ro t a ry  j o in t r .  
Coaroquratly, .nother  ro ta ry  j o t a t  i r  roquirod at tho and of tho r o l a r  a r ray  
r t ruc tu ro  oppor i te  from tha  microwava ~ O ~ O Z L R D ,  i n  order  t o  accept the SEP 
modular a t  t h i r  location. Thir repreront r  tho  ryrtom configuration in 6BO. 

The ladder s t ruc tu re  is an assembly of beams fabricated by a e inglc  bram 
builder  in  orbic .  The beam configuration is tha t  developed by the  General 
Dynamics SCAFE stud.] with modifications a s  required,  such a s  increased cap 
gages and diagonal cord diameters. The s t ruc tu re  configuration is d i c t a t ed  by 2 the  requirement fo r  approximately 4000111 of eo la r  a r r ay ,  end by the r t i f f n e s s  
required for  a t t i t u d e  cont ro l  during operations in LEO and during o r b i t  t rans-  
f e r .  Consideration of the  assembly f i x t u r e  e ioe and packaging concept a l s o  
influenced the  width . f the  configuration. The 20m width selected i n  compati- 
b le  with the  eolar  b!:.nkr?t width of 4m,thus permitting a 5-blanket wide arrange- 
ment r 

A l l  of the l a rge r  modular item ruch a s  t he  RCS modules, and the  rystauu 
housing e r e  attached t o  t he  r t ruc tu ro  v i a  ber thing portr .  The ber thing por t  
ccncept i r  t h e  t h r e r p e t a l ,  neuter  concept, barel ined f o r  the  Shut t le  Orbiter.  
Because a l l  of t he  ber thing a c t i v i t i e s  a r e  accomplirhed by using the  o r b i t e r  
b n o t o  Manipulator System (RMS), no ve loc i ty  a t tonuat ion system is required. 
S t ruc tu ra l  l a t che r  rr. provided only on t h e  mating module. This permits a 
f i n a l  checkout of the ac t i ve  la tch ing  system on the  ground and immediately 
before u r a n b l y  i n  o rb i t .  A u t i l i t i e s  i n t e r f ace  ir provided at each ber thing 
pdr t  and each i n t e r f ace  w i l l  be unique t o  its pa r t i cu l a r  u t i l i t i e s  requirementr. 

S m ~ l l o r  u n i t r  ruch rr the e l e c t r i c a l  junction boxer and the  s o l a r  blankat 
switching boxer w i l l  Le uecured t o  t he  s t r u c t u r e  with clamp type devices t ha t  
a r e  compatible with the  s t ruc tu ra l  beam configuration urd load capabi l i ty .  
The clampiag devicer t ha t  eocure the  r o l a r  a r ray  w i t c h i n g  boxer a l s o  pro- 
v ide  the  at tachmmts f a r  t he  individual  r o l a r  a r ray  blankets. 

E l c~c t r l en l  l i e e r  a r e  rocured t o  the r t r u c t u r e  with spec i a l  c l ipe .  The 
c l i p 6  may r ~ q u l r r  prcpunched hole6 in  t he  post members of t h e  fabr ica ted  beams. 

The systtmr housing which contains  the  e l e c t r i c a l  power r to rage  b a t t e r i e s  
and cont ro l r ,  t he  CMC's, the  TTbC equipmsnt, and the  heat r e j ec t i on  r ad i a to r  
i r  a l r o  tho s t r u c t u r a l  bridge t h a t  providor the  s t r u c t u r a l  i n t e r f ace  between 
the  r o l a r  a r r ay  r t r u c t u r e  and the  ro ta ry  j o in t  t o  which the  microwave antenna 
i r  attached (roe Figure 2.2-3). Tho hourin8 w i l l  a l s o  be prwided  with thermal 
cont ro l  inmulation and outooroid protection. A s imi l a r  r t r u c t u r a l  bridge a t  
t he  oppori te  end of t he  r o l a r  a r r ay  r t r u c t u r e  providrs the support f o r  the  
ro ta ry  j o i n t  nnd r o l a r  e l e c t r i c  propuleion modules used f o r  o r b i t  t ransfer .  
No other  system components are included i n  t h i s  bridge etructure .  





i 
/ 
I The 8 "0" paaelr  ace coatigutad fo r  the  t h e m 1  phase of the  t a r t .  Six- 

teen (16) Klymtrons are u t i l i z e d  i n  t h i r  panel f o r  the  purpose of thermal t e r t -  
I 

ing  and a r e  arranged u mhoosn i n  Drawing 42662-20. Five of t h e  panel, requi ra  
I the  addi t iona l  s t r u c t u r e  mhom f o r  packaging purporem rn i ch  w i l l  be discusred 
I later. 

The cen te r  panel, (C) of the  thermal t e a t  port ion of the  antenna is con- 
figured t o  obtain a heat f l ux  comparable t o  t ha t  an t ic ipa ted  f o r  t he  SPS t rans-  
mi t t ing  antenna. This panel containa 121 1-kW Klyrcronr within the same three- 
meter-rquare panel. The depth of t he  panel ir  1 . I m  which i n  sized t o  accomno- 
da t e  t he  Klyrtronr. Additional heat r e j ec t i on  r ad i a to r  surface may be required 
f o r  t h i r  unique panel. 

The t o t a l  antenna arrembly ir foldad f o r  t ranrpor t  t o  the LEO operating 
a l t i t ude .  The t o t a l  package is inmtalled on a ber thing pot t  located on the 
end of the  ro ta ry  j o in t  of the r o l a r  array assembly. The antenna is deployed 
i n t o  the  uring configuration only a f t e r  the  antenna ham been secured to the  
ro ta ry  j o in t .  

Tha e s t i m t e d  weight of the antenna asrambly ir  9,140 kg (20,:iii Ibs) .  



2.3 SUBSYSTEMS DEFINITION 

Detailed descriptions of the subsystems for the SPS Flight Test Article 
project are presented in the following sections. In each subsystem discussion 
there is an introductory summary description which includes design requirements, 
a detail description and a discussion of rationale or analytical effort accom- 
plished to support the design of the subsystem. The structure is described 
first, then the power generation,distribution and control subsystem. Follow- 
ing these are the descriptions of microwave subsystem, propulsion, guidance 
and TTCC subsystems. A discussion of thermal control devices and effects 
concludes the series. 



2.3.1 Structure Subsystem Definition-SPS Test Article 

Objectives 

The objectives of the structural engineering reviews and analyses con- 
ducted in this space construction study were: 

To ensure construction system study realism by representing 
structural configuraticns that are suitable for the total 
spectrum of mission requirements. 

To ensure that all the particular requirements for structural 
integriry, that significantly impact construction, are under- 
stood and ident if ied . 
To support the total systems weight analysis through definition 
of major component structural sizes. 

SPS Flight Test Structural Configuration Description 

The configuration of the SPS flight test article is pictorially described 
on Drawing 42662-27 (Appendix A ) .  The structural configuration is that of a 
"ladder," which is extremely simple to construct, yet is structurally suitable 
since it is fabricated in the benign environment of space, and then subjected 
only to the low levels of loading described herein. 

The ladder is comprised of two longitudinal beam (215 m iong) spaced 
10 meters apart and interconnected by a.total of eight lateral beams. The two 
longitudinal and six of the lateral beams shown are the baseline machine-made 
beams currently being developed by General Dynamics under Contract NAS9-15310 
(Figure 2.3.1-1) except that the diameter of the diagonal cords (1 m) has 
been increased to two millimeters (.Of30 inch). Also, the cord pretension 
has been appropriately increased from 45 to 180 newtons (40 lb) to maintain the 
same cord pretension unit stress. Discussion with General Dynamics has con- 
firmed the suitability of these modifications. The two additional laterals at 
the extremities of the ladder, while provided for mounting of the electrical 
propulsion panels, antenna, and housing of the control moment gyros, batteries, 
and TT&C equipment are bending and torsional strongbacks to increase the config- 
uration stiffness. The strongback bending stiffness significantly supplements 
the in-plane Vierendahl behavior of the ladder achieved by welding the latezals 
to longitudinal members at the four corners of each lap joint (Fi:;ure 2.3.1-2). 
The strongback torsional stiffness significantly enhances the configuration 
overall stiffness. 

The solar blanket panels are stretched to 26.2 N/m (0.15 Iblin.) limit 
tension, between the six laterals spaced 41.6 m apart and are attached as 
shown, on the drawing, in Section B-B. The six laterals with two overhangs 
of 5 m and a center span of 10 m provide the minimum shear-induced lateral 
deflection due to blanket tensioning. The four RCS modules are mounted to the 
extremities of the end bay 20-m laterals. The struts shown are provided to 
limit lateral deflection, during RCS longitudinally directed thruster loads, 
to values compatible with the solar array blanket tension system design. 
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Structural Characteristics 
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Figure 2.3.1-1. Baseline Beam S t r u c t u r a l  C h a r n c t e r i s r :  . s  
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F i g u r e  2.3.1-2. Lap J o i n t  Des ign  F e a t u r e s  

The d e t a i l e d  s t r u c t u r a l  requirements and a n a l y s e s  t h a t  d i r e c t e d  t h e  
s t r u c t u r a l  d e s i g n  o f  t h i s  SPS c o n f i g u r a t i o n  a r e  d e s c r i b e d  h e r e i n .  However, 
f o r  r e v i e w  convenience ,  a  summary of t h e  most s i g n i f i c a n t  r e q u i r e m e n t s  and 
d e s i g n  c a p a b i l i t y  a r e  shown i n  T a b l e  2.3.1-1. 

S t r u c t u r a l  Requi rements  

T h i s  SPS c o n f i g u r a t i o n  h a s  been reviewed and a n a l y z e d  i n  o r d e r  t o  a s s u r e  
t ? ~ a t  t h e  b a s i c  c o n c e p t  is  s u i t a b l e  f o r  t h e  SPS f l i g h t  t e s t  a r t i c l e  m i s s i o n .  
To a s c e r t a i n  i ts  s u i t a b i l i t y  a t  t h i s  s t a g e  o f  m a t u r i t y  o f  t h e  concep; and 
m i s s i o n  r e q u i r e m e n t s ,  t h e  s t r u c t u r a l  r e q u i r e m e n t s  d e l i n e a t e d  below were e s t a b -  
l i s h e d .  A l l  o f  t h e s e  r e q u i r e m e n t s  a r e  r e g a r d e d  t o  be h a r d  e x c e p t  t h e  r e q u i r e -  
ments  e v o l v i n g  from t h e  i n t e r p l a y  between s t a t i o n k e e p i n g ,  a t t i t u d e  c o n t r o l .  and 
s t r u c t u r e  l o a d i n g  a n d ,  h e n c e ,  w i l l  b e  r e c o n s i d e r e d  d u r i n g  t h e  c o u r s e  of t h e  
s t u d y .  However, i t  is  f e l t  t h a t  t h e  r e q u i r e m e n t s  shown a r e  s u f f i c i e n t l y  
r e a l i s t i c  t o  be t h e  b a s i s  of d e t e r m i n i n g  t h e  s u i t a b i l  i t y  of t h e  b a s i c  c o n c e p t .  

S o l e r  Ar ray  B l a n k e t  Tens ion  Loading.  The s r r u c  t u r e  must have s u f f i c i e n t  
r i g i d i t y  t o  m a i n t a i n  a  minimum l i m i t  s o l a r  a r r a y  b l a n k e t  p r e t e n s i o n  l o a d i n g  o f  
17.5 N / m  (0 .10 l b l i n . )  i n  e s c h  of t h e  4m wide b l a n k e t s  t h a t  corn1?risi> t h e  2om 
wide a r r a y .  The l a d d e r  s t r u c t u r e ,  t h e r e f o r e ,  a l l o w i n g  tor t herr 1 1  e f f e c t s ,  
must be  c a p a b l e  o f  s u s t a i n i n g  t h e  r e s u l t i n g  compress ion  due t o  a peak l i m i t  
b l a n k e t  p r e t e n s i o n  l o a d i n g  of 26.2 N / m  (0 .15 l b l i n . )  a c r n s s  each  4m b l a n k e t  
a s  d i s c r e t e l y  imposed d u r i n g  c c n s t r u c t i n n  and i n  t h e  f i n a l  c o n s t r u c t e d  s t a t e .  
The i n i t i a l  d i a g o n a l  cord p r e t e n s i o n - i n d u c e d  compress  ion of t h e  b a s i c  beam 
is, f o r  convenience ,  i n c l u d e d  i n  t h i s  r e q u i r e m e n t .  The  p r e t e n s i o n  i s  180 N 
(40 l b )  f o r  e a c h  cord . 
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Thermal Gradients. The structure must sustain the loads resulting from 
the thermal gradients thrcughout the structure with the resulting deflec- 
tions. For this concept Eeasibility analysis, the peak thermal gradients 
between the beam caps is 28OK (50°F) and the peak change in temperature from 
that of the "as built" condition is tlll°K (200°F). 

Stationkeeping at~d Attitude Control Loads. The structure must be capable 
of sustaining the stationkeeping and attitude control loads delineated in 
Table 2.3.1-2. Presently (to be reconsidered at a later date), the thrusters 
have a rise time substantially less than the structure's first modal frequency 
period; hence, an amplification factor of 2 is applied to the limit load. 

Control System Requirements. The structural stiffness of the configura- 
tion must be compatible with the control system design. The design of the 
control system has torsionally decoupled the solar array configuration from 
that of the antenna. The minimum modal frequencies of the solar blanket array 
and microwave antenna structures must be respectively greater than 0.0040 and 
0.022 Hz. 

Miscellaneous Loads. The load sources contained herein for completeness 
have been reviewed and/or analyzed and found to be non-critical, and for report- 
ing convenience are contained herein. A "soft d~ck" concept utilizing the 
RMS will be employed. Prior analyses for this concept (ATL/LSS 
program) indicate the loads will be less than the amplified thruster loads 
shown in Table 2.3.1-2. 

For transfer to synchronous orbit, the SEP system imposes loads that are 
negligible. Gravity gradient, solar pressure, and atmospheric drag loads act- 
ing upon the structure directly are not significant. 

Dimensional Stability. The solar array blankets must be positioned within 
9 degrees of the sun. By inspection, this is not a critical requirement. 

The total ac.:rlrs:y of the antenna must be maintained within 13 minutes. 
The portion allocated to structural deflection is 6 minutes. 

Structural Analyses 

The structural analyses performed to support design definition and verify 
the suitability of the structural configuration to satisfy the foregoing 
requirements are delineated herein. All these analyses utilize a safety factor 
of 1.5 applied to limit load. As stated previously, a load amplification fac- 
tor of 2 is applied to the rigid body calculated RCS thruster-induced loads. 
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Table 2,3.1-2, Stationkeeping and Attitude Control Loads 

Y 1 1 1  1 1  1 

' z 2 2 -22 2 2 

2x 222 

2 1 1 1  1 1  1  
Y I 
2z 

2 2 -22 - 22 

3, 

3Y 

z 

4 
X 

4 
Y 

z 

T I M E  DELAY BETWEEN F I R S T  AND LAST LOAD NOT TO EXCEED 
. I S  SECOND, PEAK DIFFERENCE I N  LOAD MAGNITUDE NOT TO 
EXCEED 4%. 

AMPLITUDE FACTOR OF 2.0 TO BE A P P L I E D  TO R I G I D  BODY 
ANALYS l S LOADS. 

> 

222 

'222 

1 1 1  

1 1 1  

22 

22 

22 

22 

1 1 1  

1 1  1 

+22 

-22 



I 

Since t h e  b a s e l i n e  beam being developed by General Dynamics is used 
(except f o r  t h e  d iagonal  cord modi f i ca t ions  d iscussed p rev ious ly )  , 
Figure  2.3.1-1 is included t o  p resen t  t h e  b a s i c  beam s t r u c t u r a l  cha rac te r -  
i s t i c s .  For t h i s  des ign,  t h e  CJ va lue  is four  t imes t h a t  shown. The a n a l y s i s  
presumes, pending a s t a t i c  test of t h e  prototype beam, t h a t  t h e  ind iv idua l  cap 
u l t i m a t e  load c a p a b i l i t y  is 6583 R (1480 l b )  , i . e . ,  t h e  va lue  quoted i n  
Reference 1. It is p e r t i n e n t  t o  no te  the  f e a s i b i l i t y  of t h e  concept is not  
dependent on t h a t  va lue  s i n c e  t h e  b a s i c  cap can be s i g n i f i c a n t l y  s t rengthened,  
i f  necessary,  by inc reas ing  t h e  b a s i c  e f f e c t i v e  cap gauge from 0.75 nun 
(0.030 in . )  t o  1.25 mm (0.050 in . ) .  The assoc ia ted  s t r u c t u r e  weight inc rease  
of 225 kg (500 l b )  wi th  t h e  1.25 mm gauge would represen t  approximately 0.60% 
of t h e  t o t a l  low e a r t h  o r b i t  SPS weight,  

Euler Column Analysis .  The t o t a l  l i m i t  compression loading on each beam 
due t o  the combined l i m i t  p re tens ion  of  26.2 N/m (0.15 l b l i n . )  , t h e  d iagonal  
cord  p re tens ion  of 180 N per cord  (40 l b )  ,and an RCS t o t e l  t h r u s t  of 444N(100 l b )  
per  beam (Case 2, Table 2.3.1-2) is shown on Figure 2.3.1-3. While the  i n e r t i a l  
r e a c t i o n  t o  t h e  RCS t h r u s t  is pr imar i ly  d i s t r i b u t e d  over t h e  a r r a y  length;  the  
t o t a l  r e a c t i o n  is shown a t  t h e  extreme end f o r  convenience (and conservatism).  
The t o t a l  l i m i t  compression, due t o  p re tens ion  of t h e  s i x  d iagonal  cords  per  
bay, of 748 N (168 l b )  is included only  f o r  l o c a l  cap s t a b i l i t y .  I t  does not  
a f f e c t  Euler column c a p a b i l i t y  o r  produce d e f l e c t i o n  magnif ica t ion s i n c e  i t  is 
a n  i n t e r n a l  load wi th  each bay a c losed  f o r c e  system. The compression 
load from blanket  t ens ion  (267 N) cannot produce d e f l e c t i o n  magnif ica t ion,  btit 
its a f f e c t  on Euler s t a b i l i t y  is quest ionable ;  hence, it is included i n  t h e  
a n a l y s i s .  

The Euler column c a p a b i l i t y ,  per  long i tud ina l ,  is determined from 
Reference 2,  which includes  t h e  e f f e c t  of shea r  d e f l e c t i o n .  

F1 i s  RCS t h r u s t  load = 444 N (100 Ib) 
F2 i s  s o l a r  a r r a y  t ens ion  load = 267 N (60 I b) 
F3 is diagonal cord  tens ion load = 748 N (168 Ib) 

Temperatures quoted a r e  r e l a t i v e  t o  neu t ra l  a x i s .  

Figure 2.3.1-3. Euler Column Loading Diagram 



where n 2 ~ 1  n2 (17 .25x106 ) 
-I 

112 (208) = 3935 N (884 lb) 

Pcr = 3935 
1 
3935 

= 3785 N (850 lb) 
+ 4(71,200)(.35) 

To assure nc significant magnification of load and deflection, the 
permissible ultimate axial load is limited to one half of the determined 
value; hence, for the total configuration this value is 3785 N (850 Ib), and 
is greater than the total ultimate applied load of 21?0 N (480 lb). 

The combination of loads and thermal gradients is analyzed more rigorously 
as follows. 

Referring to Figure 2.2.1-3, and Reference 2, the peak deflection y at 
the center of a beam column is determined from 

v2 ? ( I  - cos u) 
u7 cos u 

where 

hence 

Accounting for shear stiffness affects, u = .834; hence, y = .000439 MT, where 
MT is the total equivalent end moment due to the offset loads shown and the 
existing thermal gradient. For this condition MT = 875 NE! (7747 LB in.), for 
which the peak deflection is .38 m (15 in.). The maximum ultimate moment of 
1126 N-m, in conjunction with the total ultimate axial load of 2190 N, induces 
a peak cap load of 1209 N (272 Ib) on cap "A" (Figure 2.3.1-1) which is well 
below the design capability. The effects of a fabrication deviation of .lo0 m 
will not be deleterious. 

Cord Pretension Considerations. The intent of this section is to demon- 
strate the suitability of the selected diagonal cord pretension of 180 N, 
insofar as maintenance of pretension. The worst possible case visualized is 
a cord temperature increase of 111'~ (200°F) concurrent with compression in 
the cap and vertical shear across the element (Figure 2.3.1-4). Although the 
peak 6583 N (1480 lb) compression will not occur at the same station as the 
peak shear, the analysis conservatively assumes that to occur. 



Figure 2.3.1-4. Diagonal Cord Configuration 

All forces  i n  newtons 
All dimensions i n  meters 

Figure 2.3.1-5. RCS Thruster Loading Diagram 
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The cap shortening (6583 N compression) = 0.889 mm 

Cord thermal-induced length change 
along X-axis = 0,584 

Cord shear-induced 1.ength change 
along X-axis = 0.889 

Peak relative length change = 2.36 mm 

Initial diagonal cord elongation 
along X-axis 3.10 mm 

! Remaining elongation = 0.74 rmn 

The initial pretension appears adequate since creep is not expected to be sig- 
nificant for the stress level in the glass which is approximately 3% of 
ultimate. 

RCS Thruster Loads. Referring to Table 2.3.1-2, the suitability of 
Cases 1 or 2 concurrent with the loads discussed previously has been demon- 
strated. 

The suitability of Case 5 is illustrated as follows. Refer to Figure 2.3.1-5 
which is the balanced rigid body loading on one longitudinal beam due to 8 1114 
(25 lb) thruster force as shown. 

The peak limit moment dtle to this loading only is 1875 NM (16,600 lb in.) 
which imposes an ultimate load on cap "A" (Figure 2.3.1-1) of 2230 N (502 lb). 
The total axial compression load due to blanket and diagonal cord pretension 
induces an additionalultimate cap load of 507 :J (114 lb). The total cap 
ultimate load is 2737 N (616 lb). As stated previously, neither of the pre- 
tension loads will produce any deflection magnification since they are both 
closed-force systems. Both load systems also are attached to the beam and 
move with the beam. The predicted lateral deflection, due to this loading, is 
0.30 m (12 in.). 

The capability of Cases 4 and 6 through 12 can be demonstrated through the 
same type of analysis. 

Attention is directed to the requirement of Table 2.3.1-1 relating to the 
peak thruster forces not varying by more than 4%. This could conceivably result 
in a 0.90 N (0.20 lb) difference in thruster forces, producing an applied torque 
of 18 N/m (159 lblin.). The resulting relative angle of twist across the 208 rn 
structure end to end would be approximately 1.2 degrees, and is not deleterious. 

Solar Array Blanket Structure-Strain Compatibility. The design of the 
spring tension system to comply with the differences in strain between the solar 
array blanket and the longitudinal beam6 is beyond the present stage of study 
scope. However, the performed conceptual evaluation efforts are discussed as 
fo 1 lows. 



It is reasonable t o  assume the blanket expaneion over half of the 40 m bay 
i e  18,50~10'6x111x20 - 0.041 m (1.60 in.) .  The shortening of the beams due t o  
thermal var ia t ion  and/or compression loading is negl igible  by comparison. For 
each 4ar width containing three tension springs each, each spring is i n i t i a l l y  
loaded t o  35 N (7.9 lb) .  Using a spr ing constant of 297 N/m (1.7 l b l i n . ) ,  the 
i n i t i a l  s t r e t c h  - 0.118 m (4.65 in.) .  The remaining tension equals 

During a peak g-load, normal t o  the array,  of 0.001 (conservative),  the 
so l a r  array blanket s t a t i c  response would be a s  follows: 

Referring t o  Figure 3.3.1-6, a basic membrane calculat ion indicates  a 
def lec t ion  of 0.116 m (4.6 In.). This is considered t o  be reasonable. 
Incidental ly ,  the  basic  blanket natural  frequency with the minimum tension is 
0.045 Hz. 

Along the same l i nes ,  i t  is very desirable  for  the l a t e r a l  beams t o  be 
qui te  s t i f f  t o  preclude tuning problems during blanket i n s t a l l a t i on .  An anal- 
y s i s  of the l a t e r a l  def lec t ions  (shear deformation predominates) of the beam 
indicated the following l a t e r a l  def lec t ion  due t o  a l i m i t  tension of 26.2 N / m  
(0.15 lb / in . ) .  

Maximum cant i lever  t i p  d e i l e c ~ i o n  - 1.8 cm (0.70 in.) 

Maximum center  span def lec t ion  - 1.8 cm (0.70 in .)  

Maximum def lec t ion  between 1.4- 
support points  = 0.51 cm (0.20 in.)  

Modal Analyserr. A modal ana lys is  performed on NASTRAN t o  the current  SPS --- 
weight c ' is t r ibut ion indicated the minimum modal frequency t o  be 0.010 ?;z 
(Case 6,  Table 2.3.1-3). The associated mode is torsion (see Figure 2.3.1-7). 
The second mode is bending with a frequency of 0.029 Hz. 

The lowest mode i s  above the minimum requirement of 0.0040 Hz. I t  is 
pert inent  t o  note the value of 0.010 Hz could be increased to  0.016 Hz with 
placement of the RCS tankage module8 on the SPS center l ine ra ther  than 
10 meters outboard a s  presently shown. The new requirement for  propellant 
l i n e s  is appreciated. 

The present design having a natural  frequency of 0.010 Hz evolved from 
consideration of several  a l t e rna t e  designs fo r  which the minimum torsional  
modal frequencies a r e  shown in Table 2.3.1-3. While the t rades were performed 
upon a conftguration weighing 25,000 kg, the trends a re  val id .  I t  i s  apparent 
tha t  addi t ional  l a t e r a l s  was not an e f f ec t ive  means of increasing the frequency 
and t h a t  the most e f fec t ive  increase came from increasing the tors iona l  
r t i f f n e r r  of the strongbacks a t  the extremity of the s t ruc tu re  and increar ing 
the diameter of the diagonal chords t o  2 om. 
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Figure 2.3.1-6. Solar Blanket Array 
Tens ion Load in$ 

Figure 2 .3 .1 -7 .  SPS Ladder, 
First Model Frequency 
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Table 2.3.1-3. Torsional  Modes f o r  SBS Configuration 

2 25, l I0 2 1 1  1 NO 0.00740 

3 25,570 3 I I 1 NO 0.0105 

4 25,600 2 6 1 Y E S  0.0134 

5 25,600 2 6 2 Y E S  0.0170 

38,180 2 6 2 Y E S  0.010* 
- - 

*Pad Modal Frequency - 0.029 Hz (Bending) 

Antenna Dimensional S t a b i l i t y .  While il s t r u c t u r a l  ;~na ly r : i s  t o  detcrminc 
the  antenna thermal and mechanical d c f l c c t i o n s  has not bccn performed, thc  
a l l o c a t i o n  of s i x  minutes in expected t o  be achievable.  

Reference 1 - Space rConrtruction Automated Fabr icat ion Experiment Def in i t ion  - Convair Division,  General Dynamics, CASD ASP77-017 

Reference 2- - S. T i w s h m k o ,  Theory of E l a s t i c  S t a b i l i t x ,  New York, 
HcCraw-Hill Inc ,  
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2.3.2 Electrical Power Generation. Distribution & Control Subsystem Definition 

Description Summary 

The characteristics of the major components of the electrical power sub- 
sysrern are summarized in Table 2.3.2-1. Figure 2.3.2-1 schematically summarizes 
the power distribution system assembly. 

Table 2.3.2-1 
Electrical Power Generation, Distribution & Control Subsystem 

Characteristic 

Power Generation 4000m2 Solar Array 

130 watts/m2 End-of-Life Output 

High Efficiency Hybrid Solar Cell 

20 Year Life 

Electrical Power Distribution 520 kW Power @ 200 Volts dc 

5% Regulation 

Transmission Efficiency = 94% 

Energy Storage Nickel-Hydrogen Batteries 

.37 kW Hours 

Rotary Joint Slip Rings 

Transfer 488.8 kW @ 204.7V 

Test Article 279 Klystrons 

Microwave Antecna dc-dc Converter/Klystron Interface 

334.05 kW @ 204V dc 
Telemetry, Tracking 5 kW @ 28 V dc and 200 V dc 
& Couunand (TT&C) ' 

v 

The electrical powe: distribution system (EPDS) receives power from the 
power generation subsystem, and provides the regulation and switching required 
to deliver the power for distribution to the various satellite loads or to the 
storage batteries. Figure 2.3.2-1 illustrates the major assemblies comprising 
the EPDS system. The subsystem consists of main feeders, secondary feeders, 
tie bars, summing buses, regulators, voltage converters switch gear, remote 
power contactors, slip rings, brushes and subsystem cabling. Batteries and 
battery chargers are included for eclipse periods. 
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The major requirements are to deliver power at specific voltages and levels 
on a continuous basis throughout the solar seasons for a duration of 20 years. 
The solar array will deliver 520 kW of electrical power through a distribution 
system with a transmission efficiency of 94%. Electrical power at a level of 
489 kW is transferred across the rotary joint, +Srough slip rings to the 
flight test article. The distribution will transmit the electrical power to 
the flight test article with a transmission efficiency of 98%. Power at a level 
of 448 kW at 200 volts will be delivered to the dcldc converter/Klystron inter- 
face (SPS Flight Test Article). Figure 2.3.2-2 illustrates the efficiency chain 
of the electrical power distribution system. 

Power Generation 

Figure 2.3.2-3 and Table 2.3.2-2 summarize the physical format for the 
solar array. The solar photovoltaic power system follows the directi0.n within 
Section 1X.B of the NASA "Red Book," Solar Power Satellite Concept. Power 
output per square meter df solar cell blanket is calculated to be 130 w/m2. 
T%us, the total dc power generated for a 4000m2 solar array would be 520 kW. 

The 4000 square meters is implemented as a 20 meter x 200 meter solar 
array. The array is divided into five bays approximately 20 meters x 40 meters. 
Each bay has five solar blankets which are 4 meters x 40 meters. A solar blanket 
is comprised of 52 solar panels, of dimensions 0.756 meters x 4 meters. There 
are two electrical modules per panel. Based on the technology from the PEP 
solar array, there are 1530 solar cells per electrical module. 

Utilizing the PEP design concept, the array harness will be a flat cable 
conductor mounted on the back of the solar array blanket at the two long edges 
of the blanket. The harness folds up in the same manner as the array panels 
for retraction and storage. The flat cable conductor insulation is 1 mil thick 
Kapton film. Two sheets of Kapton film, bonded together with a thin film of 
high temperature polyester adhesive, are used to encapsulate the lmrn copper 
conductors. Conductor pairs from six panels will be routed to form a cable 
which will terminate in a cox~nector at the base of the blanket. Figure 2.3.2-4 
shows a schematic of a typical solar array blanket. The connectors, capable 
of remote manipulator handling, will be engaged into an Electrical Power Dis- 
tribution Switch Box.located at the base of each blanket. The number of these 
connectors will be minimized to augment the remote fabrication operations in 
space. Feeder cables from the EPD switch boxes are routed to two electrical 
power distribution panels, located at the base of the array to form a split 
bus of equal power. Individual blankets feed power from their respective EPD 
switch boxes through feeders to the electrical power distribution panel. Switch- 
gear isolate each blanket from the summing bus. As each switchgear is closed, 
its respective blankets output is connected to the summing bus. 

Voltage and power output and excess power at the beginning of life will 
be controlled by the isolation switch gear through the data management system 
within the TT&C system. Voltages, currents and bus temperatures will be moni- 
tored by TT&C system to detect any shorts throughout the solar array. Controlled 
emergency disconnects can occur under the TT&C dai.. management system or be 
effected by breaker control to avoid catastrophic effects. The design is such 
that no single point failure may cause a total loss of the SPS function. 
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Table 2.3.2-2 
Power Generat ion Subsys tem 

Item Characteristics 

Solar Array 4000 Square Meters (20m x 200m) 
25 Solar Blankets (4m x 40m) 
Solar Cell Output EOL 130 ~ / m 2  
Power Output 520 kW 

Solar Cell Blanket 160 Square Meters (4m x 40m) 
52 Solar Panels (4m x .7564m) 
104 Electrical Modules 

Solar Panel 3.0256 Square Meters (.7564m x 4m) 
2 Electrical ModulesIPanel 

Electrical Module 1.512 Square Meters (.7564m x 2m) 

Energy Storage 

An energy storage system will be utilized during the eclipse periods to 
provide approximately 37 kW-hours of eLectrica1 power. Batteries and a re- 
generative fuel cell system have been reviewed as candidate energy storage 
subsystems. The regenerative fuel cell system was not se1e:ted at this time 
due to the long, costly development program required for the electrolysis unit. 
Nickel-hydrogen and nickel-cadimum batteries were evaluated as candidates for 
the energy storage system. Table 2.3.2-3 provides comparative data which led 
to the selection of the nickel-hydrogen battery to be used for the energy 
storage system. Operationally, Ni-HZ and Ni-Cd batteries are similar. Bow- 
ever, Ni-HZ cell voltage is 3mV higher than the Ni-Cd. Also, inherent over- 
charge and over discharge capabilities of the Ni-HZ battery simplifies cell 
protection requirements. The Ni-Cd battery requires reconditioning periodi- 
cally, prior to each eclipse period, due to its memory effect. This is dot 



Table 2.3.2-1. Comparison of Nickel-Hydrogen to Nickel-Cadmium Batteries 

AMP-HOUR EFF l Cl ENCY 

CELL VOLTAGE 

SELF DISCHARGE 

OVERCHARGE CAPABILITY 

OVER DISCHARGE (CELL REVERSAL) 

CHARGE CONTROL METHODS 
N 
I 
W 
Q, RECONDITIONING 

OPERATING T EMPERATURE 

WEIGHT 

VOLUME 

DEPTH OF DISCHARGE 

POT ENTlAL LIFE, PERFORMANCE & COST 

SIMILAR, 75108096 

NI-H 2 3.5% HIGHER 

NI-H 2 SLIGHTLY HIGHER 

NI-H 2 0.5C, NI-CD 0.IC 

NIH SUPERIOR, STABLE @ O.5C 

SlMl LAR 

NOT REQUIRED FOR NlH2 

N1-H 0-20 O C, I0 * C DESIRABLE 

NI -CD 5-20 * C DESIRABLE 

30' C SHORTENED LIFE 

NI -H 50% GREATER PWER/POUND 

NI-H 2 TIMES GREATER 

NI-H2@ 80% 2 TIMES LIFE OF NI-CD 

NI+I HAS ADVANTAGE 



a problem with the Ni-HZ battery. The Ni-HZ battery may be operated at a 
higher temperature without impacting its potential life. The Ni-H2 battery 
rystem wei8ht has a significant advantage over the Ni-Cd, whereas the Ni-Cd 
battery rystem has the volume advantage. Nickel-hydrogen batteries may be 
discharged to a greater depth than the Ni-Cd. The charge/diecharge cycle 
hao no apparent flaking effect of the plates in the Ni-HZ as it has in the 
Ni-Cd. Costs of the two batteriee are comparable. Considering the weight 
of the Ni-Cd battery, its transportation cost g ~ r  kilowatt-hour to orbit is 
greater than tha. of the Ni-HZ battery. 

Nickel-Hydrogen Battery. The parameters for the nickel-hydrogen battery 
are listed on Table 2.3.2-4. The current nickel-hydrogen cell, as developed, 
has a capacity of 50 ampere-hours. The cell ie approximately 9 cm (3.5 inches) 
in diameter and 23 cm (9 inches) long. Figure 2.3.2-5 is a picture of seven 
nickel-hydrogen cells in a series connection. The energy storage system will 
utilize 122 of these cells in series to form a battery and two batteries will 
be required. A new cell plate in the stack would be increased. Current 
technology would be applied along with some test verification. 

Table 2.3.2-4 
Energy Storage System (Nickel-Hydrogen Battery) 

I 

I 

i 

I ! 

? 
I 

d 

Item Charactor is t ic 

Power Requirement 
@ LEO 15,280 Watt-Hours 
@ CEO 31,900 Watt-Hours 

Capacity 27,093 Watt-Hours 

Charging 1.6 Volts 

Discharging 1.25 Volts 

Charging Rate c/10 

Weight Factor 8.18 Wat t-Hours/kg 

Depth of Discharge 80% 

Cell Size 125 Ampere-Hour 

Number Cells/Battery 122 

Battery Weight 942.8 kg 
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Figure 2 . 3 . 2 - 5 .  Nickel-Hydra~en B a t t e r y  Cells 



The battery switch gear and bus tie contactora are located within the 
Electrical Power Distribution Panels shown in Figure 2.3.2-3. Sensing cir- 
cuits of the data management system will monitor orbit times and will control 
when the battery will be connected and disconnected to the busses. As the 
battery power is connected, sensing circuits will disconnect loads not requir- 
ing electrical power during the eclipse periods. Battery power will be switched 
off in the same manner when aun energy illuminates the photovoltaic subsystem* 
The energy storage subsystem will have its energy resupplied by the solar array 
through the charging system. 

Electrical Power Distribution 

Figure 2.3.2-6 shows a simplified block diagram for the electrical power 
distribution system for the SPS Flight Test Article - Solar Powered Microwave 
Antenna. Main power feeders are routed from each solar blanket and are summed 
and divided into two busses. The split bus offers protection from losing all 
electrical power and provides some redundancy in event of a catastrophic event 
to the solar array. Bus ties from each summing bus of the Electrical Power 
Distribution Panel will interconnect to the power slip rings. The slip rings 
will transmit the electrical power across the rotary joint and maintain the 
split bus concept. Risers from each brush of the power slip rings will be 
tied to a summing bus. Feeders route,; through switch gear will connect to 
dcjdc converters which are located on the microwave tesr antenna structure. 
These switch gear isolate each converter for maintenance and are controlled 
by the data management system for con~rolled emergency disconnects that may 
be required in the event short circuits occur within the feeder loop. These 
switch gear, monitored through the data management system may be used to control 
the microwave test. 

The electrical propulsion system will be powered through the electrical 
power distribution panel. Switch gear will be located within the panel for 
leolation of the propulsion system from the summing busses. Power feeders 
will be routed through the rotary joint, with a loop, to a switch box located 
on each propulsion mast at the base of the ion thrusters stack. Switchgear 
and circuit protection devices are provided for isolation and maintenance 
purposes. The data management system will moaitor each ion thruster through 
data-command signals. The Attitude-Velocity Control and TT&C systems will 
have complete control of powering each individual ion thruster and RCS unit 
as required. The battery system has been sized to maintain electrical power 
on the ion thrusters for a stand-by status and to apply discharge power 12 
minutes prior to the climax of the eclipse period. This action will be con- 
trolled by the data management system. A simplified block diagram and scha- 
matic is shown in Figure 2.3.2-7. Table 2.3.2-5 shows the distribution of 
electrical power to rlie various subsystems. 

Electrical power, up to a level of 5 kW, will be supplied to the TTGC 
system for the housekeeping tasks this system performs. The battery system 
has been sized to maintain power for all required functions during the eclipse 
periods. Power will be supplied from the housekeeping bus to each of its loads, 
such ha telemetry, rendezvous beacon, attitude and velocity control system, 
RCS, TT&C system, etc.. Each of these will be monitored by sensors and con- 
trolled thru the data management system of the TTGC unit. 
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Table 2.3.2-5 
k Distribution of E1ecr;ical Power 

Power /Energy 
Itetn Generated or 

Required 

Solar Array 

Battery 

Test Articl e 

Telemetry Tracking 
& Control 

Attitude L Velocity 
Control 

Propulsion 
Orbit Transfer 
RCS 

A weight arumnary of the Electrical Power Distribution System for the SPS 
Fli$ht Test Article is shown in Table 2.3.2-6. 

Table 2.3.2-6 
*SPS Flight Test Article EPDS Weight Sumnury 

7 I 

I S o h r  Array 

EPD Wire Harness 

Blanket Switch Box ( 2 5 )  892.5 
Electrical Power Distribution Panel (2) 962.4 

Battery System 
Batteries 
Chargers 
Wire Harness & Control 

Ion Propulsion EPD System 
Wire Harness 
Propulsion Switch Boxes 

I Seconio~v Structure 

I 1 
*Does not include cooling, TTbC or attitude and velocity 
control system weights. 
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2.3.3 Microwave Subsystem Definition 

Summary 

The microwave subsystem which consists of an antenna complex and support- 
ing electrical/electronic system components is contained in a modular unit , 
attached to one end of the spacecraft. Functionally, it is divided into two 
major sections. One includes a slotted waveguide array which radiates a high 
power beam (250 kW). The second, operating at a lower power level, consists 
of a long, narrow waveguide array which radiates a fan beam toward a rectenna. 
Figure 2.3.3-1 provides key dimensions and configuration information. 

Subsystem Description 

The design of the microwave subsystem reflects the two primary opera- 
tional requirements for acco~plishing the test functions. These requirements 
are listed as follows: 

The microwave subsystem shall be capable of simulating two types 
of Satellite Power System (SPS) transmission conditions. One is 
a beam quality test and the other is a maximum power test which 
demonstrates thermal effects expected to exist at the center of 
the actual SPS transmitting antenna. 

The antennas shall be pointed at a rectenna orbiting the earth in 
approximately the same plane and altitude as the spacecraft, and 
situated at a distance of approximately 16.5 km (at the edge of 
the far field of the transmitter). 

The FPS test article antenna, shown in Figure 2.3.3-1, consists of two 
continguous but independent parts. The thermal test portion is comprised of 
9 sub-arrays, each 2.92 meters square and made up of 33 waveguides each having 
33 radiating slots. The central sub-array radiates 121 kW, produced by 2450 
MHz Klystron tubes mounted on its rear surface. Each Klystron has a nominal 
rating of 1 kW RF output and 121 such tubes are arrayed in an 11 x 11 matrix. 
It is emphasized that this slotted waveguide sub-array could equally well be 
excited by four 50 kW tubes in a 2 x 2 matrix without requiring any major 
changes. The central sub-array is surrounded by eight identical 2.92 meter 
square sub-arrays, but these are each excited by 16 1-kW Klystrons in a 4 x 4 
matrix. Total RF power input to the 9 element array is therefore 16 x 8 + 
121 = 249 kW. 

The phase control test portion is a lincar array 2.92 meters wide and 
about 44 meters long consisting of 30 sub-arrays each 2.92m x 1.46m. Two of 
these sub-arrays adjacent to each other make up a unit that is identical 
to one of the 33 x 33 slot subarrays used in :he thermal test array. However, 
each of these 2.92m x 1.46m subarrays is fed by only a single 1 kW Klystron 
tube so that total RF power into the array is 30 kW. Each Klystron, and 
therefore each of the 30 elements in the linear array, is subject to phase 
control for the purpose of beam formation and pointing control. Each sub- 
array receiv-s a pilot tone emanating from the rectenna. The phases of all 
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t h e  received p i l o t  tone s i g n a l s  a r e  sensed and t h e  necessary  c o n t r o l  s i g n a l s  
are appl ied t o  each Klystron tube inpu t  i n  such a way t h a t  every subarray 
r a d i a t e s  its 1 kW s i g n a l  i n  phase conjugat ion wi th  r e s p e c t  t o  t h e  p i l o t  tone 
s i g n a l  received by it. This  a c t i v e ,  r e t r o d i r e c t i v e ,  c o n t r o l  system ensures  
t h a t  t h e  beam from t h e  30 element a r r a y  is c o r r e c t l y  formed and s t e e r e d  toward 
t h e  rectenna.  S tee r ing ,  however, occurs  only  i n  one dimension. The d e t a i l e d  
design f o r  such a r e t r o d i r e c t i v e  c o n t r o l  system is not  p a r t  of t h i s  study, 
nor is t h e  des ign of t h e  rectenna which rece ives  and samples t h e  t r ansmi t t ed  
beam. The rec tenna  is a co-orbit ing,  bu t  independent, f r e e  f l y i n g  veh ic le .  
It is expected t h a t  t h e  p i l o t  tone w i l l  be received by each of t h e  s l o t t e d  
waveguide subarrays  themselves. Thus t h e  weak p i l o t  tone s i g n a l s  must be 
separated from t h e  s t r o n g  t ransmi t t ed  s i g n a l s  by means of duplexers ,  which 
poses a d i f f i c u l t  des ign problem. A s  a n  a l t e r n a t i v e ,  s e p a r a t e  rece iv ing  
antennas f o r  t h e  p i l o t  tone might be used a t  each subarray. These should be 
cross-polarized r e l a t i v e  t o  t h e  high power t ransmit ted s i g n a l  s o  t h a t  they pick 
up only a very small leakage s i g n a l .  I f  such s e p a r a t e  p i l o t  tone rece iv ing  
antennas a r e  used i t  is  important t h a t  they do n o t  cause  any s i g n i f i c a n t  in- 
c r e a s e  i n  spacing between ad jacen t  subarrays  i n  o r d e r  t o  prevent t h e  formation 
of g r a t i n g  lobes .  

Concept Def in i t ion  and Rat ionale  

Each sub-array is an  assemblage of s l o t t e d  waveguide r a d i a t o r s  each of 
which is of t h e  s tanding wave, resonant  s l o t  type. The a r r a y  is exc i t ed  by 
one o r  more s l o t  coupled t ransverse  feeder  guides  placed on t h e  back ( i . e . ,  
non-radiating) s i d e  of t h e  subarray.  The arrangement i s  shown i n  Figure  
2.3.3-2 wherein only a s i n g l e  t r a n s v e r s e  feeder  guide is shown f o r  s i m p l i c i t y .  
The design b a s i s  f o r  t h i s  a r r a y  can be explained wi th  t h e  a i d  of Figure 2.3.3-3. 
The r a d i a t i n g  and feeder  guides have t h e  same dimensions, the  height  "b" being 
one ha l f  of t h e  width "a", a s  is customary f o r  rec tangu la r  guide. The c rosses  
i n d i c a t e  t h e  l o c a t i o n s  of t h e  s l o t  c e n t e r s  f o r  both t h e  r a d i a t i n g  and t h e  
coupling s l o t s .  

A s tanding wave s l o t  r a d i a t o r  r e q u i r e s  t h a t  t h e  spacing between adjacent  
s l o t s  be equal t o  Ag/2 where Ag is t h e  guide wavelength. The s l o t t e d  guide 
then r a d i a t e s  a broadside beam normal t o  t h e  plane conta ining t h e  s l o t s .  
Several  such guides a r e  arranged p a r a l l e l  t o  one another t o  form a square  
subarray t h a t  r a d i a t e s  a symmetrical beam normal t o  its face.  The spacing 
between adjacent  guides is  denoted by 6 and is assumed t o  include t h e  thick- 
ness  of the  waveguide wal ls .  Thus, t h e  spacing between neighboring coupling 
s l o t s  i n  t h e  feeder  guide is a + 6 .  

I n  a l l  cases  a l t e r n a t e  s l o t s  must have n rad ians  phase s h i f t  which is 
obtained by t h e  use  of s taggered l o n g i t u d i n a l  shunt s l o t s  i n  the  r a d i a t i n g  
guides,  and opposi te ly  inc l ined  s e r i e s  s l o t s  i n  t h e  feeder  guide. A l l  s l o t s  
are c u t  t o  resonant  l eng th  (-A/2) so  t h a t  s l o t  admittance is simply g + j 0. 
Each s l o t  i s  e i t h e r  d isplaced from, o r  inc l ined  to ,  t h e  guide c e n t e r l i n e  j u s t  
enough t o  make i t s  conductance g equal t o  1 / N  where N i s  t h e  t o t a l  number of 
s l o t s  i n  t h e  guide. When t h e  guide is shor t -c i rcu i t ed  a t  one end, a t  a d i s -  
tance Ag/4 from t h e  c e n t e r  of t h e  l a s t  s l o t ,  a l l  s l o t s  appear i n  p a r a l l e l .  
Hence, t h e  admittance looking i n  a t  t h e  o t h e r  end is gN = 1 and the  guide 
is matched. 
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The guide can be shorted a t  both ends, i n  which case it m y  be exci ted 
by a probe o r  a s l o t  i n  the wall opposite t o  t he  r ad i a t i ng  face. This probe 
o r  s l o t  must be located a t  one of t he  loops i n  the "standing wave" pa t t e rn  i n  
the  guide, i.e., a t  a d i s tance  equal t o  an odd number of quar te r  guide wave- 
lengths  from e i tFe r  end. One, o r  any number of such exc i ta t ion  points ,  may 
be used providing they a r e  located i n  t h e  above manner. 

I n  order t o  ensure suppression of g ra t ing  lobes the spacing between adja- 
cent  s l o t s  must be l e s s  than one f r e e  space wavelength. Thus 

?& < A i n  t he  rad ia t ing  guide and 
2 

a + 6< h i n  t he  feeder guide. 
A c 

Noting tha t  a 1 2, where Ac is the  guide cutoff wavelength, i t  is c l e a r  t h a t  
values of &/Ag and A/&= i n  t he  neighborhood of l l f l a r e  s a t i s f ac to ry  a s  long 
a s  6 is small. The feeder guide is a l s o  a standing wave resonant s l o t  s t r u c t u r e  
t h a t  rad ia t ive ly  couples i n t o  t he  r ad i a t i ng  guides. Therefore, the  spacing 
between its coupling s l o t s  must be equal t o  one-half the  wavelength i n  the  
feeder guide. Choosing iden t i ca l  dimensions fo r  a l l  guides then requi res  t ha t  

and leads t o  a symmetrical a r ray  with i den t i ca l  spacing i n  both planes. The 
above condition, along with the  usual waveguide r e l a t i o n  

has a unique so lu t ion  which can be expressed as 

where, f o r  small 6 ,  A = s i n  A 6 • 

A @  
Choosing 6 = 0.4 cm with A = 12.24 cm (2450 MHz) then gives 

s o  t ha t  & = 8 .86  cm and a = 8 .46  cm. 
2 

Every subarray i n  the thermal cast  port ion has 33 p a r a l l e l  waveguides 
each containing 33 rad ia t ing  s l o t s .  The ove ra l l  dimensions of t h i s  33 x 33 
s l o t  a r ray  a r e  2.920 x 2.924 meters. The cen t r a l  subarray has 11 transverse 
feeder guides on i t s  back face,  each carrying 11 Klystron tubes ( 1  kW e a ) ,  
t ha t  a r e  probe coupled i n t o  the  guide a t  loops i n  the standing wave pa t te rn .  
The surrounding e igh t  subarrays have only four feeder guides each being probe 



fed  by f o u r  Klyst ron tubes.  This arrangement is changed s l i g h t l y  f o r  t h e  h a l f -  
s i z e  subarrays  i n  t h e  phase c o n t r o l  test por t ion .  Here, t h e  s t andard  2.92111 
square  subarray descr ibed above c a r r i e s  two feeder  guides. One of t h e s e  guides  
bouples t o  1 6  a d j a c e n t  r a d i a t i n g  guides;  t h e  o t h e r  one couples  t o  t h e  remain- 
i n g  17 r a d i a t i n g  guides. I n  t h i s  way t h e  s tandard subarray l a  e f f e c t i v e l y  
s p l i t  i n t o  two idenpendent u n i t s .  The u n i t a  a r e  n o t  q u i t e  i d e n t i c a l ,  however, 
s i n c e  one h a s  1 6  x 33 s l o t s  whi le  t h e  o t h e r  has 17 x 33 s l o t s .  

The r a d i a t i o n  p a t t e r n  func t ion  of a s tandard subarray is  t h e  product of 
a 33 element a r r a y  f a c t o r  and t h e  s l o t  p a t t e r n  funct ion.  Although t h e  s l o t  
p a t t e r n  is d i f f e r e n t  i n  the  E and H planes  i t  is very  much broader than t h e  
a r r a y  f a c t o r .  Thus, t h e  l a t t e r  dominates and t h e  r e s u l t a n t  p a t t e r n  is sym- 
metrical and e s s e n t i a l l y  t h a t  o f  a r;niformly i l lumina ted  square  a p e r t u r e  t h a t  
is 2.92 meters per  s i d e .  Hence, t h e  half-power beamwidth w i l l  be 2.1°, t h e  
f i r s t  n u l l s  w i l l  occur  a t  2.40 from t h e  a r r a y  normal and t h e  l e v e l  of t h e  
f i r s t  s i d e  l o b e s  w i l l  be -13.2 dB. The phase c o n t r o l  test a r r a y ,  which is 
43.8 meters  by 2.92 meters ,  w i l l  r a d i a t e  a f a n  beam. I n  t h e  plane normal t o  
t h e  l i n e a r  a r r a y  t h e  beam c h a r a c t e r i s t i c s  a r e  j u s t  those  of t h e  s t andard  sub- 
a r r a y  given above. I n  t b e  plane con ta in ing  t h e  l i n e a r  a r r a y  t h e  p a t t e r n  is  
much narrower, t h e  ha l f  power width being 0.14 degrees  wi th  f i r s t  n u l l s  occur- 
i n g  a t  0.16 degrees  from t h e  a r r a y  normal. Fi r t l t  s i d e  lobe  l e v e l s  a r e  s t i l l  
-13.2 dB. 

I n  o r d e r  t o  perform s u c c e s s f u l  t e s t i n g  i n  space of t h e  phase c o n t r o l  t e s t  
a r r a y ,  c e r t a i n  t o l e r a n c e s  must be placed on t h e  dimensions and o r i e n t a t i o n  of 
t h e  a r r a y  and i ts  component subarrays.  The most important t o l e r a n c e  require-  
ments are those  summarized i n  Figure  2.3.3-4. Proper opera t ion  of t h e  r e t r o -  
d i r e c t i v e ,  a c t i v e  c o n t r o l  system w i l l  compensate f o r  small  displacements 
between ad jacen t  subarrays ,  providing they remain p a r a l l e l  t o  each o t h e r .  
Nevertheless,  i t  appears prudent no t  t o  a l low such displacements t o  exceed 
hi4 o r  + 3 cm. Any non-parallel ism, 1.e. , t i l t ,  between ad jacen t  subar rays  
most be he ld  t o  + 1 3  minutes of a r c .  This i s  based on an a l lowable  l o s s  i n  
bores igh t  gain n o t  exceeding 3% and is c a l c u l a t e d  from t h e  l o s s  r e l a t i o n  

s i n  AX 2 a x  1 

where AX = nD A, 
X 

A F . ~ s  t h e  d i f f e r e n t i a l  t i l t  ang le  and D - 2.92 is t h e  l eng th  of a s tandard 
subarray.  

The r a d i a t i n g  s u r f a c e  of each subarrey must be f l a t  wi th  an rms d e v i a t i o n ,  
0 , not  exceeding 3.4m. Again, t h i s  is based on an a l lowable  l o s s  of 3%, 
us ing t h e  Ruze formula 
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Attitude stability requirements must be placed on the array orientation 
and are most stringent for rotation about the X-axis. This must be limited 
to + 13 arc minutes in order to hold the loss to 3% or less. Much looser 
tolerances can be placed on rotation about either the Y or Z axis, viz + 3O 
and f 50 respectively, for the same 3% loss. 

Adjacent subarrays must be closely spaced in order to avoid grating lobe 
formation. The maximum tolerance gap between subarrays is about 2 cm. 

Substitution of Low-Power Klystrons 

Because the high-efficiency (83%), high-power (50 kW), depressed-collector 
Klystron apparently will not be available for the 1985 Solar Power Experiment 
Mission, some changes have been made in the plan as originally set forth in 
the Red Book. The purpose of this section is to document these changes. 

Klystrons (1 Kilowatt) 

It has bezn suggested that the low-power 1 kW tubes developed for ground 
tests also be used in space until the high-power (50 kW) tubes are available 
(see Figures 2.3.3-5 and 2.3.3-6). This is to be our new baseline. 

Another alternative is to use the 50 kW Klystron without a depressed 
collector for this experiment. Its efficiency will approximate that of the 
low-power tube (75%). At this time we will continue with the 1 kW Klystron, 

The attached drawing (Figure 2.3.3-7) shows the placement of 279 tubes 
for the condition of thermal and phase-control tests. The thermal test will 
have the same heat generated per unit area as given in the Red Book (and full- 
scale SPS). 

Taking the RF power density as 20.9 k~lrn2 (maximum), the RF power is: 

Since 
Total tube power 'T = RF power 'RF + Power in Heat 'H 

where 

11 = efficiency 

Then 
'T - 'RF/~ = 188 kWl.83 226.5 kW 

The heat generated is 



121 TUBES @ 0. % KW = 116.5 KW 
I I6 DC POWER = 75 = I55 KW 

HEAT DISSIPATED = 38.5 KW 

TUBE WE1 CHT - 29 Kg 

EFFICIENCY - 75% 

ANODE VOLTS = 7 KV 

(121 TUBES ON 9m2 
SUB-ARRAY WITH 
HEAT PIPES FOR 
COLLECTOR COOL I NG s 
BODY TEMPERATURE 

195 - 250" C) 

Figure 2.3.3-5 1 kW Klystron 



4 KLYSTRONS @ 47 KW EA. - 188 KW 

188 \V POWER DENS I TY - -7 - 20.9 KWlm 2 
9m 

188 DC POWER a 226.5 KW 

HEAT DISSIPATION - 38.5 KW 

TUBE WE1 CHT = 69 Kg 

EFFICIENCY = 83% 

ANODE VOLTS = 33 KV 

THERMAL To C. - 35 MI M. 

Figure 2.3.3-6 50 klJ Klystron 



Figure 2.3.3-7 Solar Power 8xpmiaent 
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la tb. MU rouflpuation.  we rb l l  we the r a w  t h e m 1  power (38.5 kW) 
d rolve for the total tube powor PI in  tho center t h e m 1  rquan .  

ma w power ir now 

'm = T = .75 (1% lrU) 

The p m r  capabil i ty *or each Klystron needa t o  be 

'RP = 'W/M - 116 kW/121 - 960 Wsttr 

I Tbo 1 kW tuber w i l l  do very well. 

The phyricel charac ter la t ic r  of the Klystron are l iven i n  
P i p r e  2.3.3-5. 

! @tern  Array Mur 

1. T h a d  Teat Array 

(a) Central Subartay 
44 WIG'S ea 2.924m long C -36 kglm 46.3  kg 
Add 8% for  f i t t i n g s ,  etc. 3.7 ka 

50.0 kg 

(b) Outer Subarraya ( t o t a l  of 8) 
37 WIC'r ea  2.921m long 
Add 8X 

Mum, Tb.rcmi.1 Teat Array 
Center 1 C SO kg 
Outet 8 @ 12 k$ 

2. 30 Element P h u e  Control Array 

Tbemul Teat Array 
Phase Coatrol Test Array 



4. Tube M u m  

The mrrt the-1 problaa occurr i n  the centar 391 x 3m subarray where 
38.5 #1 of B e a t  la gonera td .  The Red Book reco~lmmdr that the temperature 
be held t o  195oC a r  lea8 for  extended tube l i f e .  Although our raisrion is cnly 
rix mouth8 o r  ro, we rhould demonatrate a capabil i ty of approuching the 195'~ 
to help ptwo wt the SP8 concept. 

A preliminary analyr i r  of the heat reject ion of the 121 Klystron 3 r 3 
meter: panel gave tbe following re ru l t r r  

Klystron Sbrface Temperature 19S°C (Daaign) 
Top (Radiator) Peak Temperature 190% 
Bottom (Waveguide) Temperature 9 5°C 
70t.l Heat b j e c t i o a  24.2 kW Thetmrl 

Thir i r  l e r r  than the required 38.5 kW. It is e s t l a m t d  that  the Klyrtron 
8urfw8 temperature tnwt be raired t o  25OoC t o  re jec t  38.5 kW. Design approaches 
t o  lowering Klyrtron tanperature a r e  u followm: 

1. Improve top raa ia tor  efficiency. 
2. Imprwe Klystron-wweguL3e thermal coupling. 

Tb. dc/dc converterr and piare  control elactronicr  packages m a t  be held 
t o  65O~ or  1-8 t o  enrure proper operation of raniconductor elrmmts. 

Power haui roaontr  

Tb. h t a r  .rrd 80h110id power: required f o r  each 1 kW Klyrtron i r  130 watt#. 
The beam voltage ir 7 W a t  0.17 amparer, giving an eff icieacy of 75%. 

W t m r  279 tuber x 1 kW = 279 kW RF 

Variour efficiency fac torr  8r l i r t e d  by Red Book: 
e92 x *98 x m96 x a 9 9  x e97 - *a31 

Solar Array Power - 372 kW.831 - 448 kW 

0,000m2 giver 520 I~W,  giving a need margin ic-  m o l a r  
array not being normal t o  run. 



i 2.3.4 Propulsion Subsystem Definition 

The propulsion subsystem for the SPS test article consists of a reaction 
' control system (RCS) and an orbit transfer propulsion system. 

Reaction Control System (RCS) 

An RCS is provided for control of the SPS platform in low earth orbit 
(LEO) during a six month life, during which the microwave antenna is tested. 
The RCS provides control for both tran. lation maneuvers and for attitude 
orientation control in conjunction with AVCS (attitude and velocity control 
subsystem). 

Summary. The key features of the RCS are summarized in Table 2.3.4-1. 
The RCS module is illustrated in Figure 2.3.4-1. 

Table 2.3.4-1 RCS Summary 

Propellants N204/MMH 

Pressurization Gas Helium 

Total Impulse 15.1 x 106 N-sec (3.4 x lo6 lb-sec) 

Number of Modules 4 

Number of Thrusters 20 

Thrust, Each 
12 Thrusters 111 N (25 Lbf) 
8 Thrusters 22 N (5 Lbf) 

Total Weight 7,200 kg (15,900 Lbm) 

Requirements. The translation functional requirements consist of 
(1) low altitude orbit transfer, (2) rendezvous with the rectenna, ana (3) 
stationkeeping for six months. The RCS attitude control functional require- 
ments consist of periodic thrusting for momentum dumping of the control moment 
gyros (CMG) about the pitch, yaw and roll axes. These requirements in terns 
of delta-V (velocity increment) and total impulse are shown in Table 2.3.4-2. 
The delta-V for the orbit transfer maneuvers include 3 6% increase for low 
T/W (0.01 N/kg or 0.001 ~bf/Lbm) effects. The initial orbit transfer maneuver 
transports the platkorm from the construction orbit altitude (463 km or 250 
nmi) up to operational test altitude (556 km or 300 nmi) . After the micro- 
wave test, the platform is transported to a holding orbit (741 km or 400 nmi) 
where it is parlad until required; then later, the platform is returned to 
the constructio:~ altitude (463 km or 250 nmi) for re-outfitting, refurbishment, 
and re-supply in preparation for a subsequent mission in GEO. 



rigura 2.3.4-1 Reaction Control System 
(RCS) Module 



1  able 2.3.4-2 RCS Requirements 
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Bunction Requirement 

D e l t a 4  

M/ Sac (Ft/Sec) 

1. Translation Maneuvers 

a. Orbit Transfer, 463 km 54.7 (180) 

to 556 km (250 t o  300 nmi) 

b. Rendemus W/ Rectenna 30.5 (100) 

c. Stationkaepiq 6 Months, 45.7 (150) 
556 lan (300 mi) 

d. Orbit Transfer, 544 t o  741 116.4 (382) 
lan (294 t o  400 mi) 

e. Orbit Transfer, 741 km to - 164.9 (541) 
463 km (400 to  250 m i )  

TOTAL TRANSLATION 412.2 (1,353) 

Total Impulse 

N-Sec (Lb-Sec) 

2. Attitude Control 
CMG Momentum Dump (6 Months) 

a. Roll 36,862 (8,287) 

b. Yaw 336,646 (75,681) 

c. Pitch 2,633 (592) 

TOTAL MOMENTUM DUkp 376,141 (84,560) 



Description. A 20-thruster configuration, grouped in four modules with 
propellants, and located at the four corners of the rectangular shaped plat- 
form, provides an RCS that meets the mission and functional requirements. 
This configuration is shown on Sheet No. 1 of the drawing 42662-27 (see 
Appendix A). The corner location8 were selected to provide maximum length 
moment arms and to avoid thruster exhaust impingement on the vehicle structure 
and components. 

Figure 2.3.4-1 illustrates a typical RCS module each of which contains 
oxidizer tank, a fuel tank and helium pressurization tankslocated within a 
uctural shell that acts as a micro-meteoroid shield and provides for thermal 

control. On one side of the RCS module, an assembly of five thrusters are 
located, with a docking port on the opposite side for mating and attachment 
to the platform structure. 

The assembly of five thrusters (per module) consists of three 111 N 
(25 lbf) thrusters and two opposing 22 N (5 lbf) thrusters. Operation of the 
four module RCS consists of firing four 111 N (25 lbf) thrusters at a time 
for low altitude orbit transfer, two 111 N (25 lbf) thrusters at a time for 
yaw-axis CMG momentum dump and stationkeeping, and two or four 22 N (5 lbf) 
thrusters for pitch and roll CMG momentum dump. 

Storable propellants (N~O~IMMH) were selected for the RCS to be compatible 
with long duration propellant storage for the six month mission and still 
provide reasonable performance. Bi-propellant RCS thrusters, such as those 
being developed by Aerojet, 2 N (0.5 lbf), 22 N (5 lbf) and 445 N (100 lbf), 
provide a steady state specific im?ulse of 2,750 N-seclkg (280 sec) to 2,890 
N-seclkg (295 sec). These performance values were used in sizing propellant 
quantities since relatively long pulse durations are required, with 90% of 
this propellant required for translation. 

RCS propellant requirements were based on a platform weight of 31,300 kg 
(69,000 lb), without RCS, and with RCS a platform weight of 38,600 kg (85,000 
lb). Each RCS module contains 1,320 kg (2,900 lb) propellant and has an 
initial gross weight of 1,800 kg (3,975 lb). The total gross weight of the 
four RCS modules is 7,200 kg (15,900 lb). 

Orbit Transfer Propulsion System 

A solar electric propulsion system (SEPS) is provided for transporting 
the SPS test article solar array from the construction and test altitude in 
LEO up to an operational altitude at CEO, on a "growth" mission subsequent 
to the LEO microwave antenna test mission. 

S*tmmary. The key features of the SEPS are summarized in Table 2.3.4-3. 
The module is illustrated in Figure 2.3.4-2. 

Requirements. The requirements for the SEPS are summarized as follows: 

(1) A delta-V velocity increment 6,000 m/s (19,700 ft/sec) is required 
for transporting the SPS test article from an 28h degree inclined 
low earth orbit to GEO. 



(2) Ari SPS v e h i c l e  weight of 38,500 kg (84,900 l b ) ,  not  including o r b i t  
t r a n s f e r  propulsion,  is required t o  be t ranspor ted from LEO t o  GEO. 

(3) DC e l e c t r i c a l  power of 520 kW from a 4 , 0 0 h 2  (43,000 f t 2 )  s i l i c o n  
s o l a r  c e l l  a r r a y  is a v a i l a b l e  f o r  t h e  maximum power source  a t  begin- 
n ing of l i f e  (BOL) . End of l i f e  (EOL) power a v a i l a b l e  is based on 
50% s o l a r  c e l l  degradat ion from t h e  r a d i a t i o n  e f f e c t s  of passage 
through t h e  Van Allen Be l t  a t  low a c c e l e r a t i o n s ,  corresponding t o  
t r a n s i t  times i n  excess of 100 days. 

(4) T r i p  time should be minimized f o r  economic reasons t o  exped i te  t h e  
r e t u r n  on investment. With a f ixed  e l e c t r i c a l  power l e v e l  a v a i l a b l e  
and a given s p a c e c r a f t  weight, t h e  prime a r e a  f o r  decreas ing t r i p  
time lies i n  us ing t h e  e l e c t r i c  propulsion type t h a t  provides t h e  
h ighes t  thrust-to-power r a t i o ,  and a s o l a r  c e l l  a r r a y  wi th  t h e  h ighes t  
power- to-weight r a t i o .  

( 5 )  The s p e c i f i c s  of a required GEO mission o b j e c t i v e  a r e  undefined and 
remain an open i s sue .  Therefore,  t h e  required opera t iona l  t ime 
per iod f o r  t h e  CEO mission is undefined, but  would occur sometime 
a f t e r  t h e  microwave t e s t  i n  LEO, o r  i n  t h e  post-1985 time period. 

( 6 )  Thrust  Vector Control  (TVC) is required ( r e l a t i v e  t o  t h e  sun- 
o r i e n t e d  s o l a r  a r r a y  platform) t o  provide both in-plane and out-of- 
plane d e f l e c t i o n  of t h e  t h r u s t  vec to r .  

(7) Earth  shadowing e f f e c t s  should be considered i n  causing i n t e r m i t t a n t  
opera t ion  of an otherwise constant  t h r u s t i n g  mode. Therefore,  e lec -  
t r i c a l  power s t o r a g e  is required t o  provide low power o r  i n i t i a l  
warm-up t o  r e - s t a r t  mercury ion  t h r u s t e r s  a f t e r  each shadow period.  

Table 2.3.4-3 SEPS Summary . 
Prope l lan t  Mercury 

T o t a l  Impulse 279 x lo6 N-sec (63 x 106 lb-sec) 

Power Input 520. kW 

Number of Modules 6 

Number of Tanks 18 

Number of Thrus te r s  7 2 
Beam Diameter 30 cm ( 1  f t )  
Thrust ,  Each 0.205 N (0.046 l b f )  

T/W, I n i t i a l  3 x 10'4 N/kg ( 3  x 10-5 lbf/ lbm) 

Weight 10,650 kg (23,500 l b )  

-t 
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Descr ip t ion.  An e l e c t r i c  propuls ion system using 7 2  mercury ion  t h r u s t e r s  
i e  provided f o r  o r b i t  t r a n e f e r  o f  t h e  SPS a o l a r  a r r a y  platform. Th i s  config- 
u r a t i o n  is shown on Sheet No. 1 of drawing 42662-27 ( s e e  Appendix A). Elec- 
t r i c  t h r u s t e r s  a r e  loca ted  a t  both  ends of t h e  platform and a r e  mounted on 
r o t a t a b l e  and nodable panels  t o  a l low s o l a r  a r r a y  sun-pointing and s e p a r a t e  
t h r u s t  v e c t o r  p o i n t i n g  f o r  o r b i t  t r a n s f e r ,  inc luding o r b i t a l  p lane  change. 
The t o t a l  number of t h r u s t e r s  a r e  d i s t r i b u t e d  between t h e  two end i n e t a l l a -  
t i o n s  according t o  t h e  v e h i c l e  C.G. l o c a t i o n  between t h e  ends. The assymmet- 
t i c a l  C.C. l o c a t i o n  shown, loca ted  approximately one-third t h e  p la t form leng th  
from t h e  cargo end (microwave test antenna shown), r e s u l t s  i n  t h e  48 and 24- 
t h r u s t e r  groupings a t  e i t h e r  end. 

A b a s i c  12- th rus te r  module is used i n  mul t ip les  t o  o b t a i n  t h e  48 and 24 
t h r u s t e r  groupings ( s i x  modules t o t a l ) .  The modules a r e  mounted on masts which 
a r e  a t t ached  t o  t h e  r o t a r y  j o i n t .  S l i p  r i n g s  i n  t h e  r o t a r y  j o i n t  provide f o r  
e l e c t r i c  power transmission;  f u r t h e r  d e t a i l s  of t h e  r o t a r y  j o i n t  may be found 
i n  t h e  s e c t i o n  on Mechanical /Elect r ica l .  

I n  a d d i t i o n  t o  :he t h r u s t e r s ,  t h e  b a s i c  module con ta ins  t h e  power process- 
i n g  u n i t s  (PPU, one per t h r u s t e r ) ,  p rope l l an t  tanks  (one per 4 t h r u s t e r s ) ,  and 
r a d i a t o r s  f o r  hea t  d i s s i p a t i o n  ( s e e  Figure  2.3.4-2). The performance of t h e  
30 cm mercury i o n  t h r u s t e r  i s  summarized i n  Table 2.3.4-4, which a l s o  inc ludes  
c h a r a c t e r i s t i c s  of t h e  PPU and mercury tanks. 

The 520 kW s o l a r  a r r a y  power a v a i l a b l e  is adequate f o r  75 t h r u s t e r s  a t  
BOL a f t e r  power process ing by t h e  PPU. The s e l e c t e d  72  t h r u s t e r  system was 
chosen f o r  t h e  aforementioned C.G., geometry, and modular des ign cons ide ra t ions .  
Each PPU provides  process ing i n  br inging t h e  requ i red  mul t i -vol tage  dc power 
t o  each t h r u s t e r .  The PPU concept assumed a l s o  has the  c a p a b i l i t y  of main- 
t a i n i n g  c o n t r o l  of opera t ing  performance of each t h r u s t e r  dur ing  t h e  s t a r t -up  
and shutdown t r a n s i e n t s  and s t eady-s ta te  opera t ion.  

Two fold-out r a d i a t o r s  a r e  provided on each module p r imar i ly  f o r  heat  
d i s s i p a t i o n  of 0.9 kW from each PPU. An allowance of 2.5~42 (27 f t 2 )  of r ad ia -  
t i o n  s u r f a c e  a r e a  per  PPU is provided by t h e  double-sided r a d i a t o r s ,  used 
wi th  v a r i a b l e  conductance hea t  p ipes  (VCHP). 

Three mercury p rope l l an t  tanks  a r e  loca ted  i n  each module; each tank 
feeding f o u r  t h r u s t e r s .  Two of the  four  t h r u s t e r s ,  fed by each tank,  w i l l  
be  shutdown a s  the  power degrades through r a d i a t i o n ,  so  t h a t  a t o t a l  of 36 
t h r u s t e r s  a r e  f i r i n g  upon reaching GEO. This selective shutdown al lows the  
mul t ip le  tankage t o  be u t i l i z e d  f u l l y .  The p ressur iz ing  gas (GN2 o r  Freon 113) 
is s t o r e d  i n t e g r a l  wi th  t h e  mercury p rope l l an t  i n  t h e  tank a t  414 ki lo-pasquals  
(60 p s i a ) ,  a  r e l a t i v e l y  low pressure  tank. A p o s i t i v e  expuls ion device  pro- 
v i d e s  a cons tan t  f o r c e  f o r  feeding p rope l l an t  under the  low a c c e l e r a t i o n  con- 
d i t i o n s .  Each 45 cm (17.6 inch)  diameter tank provides capac i ty  f o r  315 kg 
(696.7 l b )  of mercury p r o p e l l a n t  (50% of tank volume) and t h e  p ressur iz ing  
gas. The e igh teen  p r o p e l l a n t  tanks  provide s t o r a g e  f o r  t h e  5,681 kg (12,524 
l b )  of mercury p r o p e l l a n t  which r e p r e s e n t s  53% of t h e  t o t a l  SEP system. 



The resulting trip time is 324 days (10.7 months). This is based on 
transporting the 38,500 kg (84,900 lb) platform from LEO to CEO using the 
average of 54 thrusters firins continuously, allowing 10% time for earth 
shadow (non-thrueting) ef f ects. 

Table 2.3.4-4 SBPS Characteristics 

Thruster - 30 cm 
Thrust 

Specific Impulse 

Input Power 

Screen Voltage 

Propellants 

Beam Diameter 

Overall Diameter 

Length 

1 Weight 
I 

0.205 N (0.046 lbf) 

49,000 #-seclkg (5,000 sec) 

6 kW 

2,900 V dc 

Mercury 

30 cm (1 ft) 

38 cm (14 inches) 

1.6 cm (64 inches) 

8 kg (17.9 lb) 

Power Processing Unit (PPL! - (One per Thruster) 
Type Silicon Control Rectifier 

Power Efficiency 87% 

Size 0.04m3 (1.54 ft3) 

height, Each 35 kg (77.2 lb) 

Propellant Tank (One per 4 Thrusters) 

Piaterial Stainless Steel 

Operating Pressure 416 kPa (60 p s i &  

Expulsion Diaphragm 

Pressurization l n t e s r a l  Gas (GN2 or Fresn 113) 

Size, Diameter 45 cm (17.6 inch} 

Weight 9 kg (20 lb) 1 



Attitude and Velocity Control Subsystem 

The main features and characteristics of the attitude and velocity control 
subsystem (AVCS) are summarized in Figure 2.3.5-1. 

The AVCS is designed to perform several post-construction functions. It 
controls the vehicle'e attitude, points the microwave antenna, controls orbit 
transfer maneuvers, and regulates the vehicle's velocity to maintain proper 
spacing with the co-orbiting rectenna. 

The AVCS is designed to perform during the following phases of flight 
following construction and checkout : orbit transfer frdm the 250 nmi construc- 
tion orbit to the 300-nml operational orbit, six months of antenna testing, 
transfer from the operational orbit to a 400 nmi holding orbit, a prolonged 
period in storage, and transfer back down to the 250 nmi construction orbit. 
Subsequent flight phases, starring with reoutfitting the vehicle for another 
mission, are not considered here. 

The fullowing text discusses the important considerations leading to the 
AVCS definition. The discussion, together with the supporting analyses and 
trade studies, is intended to define the subsystem in sufficient detail to 
satisfy the needs of this space constructioil study. It is in this spirit that 
many of the detailed trade studies required to fully define the AVCS components 
are replaced by engineering judgment. Even though a more detailed study might 
modify the subsystem design somewhat, it is believed that the hardware described 
here is representative of the type needed for the SPS vehicle, and will properly 
exercise the construction aspects of this study. 

Attitude Control .- 

A priniiry function of Lhe AVCS is to control the angular orientation of 
the SPS test article. The attitude control requirements are different for each 
flight phase, and all phases (orbit transfer, experiment operation, and storage) 
must he considered in selecting an attitude control scheme. The discussion 
begins by f i r s t  examtntrlg attitude control needs during the six-month microwave 
experiment. 

Two attitude control requirements must be met. The solar array must be 
oriented toward tke sun, a ~ . d  the bearlng axis of the microwave antenna must 
be oriented so that the antenna can be accurately pointed toward the co-orbiting 
rectenna. These requirements are satitified by aligning the long axis of the 
vehiclr perpendicular to the orbit plane and orienting the solar arrays toward 
the sun with the accuracies listed in Figure 2.3.5-2. 

An important consideration in selecting a preferred attitude control con- 
cept is the rcquiribd orientation accuracy. The SPS test article has loose 
attitude ccjntrol rcqriirements {prrictsc: orientation of the microwave antenna 
abuut 1t.s bear in^ axis is not considered here); therefore, all forms of atti- 
tude control are candidates. 

Another important ctinsidcration Ls the environmental disturbance torques. 
The nrajor di:;t~irbances-gravity gradient, aerodynamic and solar pressure-are 
illustrated in Figure 2.3.5-3. Tlleve torque-time histories serve as a basis 
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Figure 2.3.5-1 AVCS Summary, SPS Test Article  
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for conridering the applicability of eech of the three fundamental control 
cencuptr t 

Parrive, Baviroamental torquer can be used to looeely control a vehiclets 
attitude. For example, gravity-gradient torquer can "hold" a vehicle in r 
local vertical orientation. Such concepts are not applicable to the SPS test 
article, becaura the vehiclets changing attitude does not remain fixed in A 
torque equilibrium orientation. 

)Irma Bxwlrion. Jete can perform the entire attitude control function. 
If this ir done, 1400 kg (3000 lb) of hydraeine is expelled during the six- 
month experimentul phase. 

Momentum Storage and Transfer. Control wheels can be urred in a variety 
of ways. A logical concept for the SPS test article is to store (exchange) 
the angular momentun cauead by cyclic disturbance torques and rely on the 
reaction jets to counter the secular components of the environmental torques. 
With this concept, the propellant requirement for rix months of attitude con- 
trol is reduced to 70 kg (150 lb). A set of control wheels capable of exchang- 
ing the envirorr~lentally induced cyclic momentum is illustrated in Figure 2.3.5-4. 
Ccntrol moment gyros (CMC's) have some attractive features. They are the only 
devices presently available ~ i t h  very large momentum storage capability; and 
they have much larger torque capacities than momentum wheels, enabling them to 
settle transient disturbances fester. 

Somewhat arbitrary reatons are used to select CMC's to exchange cyclic 
momentum and RCS jets to control the secular momentum buildup. This combina- 
tion probably costs more (the cost difference is $0.5M or less) than an all-jet 
system, but it prwides more capability which may be required after the vehicle 
is reoutfitted for subsequent missions. Furthermore, this control concept 
stresses the construct ion process more . 

Several types of attitude and angular rate sensors are available. brth 
sensors can measure roll and pitch angle relative to an orbiting reference 
frame with an accuracy of approximately 114 degree. Sun sensors c m  measure 
two dieplacement angler relative to the oun (1 arc-sec to 1 arc-mln accuracy); 
star eensors can provide three-axis angle measurements relative to inertial 
apace (1 arc-sec to 20 arc-scc accuracy); and gyros can provide inertial rate 
measurements (0.1 deglhr to 10 deglhr accuracy). A number of different combin- 
ations of theoe devices can satisfy the SPS test article requirements. 

The' following considerationu are used as the baris for selecting e reeron- 
able complement of sensors: 

Attitude sensing requirement. are not very claminding during 
the microwave experiment (-0.5' accuracy) ; ho\.ever, roore 
accurate sensing may be required during orbit transfer 
in order to reduce thrusting inaccuracy. 

The cost of attitude sensors is a much nmllcr percentage of 
the total SPS test article system cost than it is for present- 
day spacecraft. 
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Figure 2 . 3 . 5 - 4 .  W*s for SPS Test Article Attitude Control 
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Redundancy is important, because failure of the AVCS at high 
altitude (say, the 400-nmi orbit) would result in very high 
repair costs. 

1 These considerations,and a desire to select sensors which are plausible 
and which stress space construction, lead to the components illustrated in 
Figure 2.3.5-5. The inertial reference unit (IRU), updated by star sensors, 
provides attitude and rate information during orbit transfer. The sun sensor 
is used during attitude acquisition to initialize the star sensors' search. 

I Improved attitude sensors (laser gyros, CCD star sensors, etc.) will be 

I available when the SPS test article is flown. However, today's off-the-shelf 
hardware is adequate u d  is completely defined. For these reasons, the sensor 

I characteristics listsd in Figure 2.3.5-5 are taken from vendor catalogs. 

Antenna Pointing 

Two control functions combine to aim the microwave antenna at the rectenna. 
The attitude control system orients the antenna's bearing axis perpendicular to 
the orbit plane to within 5' in roll and 3O in yaw (Figure 2.3.5-2). Then, the 
pointing control system orients the antenna about the bearing axis to point it 
toward the rectenna to an accuracy of at least 13 arc-min. 

Fine pointing of the antenna is performed by a continuous drive torquer 
which nulls the pointing error measured by a directional antenna. The direc- 
tional antenna is part of the microwave antenna payload. It receives a pilot 
signal transmitted from the rectenna at two locations displaced from one 
another. Angular errors much less than.13 arc-min are sensed by comparing the 
phase differences between the two signals. 

An angle measurement transducer is included in the pointing control system 
to provide antenna angle relative to the solar array. The transducer, together 
with the star sensor/IRU is used for onen-loop pointing of the antenna with 
sufficient accuracy to get within the directional antenna's field of view. 
The ansle transducer is also available for co~rtrolling the antenna's relative 
orientation during other phases of flight. 

The drive motor must have sufficient torque to oveicome friction and envir- 
onmental disturbance torques, and to accelerate tile antenna to track the rectenna. 
A peak drive torque capacity of 7 . 0  N-m is sufficient as indicated in Table 
2.3.5-1. 

Orbit Transfer and Maintenance 

The AVCS must perform guidance and attitude control functions during 
orbit transfer and velocity corrections for orbit mintenance. Most of the 
components required for these functions are required for other functions and 
have been discussed previously. 

The additional equipment requirements include hardware to determine the 
vehicle's orbital parameters and its position relative to the rectenna, as 
well as sensors to measure thk velocity change cause by orbit transfer thrust- 
ing maneuvers. The most effective way to satisfy these requirements is to use 
the Global Positioning System (GPS) for navigation data. 



STAR SENSORS 

TYPE TRACKER 
FOV 8x8 DEG 
POWER 4 WATTS 
ACCURACY 1 0  SFC (10) 

... 

I N E R T I A L  REFERENCE U N I T  

POWER 7.5 W/CHANISEL 

RANDOM 0 . 0 1 5  DEG/HR (W) 
D R l  F l  

TWO-AXIS SUN SENSOR 

FOV 232 DEG 
POWER 2 .5W 
RESOL. <I5 S= 
STAB. I M ~  

Figure 2.3.5-5. Sensors for SPS Test Article Attitude Control 



Table 2.3.5-1. Antenna Pointing Drive Torque Requirements, 
SPS Test Article 

Torque 
(N em) 

Friction 1.0 
Gravity gradient G.6 
Aerodynamic 0.1 
Solar pressure Negligible 
Tracking acceleration 3.0 
50% contingency - 2.3 

Torque requirement 7.0 
(5.2 ft-lb) 

GPS navigation data are provided by a small antenna, which receives inform- 
ation from four GPS spacecraft, and on-board electronics to process data. This 
system will locate the SPS test article and the rectenna to an accuracy of less 
than 10 m. 

Orbit transfer is achieved by first computing the required AV maneuver 
parameters on the ground, using GPS navigation data and vehicle attitude data. 
Maneuver parameters (attitude and velocity change) are transmitted to the 
vehicle. Then, the AVCS controls orbit transfer by using angle and angle rate 
data from the IRU together with the RCS jets and CMG's to maintain the proper 
attitude. 

Structural Requirements 

Special care is required to prevent unstable interactiors between the 
AVCS and the vehicle's soft structure. The easiest method to ensure stable 
operation is to design the structure to be stiff when compared to the control 
system. Analyses for many other space vehicles indicates that stable operation 
is achieved if the vehicle's fundamental vibration frequency is at least 5 to \ 
10 times greater than the control system's characteristic frequency. When 
sufficient structural stiffness does not exist, the AVCS control logic can be 
shaped to stabilize the low frequency vibration modes. However, this approach 
can be risky when more than a few modes must be stabilized. The main concern 
grows out of the inability to accurately identify and measure motions pf more 
than a few low-frequency modes. 

The approach taken here is to develop adequate separation between the 
structural and control frequencies wherever possible and to actively stabilize 
low-frequency modes when separation is not possible. This approach is examined 
in the following text for the AVCS functions most likely to couple with 
structural vibrations: vehicle attitude control and antenna pointing during 
the microwave experiment. 



Attitude Control. The potential for unstable interactions between the 
attitude control loops and the SPS test article's structure is again examined 
by comparing frequencies . 

The vehicle's structural frequencies and associated modes are presented 
in Section 2.3.1 (see Figure 2.3.1-7). The lowest frequency mode liable to 
couple with the pitch control loop is a torsional mode at 0,010 Hz, and the 
mode most likely to couple with the roll and yaw control loops is the first 
transferse bending mode at 0.029 Hz. It is these frequencies which must be 
compared with the control frequencies. 

The control frequencies of a simple attitude control system (i.e., control 
loops with rate and position feedback only) are established by two considera- 
tions-transient and steady-state response characteristics. The transient 
response requirements are easily met by assuring that the control frequency is 
at least two timeaoareater than the fastest disturbance torque. A control 
frequency of 7x10 Hz ensures that the attitude control system can compen- 
sate for environmental disturbances without a significant transient response. 
A somewhat higher frequency is desirable to settle the transients caused by 
firing jets, but a frequency less than one-tenth of the structural frequency 
is adequate. 

The control frequency must also provide enough "stiffness" so that the 
attitude errors caused by the environmental torques do not exceed the allowable 
values ( 5 O  in roll, 3' in yaw, and 8' in pitch). The required control stiff- 
ness and the vehicle's mass moment of inertia then establish the control 
system frequency. The control frequency requirements for adequate steady date 
response are listed in Table 2.3.5-2, along with the transient control 
frequency requirement and the structural frequencies. The maximum control 
frequency requirement is compared to the structural frequency in the right- 
hand column. Note that a frequency separation greater than ten can be 
achieved. Reasonable structural frequency requirements are: first torsional 
mode >0.007 Hz and first bending mode >0.007 Hz. 

Table 2.3.5-2. Attitude Control Frequency Separation 

fc , Control Frequency f 
Axis Requirement (Hz) ~tructuraf '~requency 

Steady State Transient (Hz) 
sIfc 

* 
Roll - >4.4~10-~ - >7x10-~ 0.029 - <4 1 
Pitch - >3.7~10-~ - > 7 ~ 1 0 - ~  0.010 - < 14 

Yaw - >1.7~10-~ - > 7 ~ 1 0 - ~  0.029 - ~ 4 1  

Antenna Pointing Control. The microwave antenna pcinting control system 
can excite vibrations of the antenna and the solar array. However, only modes 
which can be excited by the drive motor and which can be sensed by the direc- 
tional antenna (which is mounted on the microwave antenna) can interact with 
the control system. 
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The lowest frequency mode computed in Section 2.3.1 is a 0.010 Hz torsional 
mode of the vehicle, which nominally does not displace the directional antenna. 
However, stiffness and mass asymmetries, as well os drive axis friction, can 
cause a small amount of motion of the directional antenna in that mode. Thus, 
good design practice dictates that the pointing control frequency be less than 
0.010 He. Because this motion can only occur as a second-order effect, a 
closer frequency spacing of 5 is permissible ( fc1[).0020 He). 

Next, the control frequency required to point the antenna accurately I s  
determined and compared with the foregoing requirement. Again, the control 
frequency is established by the antenna's inertia and the "stiffness" needed 
to overcome the environmental disturbances to point accurately. In this case, 
the control system must be stiff enough to balance the gravity-gradient torque, 
which increases as the long axis of the antenna is rotated off of its local 
vertical orientation, plus the aerodynamic and solar pressure disturbances. 
The gravity gradiant torque calculation is complicated because the maximum 
offset pointing angle is related to how well the orbit of the SPS test article 
is matched to that of the rectenna. 

The control frequency required to achieve a residual error of 13 arc-mln 
is plotted as a fuqction of the altitude error between the two vehicles in 
Figure 2.3.5-6. Notice that the frequency requirement (fc(0.0020 Hz) is 
satisfied when the altitude error is kep to less than 5 km. Matching orbits 
to this accuracy is readily achievable, as discussed in Section 2.1. 

2-77 
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--MAXIMUM ALLOWABLE CONTROL 

/ r FREQUENCY TO PREVENT STRUCTURAL COUPLING 

- 

',-- M l N l MUM ALLOWABLE CONTROL 
FREQUENCY FOR ACCURATE 
ANTEhNA PO l NT l NG 

ALTITUDE ERROR (km) 

Figure 2.3.5-6. Antenna Pointing Control Frequency Requirements. 
SPS Test Articie 



2.3.6 Trackine, Telemetry and Control Subsystem Definition 

Summary 

During low ea r th  o r b i t  o r  during geosynchronous o r b i t ,  the communications 
and tracking 8y8tem of the Solar Power S a t e l l i t e  (SPS) Fl ight  Test Ar t i c l e  
uses S-bend and Ku-band l i nks  t o  provide, i n  addi t ion t o  tracking, recept ion 
of commands a t  a maximum r a t e  of 216 k b i t s l s .  The system a l s o  provides a trans- 
mission capabi l i ty  f o r  telemetry, te levis ion,  and da t a  a t  a maximum r a t e  of 
50 M b i t s f s .  S-band l i nks  may be establ ished with a ground s t a t i o n  and both 
S-band and Ku-band may be routed through NASA's Tracking and Data Relay S a t e l l i t e  
System. A simultaneous capabi l i ty  to  communicate with the coorbi t ing r e c t e n n a  
platform, t he  Space Shut t le  Orbi ter ,  GPS, o r  other spacecraf t  is a l so  provided 
on S-band. See Figure 2.3.6-1. 

S-band Links 

As shown i n  Table 2.3.6-1, there a r e  three S-band links: (1) PM t o  o r b i t e r ,  
STDN o r  SCF, (2) FM d i r e c t  t o  ground, and (3) PM to TDRSS and there to  TDRS on 
the ground. The re turn  l i n k  on (1) is s p l i t  i n t o  high (2250-2300 MHz) and low 
(2200-2250 MHz). I f  the  SPS Test Fl ight  Ar t ic le  transmits on low, the o r b i t e r  
re lays t h i s  s igna l  to  TDRSS (or STDN) on high o r  vice versa. In  general,  how- 
ever, the o r b i t e r  is not needed f o r  re lay  and l i nks  (1) other than o r b i t e r ,  (2) 
and (3) a r e  adequate f o r  most command and :alemetry functions. The exception 
is when higher rates than indicated a r e  needed; then, the Ku-band provides the 
near continuous high-data-rate capacity. Link margins a r e  given i n  the spec ia l  
i s sue  on Space Shut t le  Communications and Tracking, IEEE Transactions on Com- 
munications, November 1978, Pages 1494, 1521 and 1604. Table 2.3.6-2 provides 
mass and power estimates. The grand t o t a l s  f o r  S-band and Ku-band communication 
subsystems including wiring and antennas a r e  200 kg mass and 1200 watts power. 

Ku-Band Links 

The Ku-band subsystem f o r  the SPS Fl ight  Test Ar t i c l e  operates a s  a two- 
way communications system with the ground through the  Tracking and Data Relay 
S a t e l l i t e  System (TDRSS). The advantage of the Ku-band l i nk  is the la rge  
increase i n  da ta  r a t e  capacity both on t he  forward l i n k  as  well a s  the return.  
See Table 2.3.6-1. This increase i n  data  r a t e  is la rge ly  due t o  the 0.9 meter 
parabolic antenna with 1.6 degree beamwidth and 38.5 dB ga in  . An uncertainty 
i n  pointing up t o  10 degrees (20 degree full-cone angle) is allowed fo r  by using 
a slow s p i r a l  sco* search pat tern i n  acquisi t ion.  The maximum search time is 
3 minutes. The subsystem described here is  the communications port ion of the  
Ku-band Integrated Radar and Communications Subsystem for the Space Shutt le .  

Note t ha t  Links (1) and (2) have l e s s  than 40% real-time coverage, whereas 
Links (3) and (4) have more than 95% due t o  the SPS Fl ight  Test Ar t ic le  being 
in  low ear th  o r b i t  and the good coverage given by TDRSS. 



GEOSYNCHRONOUS O R B I T  \ 

CELESTIAL 
NORTH 

/ 

LOW EARTH ORBIT 

Figure 2.3.6-1. Communication Links for SPS Flight Test Article 



S-LINK 

PM TO ORBITER 
(OR D l  RECT TO 
STDN OR SCF) 

- -  - - 
FM TO GROUND 
(STDN OR SCF) - -  - - 
PH TO TDRS 
(THROUGH TDRSS) 

Ku-L I NK 

TO ORBITER OR 
TO TDFSS 

Table 2, 

ONE WAY OR 
TWO WAY? 

TWO 

- - 
ONE 

- - -  
TWO 

TWO 

6-1: SPS Flinht Test Ar 

FREOUENCY 

RETURN 2200-2300 MHz 

.FORWARD 2025-2120 MHz 

- - - - -  
RETURN 2250  MHz 
(10 MHZ BANCWIDTH) - - - - -  
RETURN 2200-2300 MHz 

FORWARD 2025-212'0 MHz 

RETURN 14.85-15.15 MHz 

THIS L I N K  I S  RELAYED TO 
STDN, SCF, OR TDRS. SCF 
HAS 256 Kb/s (RETURN) 
RF POWER = 6 W 
ANTENNA = 4 QUAD OHNlS - - -  - - - -  
RF POWER = 1 0  WATTS 
ANTENNA = 2 HEMIS. OHNIS - -  - -  - -  
RF POWER = 1 0 0  WATTS 
ANTENNA = 4 QUAD O W I S  
TlME COVERAGE: 1 95% 

icle Link Parameters 

50 Mb/s DIGITAL I RF POWER = 50 WATTS 

DATA RATE 

OR 4.5 MHz 
ANALOG TV 

NOTES 

I ANTENNA = PARABOLIC 
(0.9 M DIAMETER) 

2 Mb/s PAYLOAD I 
192 Kb/s TELEMETRY TIME COVERAGE: 2 95% 

- t - - - -  - - - - - - -  
216  Kb/s  COMMANDS HAS DATA & PN RANGE 



LRU Mass (kg) Power (W) 

S-Band 

PM transponder 15.8 63 
'Y processor 8.1 30 
doppler extractor 7.4 16 
P01:e.r amplifier (100 W) 14.4 400 
Prc.:nplif ier 11.6 25 
Flf transmitter 3.0 120 
P+ processor 5.2 9 
Witch assembly 3.0 2 

Ku-Band 

Electronic assembly 
Signal processor I 95.0 489 
Deployed assembly 

Total with wiring and antennas 200 1200 



Thermal Analysis and Thermal Control Subsystem Definition 

The primary thermal analysis effort related to the SPS flight test article 
involves the microwave antenna klystron panels and the solar electric propul- 
sion system (SEPS) units. These are the only aspects reported herein. 

1 1  
Thermal Control of 121-Klystron Panel 

I 
! An important objective of the 1985 solar power experiment (Reference 1) 

will be the demonstration of the feasibility of rejecting waste heat from a 
I 
I 

i 
high-power-density klystron panel. Present plans call for the simulation of 

! the 50-kW klystron tubes which will later be available, by a greater number 
of 1-kW tubes which rejecs: the same amount of heat per panel. This approach 
calls for 121 klystrons mounted on one 3-meter hv 3-meter panel, generating 
38.5 kW of waste heat. The Red Book (Reference 2 ,  also specifies a maximum 
external klystron temperature of Tg = 195°C. 

The configuration analyzed is depicted in Figure 2.3.7-1. Heat is car- 
ried from the high-temperature zones (output cavity and collector) of each 
klystron to the radiating surface immediately above by means of heat pipes. 
It is estimated that this can be accomplished with a 5OC drop resulting in a 
radiator root temperature of 190°C. The lower surface is made up of nearly 
continuous waveguide tubes which provide a second radiating surface. However, 
the transfer from the klystron heat source to the bottom surface will be less 
efficient since it is accomplished by radiation and a limited amount of con- 
duction. It is estimated that the klystron-facing surface of the waveguide 
plane will reach 115°C and the opposite surface will radiate to space at 
Tw = 95°C. 

The radiator performance of the top surface must be modified by a fin 
effectiveness associatced with a finite heat pipe spacing. According to 
Lieblien (Reference 2 ) ,  effectiveness can be expressed in terms of non- 
dimensional fin wid th. 

For an effective fin width R = 76.2 mm, a blackened aluminum radiator of 
0.762 m thickness 6, and a root temp To of 463°K (190°C) the X parameter 
has the value 0.55, giving a fin effectiveness of 0.75 (Reference 2). 

This is less than two-thirds of the desired 3 P . 5  kW. In order to achieve the 
higher level of heat rejection, the radiztor effectiveness must be increased 
and the co:lduction to the waveguide plant! must be improved so ae to raise the 
temperature of the latter. Another altel.native is to allow klystron tempera- 
tures to rise (to an eetimated 250°C) iri order to reject the required heat 
from the present configuration. This is only an acceptable solution if kly- 
stron lifetime is not reduced signif icanLly by the elevated temperature. 
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CLOSE-PACKED KLYSTRON PANEL 
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Figure 2 . 3 . 7 - 1 .  Slys t ro l l  Pancl  Conf igurnt  ions 



Thermal Control of 16-Klystron Penele 

The remainder of the klystron tubes are mounted, 16 to a panel, along 
with two dc/dc converter unite (see Figure 2.3.7-1). The total heat diesipa- 
tion for a 3-meter by 3-meter panel is listed in Table 2.3.7-1. 

Table 2.3.7-1, 16-Klystron Panel Heat Diseipation Requirements 

If the total load ie radiated at the lower temperature, the required 
active radiating area is 16.2 m2. T'lis area is nearly equal to the two sides 
of the 3-m by 3-m panel and would require special methods to ensure effective 
radiation from the waveguide surface. An alternative approach, sbawn in 
Figure 2.3.7-1, uses only the radiator surface, but operates at two tempera- 
tures. All of the converter waste heat can be dissipated by 4.7 m2 at 65OC 
while the remaining area can dissipate the klystron heat load at an effective 
temperature of 137'C or higher. 

Source 

Klystrons (16) 
Converters (2) 

Heat Dioeipation Requirements for SEPS Unit 

Another concentrated source of power on the SPS flight test article is 
the solar electric propulsion system (SEPS). The high-temperature surfaces 
of the thruster electrodes will cool by self-radiation, provided no obstruc- 
tions are present. The power processing units are enclosed and require 
specific provisions for heat rejection. Each 6-kW SEPS unit must dissipate 
approximately 0.9 kW in the power processor at n maximum temperature of about 
60°C. 

Heat Load 
(kW) 

5.09 
2.50 

Orientation of a SEPS unit depends on its thrust program and thus cannot 
assume a favorable orientation with respect to ths sun. For this reason, it 
is necessary to provide some means of preventingreveraeheat flow from r.~diator 
surfaces exposed to direct solar heating. Also, there must be erlough unc~xposed 
radlator surface to reject the required heat load. T h e ~ e  requirements are 
usdally met by providing pairs of opposed one-sided radiator panels. Sackflow 
of heat is prevented by louvers or variable-conductilncc. heat pipes. Eac.11 SEPS 
unit requires two opposing surfaces of 2.5 mZ each. These m y  bc combined to 
serve a module containing several units, 

Radiat in8 
4 

Temperature 
('C) I 

190 
h 5 

Total 7.59 
+ b 
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Symbol 

Greek Letters: 

Subscripts: 

Explanation 

Area 
Specific heat 
Girder depth 
Solar radiation fraction 

Solar constant 
Themal conductivity 
Length 
Fin width 
Open fraction 
Energy flow rate 

Absolute temperature 
Time 
Width 
Nondimensional width 

Solar absorptivity 
Thickness, depth 
Thermal ernissivity 
Effectiveness 
Angle of incidence 
Density 
Stefan-Boltzmann constant 
Thermal time constant 
Graybody shape factor 

Pertains to conduction 
Pertains to mesh 
Initial or base value 
Pertains to radiation 
Pertains to girder web or to waveguide 



f 2.4 MASS PROPERTIES 

Table 2.4-1 presents the mass summary statement for the SPS Flight Test 
Article configuration under study. 

2.4.1 Rationale for Analysis 

Basic structure masses were based on structures analysis and sizing. The 
docking port masses were based on modified Apollo/Soyuz units. The rotary joint 
mass was calculated from a layout. The secondary structure for the SPS consists 
of the solar blanket tie-down brackets. 

The solar panel mass was based on the standard Lockheed panel of 0.752m 
x 4m dimension with a mass of 3.147 kg. The remainder of the electrical power 
and distribution mass was based on analysis and requirements. 

The attitude control mass, consisting of CMG'S and the RCS were based on 
requirements reflected by the satellite's mass properties and mission require- 
ments. 

The mass of the TT&C, Thermal and Information Management and Control are 
estimates based on prior studies. The mass of the Microwave and Comunication 
Systems were based on scaling algorithms. Propellant mass was based on sate- 
llite mass properties and mission requirements. 

Discussion 

For the analysis of this project one'may consider the microwave system 
as a payload of the SPS Test Article spacecraft. The microwave system pay- 
load mass represents 24% of the total satellite initial LEO (wet) mass. The 
major mass item is the electrical power and distribution system which is 36% 
of the total satellite initial LEO (wet) mass. The solar panels account for 
30% of the EPbD system. 

The structure and mechanisms represent 17% of the total satellite mass. 
The docking ports constitute 44% of the structure and mechanism mass. 

8 The SEP orbit transfer system mass is approximately 22P. of the total 
satellite gross weight. This gives a mass ratio of 0.115. 
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Table 2.4-1 
Mass Summary - SPS Plight Test Article 

(Mae6 in Kg) 

Structure & Mechanisms 

Basic Structure 

Secondary Structure 

System Control Module 

Mechanisms 

Doc king Port s 

Rotary Joint Module - MW Ant. End Only (1) 

Electrical Power & Distribution 

Solar Energy Collector 

Solar Panels 

Battery System 

Batteries 

Charger 

Wire Harness & Control 

Distribution 

Conduct or 

EPD Wire Harness 

Ion Propulsion Harness 

Antenna Harness 

Slip Ring/Brushes 

Equipment 

Blanket Switch Box 

EPD Panel 

Ion Propulsion Switch Box 

Supports & Secondary Structure 



Table 2.4-1 (Cont) 
Mass Summary - SPS Flight Test Article 

Attitude Control 

Control Moment Gyro 

Reaction Control System (Inert 1 

Thermal (Battery & Equipment Cooling & Radiator) 

Microwave System 

Klystrons (279) 

Thermal Test Array 

Phase Control Test Array 

Information Management & Control 

Data Management 

Instrumentation 

TOTAL - SATELLITE, Dry (Initial LEO) 32,559 

RCS Propellant 5,239 

TOTAL - SATELLITE, Wet (Init ial LEO) 37,798 

Rotary Joint - Elect Prop, Only End (1) 740 

TOTAL - SATELLITE, Wet; GEO Kission 38,538 

ORBIT TRANSFER PROPULSION 

Inert (6 Modules) 4,967 

TOTAL - SEO Burn-out 
Propellant (Mercury) 

TOTAL - GROSS MASS 49,185 



2.5 CONSTRUCTION REQUIREMENTS - 8P8 TEST ARTICLE 
The following presentation identif ier general and epecif ied requirements 

applicable to construction equipment and procruses which are inherent in the 
specif ic preliminary design of the Space Power Satellite Test Article (Drawing 
42665-27). 

These construction requirements are inputs to the space construction 
analyses of Task 2.0. Ae discursed in thie report introduction, the intent 
is to narrow d m  the total range of optiofis by providing the important guide- 
lines and constraints affecting construction strategy, along with characteris- 
tics of the major component parts which must be handled during the construction 
procesa of thie specific project. Further, the key dimensional tolerances 
potentially interacting with the construction accuracies are also included. 

2.5.1 Overall Strategy 

The following are specific, predetermined construction a1:proaches inherent 
in the design. 

o The basic structural beams of triangular cross-section are fabricated 
by a beam builder machine similar to that developed by General Dyna- 
mics (Reference 1). The material is a non-metallic composite of low 
thermal coefficient of expansion. 

o Basic structural beams are welded together at right angles to form a 
truss. 

o The major modular installatione are accomplished using a type of 
androgynous mating, interleaving petal, docking/berthing port similar 
to that identified as baseline for the shuttle program. These ports 
are welded into the ends of the beams. 

o There are several diagonal bracing struts which are based on the 
"dixie-cupt', hollow, tapered tube concept developed by Rockwell 
International and Langley Research Center. These utilize a ball 
and socket joint concept at each end, which is self-latching upon 
assembly. 

o The electrical power and signal wire runs are composed of segments 
joined at junction boxes and attached to outsides of beams between 
the various installed modules. 

o The overall configuration was developed to permit reach to critical 
installation points by use of the Shuttle Orbiter RMS, assuming the 
szructure can be built using a construction fixture attached to the 

I .  Shuttle Orbiter payload bay. In this concept the constructed space- 
i ' craft is progressively transported across the top of the orbiter 

f along the Y axis. Other approaches are not precluded. 



2.9.2 Component I n v e n t o ~  

As a means t o  help quantify the megnitudr and nature of the construction 
process, m inventory of the s igni f icant  component pa r t s  has been developed. 
Table 2.5.2-1 lists the quantity (number of parts) ,  the overa l l  dimeasions 
and the  mass which must be handled during construction. Also noted a r e  key 
construction features which r e l a t e  t o  transportlhandling o r  joining pa r t s  
together o r  tranrporting parts.  

I 2.5.3 General Cone truct ion Seauence Guidelines 

1 The following general guidelines apply t o  planning an ef fec t ive  construc- 

i t ion  sequence. 

o Set up construction f ix tu re  early i n  project (probably f i r s t  ac t iv i ty) .  

o The longitudinal beams m e t  be fabricated pr ior  to  assembling any 
cross beame o r  transverse beams t o  them. It is probably desirable 
t o  manufacture the  longitudinal beame f i r s t  t o  avoid the necessity 
of s tor ing  cross beams o r  using two beam machines simultaneously. 

o Construct basic s t ruc ture  pr ior  t o  attaching subsystem modules and 
f lexib le  items such a s  e l e c t r i c a l  power and signal lines. Note tha t  
paral lel ing e lec t r i ca l  power and signal  l i n e s  can be ins ta l led  a s  a 
beam is fabricated o r  instal led.  

o I n s t a l l  nickel-hydrogen ba t t e r i e s  toward end of the construction pro- 
jec t ,  provide for  thennal conditioning (radiators) a t  time of ins t a l l a -  
tion, and put ba t t e r i e s  on-line a s  soon a s  possible t o  avoid extended 
periods of storage i n  charged condition. 

o Consider ther&l constraints  on f l ex ib le  p las t i c  wire coverings and 
other materiala which might be b r i t t l e  a t  !.ow temperatures. Schedule 
for  deploymeat. during periods of so lar  heating when required (or 
provide other thermal conditionlng). 

o I n s t a l l  large-area solar  arrays a s  l a t e  as  possible t o  avoid desta- 
b i l i z ing  influence of drag forces. 

t 2.5.4 General Tolerances 

Table 2.5.4-1 defines the construction tolerances for  the dimensions of 
the component par ts  and the i r  interfaces which a r e  judged t o  be c r i t i c a l  t o  
mission success of the spacecraft. A l l  other interfaces w i l l  have tolerances 
specified which a r e  consistent with good engineering practice. A description 
of the ra t ionale  and analysis e f fo r t  which resulted i n  Table 2.5.4-1 appears 
i n  Appendix 8. 
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Table 2.5.2-1 - Component Inventory - SPS Test Article 
(continued) 

SIZE HANDLED 
QuAN LENGTH W I O T H  HEIGHT MASS KEY COIOSTBUCTIOH 

(m) (m) OR DIA (-1 FEATURES 
(m) 

ITEM 
DESCRIPTION 

2 5 4.0 .8 1.0 164 Flexible, folding material 
deployed and tensioned 

Solar Array Blankets 

25 1.5 - 7  .3 z 36 Small items Electrical Power 
Distribution Boxes 

90 1.5 - 2  . I  leg 1 Light, small items Solar Array Attach 
Brackets 

Junction Boxes Small items 

Large number of small 
items 

Retention Clips - 
Wire Segment 

Wire Bundles, 
Power 

% 1 
(total) 

<.1 Dia 
<.1 Dia 
<.I Dia 
<,1 Dia 

Short i terns 
Moderate length, flexible 
Shorter than orbiter bay 
Long, flexible it- to 

LOO 
42 
26 
18 

be deployed 

Relatively flexible, 
c.1 Dia 
<.1 Dia 
c.1 Dia 

Signal and Data 
L inc s 

long, thin items to be 
deployed 



Table 2.5.4-1.  Critical Cons 

I 
ITEM DESCRIPTION I CRITICAL DIMENSION 

I 

MICROWAVE ANTENNA I WCKING PORT ALIGN. 

ROTARY JOINT I DOCKING PORT ALIGN. 

SEP ASSEMBLY I NONE 

SYS. SUPPORT HOUSING 

W C K l  NG PORT (STRUCT . ) 

LONG I TUD I NAL BEAH 

CROSS-BEAM 

DOCKING PORT ALIGN. 

FACE ALIGN WITH BEPH 
END (%.I CH) 

LENGTH ( 3 . 1  CH) 

WISTED 
BowEo (22.5 CM) 

STRUT I NONE 

RCS NODULE I DOCKING PORT ALIGN. 

JUNCTiON BOXES I I 

BRIDGE FITTING 

SOLAR ARRAY BLANKETS 

EPD BOXES 

SOLAR ARRAY ATTACH 
BR9CKETS 

WIRE SEGMENTS I NONE 

NONE 

:uc ti'on Tolerances-SPS Test Artic 

TOLERANCE 1 SYSTEHS AFFECTED BI 
ALLOCATION CRITICAL DIMENSIONS 

ANTENNA 

ANTENNA (i SEP 

ANTENNA (i SEP 

RCS, SYS. SUPPORT 
HOUS I NG 

SYS. SUP. HOUSING 

RCS 
RC S 

RCS 

L e 

CONSTRUCTION 
OPERAT l ON 

GRQUWD FAB 

GROUND FA0 

GROUND FAB 

ASSEHBLY 

FABRICATION 

GROUND FAB 



Space Construction Autonutctd Febricrtion Experimnt Definition 
Study (SCAFEDS) Part 11, Mid-Term Brief iag. Brief iag No. CASD- 
ASP77-011, 9 November 1977. 



Defini t iom of two mimilar m t e n ~  platform eonmtructioa project. a r e  
preronted %a the following pager. Their mNor mimilaritirm l i e  i n  the are- 
of c o r w i c a t i o n  antema demign, mohr array demiw, RCS and o rb i t  trmmfer 
propulrion, TT6C. and i n  guidance and ~ i p t i o n .  Major difference8 appear 
i n  the d o r i p  of the bamic mtructure t o  which the mubrymt.nro a re  attached. 
Therefore, t o  avoid n e e d l u r  repeti t ion,  the fu tu rem c o r o .  t o  both project8 
a r e  dimcummed together, while meparate d u c r i p t i o n r  a r e  provided for  r t ruc tu ra l  
coaceptm and those u p e c t s  c lore lp  related t o  attachmentr to  thome dirmimilar 
mtructurem. 
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3.1 ADVA#CBI) C M W I C A T I O I U S  PLATFORM PROJECT SCEtQARIO 

The purpore of t h i r  r ec t ioa  i e  t o  provide a "word picture" of 
the  major f a c t o r r  l i k e l y  to inf lueace the  deaign concept f o r  t h i r  
projoct. It includes a brief  rua~arry of the w e r a l l  w t i v a t i n g  environment 
rutrounding tha project ,  general operating w d e r  su i t ed  t o  the project  objec- 
t i v e ~  and r8rv ic ing/grwth  considerationr r e l a t ed  to the ecope and object ivar  
of the project.  It rervw ar an abbreviated approach i n  establ ishing the top 
l e v e l  eyetam requirementr f o r  ure  i n  concept rynthvris  an3 design analyses. 

The rceaar io  f o r  the Advanced C ~ i c a t i o n a  Platform is outlined i n  
Figure 3.1-1. Thir r c e m r l o  preeumar the  current  murhrooming worldwide growth 
i n  both domartic and i n t e m t i o n a l  rpace comunicationr w i l l  continue. Thio powth 
ir  pa r t i cu l a r ly  importaat t o  the rapidly developing th i rd  world countriar.  It 
fur ther  presumer the ava i lab le  space i n  the g8orynchronour a r c  w i l l  beeorno 
overcrowded with the continued appl icat ion of the  present individual ~ a t e l l f l t n  
concept. Higher capacity rpproachu derlgned f o r  more e f f i c i e n t  use of tha 
avai lab le  frequency opectrum and with merged political/economic i n t e r e r t r  w i l l  
be required t o  meet the projected growth needs. Much hac been wr i t ten  about 
the  isaues and in te rac t ioae  between the ef f i c i e n t  u t i l i  t a t  ion of the *'gee- 
sync" na tura l  rerource and the need f o r  rateguarding the fu ture  i n t e r e r t r  of 
a l l  nat ionr ,  even thore not now i n  a posi t ion t o  f u l l y  exploi t  o r  even begin 
t o  exploi t  the ure of t h e i r  " f a i r  share" of t h i r  resource. It is beyond the 
scope of t h i s  study t o  resolve these problems, but the study assumes tha t  solu- 
tionm w i l l  be found, and tha t  more e f f i c i e n t  concepts w i l l  be implemented. 

The emphasis $ere hap been t o  "leapfrog" the po l i t i ca l  arena and focus 
on the tec~rn ica l  nature of more e f f i c i e n t  advanced communications wystcsnl:.. 
Toward t h i s  end it is noted tha t  current technology y ie lds  s a t e l l i t e  service 
l i fe t imes  of 5 t o  7 years. Present plans c a l l  f o r  replacement of ex is t ing  
v a t e l l i t e c  i n  the 1983 time period. These replacement system8 a r e  already 
under ccirtract and on the drawing boards. Thus, the e a r l i e s t  tha t  a large 
advanced communications platform could appear is in the 1990 time period, and 
t h i s  is the timeframe selected fo r  the communications project scenario. 

In focusing on the technical  nature of the communications concept design, 
fur ther  emphasis has been placed on general s iz ing  t o  U.S. needs. Three needs 
a r e  perhaps be t t e r  known than world-wide t r a f f i r e  proJections,  but more import- 
an t ly ,  the U.S. w i l l  l i ke ly  be the f i r s t  t o  apply advanced "platform terllnology." 
This, then, along with the above discussion is the general background and 
motivating environment ourrounding the Advanced Communications I'latforrn project .  
!lore spec i f i c  charac tc r ie t ics  a r e  diocuss~.;! in  the following riubscctions. 

3.1.2 P1atfona Concept Approach 

The purpose of the advanced communications platform is t o  provide high 
serfornuace point- to-point cormnunicat ion l i n b  covering the ent  i r e  cont inental  
United States .  The platform w i l l  supplement ex ie t lng  arrvicec provided by the 
common c a r r i e r s ,  increare t r a f f i c  capacity,  sad i t  w i l l  provide for  d i r e c t  

PRECEDING PACE DL:.:,':; IIL 



GEO ORBiT-USA ACCESS 
STAslLlZEO EARTH POINT lNG 
EW a NS  TIONK ON KEEPING 
UP TO 20 YRS SERVICE LIFE 
PROVIOE WINTERRUQTED SRVICE 

UNMANNEO/REuOTE 
5 7  Y R SERVtCE INTERVAL 
RESUOQLY STATtONKEEPING PqOP 
REPUCE FAILEDIDEGRAOEG f4OOULES 

~~ 
1990 TIME PERK)Q 
SATISF Y PRMCTED GRaWTH FOR CURRENT 

SERVICES a I M R O  NEW SERVICES 
T ELEPHONVl ELECONFERENCE. VIDEO,. 

REOOCEGEOCONGESTION 
COULD BE GLOBAL SYSTEM 

I 1 
CWFmT101YIMBOW-rn 

EPS SIZED FOR CONTINUOUS GEO OPS 
IlYCLWING OCCULTATlON PER1005 
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ADO 18-30 GHZ ANTENNAS, NEW MOOULATtON ELEC 
ADO SPACE-TO-SPACE LINK@) 
A 0 0  ELEC QOWER 

Figure 3.1-1. Advanced Corrunications Platform Scenario 



%inks to areas where landline and radio relay networks are relatively "thin." 
It will perform the functions of the swen U.S. domestic satellites that now 
contribute to crowding of the geostationary arc at western longitudes. The 
platform will be required to provide multiple, high-gain spot beams covering 
the continental U.S., in contrast to the single CONUS coverage beams of each 
of the swen current satellites. The system will operate in the 4- and 6-GHz 
bands currently in use, with additional bands at 12 to 14 GHz, and will have 
the potential for future growth into the 20- to 30-GHz region of the spectrum 
if this proves feasible and desirable. 

The platform concept produces an inversion of complexity in the sense that 
the roles now played by the ground and by the space segments will be inter- 
changed. Currently, communications satellites have one or two slmple antennas 
in the l-m to 3-m size range and carry relatively little in the way of switching 
equipment. Ground terminals, which are few in number, use large antennas, in 
the 10-m to 30-m range, with complex switching networks. Complexity inversion 
requires the qsce platform to carry a multiplicity of large (10 to 20 m) highly 
sophisticated antennas, each generating many independent beams that will demand 
complexity in the switching and accessing networks in space. By contrast, the 
number of ground terminals will become very large, but the equipment will be 
simpler and much less expensive, using antennas, for example, in the 1- to 4-m 
range. In addition, ground networks will be much simplified. 

The needed complexity inversion is made possible by the development of 
on-orbit construction and assembly techniques along with the transportation 
capability afforded by the Space Shuttle. The constraints on satellite and 
antenna size formerly imposed by the launch vehicle and its shroud are thus 
removed, not only permitting, but encouraging, the use of orbiting platforms 
supporting multiple large antennas, each optimized to its own communications 
task, and carrying large solar arrays to supply power for a complex of ampli- 
fiers, .witches, and processing networks. 

3.1.3 Operating Scenario 

The overall operating scenario for the communications platform is depicted 
in the mission profile of Figure 3.1-2. The complete system will be construc- 
ted and checked out in LEO. Orbit transfer propulsion modules will then be 
delivered and mounted. The fully assembled platform will then be transported 
to GEO at a longitude serving US communications needs. Upon arrival at its 
mission station the appropriate flight modes will be activated and the com- 
munications system will be initialized. The platfom system will then be 
ready for communications operations and will begin absorbing rhe projected 
traffic demiznds. 

A communications platform requiring space construction and sized for future 
1,~eds will represent a significant investment in both technology development and 
flight hardware. To aseure an adequate return on this investment, a 20-year 
service life is required. This long life, together with its high capacity, 
r.reatns several important implications. First, the extremely high capacity of 
vich systems means millions of users are dependent upon its continued operation, 
.-nd the need for uninterrupted service is paramount. Second, the long opera- 
tioral life implies the need for on-orbit servicing. Together (long life and 





uninterrupted service) they imply the need for servicing approaches which mini- 
mixe or completely non-interfere with the on-going communications operations. 
In fact, all routine platform operations as well as servicing and growth instal- 
lation operations must be performed with minimal or no interruptions in services. 

i 

' 1 Another requirement introduced by the need for uninterrupted service is 
the sixlag of energy storage capacity. This must be sized to maintain full 

i ,. 
1 service through auutimum sun occultation periods. Sun occultations can occur 

i 
due to both earth and w o n  shadowing. Earth shadowing occurs over a two month 
span, twice per year, near the equinox periods and has a maximum shadow inter- 
val of approximately 1.1 hours. Moon shadowing is much less frequent and is 
coupled to the lunar eclipse cycle and specific platform ephemeris character- - 1 istics. The moon shadowing intervals can be as long as 3 hours, but are gov- 
erned by the specific eclipse geometry which varies from event to event. The 

k combined set of conditions producing worst case moon shado.n.i~g is very rere 
i and may not occur over the life of the platform. Thus, for the cri-rept defi- 

1 nition presented herein the earth shadowing interval was used for establish- 
! ing enerw storage requirements. 
! 
I In addition to continuous service the platform must provide a stable 
! 
i earth pointing base for precision pointing the high performance conmrunications 

I antennas. To reduce the amount of antennajplatform steering required to main- 
tain beam coverage patterns, north-south stationkeeping is required in addi- 

[ tion to the usual east-west drift control. All stationkeeping maneuvers must 
be "soft" In nature and sufficiently isolated from the beam steering dynamics I 

I to maintain antenna pointing stability. 

Thus, the critical requirements derived from the platform operating 
scenario are: a 20 year service life with a goal of uninterrupted service. 

3.1.4 Servicing and Growth 

Servicing and growth considerations are also important elements in the 
overall project scenario. However, in keeping with the preliminary nature of 
the system definition presented here, the scope of servicing considerations 
is necessarily limited. Trades between reliability, redundancy and level of 
servicing are inappropriate. Emphasis is on the assurance that the project 
design not preclude on-orbit servicing, thus, allowing these trades to be 
made in the future when the design definition reaches the appropriate level 
of detail. 

In addition to the need for long life and uninterrupted service, there is 
anocher important drjver which is perhaps unique to the Advanced Communications 
Platform and which significantly affects servicing and growth requirements- 
it is the impact of rapid technological progress on the platform growth process. 
Thc rapid tecbmlogical progress being made on nearly all fronts of the micro- 
electronics/data processing industry will stimulate increased requirements for 
updating the flight and ground hardware. New developments bring on higher effi- 
ciencies with improved cost-effective economies which must periodically be 
I,~corpor;ite~' itltn the platform to maintain competitive operations. 



I 
Servicing concepts for meting these requirements must also consider the 

I time period of their application. As indicated earlier in the scenario dis- 
cussed, the 1990 time period was assumed for the introduction of the Advanced 
Communications Platform. It is not likely that lnanned capabilities will be 
extended to geosynchronous orbit in time to support this schedule. Manned 
geosync operations will probably appear during the 20 year lifetime of the 
platform, but should not be baselined into the initial platform servicing 
concepts. In this light, servicing options centered on remote-teleoperator 
concepts were selected fnr this study. Manned servicing, if cost effective, 
could perhaps be introduced later in the platform mission along with the 
updated growth mission electronics. 

Commensurate with remote servicing approaches and with the gross levels 
of configuration definition available in these early stages of system con- 
ceptual design, servicing consideratioas here have emphasized the changeout 
of major elements or modules. These would also apply to the module updating 
changeouts associated with system growth and technology advances. Some exanple 
replacement operations to meet these needs could involve new ways to repair 
and/or add solar array panels without interrupting service, replacing failed 
CMG units or expended RCS propellant modules/quads and could also include ways 
to install new power/signal wire runs for new technology elements without 
interrupting service. 

A final important servicing consideration is the issue of scheduled versus 
unscheduled maintenance. The relatively high costs for transportation to CEO 
will likely preclude early platform concepts planned solely around unscheduled 
servicing. However, once sufficient numbers of CEO systems designed for on- 
orbit servicing are in place unscheduled maintenance may have a more prominent 
role. If the proper levels of failure tolerance are designed into the CEO 
systems, the failures of several platforms could be "stored up" until they 
would utilize a full maintenance trip. With this concept servicing would be 
conducted on a demand basis somewhere between "pure" scheduled and "pure" 
unscheduled approaches. Since this study is aimed at early communications 
platform concepts a scheduled maintenance approach was selected with a 7-year 
servicing interval. 

The length of the interval was mainly based on current satellite design 
life values. Present designs typically offer a 7-year life. Increases in 
service life might be expected with future advances in reliability, but these 
would tend to be offset by increases in complexity associated with the high 
capacity communications platforms. This coupled with the possible further 
need for revisits to update and/or add capacity to the system led to the 
selection of the 7-year servicing interval for this study. 

All of the above scenario conditions result in the top level system 
requirements summarized in Table 3.1-1. These requirements form the basic 
framework from which the individual subsystems requirements and concepts were 
derived. 
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Mission Objective 

Provide order-of-magnitude increase in U.S. space communications 
network capability 

Operational Time Period 

1990 IOC 

Operational Orbit 

Geosynchronous equatozial, good access to U.S. 

Mission Flight Operations 

Orientation-principal axes, Y-POP and 2-nadir 
Comm. antennas precision steer with RF autotrack 
Platform performs E-W and N-S stationkeeping 
Continuous, uninterrupted communications services are desired 
Plat f orm service lif e-20 years 

Construction and Orbit Transfer 

Design for construction in LEO 

Design for low-thrust chemical propulsion LEO-to-GEO 
orbit transfer 

Servicing 

Design for seven-year service interval 

Consider remote teleoperator available initially 

Consider direct man-in-the-loop for growth only 

Consider design goal to provide servicing without 
interrupting communications services 

Growth 

Consider ways to add communications capacity 

Consider need for updating electronics to rapidly 
progressing technology 

Consider design of growth installations to preclude 
interruptions in communications services 

> 



3.2 CONFIGURATION DESCRIPTIONS-ADV&'CED COMMUNICATIONS PLATFORMS 

Two structural arrangement concepts were developed to implement the commun- 
ications platform requirements as discussed in Section 3.1, Project Scenarios. 
Figures 3.2-1 and 3.2-2 illustrate these two concepts. Except for minor varia- 
tions, such as the arrangement of the antennas and the attaching concept of the 
system control module, most of the subsystems are identical between the two 
concepts. The variations are a result of the different structural arrangement 
concepts selected for development in this study. 

The figures illustrate a composite of the three configurations for each 
concept. The configuration in LEO just prior to orbit transfer will be as 
illustrated except that all of the antennas will have their feed horn folded 
as shown on one of the large antennas. The GEO operational configuration will 
have all of the antennas extended, but will only have two propulsion modules 
remaining. The three first-stage burn propulsion modules will have been jetti- 
soned. The third configuration is the LEO checkout arrangement which will have 
all antennas deployed, but the orbit transfer modules will not have been 
installed at this time. Drawings 42662-25, Erectable Communications Platform, 
and 42662-26, Space-Fabricated Communications Platform, define these two 
concepts (Appendix A). 

3.2.1 Configuration Description - Erectable Communications Platform 
This antenna platform concept consists of an erectable type structure 

assembled of tapered struts with ball end fittings engaging receptacle type 
unions. The solar array produces 133 kW of electrical power which includes 
a 50% allowance for growth. The GN&C system utilizes CMG's and RCS for 
attitude control and stationkeeping. The platform is boosted to its operating 
orbit utilizing low-thrustchemical fueled engines. The 16 antennas are arranged 
in two groups (1) eight 4-6 GHz "C" band receivers and transmitters and (2) 
eight 12-14 GHz "Kt' band receivers and transmitters. Growth capability for 
additional antennas are also provided. 

During orbit transfer the solar arrays are folded parallel to the longi- 
tudinal axis of the platform which is also the direction of acceleration. 
Each antenna horn and boom support is also retracted during the orbit transfer 
mode. The reflector portion of each antenna, however, is in the deployed posi- 
t ion. 

The platform structure consists of double tapered tubes with ball-type 
end fittings. The tubes are formed from two conical tubes jointed at their 
large ends. This concept permits "dixie cup" type packaging of the structural 
members for transport. Most of the tube assemblies are joined to each other 
through a receptacle type of union member, creating a pinned joint. However, 
the antenna mounting concept requires fixed-type joints in order to react the 
orbit transfer thrust loads. For this condition, the strut ends and the 
receptacles are des-gned to transmit moments. The support arrangement for the 
RCS pods, the systr;ms module, and the orbit transfer propulsion modules utilize 
struts arranged to form A-frame reaction members. This arrangement results in 
only axial loads being introduced into these members. Most of the struts are a 
common length and cize. However, the two load conditions described above use 
unique struts to f.dlfill their individual requirements. 

3-11 PRECEDING PAGE BLAN:: NOT FILMED. 
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Figure 3.2-1. Erectable Communications Platform Concept 
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The s t r u t s  are assambled i n t o  a l i nea r ,  pentahedral, s t r u c t u r a l  arrange- 
ment. The siee of the  pentahedrons a r e  d i c t a t ed  by the  reach envelope of t he  
o r b i t e r  BMS required f o r  assembly of the s t r u t s .  The s i e e  of the  individual  
s t r u t s  is dic ta ted  by the  o r b i t  t r ans fe r  induced loads and by the  cont ro l  
s t i f f n e s s  required. 

A l l  of the  l a rge r  modular items such a s  the  antennas, the  GN&C/ATT&C mod- 
ule ,  the  o r b i t  t r ans fe r  engines, and support s t ruc ture  a r e  at tached t o  the  
s t ruc tu re  v i a  berthing ports.  The berthing port concept is the  three-petal,  
neuter  concept, baselined f o r  the  Shut t le  orb i te r .  Because a l l  of the  berthing 
a c t i v i t i e s  are accomplished by using the o rb i t e r  RMS, no ve loc i ty  a t tenuat ion  
is required. Consequently, the  berthing ports,  both on the  s t ruc tu re  and on 
the  modules contain no a t tenuat ion  systems. S t ruc tura l  l a tches  a r e  provided 
only on the  mating module. This permits a f i n a l  checkout of the  a c t i v e  la tch ing  
system on the  ground immediately before t ransport  and assembly i n  o rb i t .  A 
u t i l i t i e s  i n t e r f ace  is provided a t  each berthing port and each in t e r f ace  w i l l  be 
unique t o  i ts pa r t i cu l a r  u t i l i t i e s  requirements. 

Smaller u n i t s  such a s  the  e l e c t r i c a l  junction boxes may be secured t o  t he  
s t r u t s  with clamping-type devices t ha t  a r e  compatible with the  s t r u c t u r a l  cap- 
a b i l i t y  of the  s t r u t s .  The e l e c t r i c a l  l i n e s  may a l s o  be secured t o  the  s t r u t s  
with clamping-type wire-supporting c l ip s .  

The s o l a r  a r rays  a r e  mounted t o  a ro ta ry  j o i n t  which provides a 3600 
ro t a t ion  capabi l i ty  perpendicular t o  the o r b i t  plane. A 24O nodding capabi- 
l i t y  is a l s o  provided t o  permit f u l l  sun il lumination during a l l  sun beta  
angles. A folding capabi l i ty  f o r  o r b i t  t r ans fe r  is a l s o  provided. The orien- 
t a t i o n  of the  s o l a r  a r ray  wings minimizes platform disturbance torque caused 

I j by s o l a r  pressures. Each s o l a r  a r ray  wing cons i s t s  of four SEPS concept panels. 

I The ba t t e ry  power s torage system which is sized t o  provide continuous 
r operation during the  o r b i t  ec l ip se  periods is packaged i n t o  three  independent 
1 units .  Each package of b a t t e r i e s  include the ba t te ry  chargers and controls ,  
I 

h !  
thermal cont ro l  insu la t ion  and meteoroid protect ion,  and its own heat r e  j a c t  ion 

I r ad ia tor  system. Each u n i t  is a replaceable item. 

The ro ta ry  jo in t  provides f o r  the power t r ans fe r  from the  power generation 
1 
I system t o  the platform through a s l i p  r i ng  assembly. Data and cont ro l  s igna l s  

between the  cen t r a l  cont ro l  processor and the  power generation system is  a l s o  
t ransferred thru the rotary jo in t  v i a  a dedicated s l i p  r ing  assembly. The 
rotary jo in t  a s  a un i t  o r  subassembly is attached t o  the platform s t ruc tu re  
v i a  a ber thing port. A power and datalcontrol  s igna l  in te r face  is a l s o  esta-  
blished at t h i s  jo in t .  

/ 
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A system module containing t h e  GN&C MI 'S  and sensor, the  TTbC receivers ,  
t ransmit ters ,  antennas, e tc . ,  and a cen t r a l  data/s ignal  processor is provided 
i n  a cen t r a l ly  located pos i t ion  on the  platform. Thermal control ,  meteoroid 
protection, and heat r e j ec t ion  rad ia tor  systems a r e  provided a s  pa r t  of the 
module t o  support these systems. 

A communications message switching control  u n i t  is cen t r a l ly  located 
within the  C-band antenna complex and a s imi la r  u n i t  is a l s o  cen t r a l ly  located 
within the  K-band antenna complex. 

The l a s t  items t o  be i n s t a l l e d  w i l l  be the  o r b i t  t r ans fe r  propulsion mod- 
ules.  The propulsion modules a t t a c h  t o  t he  supporting s t ruc tu re  u t i l i z i n g  
berthing po r t s  t o  e f f e c t  the jo in t  and t o  eetab'ish the  l i n e s  in te r faces .  The 
f i v e  modules are arranged t o  permit an i n i t i a l  f i r i n g  of three modules,and 
s taging t o  two modules. The th ree  i n i t i a l  modules w i l l  be je t t i soned  during 
the  s taging operation. Both the  i n i t i a l  and f i n a l  s tages  w i l l  be aligned t o  
t h rus t  through the  c.g. of the  platform. 

The complete platform less the propulsion modules has an estimated weight 
of 60,500 kg (133,400 lb) .  

1 Trades 

A trade-off study was made concerning the  locat ion of the s o l a r  arrays.  
Figure 3.2.1-1 represents  the  two configurations evaluated. Concept "A" has 
t he  t o t a l  so l a r  a r ray  located a t  one end of the platform opposite t o  the  o r b i t  
t r ans fe r  propulsion system. During o r b i t  t r ans fe r  t he  so l a r  a r rays  a r e  folded, 
as shown. This arrangement induces only tension loads on the s o l a r  a r ray  which 
can be accepted by the  so l a r  array deployment and support system and by the  
individual  s o l a r  panels. 

i The a l t e r n a t e  arrangemaat, Concept "B", places the  so l a r  a r rays  on each end 
of the platform. This arrangement has the advantage of providing a more balanced 
configuration which would be par t icu lar ly  advantageous t o  the s i z ing  of the CMG's. 

I This balanced arrangement would eliminate the so l a r  pressure torque disturbance. 
I Since the  s iz ing  dr iver  f o r  the  CMG'e i s  the s o l a r  pressure influence, the CMG's 

may not be required f o r  t h i s  concept. The RCS propellant quan t i t i e s  would a l s o  
i be s ign i f icant ly  reduced with the  elimination of the CMG dumping requirement. 

However, t h i s  arrangement would require  an addi t iona l  ro ta ry  jo in t ,  and 
I 

; addi t iona l  power d i s t r i bu t ion  l ines .  The addi t iona l  rotary jo in t ,  however, 
I could very well  balance out the  cos t  of elimination of the cMG's. Considera- 

, i t i o n  of the  r e l i a b i l i t y  of the  two power generation s y s t e m  could requi re  
! i grea ter  power capabi l i ty  i n  each system t o  account f o r  a f a i l u r e  mode. Con- 

! s idera t ion  of the  o r b i t  t r ans fe r  mode imposes the i ssues  of array folding and 
[ 1 t h rus t  loads. The arrays,  folded p a r a l l e l  t o  the  thrus t  a x i s  a s  shown, induce 
5 .  undesirable compression loads on the array system. Folding the  a r rays  t o  permit 
E r tension loads only a s  depicted i n  Figure 3.2.1-1 (Concept B') exposes the so l a r  
I j panels t o  propulsion module plume impingement which is undesirable also.  i 



SOLAB ARRAY BOLWU) 
FOR ORBIT TlUIQElFBR 

/ 

I I -Y FOLDED 1 1  1 
FOR ORB1 TRANSFER 1 II I 

n ROTARY = - q - 1  

8OLAg ARUY FOLDED 
FOR ORBIT TRANSFER 

PROPWLSION MODULES 

Figure 3.2.1-1. Solar Array Location Concep t e  



Consequently, t he  a r ray  locat ion,  as shown i n  Concept A, was se lec ted  
f o r  t h i s  phase of t h e  construct ion systeme ana lys i r  otudy. 

3.2.2 Configuration Description-Tri-Beam Space-Fabricated Platform 

Many fea tures  of t h i e  configuration a r e  similar i f  not i den t i ca l  t o  thooe 
of t he  e rec tab le  concept of the  corswrnications antenna platform. Consequently, 
t h i s  descr ipt ion w i l l  concentrate on those f ea tu re s  t h a t  a r e  unique t o  t h i s  
concept . 

This concept represents  an antenna platform consis t inp of a space fabr i -  
cated s t ruc ture ,  133 kW of power, including a 50% growth allowance, and a 
low-thrust chemical-fueled o r b i t  t ransf  e r  system, with a G6N CMG/RCY control  
system. h e  16 antennae are arranged i n  two groups: (1) e ight  4-6 CHZ C-band 
receivere and t ransmit ters ,  and (2) e ight  12-14 GHz K-band receiver8 and trana- 
udtters. Growth capabi l i ty  f o r  addi t iona l  antennas is a l s o  provided. 

During o r b i t  t ransfer ,  t he  s o l a r  a r rays  a r e  folded p a r a l l e l  t o  the  longi- 
tudinal  a x i s  of the platform which is a l s o  the d i r ec t ion  of accelerat ion.  The 
antenna horn and boom support is rst rat* tc.d during the  o r b i t  t ransfer  mode. 
The r e f l ec to r  port ion of the antenna remains i n  the  deployed pos i t ion .  

The platform s t ruc tu re  cons i s t s  of members fabricated i n  o r b i t  by - s ingle  
beam builder and assembled by use of appropriate f ix tures .  The configuration 
is d ic ta ted  by the  reach envelope of the o r b i t e r  RMS, by the  loads induced 
during o r b i t  t ransfer ,  and by the  required cont ro l  s t i f f n e s s .  The individual  
beam configuration and the  beam bui lder  device a r e  from the General Dynamics 
SCAFE study concept 8.  

The i n s t a l l a t i o n  of the l a rge r  modular u n i t s  u t i l i z e s  the berthing port  
concept. The descr ipt ion of t h i s  i n s t a l l a t i o n  concept is iden t i ca l  t o  t h a t  
discussed f o r  t he  e rec tab le  antenna platform concept. 

Smeller u n i t s  such a the  e l e c t r i c a l  junction boxes w i l l  be secured t o  
t he  s t ruc tu re  with clamp-type devices tha t  &re  compatible with the  e t ruc tu ra l  
beam configuration and load capabi l i ty .  

The e l e c t r i c a l  l i n e s  a r e  secureJ t o  the  s t ruc ture  with spec ia l  c l i p s .  
The c l i p s  may require  pre-punched holes i n  the  post members of the  beams. 

The e l e c t r i c a l  power generation system, including the so l a r  a r rays  and 
the  power storage ba t te ry  arrangement, and the ro ta ry  jo in t  through which the 
e l e c t r i c a l  power is transmitted t o  the  antennas and subsystems, a r e  ident ica l  
t o  the  concept descr ipt ion fo r  t he  e rec tab le  platform. 

The systems module contents and i n s t a l l a t i o n  concept a r e  ident ica l  t o  
t h a t  of the erectable  platform, as also i~ t he  communications message switch- 
ing control dni ts .  



mz Irrt i t m a  to  bm iar ta l led wi l l  be the orbit  t rurrfer  support structure 
and the orb i t  tranafer propulsion moduler. The rupport rtructure interfacer 
with the three loagitudinel members of the platform rtructure by means of berth- 
img port@. The propulsion moduler attach t o  the rupporting structure i n  the 
mme mnner. 

Thr f i v r  module@ are a r r w e d  to p r m i t  .a i n i t i a l  f i r i n8  of thrre  modules 
and @tag- to  two laodulao. TBr three initial modulrr wil.1 be jr t t ironed during 
th. ataging operation. Both the i n i t i a l  .ad f inal  rtagea w i l l  be aliglud t o  
t h n u t  thsu the C.6. of the platform. 

Thr v l e t u  phtform, lama tha propulrim wdulem, har .R aatiaut.4 
~ ~ A g h t  of 61,000 k$ (134,200 lb.). 



I I 3.3 SUBSYSTEMS DEFItBITION 

Drtailed dercriptione of the aubryrtems for the two Advanced Caa~aunica- 
tiona Platforma projectr are presented in the followin8 rection. In each 
rubrystem dircurrion there is an introductory ruararry dercriptioa which 
includer derign requirementr, a detail deecriptioa, and a dircurrion of 
tatirrnale or analytical effort accomplished to support the design of the 
eubr;st.m. The structural rubryrtew for the erectable platform and the 
apace-fabricated platform are reparately described in Sections 3.3.1 and 
3.3.2, rerpectively. However, the remaining rubryrtem dircusoionr include 
consiberation8 for both platformr, since only minor differences are required 
between them. The order of rubryrtem preeentation ia: electrical power, 
microwave, thermal propuleion, attitude and velocity control, and TT6C. Ae 
for the previous project, the mars properties statemeat and construction 
requirements follow the eubrystms definition. 
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I 3.3.1 Space-Erectable Trurs Structure Dcf inic ion 
I 

i Oblect ives 

b 
I 

I The objectives of the structural engineering reviews and snalysee conducted 

i in thie space conrtruction study were: 

f 

i To enrure construction ryrcem rtudy realism by representing 

Y 
structure1 configurations that are indeed euiteblc for the 
total spectrum of mierion requirements. 

To easuro identification and uaderatdiag of those 
puticular requiremantr for rtructural integrity which 
oiglnificmtly impact contruction. 

To support the total systems weight analymis through defin- 
ition of component etructural rizes. 

Erectable Structure Confipuration Description 

The structural configuration of this erectable communication platform. 
pictorially deccribed on Drawing 42662-25 (Appendix A), 18 that of a prntn- 
hedral truss. The truss typical bay dimension of 12 meterr presents a trcnu 
12 m wide and 8.48 m high, with a total length of 240 m. Thie truss in t5r 
basic strongback to which the 6.0-, 7.5-, 13.8-, and 20.5-meter-diametcr 
comwrnication antennas, solar panel array, thrust structure and propulslt>n 
modules, control moment gyro package, and RCS thruster modules are mounted. 
All of the foregoing items (except the antennas) ore mounted to the strongback 
through pin-ended axially loaded t russ-type t ranui t ion st ruc tures. The 
antennas, however, are mounted to berthing ports that are rupportc?d by the end 
momcnt carrying longitudinal and lateral members (Figure 3.3.1-1 1. Thr moment 
carrying joints are not only required to ruotain the orbit tranefet thrust- 
induced m m n t s ,  but to prov!le a necessarily rigid platform for the antenna 
in order to maintain the required pointing accuracy. The top longltudin.~l and 
pyramidal members, however, utilize pin-ended joints. 

The significant differences In structural requirements placed upon the 
bottom longitudinals, bottom diagonals, Interale, top longitudinal, and pyra- 
midal members c m p r  ioing the basic pentahedral truss boy rcsul ted in t hrer 
different element sizes. However, ill1 of the elements are tapered to  permit 
"dixie cup" packaging in the orbiter. The alternative of making all thclsc 
memberr the same would result in a utructure weight penalty of 2,770 kg (5000 Ib). 
To the msximu~l extent practical, the trusses uupporting the solar panel ilrroy 
and RCS thruster modules are constructed of 12-m-long tapered tubes. This 
war not practical, however, for the gyro package and tllrust struc.turr 
(Figure 3.3.1-2), where s mix of element lengths is unavoidable. 

The reierenccd corif igurat ion drawing 11 lust rates (on Sheet 1 )  thc commun- 
ication antenna platform in the opers~tonal mode. Sheet 2 tlluntrates the 
configuration during thrust ( T / V  - 1.96 N/kg) for transfer to geoeynchronoun 
orbit. AS shorn, the antenna feed column mant n arbJ stowed tt)  prrc-ludt' i r  protllh- 
itive penalizing of the antenna feed column design. large thrust vector inc-1 ln-. 
ation, and prohibitive joint momenta. The nolar panels arc. utowc~d to clvoli  
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Figure 3.3.1-1. Antenna Mounting to Pentahedral Truss 
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penalizing its structural design. The antenna reflector, however, is deployed 
to eliminate the risk of deployment at geosynchronous orbit and because 
antennas of this size are designed for 1-g ground deployment with the electri- 
cal axis oriented horizontally (according to Reference 1). The reflector weights 
and moment arms are small compared to that of the feeds. 

Attention is directed to the manner of antenna support. The attachment of 
the antenna reflectorlfeed column assembly at the base of the feed column, 
rather than at the base of the reflector, reduces the feed column stiffness 
requirements-particularly the GJ requirement. 

To minimize the thrust loading impact on the reflector support column, 
the antennas are oriented to produce tension in this element during thrust. 

The detailed structural requirements and analyses that directed the 
structural design of this communication antenna platform structure are 
described herein. However, for review convenience, a summary of the most 
significant requirements and design capability are shown in Table 3.3.1-1, 
and in further detail in Table 3.3.1-2. 

[ Structural Requirements 

The foregoing discussed configuration has been reviewed and analyzed to 
a level of detail compatible with the previously stated objectives. The 
reviews and analysis conducted were based upon the following requirements. 

Orbit Transfer Thrust. The structure must sustain the loads induced dur- 
ing transfer from low earth orbit to geosynchronous orbit, in conjunction with 
the associated thermal gradient induced loads. The thrust loading results from 
the particular erectable communication antenna mass distribution defined in 
Section 3.4, exposed to a T/W = 1.96  k kg (0.20 ). At this stage of the 
study maturity, to preclude any significant load amplification, each of the 
four thrusters provided per propulsion module will be started sequentially to 
provide a total thrust rise time two times greater than the minimum mode 
structural frequency period. 

Orbit Transfer Configuration-Minimum Modal Frequency Requirement. The 
structural stiffness must be compatible with the guidance and control system 
to minimize delta-V losses to acceptable levels. This requirement has not been 
firmly established, but is discussed in Section 3.3.7. 

Miscella eous Loads. A review of this configuration in conjunction with 
prior study eqzrience has indicated that d~cking, gravity gradient, solar 
pressure, aerodynamic drag, and RCS thruster loads for stationkeeping and 
attitude control are negligible compared to the thrust loading. 

Operational Configuration-Minimum Modal Frequency Requirement. To permit 
the guidance and control system to maintain the antenna "short term" pointing 
accuracy wi hin 0.03 degree, the overall structural configuration minimum 
modal frequency must be greater than 0.005 Hz (see Section 3.3.7). 
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Table 3.3.1-2. Pentahedral Truss Element 
Compression Loads and Sizes 

ULTIMATE ULTIMATE MAXIMUM MINIMUM WALL 
AXIAL MOMENT DIAMETER D l  AMETER TH l CKNESS 

ELEMENT LOAD (N) (N/m) (cm) (cm) (4 
d' 

TYPICAL BAY 

1-2 89,530 - 44.2 22.1 0.089 

44,750 - 
4-5, 5-6 21,500 10,280 30.0 24.1 0.122 

4-6 4,630 - 20.0 10.0 0.071 

1-4.1-3, 
6,365 - 

1-5.1-6 20.0 10.0 0.071 
I I 

SOLAR PANEL SUPPORT STRUCTURE 

ALL SIX 
18,600 - SHOWN 30.5 15.25 0.064 

THRUST STRUCTURE 

TyPE(A) 18,334 - 19.0 9.5 0.064 

TYPE (8) < (A) - 19.0 9.5 0.064 

TYPE (C) 13,530 o 30.5 15-25 0.064 

RCS SUPPORT STRUCTURE 

ALL S I X  6,230 o 20.0 10.0 0.071 
SHOWN . 



Dimensional Stability. The dimensional stability of the operational con- 
f igurxion in the presence of thermal gradient, stat ionkeeping , and attitude 
control forces must be compatible with the total system "long term" antenna 
pointing accuracy requirement of 0.3 degree, or 18 minutes. The portion of 
this error allocated to structure is 6 minutes. 

Launch Environment. All the structure1 elements must sustain the cargo 
bay launch environment. Of particular concern is the stacked arrangement of 
nested "dixie cup" tubes. 

Structural Analysis 

The structural analyses performed to support the design definition and 
verify the suitability of the structural configuration to satisfy the foregoing 
requirements are delineated herein. These analyses utilize a safety factor of 
1.5 applied to limit load. 

Euler Column Stability Analysis--Orbit Transfer. The Euler column stabil- 
ity analysis for the orbit transfer loading is similar to that shown in 
Section 3.3.2, except the pentahedral truss depth of 8.48 m (width-12 m) 
provides a significantly greater minimum moment of inertia of 0.0427 m4 
(103,000 in. '). The same loads were used. 

The distributed load capability is determined, by ratio, t; be pa = 
8 . 0 5 ~ 1 0 ~ ~  (179,000 lb). This loading could not be achieved by simple com- 
pression stress considerations; however, 40.4~10" N (90,000 lb) is compatible 
with a peak ultimate compression stress of 2.5x106~/m2 (36,000 psi). With a 
safety factor of 1.5, the allowable load = 27.0~101~ (60,000 lb), or 3.75 times 
the applied limit load of 7 . 2 ~ 1 0 ~ ~ .  

Pentahedral Truss Element Sizing. Table 3.3.1-2 describes the structural 
dimensions of the individual elements of the ~entahedxal truss illustrated in 
Figure 3.3.1-2. The sizing of these elements is descriocd next. 

All of the members subjected to axial compression without significant 
bending have a taper of 2:l. These members are sized so that the allowable 
axial compression load P = 5.7 ~1,/a!4~, where Im is the maximum moment of 
inertia and a is a factor to preclude magnification of thermal gradient imposed 
deflection and other secondary effects. The factor a was at least 1.3. 

The lower longitudinal members (Elements 4-5, and 3-6 in Table 3.3.1-2) 
must sustain the peak axial load shown of 44,750 N (10,060 lb), adjacertt to 
the thrust structure, and an axial compression of 21,500 N,and concurrent bend- 
ing moment of 10,280 N m (91,000 lb in.) due to acceleration of the heaviest 
antenna mass; i.e., the 7.5-meter antenna. The taper oaf this column is 1.24 
to 1 and was checked to satisfy the 44,750-N load by P = 8.25 EI~/GL*. Here, 
too, the minimum value of a was 1.3. The member critical loading was the 
combined beam column loading for which the standard beam column anrlysis was 
used. 



The peak compression stress was l imited t o  2.5x10h/mZ (36,000 p s i ) .  The 
wall thickness provided was s ized fo r  the  l oca l  buckllng c r i t e r i a  of 0.30 E t /r  
(bending). 

Orbi t  Transfer Configuration Modal Analysis. The minimum modal frequency 
of t h i s  communication antenna platform was determined by r a t i o  from the  ana lys i s  
da ta  shown i n  Section 3.3.2. Since the  pentahedral t o r s iona l  s t i f f n e s s  is s ig-  
n i f i c a n t l y  grea te r  than t h a t  of t he  tri-beam, the minimum mode w i l l  be due t o  
bending. The EI of t he  pentahedral t r u s s  is 4.3 times t h a t  of the  tri-beam. 
The modal frequencies a r e  therefore  estimated t o  be 0.140 and 0.170 Hz a t  
beginning and end of burn, respectively.  

Operational Configuration Model Analv- To determine the  
minimum n a t u r a l  frequency of t h e  operat ional  configuration of t h i s  
communication antenna platform, the  antenna s t ruc tu re  s t i c k  models shown i n  
Figure 3.3.2-5 were appl ied t o  t he  s t ruc tu re  shown by the  CRT p lo t  (Figure 
3.3.1-3). Since the  antennas a r e  mounted t o  the  pentahedral t r u s s s  through 
berthing por t s ,  with base r i g i d i t y  dependent on the  l oca l  b4.nding character- 
i s t i c s  of the  individual  elements, the s t ruc tu re  was modelzd to  include t h i s  
e f f ec t .  

The NASTRAN ana lys i s  f itst modal frequency of 0.026 Hz is  shown by the 
CRT p lo t  on Figure 3.3.1-4 and is determined by the s o l a r  panel def lec t ion .  
The EI and G J  cha rac t e r i s t i c s  of the so l a r  panel boom, respect ively,  were 
6 . 9 ~ 1 0 ' ~  and 5 2 ~ 1 0 " ~ / m ~ .  The boom is a t r u s s  of t r i angular  cross-section 
having a s ide  dimension of one meter. The s ign i f i can t  number of parameters 
a f f ec t i ng  the  s t a t ed  f i r s t  modal frequency is apparent. The s ignif icance of 
the  analyses is tha t  a frequency above 0.005 Hz is achievable. 

Dimensional S t a b i l i t y  Analysis. Several d i s c r e t e  analyses were performed 
t o  determine the  antenna platform di.mensiona1 s t a b i l i t y  qua l i ty .  

The antenna feed column thermal gradient def lec t ions  (Table 3.3.2-2) 
were based upon a 28OK (50°F) gradient  across  the column tubular members, and 
a coef f ic ien t  of expansion of 0.36x10'6m/m/"K for  the graphi te  composite 
mater ia ls .  

A summary of the thermal and i n e r t i a  induced ro t a t i ons  a r e  shown i n  
Table 3.3.1-3. The da ta  per ta ining t o  a t t i t u d e  cont ro l  a r e  based on one-pound 
thrus te rs .  

The major rotation(Tab1e 3.3.1-3) is 3.3 minutes and is due t o  a thermal 
gradient of 122OK (220°F) across  the pentahedral true:-, ; a t e r a l s  (member 5-6, 
Figure 3.3.1-2). The gradient  shown is described in  Section 3.3.5. 

On the bas i s  of the  ro t a t i ons  shown, which a r e  not a l l  necessar i ly  con- 
cur ren t ,  o r  a t  the  same point,  o r  about the same ax i s ,  i t  is  reasonable t o  
expect the t o t a l  r o t a t i ona l  e r r o r  w i l l  not exceed 6 minutes, a s  required. 



-, 4 7 I / / Figure 3.3.1-3. Pentahedral h u ~ s  - Operational Configuration 

Figure 3i3.1-4. F i r s t  Mode Shape- 
Solar Panel Array . 



Table 3.3.1-3 a Erectable Communication Antenna Platform Rotat ion. 
(Therul/At titude Control Torque ) 

Dixie-Cup Cargo Bay Stacking. The natural frequency of the 20 cm(8-in.) 
diameter elements as stacked in th cargo bay was estimated to be 6.4 Hz 
(30 struts in stack). It is expected that a soft system to support the stack 
may be required for attenuation. 

REFERENCE 

1. Lockheed Wrap Rib Parabolic Antenna, Lockheed Corporation, 
LMSC A969503. 



3.3.2 Space-Fabricated Tri-Bcm Structure Definition 

ObSec t ives 

See Section 3.3.1. 

Space-Fabricated Tri-Beam Configuration Description 

The structural configuration of this space-fabricated communiccrtion antenna 
platform, pictorially described on Dwg. 42662-26 (Appendix A) is that of a tri- 
beam wlth outriggers. The tri-beam utilieee the machine-made beam element 
(Figure 2.3.1-1). currently being developed by General Bynamico under contract 
WA89-15310, as the basic structural member from which the tri-beam is fabricated. 
Ztowever, its basic cap thickness, diagonal chord diameter, and pretension have 
been increased. These increases are within the permiesible envelope of changes 
(per conversation with the General Dynamics study manager). The tri-beam cross- 
section has a side dimens ton of 4.2 m (center-to-center of beam element) with 
truss behavior provided by the "X" system of diagonal tension cables (6.4-rmn- 
diameter graphite composite). The individual bays are 10 m on center. 

The tri-beam is the basic strongback to which the orbit transfer propul- 
sion modules, solar panel array, and control moment gyro package are mounted. 
The 6.0-, 7.5-, 13.8-, and 20.5areter antennas and RCS thruster modules are 
mounted to outriggers which are the extension of the tri-beam laterals. 

The four RCS thruster module packages will be placed so that their center 
of mass (associated with orbit transfer) will be nominally on the neutral axis 
of the outriggers. The lateral braces shown are provided to preclude excessive 
lateral bending loads on the outriggers. 

The control moment gyro package is utilized as a strongback to span 10 m 
as shown, and introduce acceptable levels of axial and shear loads into the 
tri-beam during orbit transfer thrust. 

The antenna reflectors are deployed during the orbit transfer thrust men- 
euver (see Sectloit 3.3.1). To minimize the induced moment about the outrigger 
longitudinal axis (torelon) the antenna reflector and feed column configuration 
are oriented as shown in the left-hand portion of the drawing. Nevertheless, 
the torsional moments imposed by the 20.5-m and 13.8- reflectors would be 
suf ficient to induce excessive angles of twist if the bracing shown were not 
provided. 

The thrust structure concept (Figure 3.3.2-1) is a rigid frame comprised 
of 30-in. by 30-in. box trusses, configured to attach to the end of the beam 
elements. Since the individual box members are subjected to high shear, bend- 
ing and toralonal momentsr, the design provides high GJ, EI, and KAG character- 
istics. Also, if necessary, self-aligning ball joints can be provided in the 
box truss side of the interface to preclude local moments being imposed on the 
beam elments that would be additional to the peak axial load. 

The detailed structural requirements and analyses that directed the 
structural design of this communication antenna platform etructure are 
described herein. However, for review convenience, a summary of the most 
significant requirements and design capability are shown in Table 3.3.2-1. 





TAB:.'; 3 .3 .2 -1  Space Fabricated Colrnunications Platform Structure - 
Requiremc?nts/Capabil i ty  
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Structural Requiranmtm 

The apace-fabricated tri-beam structural requireatentr are identical to 
that delineated in Section 3.3.1 for the pentahedral cruse. 

Structural Aarlyria 

The mtructural ancrfyser performed to rupport the desi~n definition and 
verify the suitability of the structural confi~uration to satisfy the foregoing 
requirementm are delineated herein. These analyres utilize a aafety factor of 
1.5 applied to limit load. Since the baseline General Dynamics beam is used, 
Pilure 2.3.1-1 prerents the basic beam signif icant structural characteristics, 
except that the A, AE, I, end EX values have been increared by a factor of 
2.33. The CJ values have been increased by a factor of 4. 

Euler Column Stability Analyrir 

The basic Euler Column rtability malyrir is performed, as follotar, for 
the limit loading shown in Figure 3.3.2-2. Thiu loading was derived from a 
C l W  - 1.96 I/kg t.20) applied to the total mas8 dirtribution of this platform 
(moo = 63,636 kg). 

UNIFORM LOAD, 
TOTAL = 72.400 # 28.700 N 

Figure 3.3.2-2. Tri-Beam Column Loading 
-Orbit Trannfer Configuration 

Referring to Reference 1 [Table 34, Cane 3b (pinned end,)] and interpolat- 
ing for a/t = 0.609, P/Pa = 0.4, K = 0.97. The allowable dirtributed load ir 
determined from Pa = K ~ * E I / L ~ ,  where I = 0.00994 m'(23.940 in.') for the 4.2- 
wide tri-bean, containing cap8 with an effective thickness = 1.78 nun (0.070in.). 

Hence, pa (allow) = 0.97~'(1.43xld')(0.~)99~~ = 25.7xl&N 
(230) 

This value is reduced by 7% by shear deflection effects on the 6.t-mnrdi~meter 
X-bracing. Applying a safety factor of 1.5, and the 7% reduction, the allowable 
dirtributed load = 16.0x10'~ (35,980 lb). Since the applied load ir 7.24*1&1 
(Figure 3.3.2-2). a factor of 2.2 ;ccmrinn to preclude any nignificant magnifi- 
cation of the offset moments, and recondory nunne~~sn due to fabrication induced 
non-straightness (related to tolerance in cable tensioning), and t h e m 1  



pradient induced bending. The factor of 2.2 is reyrded as marginally adequate; 
however, an increase in tri-beam depth from 4.2 to 5.6 metere can be introduced 
(if necessary) with no other configuration impact. The desirability of this 
depth increaae is further discussed later in this section. 

It ir pertinent to note, that the comprcsuion loads due to pretenaion of 
the diagonal chord and X-br~cing of the tri-beam are included in the local 
cap stability considerations but not in the foregoing Euler stability analyses. 
The Eulcr column stability is not influenced by the pretension loada (see 
Section 2.3.1). 

Machine-Made Element Strelrgth Review 

Of primary concern is the peak axial loading induced in the individual 
open-section cap of the marhine-raade beam element. The peak ultimate axial 
load = 24,920 N (5600 lb) at the gyro package station. As stated in 
Section 2.3.1, the analysia presumes. pending a static tent of the prototype 
beam, thot the individual cap ultimte load capability is 6583N (1480 lb) 
for the baseline 0.030-gauge cap, i.e., the value quoted in Reference 2. The 
baseline design is not limited by Euler buckling, but by local buckling and 
torsional buckling crlteritr. It is expected thot uwe of the 0.070 gauge, 
which was provided for eufficient Et to sat infy the overall tri-hram Euler 
column stability requirement,increo~cb the 6583 N velur as dcsrrihcd ba*low. 

In metals, the total axial load capability governed by local buckling 
criteria would be increased by the r a t i ~  of the thfcknese cubed. The tursional 
stiffness has the same ratio nf increase. This ratio i 2 . 3 3 ) '  is o factor of 
12.66. For ccnnposites, this value may bc somewhat Ires. Conncrvntively using 
the ratio squared, the allowable 1o.1d in 35.700 M (8000 l b ) .  In view of the 
foregoing, although the barnelinti design c.xhib$ted a reduced axlol atiffnc.ns 
above 2540 N because of focal buck1 ing, significant redurt ion ie not expected 
in this design. 

Of primer:: concern to this strrn~th review, is the machine-mdc beam- \- 

beam joint capability. Figure 3 . 3 . 2 - 3  illuntratrs the local tension loading 
rerulting from joint mment. The concern 1 . the trunuversc bending induced 
in the laminate. It is strongly ~'xpected that a reinforcing member will be 
required across this joint, and i~ planned for, in the conrnt: *tion an;llvsrs 
within this study. 

X-Bracing (Diagonal) Pretension Analysis. It ir also important to 
emure that the 6.b-rmndi.meter (0.25-in. ) graphice X-bracing tenrion cords 
are maintained in ten~ion during thrust to ensure their function. The fc~llow- 
iny analysis addre-ser tllis irsue and is boscd on a cord pretension stress of 
1.66x108~/m2 (24,000 psi). 
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Figure 3.3.2-3.  Beam-to-Beam Load Consideratior~s 



The peak ultimate longitudinal shortening of the 
' 

caps in the 10-meter bay 

The cord length change with a lll°K 
temperature increase (along the X-axis) = 0.004 cm 

The cord length change due to peak ultimate 
vertical shear (along the X-axis) = 0.18 cm 

Total = 0.694 cm 

The limit cord pretension induced elongation 

The cord pretension induced initial elongation along the X-axis = 0.80 cm. 
The remaining effective elongation = 0.106 cm (0.04 in.). It is pertinent t o  
note that the loss of pretension due to vertical shear will be avoided by relo- 
cation of the solar panel center of mass from the lower elements of the tri-beam 
to the upper element. This will place the total c.g. on the neutral axis of the 
tri-beam and essentially eliminate the vertical shear. The remaining effective 
elongation would then = 0.284 cm. Relocation of the solar panel also will pro- 
vide a point of contraflexure in the orbit transfer load induced bending moment 
and, hence, increase the Euler capability and decrease the transverse deflection. 

Orbit Transfer Configuration Modal Analysis. The analysis performed to 
estimate the minimum natural frequency of this communication antenna platform 
in the orbit transfer mode is discussed herein. As stated in Section 3.3.1, 
the antenna feed columns and solar panel are stowed. Presently, a minimum 
requirement has not been established. The minimum modal values are therefore 
presented for future guidance and control evaluations. 

The analysis was performed on NASTRAN for both the start of orbit transfer 
(all five propulsion modules full) and end burn (two empty modules). The mass 
distribution used was consistent with the weights shown in Section 3.4. A 
stick structural model was used representing the EI, AE, KAG, and GJ character- 
istics of the tri-beam. The following data were obtained: 

Start of Orbit Transfer 

First mode (torsion) frequency = 0.044 Hz 
Second mode (bending) frequency = 0.070 Hz (Figure 3.3.2-4) 

End Burn 

First mode (torsion) frequency = 0.062 Hz 
Second mode (bending) frequency = 0.085 Hz 

It is pertinent to note that an increase in tri-beam depth to a 5.6-meter design 
will increase the first and second mode frequencies quoted by a factor of 1.33. 
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Operational Configuration Modal Analysis. To determine the minimum natural 
frequency of this communication antenna platform, it was necessary to estimate 
the structural characteristics of the 20.5, 13.8-, 7.5, and 6-meter-diameter 
antenna feed columns, reflector structure, and reflector structure sunnort boom. 
The EI and GJ data shown in Table 3.3.2-2 were derived from analysieof the 
derived stick model shown in Figure 3.3.2-5. The GJ and EI data shown were 
determined to provide a natural 'frequency at least = 0.10 Hz for the antenna 
mounted to an infinitely rigid base. 

The antenna structure data show were incorporated into a stick model con- 
taining the tri-beam EI, GJ, AE, anu KAG characteristics, with the actual beam 
element arms to support the antennas and RCS modules. The solar panel and gyro 
package were supported by rigid elements. Figure 3.3.2-6 presents the first 
modal frequency obtained from the described NASTRAN model. The frequency is 
0.020 Hz (0.005 requ~red) and was driven by the 20-m-diameter antenna feed dis- 
placement. 

The significant number of parameterb rlii~r. affect the stated first modal 
frequency is apparent. The significance of the analysis is that the 
frequency above 0.005 He is achievable. 

Dimensional Stability Analysis. Several discrete analyses were performed 
to determine the antenna platform dimensional stability quality. 

The antenna thermal gradient deflections shown in Table 3.3.2-2 were based 
upon a 2S°K (50°F) gradient across the structure, and a coefficient of expansion 
of 0.36~10" m/m/"~ for the graphite composite materials. 

A summary of the thermal and inertia-induced rotations are tabulated 
below. The data pertaining to attitude control are based on use of 4.45 N 
(1-lb) thrusters. 

Antenna Antenna Tr i-Beam ~ ~ ~ a l  Tr i-Beam 
Feed Column Ref lector Structure Element 

Source (min . ) (min . ) (min. ) (min . ) 
Thermal 2.1 <*5 (roll or <. 30 

Yaw 
axis) -- 

Attitude <O. 10 <.lo (pitch <.lo 
Control axis) 

On the basis of the rotations shown, which are not all cecessarily concur- 
rent, or at the same point, and about the same axis, it is reasonable to expect 
the peak error will be less than 6 minutes, as required. 

REFERENCES 

1. R. J. Roark and W. C. Young, Formulas for Stress and Strain, 
New York. McGraw-Hill. 

2. Space Construction Automated ~abrication Experiment Definition 
Study (SCAFEDS)-Convair Division, General Dynamics, CASD-ASP77-017 
(26 May 1978). 



Table 3.3.2-2 Antenna Feed Column Structural Characteristics 





3.3.3 Uctrical Power Generation, Distribution and Control Subsystem 
Definition 

Major components of the electrical power subsystems are summarized in 
Table 3.3.3-1, and the power distribution system is schematically illustrated 
in Figure 3.3.3-1. The electrical power system for the erectable and space- 
fabricated advanced communication antenna platforms are basically the same. 
Cable routiw and length may vary slightly between the two configurations. 
Major components are identical and similarly located. This section pertains 
to either construction system. 

Table 3.3.3-1. Electrical Power Generation, 
Distribution and Control System 

Electrical power distribution 

Telemetry, tracking, and Attitude and velocity control 
Low thrust chemical propulsion 
RCS propulsion unit 

Data management 
Communication 
Housekeeping 

5 kW @ 28 V dc and 200 V dc 
b 

The electrical power distribution system (EPDS) receives power from the 
power generation subsystem, a solar photovolta;~ array, and provides the regu- 
lation and control required to deliver the electrical power to the various 
s-tell' te loads. An energy storage system will be used to provide electrical 

. - - r  d<tring the eclipse periods. Sensing devices will be situated throughout 
the system and ..ill be monitored and controlled by the data mnagemerrt system 





to assure circuit protection, regulation, power source switching for ec l i p t  ical 
periods, battery charging, and load monitoring at all thee. A rotary joint 
will transfer the electrical power from the solar array to the conununication 
antenna platform. 

The major requirements of the electrical power subsystem are to generate 
and deliver electrical power at specified voltages and power levels on a contin- 
uous basis throughout the sol~r seesone for a duration of 20 yeare. The solar 
photovoltaic array will deliver approximately 131.16 kW of electrical energy 
at the end of life (EOL) of the array. The power distribution system of array 
to the slip rings will have a transmission efficiency of TIT = 94X, while the 
transmission efficiency from the brushes to the communication antennas will be 
IIT = 98%; 121.2 kW at 204.69 V will be transferred through the slip ring, and 
112.5 kW at 200 V will be delivered to the dc-dc converter interface. This 
includes the 75 kW for the communication system plus an additional 37.5 kW for 
growth. Figure 3.3.3-2 illustrates the efficiency change for the electrical 
power distribution system for the advanced communication antenna platform. 

Power Generation 

Table 3.3.3-2 sumarizes the physical format for the solar array. The 
solar photovoltaic power subsystem is based upon technology developed for the 
Lockheed PEP solar array design concept. An output voltage of 200 V has been 
selected, following telephone conversations with cognizant personnel at Johnson 
Space Center. Power requirements for the solar array were determined using the 
communication platform systems power plus an additional SOX growth factor, and 
applying those values to the efficiency chain which is depicted in Figure 3.3.3-2. 
In calculating the EOL electrical characteristics of the solar array, a magnitude 
of 336.6 W was used, based on the PEP solar array EOL value for wattage output 
per panel, Other environmentally induced losses which have been accounted for 
are : 

Ultraviolet radiation and micrometeroid damage: 2% 
Electrical modules isolation diodes: 0.5% 
Voltage and power loss due to the intertie harness: 2% 
Battery charging requirements: 5% 

Using values from Figure 3.3.3-2 and the above loss factors, the number of 
panels required for the array would be: 

133,160 watts 
336.6 watts (.98) (-995) (.98) ( .95)  = 435.77 panels 

In summary, 54 electrical panels in 8 blankets (4 meters by 41 meters 
each) will meet the 131.16 kW EOL power requirement (Figure 3.3.3-3). 
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Table 3.3.3-2. Power hnerat ion 

Two wings, 16 meters by 41 meters 

Power output, 131.16 kW (EOL) 

Solar blanket 

54 panelslblanket 

336.6 wattslpanel 







Figure 3.3.3-1 illustrates the major aseemblies comprising the EPDS. The 
rubrystaa coaeirta of mein feeders, tie bars, summing bures, regulatorr, volt- 
we comertera, witch gear, remote power contactora, slip ringa, and brurhes. 
Batteries and battee chargere are included for eclipse periods. 

Utilirin~ the PEP design concept, the array harness lo a flat cable 
conductor mounted on the back of the solar array blanket at the two long edges 
of the blanket. The harness foldc up in the samo manner as the array panels 
for retraction and rtorage. Conductor paire from six panels will be routed to 
form a cable and terminate into a connector at the base of tlte blanket. Theee 
n.onnectors, capable of remote mnipulator hendling, will be engaged into an 
electrical power diotribution (EFD) switch box located at tile base of each 
blanket. The nuder of these connectors will be minil~ized to augment fabrica- 
tion operations in space. 

The EPS switch box will consist of circuit protection devices, owitch 
gear capable of interrupting fault loads, and series-parallel connection of 
panels to maintain the array voltage. Each EPD switch box will contain a 
regulator to maintain a 5% voltage regulatlon,and a data management mlcro- 
processot and signal conditioning to monitor the blanket parameterr. 
Pigure 3.3.3-4 ic a simplified schematic of a typical oolar array blanket. 

The solar array consisto of eight solar blankets fabricated in a split 
array o f  four blankets each. This split array leads to a split electrSca1 
bus. Four oolar blanket@, fed through their respective EPD switch boxes, 
are fed into an EPD panel where the individual blanket powers are rummcd 
together by the summing bus. Blanket switch gear isolates each blanker pair 
from the summing buses. As each blanket pair is connected, it is tjed to the 
surm~ing buses through the closure of each related cwitch gear. During this 
connection procemc, bus temperatures and current measurements must be wni- 
toted tn detect any shorts throughout feeder runs of the arrays so that 
controlled emergency disconnects can occur under the data management system 
(DMS) or local breaker control to avoid catastrophic effects. The buttery 
switch gear and bua-tie contactorr will be located within the EPD panel. 
Sensing circuits of the DHS will monitor orbit times and will control when 
the battery bus will be connected and disconnected to the power bumes. Bus 
tie bars will interconnect the power summing bures to Power slip rings, The 
slip ring will provide for transmitting the electrical ,>owcr split b u ~  
through it. 

Conductors from the bruohes arc tied to the (tentrally located dc/dc con- 
verters through switch gear, t.o allow for isolation when pcrformlng mainten- 
ance. The dc/dc converter8 arc tied to a summing bus for tran~mittfng the 
rqufred power through switch gear to the communicat ion uyatem network. 

Figure 3.3.7-5 is a simplified schematic for the comarunlcation platform 
oyrtzm. 
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Figure 3.3.3-5. Advanced Technology Communications Platform 
Simplified Schemat ic 



Energy Storage 

An energy s t o r a g e  system w i l l  be u t i l i z e d  dur ing t h e  e c l i p s e  pe r iods  t o  
provide 170 kW/hr of e l e c t r i c a l  energy. B a t t e r i e s  and a regenera t ive  fue l  
c e l l  system have been reviewed as candidates  f o r  t h e  energy s t o r a g e  subsystems. 
The regenera t ive  f u e l  c e l l  system was not. s e l e c t e d  a t  t h i s  time due t o  t h e  
long, c o s t l y  development program required &*or t h e  e l e c t r o l y s i s  u n i t .  Among 
t h e  b a t t e r y  types ,  nickel-hydrogen and nickel-cadmium b a t t e r i e s  were evalu- 
a t e d  a s  candidates .  The b a t t e r y  eva lua t ion  was similar t o  t h a t  f o r  t h e  SPS 
f l i g h t  t e s t  a r t i c l e  i n  a l l  major r e s p e c t s ,  and was based upon t h e  comparative 
d a t a  presented i n  Table 2.3.2-3 and i t s  suppor t ing d i scuss ion  i n  Sect ion 2.3.2. 

The parametr ic  va lues  f o r  t h e  nickel-hydrogen b a t t e r y  a r e  l i s t e d  i n  
Table 3.3.3-3. 

Table 3.3.3-3. Nickel-Hydrogen Bat tery  Parameters 

c . 
C h a r a c t e r i s t i c  . 

Power requirement 146 kW/hr 
Capacity 170 kW/hr 
Charging 1.6 V 
Discharging 1.25 V 
Charging r a t e  C/10 
Weight f a c t o r  18 Whlkg 
Dept~l of d ischarge  80% 
Cel l  s i z e  200 Ah 
Number c e l  l / b a t  t e r y  122 
Bat t cry  weight 721 kg lba t t e ry  

A new c e l l  of a higher cepac i ty  w i l l  r e q u i r e  development f o r  t h i s  app l i -  
c a t i o n .  The development w i i l  be minimal a s  it only r e q u i r e s  procur ing a 
l a r g e r  case which would be 17.75 cm i n  diameter and 30.5 cm long wit11 a 
200 ampere-hour capaci ty .  The number of p l a t e s  i n  t h e  s t a c k  would be 
increased.  Current technology would he app l i ed  and a v e r i f i c a t i o n  test 
perf orrnrd . 

Sizing.  T l ~ c  major cons ide ra t ion  f o r  us ing the  EPD system is t h e  power 
l e v e l  (vol tage  and currerrt ) and l i n e  l o s s  allowances. This  system was s i z e d  
t o  taandlc EOI, power (del ivered by the  s o l a r  a r r a y )  of approximately 131 kW 
a t  200 v o l t s ,  a s  shown i n  Figure 3.3.3-2. 

Kot:iry .lo Lnt . The r o t a r y  j o i n t  is u t i l i z e d  t o  t r a n s f e r  power through - --- 
s l i p  r i n g s  and brushes from the  s o l a r  a r r a y  t o  the  communicaticln platform 
member of t h e  s a t c l l  i t e .  The r o t a r y  j o i n t  w i l l  c o n s i s t  of two s l i p  r i n g /  
brush s e t s .  Each w i l l  have mul t ip le  i s o l a t e d  c i r c u i t s  of s u f f i c i e n t  
capaci ty  t o  ca r ry  t h e  itssigned loads .  Figure 3.3.3-6 shows a block diagram 
of the  r o t a r y  j o l n t  . 





Converters. Risers from the brushes of the slip ring are tied to the 
dcldc centralized converters through switch gear. The converters are tied to 
a summing bus to provide further condit~oning and power required for the com- 
munication system. 

Dc/dc convertersg do not exist for the capacity required for this applica- 
tion. TRW has a 2.4-kW dc/dc converter contracted with U.S. A m y  Electronic 
Command. Using today's technology, they can develop a dc/dc converter of 
25-kW capacity by using higher power semi-conductors and drive circuits, higher 
power magnetics, and thermal design consistent with the new design. The con- 
trol circuit design will essentially remain intact. However, the proposed 
changes will increase the size and weight of the converter. 

Distribution. The power distribution subsystem utilizes flat copper 
conductors. These conductors are not considered part of the structure. They 

t will normally be passively cooled by radiation to free space. The main feeders t t are sized to an average transmission efficiency of 96%. Figure 3.3.3-5 illus- 
trates the power distribution network used on the communication platform 
satellite. 

I Conditioning. The power conditioning converts the solar photovoltaic 
1 power to the required bus voltage. A series regulator at each blanket providzs 
I the regulation of the bus voltages. The DMS monitors and series-parallels the 

panels outputs to maintain a consistent voltage. By regulating the bus supply 
voltage the battery circuit will not require additional regulation. Voltages 
to the communication system are further conditioned by the centralized dc/dc 
converters. 

Switching. Switch gear is provided for isolation, maintenance, and con- 
ditioning. Optimum power output will be assured at all times by proper sizing 
and design of the submodules, their associated switch gear, and the DMS control 
of the switching and control to loads. Voltage and currents handled by the 
switch gear will be monitored by the data management system to determine their 
status and switched according to power demand. 

Availability of switch gear for the intermediate voltage of 270-V dc 
rating is basically nonexistent. We have investigated this problem by 
inquiries to NASA-JSC and NASA-Lewis and have followed their leads describing 
possible study efforts without finding any space-tested hardware. NADC at 
Johnsville, Pa., NAC at Indianapolis, Ind., and Westinghouse have study programs 
for such switch gear, but no hardware development contracts have been let. 
Westinghouse has a 300-V dc with a current rating of 1 to 5 amperes remote 
power contactor and a prototype 270-V dc with a current rating of 150 amperes; 
neither is space qualified. Teledyne Kinetics has a 200-V dc switch with a 
7-ampere rating; it, too, is not space-qualified. 

Weight. A summary of weight for the electrical power system is presented 
in Table 3.3.3-6. 



Table 3.3.3-4. Electrical Power System 

I 
Weight Summary* 

I 1 

I Weight 
(kg) I 

Solar array panela 1,359.36 
Switch gear box 581.8 
EPS wire harness 249.24 
Battery system 4,910.5 
Slip ring/brushes 47.86 
Antenna system 

AJPD harness 563.68 
Switch gear box 260.4 
W harness 4,476.0 
RF interconnect box 1,400.0 

Secondary support structure 1,385.0 

Subtotal 15,233.84 

EPD Panel 265.00 
I 

Total 15,498.84 

*Does not include cooling. 



3.3.4 Microwave Subsystem Definition 

Summary 

The major features of the microwave subsystem are summarized in Figure 
3.3.4-1. Each circlegin the figure represents an antenna. There are three 
fixed-beam transmitting antennas for 3.7 to 4.2 CHz, three fixed-beam receiving 
antennas for 5.935 to 6.425 GHz, and two scanning antennas for filling gaps 
caused by overloads, failure, or rain. Also shown, is a repetition of the 
above for 12 and 14 CHz. It is necessary to use three antennas to provide 
4.5 dB crossovers with the desired aperture weighting for good sidelobes 
(-35 to -40 dB). A total of 219 beams ie needed to cover the continental 
United States when a beam size of 0.26 degree is used. The bandwidth of 
500 MHz is divided into 12 channels of 40 MHz each. There are 24 channels 
total per band when polarization diversity is used. Since adjacent footprint@ 
cannot use the same frequency range within two footprint diameters (using -35 dB 
sidelobes and -24 dB crosstalk allowance), then the 24 channels must be divided 
by 4. Thus, the maximum capacity per six-channel beam is 6000 conversations. 
On the average, we will only use two 40-MHz channels per beam and the figure 
gives the expected capacity for the antenna platform for the continental U. S., 
as outlined in the mission requirements developed in Section 3.1. 

Note that the antennas are shown schematically only. Their physical 
placement on the platform is discussed in Sections 3.3.1 and 3.3.2. A more 
detailed rationale for the selectf.on of this approach is given in subsequerlt 
sections. An isometric view of one antenna is given in Figure 3.3.4-2 to show 
the offset horn assembly relation to the reflector. 

Subsystem Concept Definition and Rationale 

Viewed from the geostationary arc at around 98' west longitude, the 
continental U.S. has an angular width of about 3' in the north-south direction 
and somewhat more than twice this in the east-west direction. If this whole 
region is to be covered by high-gain spot beams then, clearly, advances in the 
technology of multibeam antennas will be required. Probably the largest off- 
axis scanning performance achieved ro date is that reported by semplakl of 
Bell laboratories. Using a dual offset reflector antenna in a Cassegrainian 
configuration, he carried out measurements on beams scanned off-axis by more 
than 20 times the full half-power beamwidth. At this extreme, he found that 
beam shape, although broadened, was quite acceptable, with little evidence of 
coma distortion. There was, however, a significant loss in peak gain amounting 
to about 4 dB. However, for a scan angle limited to about 10 times the beam- 
width, he found the loss i:~ gain to be no more than 0.25 dB and beam broadening 
completely negligible. Thus it appears that a single antenna could cover the 
U.S. with spot beams hav.*.ng a width of about 0.3' and that no beam would be 
off axis by more than 10 times the beamwidth. All beams w o ~ ~ d  be well formed, 

'K. A. Semplak, 100 GHz Measurements on a Multiple Beam Offset Antenna, 
Bell Systems Technical Journal, 56, pp. 358-398, March 1977. 
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having aidelobes nearly 30 dB down, and no beam would su f f e r  more than 1/4 dB 
l o s s  i n  gain. Beam in tercept  diameters would be 185 km (100 m i ) ,  a s i z e  
t h a t  is deemed des i rab le  and appropriate by personnel of Bel l  Systems' Tol l  
Tranemission Laboratory. 

In  order  t o  c r ea t e  the! needed mult iple  beams, feed horns must be c lus te red  
i n  the o f f s e t  foca l  plane of the  r e f l ec to r ,  preferably i n  a hexagonal a r ray  
pat tern.  Even then, adjacent beam centers  w i l l  be displaced by a t  l e a s t  two 
beamwidths and the crossover w i l l  occur a t  a l eve l  of -12 dB o r  lower. There 
w i l l ,  i n  f a c t ,  be d i r ec t ions  i n  which the r e l a t i v e  gain w i l l  be -16 dB o r  worse, 
s o  t h a t  t he  coverage provided by a s ing le  antenna is unacceptable. 

The so lu t ion  is t o  employ three iden t i ca l  antennas, numbered 1, 2, and 3 
i n  Figure 3.3.4-3. Adjacent beams from antenna 1 have crossovers a t  the -13.5 dB 
l eve l  as indicated by the dashed c i r cu l a r  contours. When beams from a l l  three 
antennas a r e  interleaved, as shown by the hexagonal Fa t te rn  of small so l id  
c i r c l e s ,  the crossover l eve l  can be shown t o  be raised by a f ac to r  of 3 and 
becomes -4.5 dB. This assumee t h a t  the spot beams have Gaussian shapes with 
pat t e rns  described by 

where €IN is the angle a t  which the r e l a t i v e  power l eve l  is -N dB. Fron the 
geometry i t  can be seen tha t  the angular r a d i i  of the dashed and so l id  con- 
tours  a r e  i n  the r a t i o  8/ON - 1/m . Equation (1) a l s o  can be used t o  show 
tha t  nowhere in  the e n t i r e  coverage a rea .wi l1  the r e l a t i v e  gain be l e s s  than 
-6 dB. 

This concept of beam inter leaving from three antennas is applicable and 
r ea l i zab le  only over a r e l a t i ve ly  narrow frequency range i n  which antenna 
beamwidths do not appreciably change. The r a t i o  of the highest frequency in  
the 6-GHz receive band t o  the lowest frequency i n  the 4-GHz transmit band is 
more than 1.7:l. For t h i s  reason, separate  antenna systems a r e  required fo r  
the downlink (3.7 t o  4.2 GHz) and uplink (5.9 t o  6 . l  CHz) bands. Hence, it 
is convenient, it1 what follows, t o  describe antenna dimensions in  terms of the 
wavelength a t  the center  of the par t icu lar  band i n  question. 

Antenna Description 

Due t o  the large s i z e  of the feed c lus t e r  i n  a multibeam antenna, blocking 
is unacceptably high i n  a symmetrical r e f l ec to r  system. Hence, the o f f s e t  con- 
f igura t ion  shown i n  Figure 3.3.4-4 has been adopted. Both a s ing le  and a dual 
(Cassegrain) r e f l ec to r  system a r e  shown; the former w i l l  be d i s c u ~ s e d  f i r s t .  

Single Off s e t  Ref l ec to r  System. The aperture diameter fo r  the ref l ec to r  
has been taken t o  be D = 280 X which w i l l  y ie ld a spot beam with a f u l l  half-  
power width of 0.26O. The foca l  length f must be large enough t o  ensure tha t  
the extreme off-axis beam is not appreciably degraded. This beam w i l l  be 
scanned through approximately 3' when pointing t o  e i t h e r  the easternmost or  





1 

I 
1 
I 
1 
1 

W 
I AXIS - - 
m 
\O 8 

S FEED /'.\ F E D  AT SECONDARY FOCUS 

@ ADDED ADVANTAGE ff 

/ DISCARDEDPART 
MAGNIF l CAT1 ON FOR 
INCREASED FID RATIO 

OF PARABOCA 

Figure 3.3.4-4. Offset Reflector without Blacking 



weeternmost extremity  of t h e  U . S .  Off-axis beam performance can be character-  
i r e d  by t h e  s i n g l e  parameter, due t o  Ruze, ' 

where a is t h e  number of beamid tho  scanned o f f  t h e  a x i s  and is equal  t o  
3/.26 - 11.5 i n  t h i s  case .  The parameter X has  been ohown2 t o  be app l icab le  
t o  o f f s e t  r e f l e c t o r s  and s o  long as i t  does not  exceed a value  of about 3, 
then l o s s  i n  g a i n  and be- broadening w i l l  be n e g l i g i b l e  and t h e  copla lobe w i l l  
be below -25 dB. The value  ce lec ted  f o r  f o c a l  l eng th  is 5551 which g i v e s  
f /D - 1.98 and X - 2.92. From ~ u z e '  t h e  beam d w i a t i o n  f a c t o r  is very c l o s e  t o  
un i ty ,  about 0.98. 

I I n  o rder  t o  ensure  t h a t  t h e r e  w i l l  be no a p e r t u r e  blocking by t h e  feed 
cluster, t h e  o f f s e t  geometry shown i n  Figure  3.3.4-4 has  been chosen wi th  
go - 18.25' and 8f - 14.00'. 

Feed Horn Select ion.  I n  o rder  t o  permit  frequency reuse  it is e s s e n t i a l  
t h a t  each spo t  beam have very low s ide lobe  and c rosspo la r iza t ion  l e v e l s .  Each 
feed must t h e r e f o r e  a c t  l i k e  nn i d e a l  Huygens source  and, f o r  t h i s  reason,  t h e  
hybrid mode horn has  been s e l e c t e d  and is designed in  accordance wi th  t h e  pro- 
cedure of Thomac3. An edge i l lumina t ion  of -12 dB i n  t h e  d i r e c t i o n 8 -  ef = 14' 
is s p e c i f i e d  and the  curves  of Thomas shot/ t h a t  ka e i n e f  = 3.7, where k = 2n/> 
and e is t h e  r a d i u s  of the  horn aper tu re .  Thus, t h e  a p e r t u r e  diameter of t h e  
horn is 2a - 4.9X. To f i n d  t h e  mouth diameter of t h e  horn i t  is necessary t o  
add approximately 0.5h t o  account f o r  t h e  depth  of the  corrugated grooves and 
f o r  metal  wa l l  thickness.  The mouth diameter is there fore  5.4X and t h i s  is t h e  
minimum d i s t a n c e  between horn phase c e n t e r s  wicn they a r e  c l u s t e r e d .  The 
angular  separa t ion  between ad jacen t  beams is simply equal  t o  t h e  minimum horn 
apacing divided by t h e  f o c a l  l eng th  and reduced by t h e  beam dev ia t ion  f a c t o r .  
With BDF = 0.98, f = 555X and spacing equal  t o  5.5h the  angular  separa t ion  
between ad jacen t  beams is 0.55'. 

The crossover  l e v e l  f o r  these  adjacent  beams may now be ca lcu la ted  from 
equat ion (1) i n  which 28# - 0.26' f o r  N - 3 dB, while 28 = 0.55' a t  the  cross-  
over. Thus t h e  l e v e l  is -13.5 dB, a s  ind ica ted  i n  Figure 3.3.4-3. 

Feed Clus te r  Sizing.  The c l u s t e r  of t i g h t l y  packed feed horns arrayed i n  
f .  hexagonal l a t t i c e  i n  shown i n  Figure  3.3.4-5. The 73 horns, each with a 
mouth diameter of 5.5i , form r c l u s t e r  whose dimensions a r e  60.5X wide by 
34,OA high. The c i r c l e s  i n  t h e  p a t t e r n  may a l s o  be i n t e r p r e t e d  a s  represen t ing  

'J. Ruze, Lateral F e e d  Displacement in a Paraboloid, IEEE Trans. Antennas 
Propagat., AP-13, pp 660-665, September 1965, 

*E. A. Ohm, A Proposed Mu1 tiple-Beam Microwave Antenna for Earth Stations 
and Satellites, Bell Systems Technical  Journa l ,  53, pp. 1657-1665, 
October 1974. 

3 B. Mac A. Thomas, Design of Corrugated Conical Horns, IEEE Trane. Antennas 
Propagat., AP-26, pp 367-327, March 1979 
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a single antenna'@ -13.5 dB circular contours, each of which has an angular 
diameter of r).5S0, The rerulting 73 beam patterns thun cover a tone that is 
6.05' wide (in the eest-wert direction) and 3.4' high (in the north-south 
direction), vhfc:: is sufficient to include portions of Canada and Mexico, as 
we11 aa CONUS. 

Dual Offset Cassegrain Reflector Syatem. The advantage of the Camegrain 
configuratio?r is that it provides the benefit of a focal length in a phys- 
ically compact structure; the focal distance of the main paraboloid is maanified 
in the ratio m = e+l/e-1, where c is the eccentricity of- the hyperboloidal sub- 
reflector. One of the two foci of the hyperboloid must coinride with the focus 
of the main paraboloid, The location of the vertex of the sub-dish and its 
eccentricity then determine the location of the second focal point, where the 
feed must be located, It would seem that the introduction of two new parameters 
(vertex location and eccentricity of the h!perboloid should not unduly compli- 
cate the design of a Cassegrain system. This is largely true for a symmetrical 
single-beam.eyatem in which it is only necessary to strike a balance between 
plane wave blocking by the sub-dish, and splierical wave blocking by the ~itlgle 
feed horn, In the offset reflector with a single Scam the same considerations 
apply, but it becomes more difficult to determine a geometry which eliminates 
both forms of blocking. When offset feeds are introduced for the formation of 
multiple beams in two dlmensinns, the design procedure becomes much more complex. 
Thue. for example, the addition of an offset feed requires that the sub-reflector 
dimensions be extended. Thim, in turn, causes an Increase in the plane wave 
blocking by the sub-dish, making it larger than the rphericol wave blocking by 
the feed.. To balance the two fornfi of blocking then requires a change in the 
Cassegrain geometry and so the procr :. begins again. 

Such an iterative design procedure has been used to arrive at the Cansegr;rin 
configuration shown in Figure 3.3 .4-6  for the C-band downlink at a nominal fre- 
quency of 4 CHz ( A  - 7.5 cm). The mognif ication factor is m = 2.48 which yields 
an effective focal length of F - 41.66 meters from a main reflector whose focal 
length is f - 16.8 meters. The equivalent paraboloid is defined by the angles 
0, - 18 .25" .  and Of = 14.00' and has an aperture diameter D - 21.00 meters. 
Thus the equivalent parabola is identical to the reflector described above for 
the single offset reflector system. For this reason the snme feed horns and 
feed cluster dimesoions m y  be used; no redesign is necesoary. 

In the design of this system an effort was made to keep the second f r~cuw 
reasonably close to the vertex of the main paraboloid without requiring an 
unreaoonably large offset in that reflector. The resulting design is ;J reason- 
able, though not an optimum one. As shown in Figure 3.3.4-7, tt~erc is n small 
mount of plane wave blocking caused by tile extended sub-reflector. The blocked 
aperture area is lass than 1.5%, however, nad clearly occurs at the aperture 
edge, where illumination intensity is low (-12 dB). Thus, the loss in gain 
will be less than 0.1 dB. 

Because of the long effective focol ratio of thin syntem, de 1-rizatlon 
by the reflector will be very small. Acrording to Chu and Turrinr^thr rrc,sa- 
polarized losses will be suppressed to abaut -38 dB for this uywtem. 

'1,s. Chu and R.H. Turrin, Depoleritatjon Properties of Offset Reflector 
Antennas, IEEE Trans. Antennas Propagat., AP-21, pp 339-345, b y  1973. 
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The Cassegrain systems for the 6-GHz uplink and for the 12 to 14 GHz bands 
are scaled versions of the 4-GHz system. 

Tolerances. Table 3.3.4-1 shows the principal tolerances that must be 
placed on the 21-m C-band antenna. Reflector roughness is calculated from the 
Ruee formula 

relative gain a exp [-(F) . 

If the loss in gain is not to exceed 0.1 dB, then the rms roughness, a, must 
not exceed Xl75. 

Table 3.3.4-1 Reflector Tolerances 
2 

21-M DIAMETER OFFSET REFLECTOR A T  4 GHz 

(HPBW = ,0045 rad G A l N  = 56.7 d ~ ;  

PARAMETER TOLERANCE C R I T E R I O N  

RMS SURFACE ROUGHNESS X/75 = 1 . 0  mm < 0 . 1 2  dB G A I N  LOSS 

P O I N T I N G  ACCURACY k.45 mr 1/10 (HPBW) 

A X I A L  DEFOCUSING 2 2 1  cm c 0 . 1  d B  G A I N  LOSS 

TRANSVERSE FEED 2 1 . 9  cm 1 / 1 0  (HPBW) 
DISPLACEMENT 

Pointing accuracy is required to be held to one-tenth of the half-power 
beamwidth, i.e., 0.45 milliradians. A transverse displacement E~ of any feed 
in the focal plane will cause a beam squint of about E ~ / F  radians. Since half- 
power beamwidth is given by 1.28 X/D radians, it is seen that transverse feed 
displacement must be restricted to 

The tolerance on axial feed displacement (defocusing) is much looser. The 
quadratic phase error due to axial displacement E, is 



and the r e s u l t i n g  l o s e  i n  ga in  may be determined from t h e  r e l a t i o n ,  

From these  r e l a t i o n s ,  us ing ef = 14O, i t  is e a s i l y  seen t h a t  no more than 
0.1 dB l o s s  i n  g a i n  w i l l  occur i f  axial displacement,  E,, does n o t  exceed 2.81. 

A d e t a i l e d  a n a l y s i s  of t h e  to le rances  required of t h e  sub- re f lec to r  i n  t h e  
Cassegrain system has  n o t  been performed. Cer ta in ly ,  its s u r f a c e  roughness 
should be  as good a s  (but need not exceed) t h a t  of t h e  main r e f l e c t o r .  Angular 
misor ien ta t ion  and t r a n s v e r s e  displacement of t h e  sub-ref lector  w i l l  both 
produce beam s q u i n t  and i f  t h i s  is no t  t o  exceed one-tenth of t h e  beamwidth 
then t h e  to le rances  on t h e s e  parameters appear t o  be of t h e  same order  a s  those  
demanded of t h e  feed.  It appears t h a t  a x i a l  displacement has more s e r i o u s  con- 
sequences f o r  t h e  sub-ref lector ,  due t o  t h e  inheren t  magnif icat ion of t h e  
Cassegrain conf igurat ion,  than f o r  t h e  feed c l u s t e r ,  but  s i n c e  i t  is a l ready  
r a t h e r  loose  f o r  t h e  latter (2.81 as der ived above), t h e  to le rance  required 
should p resen t  no problem. 

Automatic Tracking Control. For purposes of telemetry,  t r ack ing ,  and 
c o n t r o l  of t h e  communication platform t h e r e  w i l l  be a ground c o n t r o l  s t a t i o n .  
p re fe rab ly  located somewhere near t h e  c e n t e r  of t h e  CONUS coverage zone, t h a t  
is i n  con tac t  wi th  t h e  platform. This is t h e  l o g i c a l  loca t ion  from which t o  
t ransmit  continuous p i l o t  tones  ( i n  one of t h e  guard bands wi thin  each of t h e  
communication channels) f o r  t h e  purpose of iqplementing an a c t i v e  a u t o t r a c k  
s y s t e a  on t h e  platform. 

One way t o  do t h i s  is t o  use th ree  ad jacen t  feed horns (near t h e  c e n t e r  of 
a c l u s t e r )  t o  rece ive  t h e  p i l o t  s i g n a l .  Difference s i g n a l s  obtained from p a i r s  
of these  horns then y i e l d  e r r o r  s i g n a l s  i n  t h r e e  d i r e c t i o n s  a t  120' t o  each 
other .  These e r r o r  s i g n a l s  a r e  then ampl i f ied ,  processed,  and used t o  servo- 
c o n t r o l  t h e  feed c l u s t e r  i n  two orthogonal d i r e c t i o n s ,  namely E-W and N-S. 

Two d i f f i c u l t i e s  a r e  apparent with t h i s  scheme. F i r s t ,  e x t r a c t i o n  of t h e  
p i l o t  s i g n a l  from t h e  th ree  horns w i l l  involve couplers  and/or d i p l e x e r s  which 
w i l l  degrade t h e  performance of t h e  communications channels i n  these  feed horns. 
Second, t h e  crossover l e v e l  between adjacent  beams is roo low, -13.5 dB, as 
explained e a r l i e r .  The s o l u t i o n  is t o  use  e n t i r e l y  separa te  feeds  which a r e  
loca ted  at  A, B, C,  and 0, a s  shown in  Figure  3.3.4-8. Simple geometry shows 
t h a t  round waveguides of diameter up t o  d '  = 0.89h may be accommodated in  t h e  
i n t e r s t i c e s  between ad jacen t  feed horns of t h e  communications channels.  Since 
t h e  cu to f f  wavelength of t h e  dominant TEllmode is  hc = 1.705 d ' ,  i t  is c l e a r  t h a t  
l / A c  must be  ' t h e  range 0.66 t o  u n i t y ,  which is q u i t e  s a t i s f a c t o r y  f o r  
a small waveo feed.  

Figure 3.3.4-9 a l s o  makes i t  c l e a r  t h a t  the  spacing between adjacent  pairs 
of t h e s e  feeds  is exac t ly  one-half t h a t  between adjacent  communications channel 
horns. From equat ion (1)  i t  then appears t h a t  the  crossover l e v e l  shouid be 
r a i s e d  by a f a c t o r  of 4, from -13.5 dB t?  -3.4 db. However, the  small  f eeds  
c r e a t e  a n e a r l y  uniform i l luminat ion of t h e  o f f s e t  r e f l e c t o r  a p e r t u r e ,  
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in contrast to the tapered illumination of the hybrid mode horns. Hence, tne 
spot beam from the small feeds will be narrower, approximately in the ratio 
of 1.02/1.28, This will lower the crossover by the square of that ratio, giving 
a final level of -5.3 dB, which is excellent. 

For tracking putposes, pilot tone difference signals are taken sequentially 
from pairs of horns, Thus, the difference signal from the pair OA is a measure 
of the angle of arrival of the pilot tone in the north-south plane. The differ- 
ence signal from pairs OB and OC are measures, respectively, of the angles of 
arrival in planes inclined at f 60' to the north-south plane. Obvious1 y, these 
two can be combined to yield a measure of angle of arrival in the east-west 
plane. By suitably processing the E-W and N-S information, command signals 
can be obtained for servo-control of the complex feed cluster as a unit, enabling 
it to move in two orthogonal directions as it tracks the pilot tone. Although 
somewhat different from the conventional monopulse tracking system, in which the 
complete antenna (including reflector) is servoed, this system will yield simi- 
lar precision and is therefore capable of maintaining pointing accuracy to one- 
tenth beamwidth. 

Power Calculation 

As mentioned earlier, the number of beams needed to cover the Continental 
United States is 219 when each spot is an elliptical 207 km by 296 km. It is 
necessary to use the interwoven patterns from three antennas to provide -4.5 dB 
crossovers when highly tapered illumination is used for the reflectors. This 
degree of taper is needed to provide -35 dB sidelobes. Shown in Figure 3.3.4-1 
are three transmitting antennas at 4 GHz, three receiving antennas at 6.2 GHz,  
and two scanning antennas for filling gaps caused by overloads or failures. 
Separate transmitting and receiving antennas are used to aid the isolation 
problem between transmitters and receivers. Also shown is a repetition of the 
above for the 12/14 GHz, 

The power calculation at 4 GHz is straightforward and rather independent 
of satellite location. One dB is an ample allowance for rain attenuation. 
Using 2.1 watts per carrier and an average of two carriers per 219 spots, the 
RF power required is 1035 watts. At 25% dc-to-RF efficiency, the solar array 
power is required to be 4.14 kW. 

At 12 GHe the power required is a function of satellite location. Taking 
a reasonably good case of 80' west, the RF power per carrier is 30 watts. 
Again, at two carriers per spot, 219 spots, the RF power is 14.8 kW. The 
solar array power is 59 kW. Note that only 3 dB rain attenuation was allowed. 
Data from ATCT indicate 8 dB is needed in most cities east of the Mississippi 
River for the desired 0.32% outage time (1.8 hours). Indeed, Miami needs 
14 dB allowance for rain, and Atlanta 10 dB. However, Miami, New Orleans, 
Mobile, Tampa, and Jacksonville will probably have multiple sites to ease this 
problem. Heavy rain falls in widely spaced cells; sf t e  diversity in these 
locations is needed. For other areas, we have the scanning beams which can 
"burn through" with the extra power required. Normal heavy rain, 16 mmfhour 
or greater, occurs 20 hours per year (east coast average). 
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For a s a t e l l i t e  located a t  135'W, t he  power increases  aubs tan t ia l ly  i n  
r a in ,  Mask ang ilea approach 15' and m a t  eas t e rn  c i t i e s  reqc i re  14 dB r a i n  

9 margin. Atlanta needs 19  dB, m d  M i a m i  needs 24 dB. To provide 16 mm/hour 
f coverage aver the e a s t  coast ,  a margin of 7.2 dB is calculated using 4 icm of 

r a i n  thickness a t  a m s k  angle of 18'. An increase i n  power capabi l i ty  of 

t 2.63 (4.2 dB) is indicated, The s o l a r  array power becomes 155 kW. Coverage 
f o r  the  t i m e  between 16  m/hour  (20 hours/year) and 60 -/hour (1.8 hours/year) 
is provided by the  scanning beams. The power needed is estimated t o  be 15 beams 

rn a t  21.4 watts  x 2.63 x 4 c a r r i e r s  x 15.8 (12 dB increase i n  wrrrgin) x 1/25 
(eff ic iency)  - 213 kW. Four c a r r i e r s  a r e  selected s ince  scanning beam must 
have capabi l i ty  of densest t r a f f i c .  The power requirements a r e  errmmarized i n  
Table 3.3.4-1. I 

Table 3-3.4-2. Solar Array Power fo r  S a t e l l i t e  
a t  Indicated Latitude 

t 
! Refer t o  Tables 3.3.4-3 and 3.3.4-4 f o r  l i n k  margin c a l c ~ l a t i o n s .  

iaoOw 13s0w 

4 GHz 4 kW 4 kW 

12 GHz (heavy r a in )  59 kW 155 kW 

26 GHz (extra-heavy 26 kW 213 kW* 
r a i n f a l l )  

Total $9 kW 372 kW 
r 

*Only 20 !lours per year. . 



Table 3 . 3 . 4 - 3 ,  4-GHz Downlink Characteristics 

Data Rats Per Carr9.e~ - 64 H Bitsfsec 
1000 Convarsatiaaa 



Table 3.3.4-4.  12-GHe Downlink Characteristics 
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3.3.5 B o r n 1  Anal~ris and Tear~erature Control Subsystem Definition 

TWO typoa of tkr-1 mulpser were employed in developing subsystems 
derign concepte. The first involved potential distortion effects and strers 
lodo arising from temperature differences across rtructural members. The 
socoad was concrrned with maintaining a viable temperature range for selected 
mission equipment components, generally through use of radiatorr. From these 
latter urolysee, design concepts ware doveloprd for location and eitina of 
radiator@ for key components. Theso radiators can be considered as function- 
ally comprieiaO a thermal control ~ubsyrtem. In the following presentation 
the structural thermal analyses dealing with tho erectable structure elements I 

are first presented. These are followod by thermal analysis presentations 
common to mission equipment on both the erectabla and space-fabricated plat- 
f orms. 

Thin-Walled, Cylindrical Struts 

The supporting structure for the erectable communications platform con- 
tain~ thin-walled tubular struts ranging in diameter from 0.305m (12 inches) 
to 0.5331~ (21 inches). When exposed to sunlight on one side, such tubes 
develop substantial crose wise temperature gradients. Tube separation dis- 
tances are large enough to keep self-shadowing time down to a few minutar at 
most. However, an eclipee lasts long enough to produce very large drops in 
tube average temperatures. Cross wise temperature gradients in a single tube 
will produce bending moments. Relative changes in the averaga temperature of 
adjacent tubes can have more serious consequences since they may result in 
distortion of the structure as a whole through differential expansion. 

In order to evaluate these effects, a transient, three-node thermal model 
was written for the SR 52 progremmable calculator. This model (see Figure 
3.3.5-1) considers an infinite tube heated by solar radiation impinging at an 
angle 8 aormal to the tube exis. The tube surface is characterized by a solar 
absorptivity d and an emisslvity E . The tube is divided into quadrants, 
syuunetrical with respect to the solar direction. The two "side" quadrants 
are thermally ident J =ale Circumferential condition is determined by wall 
thickneee 6 and the material conductivity k. 

Radiative transport between nodes depends upon the graybody shape factor 
8 . Each quadrant has a projected area of fl !?!2 per unit length. For thio - purpose the 3values were estimated to be equal to CF where F is the blackbody 
shape factor. T h u s $ , z h , ~ ~ ( $ ; L )  and , = ) For thin- 

I 

walled tubes of moderate-to-large size, radiative transport dominates conduc- 
tion. 

The working equations are as follows: 



Figure 3.3.5-i. Thin-Walled Tube Thermal Model 



The progrom implementing Eqwtioru 1 through 3 was checked by comparing 
resu l t s  with thore reported by Boring (Reference 1) uring a thermal analyzer 
program. Inputs (thermal propertier,  ro lar  conrtant a d  dimenrions) were 
held constant f o r  the  comparison. Figure 3.3.5-2 rhowr r e r u l t r  fo r  a 5 O . b  
(2 inch) diameter graphite-epoxy cylinder exposed t o  runlight a t  normal inci- 
dence. There a r e  detai led differencer i n  the local  temperaturer but the over- 
a l l  t r u u i e n t  behavior is qui te  similar.  This lendr confidence i n  the  rimple 
model for quick evaluations of other cyl indrical  s t r u t  tranrients.  

Figures 3.3.5-3, 3.3.5-4, 3.3.5-5 urd 3.3.5-6 show transient8 calcula- 
t ionr  f o r  large and medium rite graphite-epoxy r t r u t r  during ecl ipse a t  CEO. 
For each diuneter the e f fec t  of unaltered rurface and re lec t ive  coatings is 
s~OM. The aluminized Teflon, i f  pract ical ,  w i l l  reduce gradients sonrewhat 
and temperature levels  considerably. 

Thermal Distortion of Three-Strut Trurrer 

A major s t ruc tu ra l  e l ~ ~ . n t  of the erectable colpmunicationr platform is 
a t r u r s  made up of three pa ra l l e l  sectioar.  The rectionr a re  thin-walled, 
graphite-epoxy tubes 0.30% (12 inches) i n  diameter. One section has a 
wall thickness of 0.762mm (0.030 inch) and the other two have walls twice 
a r  thick. 
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During orbit, two types of thermal distortion occur. Individual tubes 
will develop substantial temperature djfferences between their sunlit and 

i oppasite sides. This will cause each tube section to bow away from the solar 
I direction. In addition, differences in orientation, surface properties or 
1 thermal capacitance will cause changes in the average temperature of the 
i struts, leading to distortion of the truss as a whole. No special criterion 
i 
i 

has been established for across-tube gradients as yet. Inter-tube temperature 

i differences as great as 28 C (50 F) are acceptable. 

i 
i The transient thermal model for thin-walled cylinders described in a pre- 
I vious section was used to evaluate the thermal gradients across the three-strut 
i truss exposed to eclipse tranoients at CEO. Figure 3.3.5-7 shows gradients 

! across individual struts and across the three-membered truss as a whole. As 
i may be seen, the across-tube gradients are very large (150 - 200 C), particu- 

2ar3.y during emergence from the eclipse. If such gradients are found to be 
unacceptable, they can be reduced 30% by application of external selective 
surface treatment. The inter-tube gradients are more moderate (30 - 35 C) 
but still somewhat greater than the 28 C requirement. Selective coating or 
maintenance of equal tube thickness on all struts would reduce or eliminate 
inter-tube gradients. 

Beat Rejection Radiator Subsystem 

As presently conceived, the Communications Platform has several concen- 
trated sources of heat requiring dissipation by radiating surfaces. Radiator 
performance is conditioned by several factors: 

(1) Orientation with respect to the sun. 

(2) Placement and orientation with respect to extended hot surfaces 
such as the solar array. 

(3) Temperature limitattons imposed by the thermal load. 

In addition, such factors as long-term reliability in a space environment 
must be considered. The long life requirement has led to the concept of a heat 
pipe radiator in which heat is taken from the load(s) by a fluid coolant and 
delivered to the base of a radiator equipped with heat pipes for distribution 
over the surface. The innate redundancy of this construction assures func- 
tional survival of the unit even after several meteoroid hits. 

Heat dissipation requirements, based on a 112.5 kW comunication plat- 
f o m ,  are given in Table 3.3.5-1. 

Radiator performance (watts per square meter) was estimated for a variety 
of possible configurations. The radiator inlet temperature was assumed to be 
6 C (10 F) below the load service temperature and 17 C (30 F) below the outlet 
temperature. A selective radiator surface (N/€ = .75/.15) was assumed. A 
radiator effectiveness of 0.75 was assigned. This value is prob2bly conser- 
lvative, especially for the lower range of radiator temperatures. 
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TABLE 3.3.5-1 Representative Heat Dissi pat  ion 
Requirements f o r  112.5 kW Communications P l a t f  o m  

Cateeorv Haa t D i s s  i pa  t ion Load Service Temperature 

dc/dc Converters 5.9 W 74 C 

Bat teries (Charging) 1.0 kW 
(Discharging) 18.9 kW 

Houeekeeping 4.3 kW 74 C 

Antennas 16.9 kW 74 C 

Figure 3.3.5-8 presents  estimated heat  r e j ec t i on  rates f o r  two-sided 
r ad i a to r s  i n  d i f f e r e n t  thermal configurations.  Poorest performance is shown 
by a r ad i a to r  located near t h e  s o l a r  a r ray  but mounted perpendicular t o  the 
antenna platform s o  t h a t  i t  lies i n  t he  equa tor ia l  plane. It is exposed both 
t o  s o l a r  rad ia t ion  at 23 degrees and has a subs t an t i a l  view f ac to r  ( I L  0.3 ) 
with respec t  t o  t he  array. Subs tan t ia l ly  b e t t e r  performance can be obtained 
by moving t h e  r ad i a to r  f a r t h e r  from the  a r ray  and/or e l iminat ing the  s o l a r  
input by maintaining t h e  r ad i a to r  i n  the  e c l i p t i c  plane or  providing a sun 
shield.  An even grea te r  improvement occurs when t h e  system is i n  ec l ipse .  
There, s o l a r  input is absent and t h e  cooling s o l a r  a r r ay  emits l e s s  heat 
radiat ion.  Luckily t h i s  enhanced performance occurs a t  the time of g rea t e s t  
ba t t e ry  heat  load (see Table 3.3.5-1). ' 

It is log i ca l  t o  group together the  heat r e j ec t i on  associated with ba t te ry  
chargeldischarge and t h a t  due t o  power conditioning i n t o  one o r  more modules, 
complete with rad ia tor .  Even though r ad i a to r  performance is  b e t t e r  during 
ec l ipse ,  the  high d i s s ipa t ion  due t o  ba t t e ry  discharge makes the  ec l i p se  con- 
d i t i o n  the d r ive r  f o r  r ad i a to r  s iz ing.  S i r ce  a t  GEO ec l i p se  l a s t s  f o r  only 
f i v e  percent of the  o r b i t  o r  l e s s ,  t h i s  suggests the  use of phase-change 
u a t e r i a l  (PCM) a s  a way of reducing r ad i a to r  s i z e  and weight. For t he  heat 
loads given i n  Table 3.3.5-1 the  ec l i p se  peak could be leveled out by means 
of 356 kg of tetradecane (melting point  5.50C). However, the  mass of the  PCM 
containers  (usually finned aluminum boxes) can be severa l  times tha t  of the 
PCM i t s e l f .  Figure 3.3.5-9, adapted from Reference 2 ,  shows a t yp i ca l  t rade  
ana lys i s  which compares the  mass of a rad ia tor  s ized t o  take a peak heat load 
with the  mass of a smaller rad ia tor  plus  PCM. A s  Figure 3.3.5-9 shows, con- 
t a ine r  mass is severa l  times PCM mass i f  t he  temperature r i s e  across  the  
container is kept t o  a moderate value. Moreover, the  weight advantage over 
a simple r ad i a to r  is marginal even a t  ra ther  low rad ia tor  temperatures. For 
these reasans,  the  PCM approach is not ~ons ide red  t o  be e f f ec t i ve  for  the 
present appl icat ion.  

Thermal Dissipation from Antenna Feed 

The i. d i v  Idual antenna f sed assemblies generate approximately twice a s  
much thermal energy a s  radio-frequency output a t  the  antenna. In the case of 
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such high-power assemblies as the  7.5 meter antenna, thermal d i s s ipa t ion  from 
the feed is much grea te r  than can be accommodated by sur face  r ad i a t i on  from 
the  assembly i t s e l f .  Table 3.3.5-2 summarizes t he  aseumptions and r e su l t s .  

TABLE 3.3.5-2 Thermal Dissipat ion fo r  
High-Power Antenna (7.5 meter) 

Itear - 
Surf ace Temperature 

Net Diesipation* (Antenna 
Assembly only) 

Net Dissipation* (Radiator) 

Radiator Area (l'wo s i d e s  ac t ive)  

Value - 
4s0c 

0.3/0.85 

2.07 kW 

*Assumes s o l a r  heat ing on one s ide.  

Figure 3.3.5-10 i l l u s t r a t e s  a s u i t a b l e  geometrical arrangement. The 
addi t iona l  r ad i a t i ng  sur face  could be produced from a long s t r i p  r ad i a to r  
or iented along an east-west a x i s  s o  a s  t o  avoid in te r fe rence  with t he  micro- 
wave beam. A s imi l a r  approach is appl icable  t o  a l l  antenna feed assemblies 
whose thermal d i s s ipa t ion  requirements exceed the  c a p a b i l i t i e s  of t h e i r  sur- 
face  areas.  

Heat Dissipat ion from Control Moment Gyros (CMG) 

Continuous a t t i t u d e  cont ro l  of both communications and the  SPS 
Test Ar t i c l e  w i l l  be accomplished by CMG c l u s t e r  (5 - 7 uni t s )  housed i n  a 
cy l ind r i ca l  s h e l l  4.3m i n  diameter and 3 - 4m high. Heat w i l l  be  generated 
within the s h e l l  due t o  mechanical f r i c t i o n  and e l e c t r i c a l  res is tance.  The 
amount of energy d i s s ipa t ion  is dependent on the load prof i le .  For the  corn- 
munication p la t f  o m  an average power d i s s ipa t ion  of 1. I kW has been es tablielied. 

Tzmperatures required f o r  heat d i s s ipa t ion  from the 83 s q  m cy l ind r i ca l  
sur face  have been calculated,  under the  assumption of f u l l  so l a r  heat ing 
( 8 = 0°) on one s i d e  of the  cyl inder  (projected area 17 sq n). Under these 
circumstances, s o l a r  input is the  dominant heat load. The working equations 
a r e  as follows: 



Figure 3.3.5-10. Radiator for 7.5-m Antenna Feed 



TABLE 3.3.5-3 T h e m 1  Dirsipat ion from CMG Houeing 

Surf ace Proper t ier Solar CMG Total Required 
# - & Input D i r a i ~ a t i o n  ReS ec t ion Temerature 

Ref erencer 

1. Brogren, Z. W., Bsrclay, D. L. & Straryer, J. W. 

" d i i ~ ~ l i f i e d  Thermal Ertlmation Techniques fo r  Large Space 
~ t ruc tu res . "  NASA CR 145252, October 1977 

2. French, E. P., et el,  

"Paesive Themal Control of High Power Space Systems" 
Boclcwell Space Division Report SD 76-SA-0202 



Creek kt tersr 

Subscripts r 

eKP lana t ion 

Area 

Speci f i c  heat 

Girder depth 

Solar radiation fract ion 

Solar constant 

Thermal conductivity 

Length 

Fin width 

open f r rc t ion  

Energy flow r a t e  

Abrolute temperature 

t h  

Width 

tlondimenrional width 

Solar absorptivity 

Thickness, depth 

T h e m 1  emissivity 

Effecttveness 

Angle of incidence 

Density 

Stefan - Boltzmrnn constant 

Theraul time constant 

Craybody shape factor 

Pertains t o  conductim 

Pertains t o  mesh 

I n i t i a l  or  base value 

Pertains to radiation 

Pertains t o  girder web or  t o  waveguide 



3,3,6 Propulsion Subsystem Definition 

The propulsion eubsystema for thr advanced communications antenna plat- 
form coneist of an orbit transfer propulsion system for transporting the antenna 
platform f tom low earth orbit (LEO) to geosynchronaus equatorial orbit (CEO), 
and a reaction control system (RCS) for perfowing stationkeeping at CEO. 

React ion Control System (RCS) 

An RCS is provided for control of the antenna platform at the operational 
altitude in geosynchronous equatorial orbit (CEO). The RCS provides control 
for both translation meneuverB (stationkeeping) to maintain position in orbit 
over the earth reception target area, and for attitude orientation control in 
conjunction with the attitude and velocity control subsystem (AVCS). 

Summary. The key features of the RCS are auamarized in Table 3.3.6-1, 
and tho RCS module is illustrated in Figure 3.3.6-1. 

Table 3.3.6-1. RCS Summary 

Propellants N 2 0 o / W  
Pressurization gae Helium 
Total Impulce 26.2~10~ N-sec (5.9xld lb-sec) 
Number of modules 4 
Number of thrusters 16 
Thrust, Each 

12 thrusters 4.4 N (1 lbf) 
4 thrusters 44 N (10 lbf) 

Total weight 12,800 kg (28,200 lb) 
* 

Requirements. Control of the antenna platform in GEO is required for 
the anticipated life of the vehicle which is assumed to be 20 years' duration. 
For purposes of sizing the RCS propellant quantities, a resupply interval of 
seven years is assumed. The life of storable propellant tankage, feed and oro- 
pellant nurnamamt devicer,and other components is estimated to be 7 to 10 y a r e .  

Functional requirements for the RCS consist of (1) translation maneuvers 
(stationkeeping), and (2) attitude orientation maneuvers. The translation m.w- 
euvers consist of north-south stationkeeping, east-west rtationkeeping, and 
overcoming solar pressure, with the required velocity increments shown ir 
Table 3.3.6-2. The total velocity increment required for translation maneuvers 
is 427 m/sec (1400 ft/:ec) for a seven-year period in CEO. The RCS thrusters 
are fired once per day for translation maneuvers. Tho RCS attitude orientation 
function is required for the periodic momentum dump of the AVCS control moment 
gyroa (CMG). The total impulse per axis for pitch and yaw/*r,ll is shown in 
Table 3.3.6-2. A total impulse of 2.8~10~~-sec (632,031 l b - ~ e c )  for a seven- 
year period is dedicated for CMG momentun dumping exclurively. In additior-, 
an equcl amount of total impulse for momentum dumping is assumed to accrue 
from some trane1atio1- maneuvers that may be synchronized to occur for momentum 
dumping. The RCS thrusters are fired every 12 hours (twice a day) for CMG 
dumping . 



Figure 3.3.6-1. Reaction Control System (RCS) Module 
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Table 3.3.6-2. RCS Rcquirement~ 
C 

1. Translation maneuvers 

a. North-south etationkeeping 45.7 (1 50) 
b. East-west stationkeeping 15.2 (50) 

(and solar pressure) - - 
Total translation 60.9 (200) 

or 
(One f ;ring/day) 426.7 (1400)/7 yr 

Total Impulse/7 years 

N-sec (lb-sec) - 
2. Attitude ccntrol CMC momentum dump 

a. Rolllyaw 2.2110; (496,309) 
b, Pitch 0.6~10 (135,722) 

Total momeaturn dump 2.8n10"632,031) 

(Two f irings per day) 
* 

Description. A 16-thruster configu.-ation, grouped in four modules with 
propellants and located at the four corner8 of the rectangular-shaped platform, 
provides an RCS thdt meets the mission and functional requirements. This con- 
figuration i s  rhown on St~eet No. 1 of Dritwinps 42662-25 (Erectable Structure) 
and 42662-26 (Space-Fabricated Structure), presented in Appendix A. The corner 
locations were selected td provide maximum-length moment arms and to avoid 
thruster exhaust impingement on the vehicle structure and components. 

Each RCS module contains an oxidizer tank, a fuel tank, :nd helium 
prers~rrization tanks located withfir a structural shell that acts as ;I micro- 
meteoroid shield and for thermnl control (Figure 3.3.6-1). On one nidc of the 
wdule, an assembly of four thrusters is located, with a docking port on the 
opposite side for mating and attaclment to the platform structure. 

Each assembly of four thrusters (per module) consists of one 44-N '10-lhf) 
thruster (#-S stationkreping) and three 4.44 (1-lbf) thrusters or:cnted for 
CM[; momentum dumping about the pitch, roll, and yaw axes, and for E-W station- 
keeping. Operation of the four-module RCS includes firing two 44-N (10-lhy) 
thrusters nt a time for N-S stntionkeepfng, and alternately two or four 4.4-N 
(1.0-lbf) thrusters at a time for three-axis CMG momentum dump and E-W ~tatlon- 
keeping. 

Storable propellants (N20c/W) were welrctrd for the RCS to be ~.ompntiblc 
with long-durutlon propellant storage for the seven year resupply interval .!,rd 
still provide reasonable performcl.~ce. 81-propel lant RCS thrusters, nut-h os 
those being developed by Aerojrt 12-h' (0.5-lbf), 22-N (5-lbf), and 4454 (100-lh) 
thrusters] provide a steady-state spc.cific impulse of 2750 N-scclkg (L30 set) 
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to 2890 N--elkg (295 esc), These performance values were used in sizing 
propellant quantities pince relatively long pulse durations are required. 
[For N-S stationkeetping, the 44-N (PO-lbf) thrusters fire for 33 seconds dur- 
ation, and the shortest pulse for the 4.44 (1.0-lbf) thrwcer is 13 seconds 
duration for pitch attitude CMG dumping.] RCS propellant requi.-ements were 
based on a platform weight of 47,700 kg (105,000 lb) without RCS, and with 
RCS tl platform weight of 60,500 kg (133,000 lb). Each RCS module contains 
2294 kg (5058 lb) propellant and has an initial gross weight of 3200 kg 
(7050 lb) which does not include the docking port. The total gross weight 
of the four RCS modules is 12,800 kg (28,200 lb). 

Orbit Transfer Propulsion System 

A cluster of five low-thrust propulsion modules is provided for transport- 
ing the antenna platform from the construction altitude in LEO up to the oper- 
ational altitude at CEO. 

Summary. The key features of the orbit transfer propulsion system are 
summarized in Table 3.3.6-3. The low-thrust propulsion (LTP) module is 
illustrated in Figure 3.5.6-2. 

Table 3.3.6-3. Orbit Transfer Propulsion Summary 

Requirements. The significant requirements for the orbit transfer pro- I 
pulsion module that are discussed include the following: thrust-to-weight 
(T/W) ratio, velocity increment, maximum size and number of modules, propellant 

i 
storability, and thrust vector control (TVC). 

A maximum T/W of 1.96 N/kg (0.2 lbf/lbm) is impoaed on the propulsion 
module design by the structural limitations of the space-fabricated structure 
and its tri-beam design geometry (refer to Structures section for additional 
details and comparison with the erectable pentahedral truss design). A common 
propulsion module design is used for both the erectable and space-fabricated 
platforms since the platform weights are comparable. This imposes a similar 
T/W of 1.96 N/kg (0.2 lbf/lbm) on the erectable structure, although the I I 
structural analysis indicates that T/W values considerable in excess of .,)is 
are feasible for this particular structure if the additional weight penalty 
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Propellants LO2 ILH2 
Total impulse 515x10~ N-sec (116x10~ 1b-sec) 
Number of modules 5, parallei 
Firing/ staging sequence 312 modules 
Number of engines 2 0 
Thrust, each 22,240 N (5000 lbf) 
T/W, max. 1.96 N/kg (0.2 lbfllh) 
Ignition weight: each 25,992 kg (57,303 lb) 

5 modules* 129,961 kg (286,515 lb) 
Boilof f 6% 
Loaded weight: each 27,343 kg (60,280 lb) 

5 modules 136,713 kg (301,400 lb) 

*For antenna platform weight of 60,485 kg (133,346 lb). 





is acceptable. The maximum T/W value will determine tile thrust requirements 
at burnout. and impact engine requirements for either the use of multiple 
engines with sequential   hut down to control T/W as propellants are consumed, 
or t h ~  titie of fewer engines but with throttling requirements f ~ r  T/W control. 

: fhe maximum size of the propulsion module is required to be such as to 
take full advantage of the current Space Shuttle orbiter payload capability 
and to minimize thz number of orbiter flights and operational costs, since 
multiple modulfzt; are indicated from the magnitude of the platform weight 
involved. A mnxin~um gross weight for the orbit transfer propulsion module 
of 28,803 kg (63,500 ib) was established. The required number of modules is 
determined by the platform weight requirements, the velocity increments for 
orbit trunefcr, and propulsion specific impulse values. Propellant off-loading 
is used in miltct~ing these requirements with the basic module. 

The required velocity increments as a function of TIW is shown in 
Figure 3.3.6-3. This curve shows the velocity requirements for orbit transfer 
from a 28.5-degree inclined LEO of approximately 280 kto (150 nmi) altitude 
to geosynchronous equatorial orbit (GEO). For a T/W range of 0.96 to I .96 Nlkg 
(0.1 to 0.2 lbf/lbm), a AV of 4389 mlsec (14,400 ft/sec) is required, based on 
a two-impulse burn and H o h n n  transfer. It should be noted from the curve 
that AV requirements at TIW values less than 0.96 Nlkg (0.1 lbf/lbm) increase 
greatly, which i s  due to larger gravity losses occurring with the longsr trip 
times assoc'ated with less acceleration. 

Propellant storability is a requirement for the entire elapsed time from 
propellant tanking to burnout. The use of cryogenic propellants requires 
adequate insulation for tanks to minimize boiloff propellant losses. Transit 
times to LEO and, subsequently, to CEO are relatively short (measured in 
millutes and hours), so that the elapsed time that impacts boiloff the greatest 

I is the tLmc required in LEO to accumulate the necessary number of propulsion 
modules. This elapsed time may be on the order of eight weeks, h;~sed on thc 

1 following simplified scenarios: 

A si~lgle Space Shuttle orbiter is dcdicatcd to the construction 
of ~ h c  platform spacecraft. 

The orbiter requires a two-week turnaround period between 
l-l igl1ts. 

I 
i A total of five propulsion modules arc required, and determines 
! the orbiter flights required to transport them to LEO. 

From this example, it can be seen that the fifth module arrives in LEO cigl~t 
1 weeks after the first module. 

i 
I Thrust vector control (TVC) is required for steering the spacecraft dur- 
I ing engine burn periods. T'iC about the pitch, yaw, and roll axes is reql~ired. 
1 

Description. A cluster ~ # f  f I ve cryogenic propulsion modules is provided 
for orbit transfer of the antenna platform, Each module is 3 single-sti~ge 
design with four gimbaled engines of 22,240 N (5000 lhf) thrust each, using 
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1 liguid hydrosea aad l i qu id  orggea propel lants ,  This c m f  iguratiolr is shown 
oa 8-t 1 of  Ihraoiinge 82662-25 (Erectable Structure)  and 42662-26 (Space- 
Fabricated Tri-Beam Structure)  presented i n  Appendix A. A t h rus t  s t r u c  tu re  
ie prwided  f o r  t ransmit t ing t h r u s t  loads from the  f i v e  modules i n t o  the  t 

platform structure.  M u l e  meting t o  t h rus t  s t r u c t u r e  is via docking ports.  1 
The f i v e  propulsion modules are operated i n  a 3-2 f i r i ng / s t eg ing  sequence. 

Operating i n  t h i s  mode, t he  fivearodula c l u s t e r  is capable of t ransport ing a 
maxionurn 63,500 kg (140,000 Ib) of payload from LEO t o  GEO ( a f t e r  allowing 6% 
propel lant  boi loff  from each module). The t o t a l  f i r i n g  time of each module 
is approximately 20 minutes a t  f u l l  four-engine thrus t  per module. In  ac tua l  
pract ice,  durat ions S l igh t ly  longer  odll r e s u l t  when m i r e d  engine. are shut 
d m  t o  cont ro l  T/W, and when oequencial s t a r t u p  and shutdown by engine p a i r s  
are done in ten-secoad in t e rva l e  i n  order t o  reduce t h e  dynamic amplif icat ion 
of t he  p l a t f  o m  s t r u c t u r e  during these th rus t  load t rans ien ts .  

The i n i t i a l  three modules requi re  a s ing le  f i r i n g  fo r  t!re per iaee burn, 
theo a r e  staged of f  at  burnout, and the r e i n i n g  two modules arc f i r e d  t o  
achieve the  remaining perigee bum AV. A second s t a r t  f o r  the two modules 
is then required f o r  t he  apogee burn t o  c i r cu l a r i ze  t he  o r b i t  a t  GEO. 

With mult iple  engines per module, t he  T/W is contrgl led t o  remain below 
the  1.96 N/kg (0.2 lbf / lbm) s t r u c t u r a l  l i m i t  (space-f abricated tri-beam) by 
sequent ial  shutdown of engines i n  pairs .  For example, during the three-module 
burn, the  i n i t i a l  TIW is 1.4 N/kg (0.143 lbf / lbm) with a l l  engines f i r i n g  
(266,890 N o r  60,000 lbf  t h r u s t  t o t a l )  and i t  remains below 1.96 N/kg 
(0.2 lbf/ll+,,) u n t i l  j u s t  p r i o r  t o  burnout; then, i f  two engines a r e  shut down 
on each module the T/W would be reduced t o  1.1 N/kg (0.111 lbf / lbm) a t  burn- 
out. For the  remaining two-module burns made subsequently, the  i n i t i a l  T/W 
is 1.6 N/kg (0.16 lbf/lb,,,) with a l l  engines f i r i n g  (177,930 N o r  40,000 lbf  
th rus t )  and it remains below 1.96 N/kg (0.2 lbf / lbm) f o r  i n i t i a l  half of the 
burn AV, then two engines per module a r e  shut down t o  br ing the burnout T/W 
t o  1.3 N/kg (0.135 lbf/lb,,,). During the  o r b i t  t ransfer  phase, the  antennae 
feed horn assemblies a r e  i n  a re t rac ted  posi t ion,  and the  s o l a r  a r rays  which 
have been deployed a r e  i n  a tied-down hinged (folded) posi t ion f o r  acceleza- 
t i on  of t h i s  phase. 

Thrust vector cont ro l  is provided by tne  gimbaled engines. During o r b i t  
t r ans fe r  s teer ing ,  p i t ch  is  provided about t he  X-axis, yaw about the  Z-axis, 
and r o l l  about the  Y-exis. The gimbaled engines a r e  ganged i n  p i tch  and yaw 
and d i f  f e r en t io l ly  gimbaled with the outer  modules f o r  r o l l  control.  This 
mode of TVC with the multiple engine configuration provides cont ro l  under a l l  
conditions of 3-2 module s taging and paired engine operation f o r  T/W control  
or s t r u c t u r a l  dynamic deao.plification. Multiple engines provide the necessary 
f l e x i b i l i t y  fo r  meeting these varied conditions. 

The propulsion module is shown i n  Figure 3.3.6-2 with some d e t a i l s  and 
overa l l  dimensions. A s ingle  oxidizer tank, fue l  tank, and helium pressuriza- 
t ion gas tanks a r e  located within a s t r u c t u r a l  s h e l l  t h a t  a c t s  a s  a micro- 
meteoroid shield.  The design fea tures  the  use of non-integral propellant 
tanks with multi-layer insulat ion f o r  control  of bo i lof f .  Based on p r io r  
s tud ies ,  an alloxance fo r  one-inch-thick MLI would control  boi loff  of L02ILHz 



propellants to 0.7% per week of on-orbit holding time. An allowance of 6% 
boiloff was aseumed for an eight-week period to transport all five module8 
to LEO. 

The overall dimensions of the module are compatible with orbiter payload 
bay siee and the overall length is within the 10.7 m (35 f t) length target 
for OW design. This ie accomplished in part by the use of multiple 22,240-8 
(5000-lb) thrust engines which are short, and eliminates the need for nozzle 
retraction mechanisms. 

The propulsion module design weight summary with maximum propellant 
loading is shown in Table 3.3.6-4. The inert weight includes allowances for 
subsystems such as structure, thermal control, avionics, propulsion, residual 
fluids and contingenciee, based on prior studies of NASA Tug and USAF Orbit- 
to-Orbit Shuttle (008). With maximum propellaa t loading, the five LTP modules 
tre capable of transporting a maximum of 63,500 kg (140,000 lb). 

Table 3.3.6-4. LTP Maximum Propellant Load Conditions 

h 0 
Maximum gross weight 28,803 (63,500) 
Maximum propellant load 25,317 (55,815) 
Inert weight 3,486 (7,685) 
Stage mass fraction 0.879 
6% propellant boiloff 1,519 (3,349) 
Usable propellant 

(after boiloff) 23,798 (52,466) 

Each of the four engines include provisions for two-axis gimbaling for 
TVC. The engine is a staged combuetion design based on the technology 
development of the Advanced Space Engine (ASE). The performance and size of 
the 22,240 N (5000 .'bf) thrust engine is summarized in Table 3.3.6-5. 

Table 3.3.6-5. Engine Performance Summary 

Thrust 22,240 N (5000 lb) 
Chamber pressur a 10,342 kPa (1500 psia) 
Nozzle expansion area 400: 1 
Propellants Wp/LH2 
Mixture ratio, OIF 6: 1 
Specific impulse 4,580 N-seclkg (467 sec) 
Overall length 1.32 m (52 in.) 
Nozzle exit diameter 0.76 m (30 in.) 
Weight 49.9 kg (110 lb) 
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3.3.7 Attitude Velocity Cslrtrol Subsyst~ 

I The m a h  features and characteristics of the attitude and velocity control 
I ' subeyetan (AVCB) are summarized in P M r e  3.3.7-1. 
I 
I 
I 

T b  AVCS is designed to perform several poet-construction functions. It 
controls the vehicle's attitude, pointr the solar arrays, controls the crbit 

I .  transfer maneuver, and regulates the vehicle's on-s tat ion velocity. 
I 

The following text discusees the most important considerations which define 
the AVCS. The discussion and supporting studies are intended to define the AVCS 
in enough detail to satisfy the need8 of this space construction study. It is 
in this spirit that many of the detailed trade studies required to fully define 
AVCS components are replaced by eagineering judgment. Even though a more 
detailed rtudy might modify the subsystem design somewhat, it is believed that 
the hardware described here is representative of the type needed for the 
Advanced Communications Platform, and it will properly exercise the construction 
aspect of this study. 

Attitude Control 

A primary function of the AVCS is to control the angular orientation of 
the vehicle. The attitude control requirements are different for each phase 
of flight, but the attitude control components are largely sized by the require- 
ment to point the antennas accurately during nominal on-station operations. 

The operational attitude control accuracy requirement is derived from the 
antenna pointing requirement. The antennas muat be pointed with an overall 
accuracy of one beam width (0.258'). and then the movable fer:ds are positioned 
to steer the antenna to an accuracy of one-tenth of a beam width. (The beam 
steering concept is discussed in Section 3,3.8), The total antenna pointing 
accuracy is budgeted among the major error sources in Table 3.3.7-1. The 
attitude control portion appears as the first two entries. They, and other 
system requirements, are satisfied by orienting the vehicle with its long 
axis perpendicular to the orbit plane to the following accuracies: roll, 0.08'; 
pitch, 0.08'; and yaw, 0.10'. 

In addition to meeting the above accuracy requirements, the AVCS must also 
prevent the vehicle from drifting faster than the beam steering adjustment rate 
of approximately 6x10 '~  deglsec. 

Selection and sizing of the attitude control actuators is largely dictated 
by the environmental disturbance torques. The angular momentum buildup values 
caused by the two largest disturbances are listed in Table 3.3.7-2. The most 
significant component of momentum buildup is the secular roll/yaw momentum 
caused by solar pressure acting on the offset solar array to produce a contin- 
uous 1.6 N-m torque. That torque causes a momentum vector to build up rapidly 
(5800 N-m-seclhr) in the roll-yaw plane. It remains approximately inertially 
fixed (rotating one revolution per year), and therefore it appears alternately 
in the roll and yaw axes as the vehicle rotates once per day. 
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Table 3.3.7-2, Momentum Buildup due to Disturbance Torques 

- ., -- , .------- - - -  - ,. 

Budle t 
(deg) 

Attitude determination 0.050 
Control dynamics 0.100 
Thermal deformation of structure and 

feed horn boom 0.100 
Thermal deformation of antenna reflector 0.006 
MBnufacturing and assembly tolerance 0.210 

RS8 total (one beam width) 0.258 

, 

1 
I 
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Table- 3.3.7-1. Antenna Point in8 Accuracy Error Budget 
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Pitch Yew J 

Secular Periodic* Secular Periodfc* 
N-m-eeclhr N-m-eec N-m-sec/hr N-m-soc 

12 1900 *** *** 

55 120 5800*+ *k* 

6 7 2020 ' 5800 *** 
J 

Disturbance 

Gravity 
gradient 

Solar 
pressure 

Total 
r 

%ximum value 
**Alternates between roll and yaw axes 
***Negligible . 

Roll 
1 

Secular 
N-m-sec/hr 

130 

5800** 

5930 

Periodic* 
N-m-sec 

20 

*** 
20 



Standard desilpl p r ac t i ce  is t o  use nunnent~nn exchange devices (control  
wheels) t o  compensate f o r  t he  envirownental disturbancee and RCS jets to unload 
t h e  wheels t o  prevent axcessive wheel sp in  rates. Thim technique has t he  advan- 
tage of using propal lant  t o  counter t h e  mecular momentum buildup, while the  
cyc l i c  lnomentum causes the wheel speed t o  o s c i l l a t e  about r e ro  with a kounded 
whm value. This concept works very well when the  cyc l i c  momentum buildup 
is much grea te r  than the  secu la r  momentum buildup. In  t h a t  case, t he  wheels 
are mainly s i r e d  by the  peak cyc l i c  momentum level and the  RCS jets do not 
have t o  f i r e  very of ten  t o  unload the  secu la r  component of momentum. 

The advanced communications platform is d i f f e r en t .  The secula r  momentum 
bui lds  up much more rapidly than the  per iodic  momentum. The simplest  a t t i t u d e  
cont ro l  design is achieved by changing the  vehicle 's  configuration t o  balance 
the  s o l a r  pressure forces  t o  produce a near-eero torque. Velricla configurat ion 
considerations make such changes d i f f i c u l t  t o  j u s t i f y  without extensive t rade  
s tudies .  Therefore, an a r b i t r a r y  decis ion is made t o  s i a e  the momentum exchange ! 
devices t o  s t o r e  12 hours of momentum buildup. The K S  jets a r e  f i r e d  twice i 

a day t o  unload the  wheels a t  t he  same time t h a t  stationkeeping manewers are 5 
performed. In  t h i s  way, some propel lant  savings cen be rea l ized  and ttre 
of t h rus t e r  f i r i n g  cycles  is reduced t o  a reasonable value (<100,000 f i r i n g s  
per t h rus t e r  over seven years).  i 

i 

The only momentum exchange devices present ly  ava i lab le  with the capacity 
required f o r  12 hours of momentum s torage  a r e  control  moment gyroe (CMGs). A ? 1 
c lus t e r  of seven single-axis CMGs s ized fo r  the  Advanced Communications Plat-  
form is i l l u s t r a t e d  i n  Figure 3.3.7-2. They possess important advantages: 
the seven CMGs provide f o r  a large measure of redundancy (as  few a s  th ree  CMGs 
provide three-axis cont ro l ) ,  end the CMCs can produce la rge  torques (-10,000 N-m) 

I i 
with a r e l a t i ve ly  high bandwidth (up t o  15 Hz) t o  quickly s e t t l e  the t r ans i en t  
responses caused by jet f i r i ngs .  

The CMCs a r e  included a e  a representat ive momentum exchange device which 

t 

? I 

s a t i s f i e s  the  advanced coarmunicat ions platform's requi rmcnts .  Other devices 
present ly  under development may be b e t t e r  su i t ed  f o r  t h i s  appl icat ion.  Two 
examples a r e  very large mOtP.cntum wheels and the  annular momentum control  device 
(a magnetically suspended spinning hoop being tes ted  by NASA/Langley Research 
Center). 

A propulsion subsystem w i t h  r c ~ s o n a b l e  derign parameters can handle the  
twice-per-day momentum dumping maneuvers (see Section 3.3.6). A low th rus t  
l eve l  of 4.4 W (1.0 lb )  is eelected t o  l i m i t  s t r u c t u r a l  rerponse and t o  pro- 
duce acceptable th rus t ing  durations.  The a t t i t u d e  control  RCS j e t e  a r e  f i r ed  
t o  induce a vehicle  r a t e  of no grea te r  than 6xlO"deg/eec; and then the CMCm 
a r r e s t  the vehicle 's  motion over the next several minutes, thereby reducing 
the  net  momentum r tored i n  the  wheels. This .maneuver is repeated 20 to  40 
times t o  unload the  t o t a l  12-hour momentum tui ldup.  

Several types of a t t i t u d e  sensors a r c  avai lable:  

Earth Sensors. These devices determine z-axis a t t i t u d e  information t o  
an accuracy of approximately 0.25' i n  low e a r t h  o r b i t ,  and approximately 0.05' 
i n  geoeynchronous ea r th  o r b i t .  



i-. 4.3 m ---  - -  -"I 

Total weight 3,000 b 

Total angular momentum 90,000 1-m-r, roll/ynr 
4,000 M a - s ,  pitch 

Power 1-2.000 W 

Figure 3.3.7-2. S ing le -Ur  CHG8 for A t  t i tude Control, 
Advanced Cammicatforu Platform 



1 sUR 8.aoorr. Sun r m o o r r  detenuAae one-axis o r  two-axir a t t i t u d e  inform- 
i 3 f ation t o  an accuracy of approximately one arc-mia. 1 

3 

I i 
Sta r  Searorr. One @ t a r  sensor can determine two-axla a t t i t u d e  information 

t o  an accuracy 1 t o  10 arc-rec. Three-axir i n fo rmt ion  ir  er tab l i rhed  by ur ing 
two renrorr ,  o r  combining me o r  Isore s t a r  renror r  within an i n e r t i a l  meaoure- 
w n t  u n i t  (MI). The l a t t e r  concept has the  advantage of providing continuour 
i e foma t ioa  t o  an accuracy of less than 1 arc-tpin.. tlowwer, rtar ronoorr m y  

+rperkprce "b&cDcwt" periodr when r u i t a b l a  rtarr are not i n  the  f i e l d  of view. 

then the  requirement t o  determine on-orbit three-axis a t t i t u d e  t o  an rccur- 
acy of 0.05. (180 arc-rec) i n  an e r r t h  s t a r i n g  mode ir conridered, together with 
t h e  t ronr fer  o r b i t  requi rment  t o  determine three-axir a t t i t u d e  t o  the  ram 
level of accuracy i n  more gasreral o r ien ta t ions ,  the  choice of sensors  Ir limited 
t o  t he  rtar a e a w r  c l a r r .  A t yp i ca l  rtate-of-the-art  r te l lar-aided IMtf ir 
oelected f o r  t h i o  project.  Itr cha rac t e r i c t i c r  were given previously i n  
Figure 2.3.5-5. 

Better  rensorr  w i l l  probably be ava i lab le  f41r the  advanced colmeunications 
platforum. For example, r t a r  renror r  using c n a r ~ e d  coupled device de tec tor r ,  
haproved d i g i t a l  e lec t ronica  and l a rev  gyror a r e  under development, and they 
w i l l  r e r u l t  i n  a l i gh te r ,  more r e l i a b l e  sensing package. 

The foregoing a t t i t u d e  control  coaponmts s ieed fo r  on-station operations 
a r e  capable of control l ing a t t i t u d e  during t r a n r f e r  from the conrtruction o r b i t  
t o  GU). However, th rus t  vector s t ee r ing  is almo required t o  control  t he  AV 
maneuvarr. Thir  top ic  is dircussed below in  the  Orbit  Transfer and Maintenance 
rubsec t ion. 

Solar Array Fointinu Con- - 
Two-air gimbai dr ives  point the  so l a r  array a t  the  sun. Two reamonable 

methodr f o r  pointing control  a r e  t o  c lo re  the  gimbal dr ive  loopr u r i w  a two- 
+xi8 run sensor o r  t o  dr ive the so l a r  array in  an open-loop fashion using 
computed sun angle data  developed on board from o r b i t a l  epheuterir data  and 
vehicle  a t t i t u d e  reference data.  Both c a p a b i l i t i e r  a r e  included t o  improve 
r e l i a b i l i t y .  

Orbit Tranmf e r  and Heintenance 

The AVCS controlm veloci ty  a s  we11 :rm the a t t i t ude .  On s t a t i on ,  the 
north-muth and eart-wert veloci ty  i nc raomts  a r c  ada!ed t o  maintain the  
vehicle 's  geortstionary o r b i t .  The cumcomrry pract ice of usicg ground corn- 
mndr  t o  i n i t i a t e  these operarionm ?h timed here. The veloci ty  correct ion 
requirements a r e  dimcurred i n  Sectiz:i 3.2. 

The AVCS swat 81.0 control  o r b i t  t r a n r f e r  thrumting wneuverm. Require- 
aunts  f o r  t h i s  element of the  AVCS a r e  accurate  control  of t h e  vehicle 's  
a t t i t u d e  and propulrion ryrtem and, recondly, avoidance of in te rac t ion  between 
the control  ryetem a d  the s t ruc tu ra l  bfndlnfj of tho vehicle. Accurate a t t i t u d e  
control  and thrus t  vector control  a r e  required t o  minimize veloci ty  lomses and 
correct ion maneuvers t o  reach the desired s t a t e  i n  the geostationary o r b i t .  



Tlria accuracy m o t  bo tradrd off a~pksrt the second ~oquirement. Control a y ~ -  
tom ap.rat&oa can m c i t o  tha r t ruc ture  .ad reaul t  in an unrtable interaction. 
Bather than add additional,  d i r t t ibutmi  aonsorr t o  the w h i c l e  ro mearure 
r t ruc tu ra l  Ww, the rf.pl8r and Xerr cor t ly  approach l a  t o  operate the 
control ryatom a t  a frequency ruff ic iunt ly  lea. than the  l w r t  r t ruc tu ra l  
f r.qucnrcy. 

For a a iapl i f ied  a t t i t u d e  and thrur t  vector control ryatem, a rclat ionrhip 
between control frequmcy and t o t a l  velocity e r ro r  i r  rhooen in  Figure 3.3.7-3. 
Tbia ir riraplifi .4 i n  the  amae tha t  the vehicle i r  aeauared t o  be r ig id ,  the 
aenrora a r e  perfect,  and theye ir  not the ultlmately required ~ u i d a n c c  loop 
which would reduce velocity e r ro r r  by an order of arrgnitude. The f igure mhmr 
that the  t o t a l  velocity e r ro r  a t  burnout increarer d r a m ~ t i c r l l y  for control 
frequonciea l ea r  than 0.01 Mt. However, for  frequenc1e.r greater  than t h i s ,  
velocity o r r o t  b m t  W i t i w  t o  froqurncy. Ihrrotote,  8 Priabum 
dlow.bl0 o r b i t  tr.rufer control froquoucy of 0.01 H s  l a  adoptod. 

Structural  S t i f fnear  Reauirementa 

Special care is req\rired t o  prevent unstable interact ionr between the 
AVCS and the vehicle's atructurr .  The approach taken here ir  to  provide 
ruf f ic ient  separation between the Iuweet s t ruc tura l  frequency and the control 
eyatem frequencies. This approach is dircuascd i n  the Structural  S t i f fness  
Requirements rubrection of Section 2.3.5. 

S t i f fne r r  requirenmtr a r e  prerented and compared w i t h  vehicle vibr-:tion81 
frequenctes in Table 3.3.7-3. They a r t  baaed on the same analyt ical  procedure 
de~cr ibed  in  Section 2.3.5. Adequate frequmbcy separation e x i r t r  with the 
prermt  design. 



C.G. OFFSET 

L MINIMUM 
CON1 ROL FREQUENCY 

CONTROL FREQUENCY (HZ) 

Figure 3.3.7-3. Orbit Transfer Accuracy, 
Advanced Communications Platform 



Table 3.3.7-3. Structural Stiffness Requirements 

Minimum Allow. Fundamental* 
Control SLructural Structural 
Freq. Freq. Freq . 

Orbit transfer I 
On station 0.001 0.005 0.020 

W 
I 
P *Values from Section 3.3.2 for the tri-beam structure. The alternate structural z configuration is stiffer. 



3.3.8 Tracking, Telemetry and Control Subsystem Defini t ion 

Summary 

During the  normal operat ion i n  geosynchronous o r b i t  o r  during p a r t i a l  con- 
s t r u c t i o n  i n  low-earth o r b i t ,  t he  comunicat ions and %racking subsystem of the 
Advanced Connnunication Platform uses S-band and Ku-band l i n k s  t o  provide, i n  
addi t ion  t o  tracking, recept ion of conrmends a t  a maximum r a t e  of 216 k b i t s l s .  
The subsystem a l s o  provides a transmission capab i l i t y  ( re turn  l ink)  for  telemetry, 
t e lev is ion ,  and da ta  a t  a maximum r a t e  of 50 M b i t s l s .  S-band l i n k s  may be 
establ ished with a ground s t a t i o n  and both S-band and Ku-band may be routed 
through NASA's Tracking and Data Relay S a t e l l i t e  System. A simultaneous capa- 
b i l i t y  t o  communicate with the Space Shu t t l e  Orbi ter  (d i r ec t l y  i n  LEO, i nd i r ec t l y  
while i n  geosynchronous o r b i t ) ,  GSP, o r  o ther  spacecraf t  is a l s o  provided on 
S-band. See Figure 3.3.8-1. 

S-Band and Ku-Band Links 

While i n  low-earth o r b i t  (LEO) the  l i n k  capab i l i t y  is iden t i ca l  t o  t ha t  
a e  given previously i n  Figure 2.3.6-1, and Tables 2.3.6-1 and 2.3.6-2. When 
the  platform is i n  t r a n s i t i o n  from LEO t o  CEO there  should be enough r a t e  
capabi l i ty  ava i l ab l e  on S-band alone fo r  the  command and telemetry needs. A l l  
viewing aspects  of t he  ascent  have not been checked out  a s  ye t ,  however. 

Once i n  geosynchronous o r b i t ,  there  is a multi tude of l i nks  ava i lab le  for 
the  Advanced Connnunications Platform. The task here is t o  provide the  e s s e n t i a l  
needs with allowance f o r  f a i l u r e s .  It is reasonable t o  use the  s h u t t l e  system 
l e s s  the  Ku-band radar  assembly a s  out l ined previously. In addi t ion an S-band 
parabolic r e f l e c t o r  (3.4m) with 34 dB gain is needed t o  overcome the  added 
space l o s s  due t o  the  increased range a t  GEO. With t h i s  addi t ion,  the  Advanced 
Communications Platform has the following capac i t ies  a s  out l ined i n  Table 
3.3.8-1. Note t ha t  Link 2 has been derated i n  da ta  r a t e  t o  compensate f o r  
the  increased raage. Link 1 i n  t h i s  t ab l e  is  Link 3 i n  Table 2.3.6-1. The 
RF power required is 100 watts. 



I ORIGINAL  PACE,^ , 
OF POOR QU- 

GEOSYNCHRONOUS 

CELEST l AL 
NORTH 

TRACKING b DATA RELAY 
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Figure 3.3.8-1.  Commt~nication Links for 
Advanced Communication Platform 
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Table 3.3.8-1. S-Band and Ku-Band Link Capacity for Advanced Communication Platform at GEO I 

ONE-WAY OR 
L INK TWO WAY? FREQUENCY DATA RATE NOTES 

4 

S-BAND 

PM TO STDN, SCF OR 
TDRSS 

- - - - - - - - - - - -  
FH TO GROUND 
(STDN OR SCF) 

Ku - BAN D 

TO TDRSS 

TWO 

ONE 

TWO 

RETURN 2200-2300 MHz 

FORWARD 2025-2120 MHz 

- - -  
RETURN 2250  MHz 
( 1 0  MHz BANDWIDTH) 

RETURN 14.85-15.15 GHz 

- - -  - - - - - - -  
FORWARD 13.75-13.80GHz 

192 Kb/s 

7 2  Kb/s 

- -  - 
1.6 Kb/s  

5 0  M b l s  
DIGITAL OR 
4.5 MHz 

TV 

2 Hb/s 
PAY LOAD 

192 k b / s  
T_ELE!!EI!RY -. 
216  Kb/s 

RF POWER = 1 0 0  W 

ANTENNA = PARABOLIC 
(3.4 M DIAMETER) OR 

- 4 QUAD OMNl S - - - - -  
RF POWER = 1 0  W 
ANTENNA = 2 HEMI OHNlS 

RF POWER = 50 WATTS 
ANTENNA = PARABrLIC 
(0.9 M DIAMETER) 

TIME COVERAGE 295% - 

- - - - - - - - - - 
HAS DATA & PN RANGE 

I COMMANDS 

b 



3.4 MASS PROPERTIES 

Table 3.4-1 presents the mass summary statement for the two platform 
configurations under study. 

3.4.1 Rationale for Analysis 

Basic structure masses were based on structures analysis and sizing. 
The docking port masses were based on modified Apollo/Soyuz units while the 
rotary joint mass was calculated from a layout. The systems control module 
mass are based on nominal specific unit weights. 

The solar panel mass was based on the standard Lockheed panel of 0.752m 
x 4m dimension with a mass of 3.147 kg. For the antenna platform configurations, 
additional deployment and canisters were required. The remainder of the elect- 
rical power and distribution mass was based on analysis and requirements. 

The attitude control mass, consisting of CMG's and the RCS were based on 
requirements reflzcted by the satellites mass properties and mission require- 
ments. 

The mass of the TTLC, Thermal and Information Management and Control 
are estimates based on prior studies. The mass of the Microwave and Communi- 
cation Systems were based on scaling algorithms. Propellant mass was based 
on satellite mass properties and mission requirements. 

3.4.2 Discussion 

The 16 antenna modules represent 25X of the total dry weight of the 
project. The total electrical power system required to operate the 
antennas has an estimated weight of 15,817 kg, which accounts for 
approximately 30% of the total dry weight. Within the power generation 
system, which includes the solar array and the power storage batteries, the 
power storage battery system represents more than 31% of the weight. The power 
distribution system alone accounts for approximately one-half of the total 
electrical power system weight. 

The primary structure, including the docking ports, represents approxi- 
mately 20% of the total weight. The docking ports, however, contribute the 
major portion of this weight, 7,148 kg, compared to 3,297 kg for the basic 
primary structure. 

The orbit transfer propulsion system weight is approximately 2.5 times 
the total weight of the operating communications platform being transported 
from LEO to CEO. 



Table 3.4-1 
Mass Summary - Advanced Communications Platforms 

(Mass in Kg) 

Structure & Mechanisms 

Basic Structure 

Systems Control Module 

Mechanisms 

Docking Ports 

Rotary Joint Module 

Electrical Power & Distribution 

Solar Energy Collector 

Solar Panels 

Structure & Deplay Mech. 

Battery System 

Batteries 

Chargers 

Wire Harness 6 Control 

Switch Gear (6) 

Bus Tie Connectors (2) 

Distribution 

Conduct. or 

EPD Wire Harness 

Antenna Harness 

Slip Ring/Brushes 

Equipment 

EPD Panel 

Witch Gear Box 

RF Interconnect Box 

Supports & Secondary Structure 

Configuration 

Erectable Space Fab 
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Table 3.4-1 (Cont) 
Mass Summary - Advanced Comunications Platforms 

Configuration 

Erectable Space Fab 

Attitude Control 

Control Moment Gyro 

Reaction Control System (Inert 

Thermal (Battery & Equip. Cooling & ~adiator) 

Comunicat ion 

Antennas 

Feeds 

Electronics 

Feed 6 Ant. Boom Structure 

Actuating Mechanism 

Switch Gear Box (2) 

Information Management 6 Control 

Data Management 

Instrumentation 

TOTAL - SATELLITE (Dry) 31,308 51,805 

RCS Propellant (GEO) 9,177 9,177 

TOTAL - SATELLITE (Wet) 60,485 60,983 

ORBIT TRANSFER PROPULSION 

Inert (5 Modules) 17,430 17.430 

TOTAL - GEO Burn-Out 
Propellant (max, incl. 6% Boil-Of f ) 

(L02/LH2 

VEHICLE GROSS MASS 197,198 197,696 



3.5 CONSTRUCTION REQUIREMENTS - ADVANCED COMMUNICATIONS PLATFORMS 
3.5.1 Erectable Advanced Commrunications Platform 

The following discussion presents general and specific requirements appli- 
cable to construction equipment and processes which are inherent in the design 
of the Erectable Advanced Coamnunications Platform (Drawing 42662-25). 

These construction requirements are inputs to the space construction 
analyses of Task 2.0. Aa discussed in this report introduction, the intent 
is to narrow down the total range of options by providing the important guide- 
lines and constraints affecting construction strategy, along with characteris- 
tics of the major component parts which must be handled during the construction 
process of this specific projezt. Further, the key dimensional tolerances 
potentially interacting with the con~trucricm accuracies are also included. 
Following the presentations of detail and unique requirements for the indivi- 
dual platform designs, a general discussion of common features is presented. 

Overall Strategy 

The following are specific, predetermined construction approaches which 
are inherent to the design. 

o The basic structural trusswork is composed of unions and struts. 
Selected joints are of a moment-carrying type, assembled as a probe 
and drogue. The remainder are ball-and-socket joints assembled from 
the side as described in Reference 1 (Section 3.5.4). Both are eelf- 
latching. 

o The major modular installations are accomplished using a type of 
androgynous mating, interleaving petal, docking/berthing port 
identified as baseline for the shuttle program. 

o The electrical power and signal wire runs are composed of segments 
joined at junction boxes and attached to the struts. 

o The overall configuration was developed to permit reach to the majority 
of critical installations points by use of the Shuttle Orbiter RMS, 
assuming an assembly fixture mounted to the orbiter. In this concept, 
the construction spacecraft is progressively transported across the 
top of the orbiter along the Y axis. Other orientations are not 
SF ecif ically precluded. 

Component Inventory 

As a means to help quantify the magnitude nature of the construction pro- 
cess, an inventory of the significant component parts has been developed. 
Table 3.5.1-1 lists the quantity (number of parts), the overall dimensions 
and the mass which must be handled during construction. Also noted are key 
construction features which relate to joining parts together or transporting 
par te . 



General Construction Sequence Guideliner 

The following general guidelines apply to setting up the desired con- 
struction sequence. 

o Set up construction fixture early in project (probably first activity). 

o Construct basic structure prior to attaching subsystem modules and 
fhxible item such a8 electrical power and signal lines. Note that 
paralleling electrical power and signal lines can be installed as a 
beam is fabricated and/or installed. 

o Consider thermal constraints on flexible plastic wire coverings, 
and other materials which might be brittle at low temperatures. 
Schedule for deployment during periods of solar heating when required 
(or provide thermal conditioning) . 

o Install nickel-hydrogen batteries toward end of construction project, 
provide for thermal conditioning (radiator) at time of installation 
and put them on-line as soon as possible to avoid extended periods 
of storage in charged condition. 

o Deploy large area solar arrays as late as possible to avoid desta- 
bilizing influence of drag forces. 

o Install orbit transfer modules as the last installation to minimize 
boiloff of cryogenic propellants. 

General Tolerances 

Table 3.5.1-2 defines the construction tolerances for the dimensions of 
the component parts and their interfaces which are judged to be critical to 
mission success of the spacecraft. All other interfaces will have tolerances 
specified which are consistent with good engineering practice. A description 
of the rationale and analysis effort which resulted in Table 3.5.1-2 is con- 
tained in Appendix 4.2. 

3.5.2 Space Fabricated Advanced Communications Platform 

The following discussion presents general and specific requirements appli- 
cable to construction equipment and processes which are inherent in the design 
of the Space Fabricated Advanced Communications Platform (Drawing 42662-26). 

The presentation parallels that for the space-erectable advanced cormnuni- 
cations platform construction requirements. 

Overall Strategy 

The following are specific, predetermined construction approaches inherent 
in the design. 



Table 3.5.1-1 Component Inventory 

Erectable Advanced Cotmunitations Platform 

SIZE HANDLED 
ITEM QuAN LENGTH WIDTH HEIGHT MASS 

DESCRIPTION (m) (m) OR DIA (Kg) 
(IS) 

Sdlar Array Wing 2 7 16 2 2,210 

Solar Array Hub Module 1 11.5 5 3.5 2,396 

Battery/Radiator Module 3 4 2 2 1,637 

RCS Module 

20.5 m Dia Antenna 

13.8 m Dia Antenna 

7.5 m Dia Antenna 

6 m Dia Antenna 

Systems Control Ctr Module 1 7 - 4.3 Dia 5,735 

Orbit transfer thrust module 5 11.7 - 4.4 Dia 28,949 

KEY COWSTRUCTIOR 
FEATURES 

Accordian Deployment 
Rotary & Folding Joints 

Docking/berthing port 
Rotary Joint 

Docking/berthing port 
(Radiator deployment) 

Dockingjberthing port 

Dockingjberthing port 

Deployment req'd 

Massive, high vol 

One doc:king/berthing 
port 
Massive, large 

Docking Port Attach. 
Massive, large 



Table 3.5.1-1 Camponent Inventory (Continued) 
Erectable  Advanced Commnications Platform 

SIZE HANDLED 
ITEn @JAN l ENCFH WIDTH HEIGHT nASS 

DESCRIP" tvN C I) T O R D I A  (Kg) 
(m) 

S t r u t s ,  Double Tapered, 150 12 - . G L  Dia 6.5 

Ba 1 1 -end 

S t r u t s ,  Bayonet End 60 12 - -30 Dia 22.7 

S t r u t s ,  Double Tapered, 5 1 6 - -25 Dia 3.3 

Unions, Socket J t .  Std 16 

Spec i a  1 7 

Unions, #orrent - 26 
Carrying - No Port  

Unions, m n t  18 
Carrying, Dock Port 

Docking Por t s ,  F i t t i n g s  11 

.20 Dia 8.4 

- 2 0  Dia 11.2 

.19 3 i a  9.0 

-21 Dia 4.5 

-21 Dia - 
1.2 Dia 5.7 

1.2 Dia 2 5  

1.9 Dia %lo 

KEY ~mucTIoN 
mms 

Side approach t o  b a l l /  
socket joint :  long, 
t h i n  shape. 

Axial a p p r o ~ c h  to  probe/ 
drogue j q l o n g ,  th in .  

Side approach t o  b a l l /  
socket j t .; long, t h i n  
shape. 

Small items 

Probe/drogue type jo in t s .  
C r i t .  assembly sequence 

Dense s t r u c t u r a l  element 8 



I m n  
DESCRIPT ION 

Interface  Box 
12.0 6 14.0 CHz 

Interface  Box 
4 . 0  6 6.0 GHz 

Table 3.5.1-1 Component Inventory (Continued) 
Erectable Advanced C o r u n i c a t i o n s  Platform 

SIZE HAHOLED 
WAN LENGTH WIDTH HEIGHT M S  

(a) (I) OR DIA (h3) 
(11 

KEY CONSTRUCTIOW 
mms 

1 1.0 1.0 1 .O 2700 nirssive, dense berthing 
port i n s t a l l a t i o n  

1 1 .0  1 .O 1 . O  2700 ( s e e  above) 





o The basic structural beams of triangular cross-section are fabricated 
by c beam builder machine similar to that developed by General 
Dynamics (Reference 2). The material is a non-metallic composite 
of low thermal coefficient of expansion. 

o Basic structural beams are welded together at right angles to form 
trusses. 

o The major modular installations are accomplished using a type of 
androgynous mating, interleaving petal, dockinglberthing port similar 
to that identified as baseline for the shuttle program. 

o There are several diagonal bracing struts which are based on the 
"dixie-cup," hollow, tapered tube concept developed by Rockwell 
International and Langley Research Center. These utilize a ball and 
socket joint concept at each end, which is self-latching upon assembly. 

o The electrical power and signal wire runs are composed of segments 
joined at junction boxes and attached to outsides of beams between 
the various installed modules. 

o The overall configuration was developed to permit reach to critical 
installation points by use of the Shuttle Orbiter RMS, using a con- 
struction fixture attached to the Shuttle Orbiter. In this concept 
the constructed spacecraft is progressively transported across the 
top of the orbiter along the Y axis. Other approaches are not pre- 
cluded. 

Component Inventory 

Table 3.5.2-1 lists the quantity (number of parts), the overall dimensions 
and the mass which must be handled during construction. Also noted are key 
construction features which relate to transportlhandling or joining parts 
together or transporting parts. 

General Construction Sequence Guidelines 

General guidelines for the space fabricated platform are essentially the 
same as for the erectable platform except for the considerations specified to 
the beams, as foliows: 

o It ici probably desirable to manufacture all three longitudinal beams 
first to avoid the necessity of storing transverse beams and cross 
beams and/or using two beam machines simultaneously. 

General Tolerances 

Table 3.5.2-2 defines the construction tolerances for the critical dimen- 
sions of the component parts and their interfaces which are judged to be criti- 



ITEPI 
DESCRIPTION 

Solar Array Wing 

Solar Array Hub Module 

Battery/Radiator Module 

Bridge Fitting 

W 
I 
w 
P 

RCS Module 
w 

20.5 m Dia Antenna 

13.8 m Dia Antenna 

7.5 m Dia Antenna 

6 m Dia Antenna 

Systems Control Ctr 
Module 

Orbit Transfer Thrust 
Module 

Table 3.5.2-1 - Component Inventory- 
Space Fabricated Advanced Coarmunications Platform 

SIZE HANDLED 
QUAN LENGTH WIDTH HEIGHT MASS 

(m) (m) OR DIA (Each) 
(m) (Kg) 

KEY CONSTRUCTION 
FEATURES 

7 16 2,210 Accordian deployment rotary 
6 folding joints 

11.5 5 3.5 2,396 Berthing port, rotary 
joint 

: 4 2 2 1,637 Berthing Port (Radiator 
Deployment ) 

5.3 1.5 2 16 Two attach points to ends 
of fab. beam 

1 7 - 4.3 
Dia 

5 11.7 - 4.4 
Dia 

3,345 Berthing port; dense, 
compact module 

942 Berthing port 

573 Deployment req'd 
massive, high vol. 

I 

2,389 1 3 
565 ! 

1 

5,735 Two docking/berthing 
f l  i 

ports, massive, large ? 
I 

28,949 Docking port attach; 
massive, large 



Table 3.5.2-1 - Component Inventory (Continued) 
Space Fabricated Advanced Communications Platform 

SIZE HANDLED 
LENGTH WIDTH HEIGHT 

(m) (m) OR DIA 
(m) 

MASS 
(Each) 
(Kg) 

KEY CONSTRUCTION 
FEATURES 

ITEM 
DESCRIPTION 

QUAN 

By beam builder low nat. 
freq. long & thin (weld to 
assemble 

By beam builder (weld 
to assemble) 

By beam builder (weld 
to assemble) 

Fabr. Longitudinal Beam 3 

Fabr. Transverse Beam 48 

Fabr. Cross Beam 24 

W 
I Docking port end fitting - 22 
P 
N Fab Beam 
0 

Weld to end of fab beam 

Triple docking port attach Thrust Structure 1 

Struts, Double Tapered 12 11 - .2 2 0 Ball & socket joint 
long, thin, light 

Ball 61 socket joint 
long, thin, light 

Clamp to fab. beam 

Flexible or semi-flex 
electrical connector 

Struts, Double Tapered 4 10 - -15 a- 2 0  

Junction Box(es) 24 .5 .25 .25 130 

Wire Segments, longit Approx. ~ 1 0  to 20 - c0.1 2,965 
, cross 40 z 5 t o 1 4  - <O. 1 (Total 

Mass) at ends. Clip to beam. 



ITEM DESCRIPTION 

LONGITUDINAL BEAM 

TRANSVERSE BEAM 
CROSS BEAM 

DOCK l NG PORT (Sf RUCT. ) 

THRUST STRUCTURE 

STRUTS 

JUNCTION BOXES 

WIRE SEGMENTS 

SOLAR ARRAY W l  NG 

SOLAR ARRAY HUB MOD 

BATTERY/RADIATOR MOD 

BRIDGE FITTING 

RCS MODULE 

ANTENNA MODULE 

SYST. CONTROL MOD 

ORBIT TRANSF. PROP. MOD. 

Table 3.5.2-2. Critical Construction Tolerances- 
Space-Fabricated Communications Platform 

TOLERANCE SYSTEMS AFFECTED BY 
CRITICAL DIMENSION ALLOCAT l ON CR l T l CAL D l  MENS l ONS 

LENGTH 
TWI STCO 

LENGTH 
1% I STED 
BOWED 

FACE ALIGN. WITH 
BEAM END ('0.1 CM) 

OUT OF PLANE (+4 CM) 
DOCKl NG PORT ALIGN. 

I THRUST STRUCTURE 
20.6" I +' cM 

ANTENNA, SCM, RCS 

SYS . CONT. MOD (SCM) 
ANTENNA, RCS 

, ANTENNA, RCS 
ANTENNA, RCS,THRUSl 

I 
STRUCTURE (Ts) 

ORB. TRANSF. PROP. 
ORB. TRANSF. PROP. 

DOCKl NG PORT AL I GN . 

I 
, DOCKING PORT ALIGN. 

R t S  MOD 

ANTENNA MOD 

SYS. CONT. MOD. 

ORB. TRANSF. PROP. 
MOD. 

CONSTRUCT l ON 
OPERAT l ON 

CUTOFF DURING F 
FABRICATION 

CUTOFF 
FABRICATION 
FABRICATION 

GROUND FAB 
GROUND FAB 

GROUND FAB 



cal to mission success of the spacecraft. All other interfaces will have 
tolerances specified which are consistent with good engineering practice. A 
description of the rationale and the analysis effort which resulted in Table 
3.5.2-2 appears in Appendix 4.2. 

3.5.3 Construction Process Reauirameats Related to Common Features of 
Antenna Platform Confinurations 

This section discusses significant construction process requirements and 
considerations which are implied by the selection of features common to the 
design of the two antenna platform prof ects. 

Identification of the appropriate common features and related construction 
issues are presented in Table 3.5.3-1. In general, the modules attached by 
docking port-type devices could be installed any time after the docking port 
is installed on the structure. This permits a large number of alternate possi- 
bilities. One major option is to install subsystem modules as the trusswbtk 
is assembled, so that there is less lost motion in translating the construction 
fixture back and forth. Another significant option is to first assemble al:. 
of the structure, then install the modules. Propulsion modules are considered 
best installed last, especially as they involve cryogenic propellants. 

Because of limited reach by the remote manipulator system, special methods 
may be required for the larger modules to be installed. Propulsion modules 
might be self-installed (fly-inldock module). If so, this would also provide 
reason to perform these installations after the main truss work is completed 
and mission equipment installed. Another practical consideration is that very 
large modules may require most of an orbiter payload bay to carry each one 
(due to volumetric, c.g. , or weight limits). It is probably most efficient 
to do trusswork constr~ction in as large a section as possible, thus avoiding 
re-positioning, setting up time and possibly use of several different support 
equipment devices' (e.g., cherry picker, EVA, and effectors) on one mission. 

3.5.4 References 

Advanced Technology Laboratory Program for Large Space 
Structures, Parts 1 and 2, Final Report, SD 76-SA-210, 
November 1976 (Revised May 1977) 

2. General Dynamics 

Space Construction Automated Fabrication Experiment Definition 
Study (SCAFEDq) Part 11, Mid-Term Briefing. Briefing No. CASD- 
ASP77-011, 9 November 1977 



TABLE 3.5.3-1 Construction Implications of Design 
Features, Antenna Platf  oms 

I I 3 I F u r \ m  I Construction Iqplicat ions I 
Androgenous docking port 

devices f o r  ins t a l l a t i o n  

of major s y s t e m  modules 

and components. 

Antennas designed fo r  single 

Ipoint a t tach  to basic s t tuc ture  

I (docking port) , power, s ignal ,  

etc., connections integrated 

with attachment. 

separate functions which occur 

short ly a f t e r  mechanical attach- 

ment) . 

o Risquires load-spreading in ter face  

s t ruc ture  between docking por t  r ing  

and basic structure. Additional 

stowage and assembly functions required 

f o r  each port.  

o Provides poss ib i l i ty  of s o f t  ber th ing.  

fly-in ins ta l l a t ion  by remotely con- 

t r o l l e d  vehicle o r  d i rec t  a t tach  by RMS, 

cherry picker o r  other  mechanism. 

o Provides measure of self-alignment. 

Ins ta l l a t ion  device must give way/yield 

t o  accept t h i s  feature. 

o Modules may be ins ta l l ed  during 

s t ruc ture  assembly o r  l a t e r  a s  

desired o r  appropriate. 

o Antennas handled a s  s ingle modules from 

loading in to  Orbiter through ins ta l l a t ion  

t o  spacecraft structure. 

o Considerations of ins t a l l ing  large 

modules apply. 

o Deployment follows i n s t a l l a t i o n  to  basic 

structure. 

o Concept is essent ia l  f o r  success i n  geo- 

synchronous, remotely controlled i n s t a l l a t i o n  

1 o RCS un i t s  handled a s  s ingle modules. 

s ingle point  a t tach  to basic i o Considerations of ins t a l l ing  large 

structure . module apply. 

- 



APPENDIX A 

PROJECT DEFINITION DRAWINGS 

This appendix contains the definition drawings describing the tiajor 
configuration features of the three construction projects. They are 
arranged in order of discussion in the main text, rather than by numerical 
order, as follows: 

Page 

Drawing Number 42662-27, SPS Test Article Concept Definition A-3, 4 
(3 Sheets) 

Drawing Number 42662-20, SPS Microwave Antenna Configuration A-9, 10 
Concept (2 Sheets) 

Drawing Number 42662-25, Advanced Communications Antenna A-13, 14 
Platform-Erectable, Low-Thrust Chem. Propulsion, 1-17-79 
(3 Sheets) 

Drawing Number 42662-26, Advanced Communications Antenna A-19, 20 
Platform, Space-Fab., Low-Thrust Chem. Propulsion 
(2 Sheets) 

For each project, there is a general configuration sheet and a wiring 
arrangement schematic. Supplementary drawings describe details. Drawing 
Number 42662-25, Sheet 2, describes details common to the two advanced 
communications platforms. 
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APPENDIX B 

CONSTRUCTION TOLERANCES 

B.l INTRODUCTION 

The inaccuracies (tolerances) of fabricating piece parts on the ground 
and the fabrication and ;ssembly of piece parts in space can result in incor- 
rect orientation of functioning systems. Inc~rrect orientation can, in turn, 
result in improper spacecraft operation (antenna to ground), c~xcessivc weight 
(RCS prope1lant.s) , and create spscecraf t control problems. Many critical 
dimensions exist which can potentially add to the misalignment of the systems. 
Thus, it is necessary to determine the tolerances for each of the critical 
dimensions to ensure that the worst case misalignment will permit satisfactory 
operation of the satellite. 

The static ~oleranccs associated with the construction process are not 
the only concern in creattng a propcrlv functioning satellite. Thermal 
deformations can occur during the fabrication and assembly process, and 
dynamic and thermal distortions will be experienced during operation. While 
these factors must be considered in the final design of the satellite, they 
were not considered in this investigation. Figure B-1 shows the complete 
process required for proper design of an operational satellite regarding the 
subject of construction tolerances and that portion covered herein. 

The investigation was made to provide the "first cut" allocations for 
fabrication and assembly of the parts for each of the three projects; 

1. Space-Fabricated Advanced Communications Platform 

2. Erectable Advanced Communications Platform 

3. SPS Test Article 

This effort was a first-cut as the allocated toleracces are to be used by the 
spacecraft designers as they formulate hardware designs and construction 
opcrat ions. Whi le the allocations arc cxpc:ctcd to cause no serious design 
problems or hardware complexity, a realocntion of the tolerances mey be 
required as the design progresses. 

B. 2 GROUND RULES AND ASSLPPTIONS 

1. System module assembl ics (ground fabricated) will add no  signif i- 
cant inaccuracies (e.g., thruster-to-thruster orientation; antcnnn 
dish to feed horn). ~imensions/tolcrances will be specified for 
thcasc items, but their fabrication can be control led to an accur- 
acy which will not bc an additional concern for space assemhlv. 

2. Critical dimensions are those which will affect required operating 
iirrurocics of the project systems. 
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3 .  Structural deformation resulting from thermal exposure or 
stresses built in during construction hnvc not been included 
in the determination of the static tolerance allocations. 

4 .  Only those operations/hordware which can have a direct effect 
on the alignment of the functional systems were considered 
(e.g., mating of electrical connectors was not considered). 

B.3 APPROACH 

The invcstig~tion was broken into five tasks, as described below. 

Task I-Identify functional systems where installation misalignment 
would cause undesirable operat ion. 

Task 2-Establish construction tolerance requirements for each system, 
considering the foll.owing : 

Operational alignment Design complexity 
Propellant usagc Environment 
Sparecraf t control (d ynami r and t hermn 1 ) 

Task 3-Determine contributing sources of inaccuracies (tnleronces) 
resulting from fabrication and assembly operations for each system. Allocate 
tolerances to each critical dimension consldcring reasonable fabrication 
practices for space operations and common fnbricnt ion capabi l ity fnr gr,,uncl 
operations. 

. . - 

Task 4-Discuss thermal distortion. 

8rhlllh Systems Dlrlslon Rackwell 
Space s p t  ns ~ r o u p  lnternatlonal I 

Task 5-Summary 

b 

B.4 RESULTS 

R.4.1 Functional System Identification 

4 

Five basic func'ional systems were identified which could affect the 
proper operation of the satcllit~> if their Einal orientation is not cnntrollcd 
during the construction process (including alignment). Table R-1 1 ists the 
systems and the projects to which they applv. 

I 

Figures B-2, B-3, and B-4 show the rurrr.nt c.onf i j i i~r i t  ion and axis oricn- 
tation fnr cnch of the thrrr projects. 

I 

I 1 

1 

I 

i 

1 



Srklllh Symbmr Dlrlrlon Rockwelt 
space Syatomr ~ r o u p  Intem&tlonal 

Table B-1. Project Applications for System9 of Concern 

r d 

Project 

Space-Fab. Erect. 
Comm . Conm . SPS 

System Platform Platform Test Artirlc 

ANTENNAS 

Earth target X X - 

Space target - - X 

RC S X X X 

ORBIT TRANSFER PROP. 

Low thrust chemical X X - 
SEP - - X 

SOLAR ARRAY X X X 

SYSTEM CONTROL M9DULE X X S 
A 



CONCEPT APPROACH 

ADV COMM MISSION 

COMPATIBLE WITH 
LO-THRUST CHEM 
PROPULSION 

Figure B-2. Space-Fab Communications Platform 



CONCEPT APPROACH -z ORBIT TRANSFER PROPULSION, 

ADV COMM MISSION 

COMPATI BLE WITH 
LO-1 HRUST CHEM 
PROPULSION 

SOLAR ARRAY 
8, POWER CONTROL 

I 

ORBIT >!FER PROPULSION 
ADVANCED CRY0 

ELECTRICAL POWER 4 X 5000 LB THRUST EA ERECTABLE STRUCTURE 
1312 hA2 ARRAY ATT d VEL CONTROL STRUT-UN;ON 
LOCKHEED TYPE BLANKETS CMG/RCS PENTAHEDRAL CELLS 
SILICON CELLS * IMU 12 M STRUTS 

ON-ORBIT PROPULSION STAR/EARTH/SUN SE MORS OVERALL LENGTH 240M 

STORABLE PROPELLANT QUADS GOE OPERATING WEIGHT 
1 8 10 LB THRUSTERS 133,400 LB 

Figure R-3. Erectnblc Communications Platform 



CONCEPT APPROACH 

SPS LEO TEST 
COMPATIBLE WITH SEP 

CRBlT TRANSFER - 
OVERALL DIMENSIONS STRUCTURE 

t 
+Z 

RCS (4 PLACES) 

\ 
LENGTH: 215 M "LADDER" SOLAR ARRAY 

WIDTH: 23 M SPACE FAB 
L 

I dd 
GD BEAM MACHINE A d-: 

LOCKHEED TYPE BLANKETS IMU 

SYSTEMS CONTROL SILICON CELLS 

MODULE PROPULSION 

s TAR/EARTH/SUN SENSOR 
RECTENNA RANGING 

STORABLE PROPELLANT QUADS M-WAVE ANTENNA 
25 LB THRUSTERS 24 PANELS 
PROVISIONS FOR SEP 3 PANEL TYPES 

TOTAL SYSTEM WEIGHT 5 m  -0  
83,300 LB ( P C )  :z 

g!!& 
F i ~ u r c  R - G .  SPS Test Article 2 
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TRANSLATION I N  X - Y  PLANE 

- CONCERN I S  OVERLAP WITH 
ADJACENT ANTENNA PATTERN 

TRANSLATION ERRORS OF 
' 0 . 1  H ARE ACCEPTABLE 

WCKINC PORT 
ROTATION ABOUT X & Y AXES 

CONCERN I S  ANTENNA WILL BE 
POINTED OUTSIDE OF ITS  FINAL 
ADJUSTMENT CAPABILITY 

- 2  3" OF INSTALLATION ERROR I S  
ACCEPTABLE (POST CONSTRUCTION 
P DJUSTHENT CAPAB I L I TY) 



DOCKING PORT ROTATION ABOUT Y-AXIS 

NO CONCERN AS 3600 ROTARY JOIFIT PROVIDES I N F I N I T E  
ADJUSTMENT 

DOCKING PORT ANGULAR MISALIGFIMENT ABOUT Y-AXIS 

ANTENNA/TARGET ALIGNMENT WILL CAUSE SOLAR ARRAY TO BE 
AT NON-OPTIMUM ANGLE TO SUN 

LOW CRIT ICAL ITY  OF SOLAR ARRAY ANGLE TO SUN PERMITS 
A RATHER LARGE ANGULAR MISALIGNMENT OF THE DOCKING 
PORT,,aa ' 5 0 W I L L B E U S E D  

Figure 8-6. Space Target Antenna Pointing (SPS Test Article) 



DOCKING PORT ANGULARITY ABOUT X, Y, 8 Z AXES 

S I D E  VIEW, -X A X l S  END VIEW, -Y A X l S  TOP VIEW, -2  A X l S  
* 

CONCERN I S  EXCESSIVE USE OF PROPELLANT BECAUSE MISALIGNMENT OF I N D l V l O U A L  THRUSTERS WITH 
DESIRED AXES W I L L  CREATE UNDESIRABLE MOMENTS DURING TRANSLATION AND IMPROPER COUPLES 
D U R I ~ ~ G  ATTITUDE CONTROL OPERATIONS. 

ANGULAR MISALIGNMENT IN ANY AXIS OF 30 (APPROX. 5% PROPELLANT LOSS) OR LESS WILL NOT 
RESULT I N  ADDIT IONAL PROPELLANT USAGE BEYOND MARGINS PROVIDED FOR UNKNOWNS. 

TRANSLATION MISALIGNMENT I S  NOT CRITICAL-USE - + 0.1 M 

Figure R - 7 .  RCS (All projects) 



TRANSLATION OF MODULE DOCKING PORT 
It4 X-Z PLANE 

,/' \ row THZ9 
Pb?OPU.S/ 
4 ENG/k 
PRO P€f f 

CONCERN I S  L I N E  OF THRUST OF MODULE 
W l L L  NOT BE THROUGH C.G. OF 
PLATFORM 

+O. 1 M (^.0.03") TRANSLATION ERROR 
I S  WELL W I T H I N  $7" GIMBAL C A P A B I L I T Y  
OF EACH ENGINE OF MODULE 

DOCKING PORT ANGULAR MISALIGNMENT 
I N  X, Y ,  OR Z AXES 

CONCERN I S  L I N E  OF THRUST OF 
MODULE W l L L  NOT BE THROUGH 
C.G. OF PLATFORM 

52O I S  CHOSEN AND I S  WELL W I T H I N  
'7" GIMBAL C A P A B I L I T Y  OF EACH 
ENG l NE 

F i g ~ ~ r ~  B-8. O r b i t  T r a n s f e r  P ropu l s ion-Low T h r u s t  Chem (Both  Comm P l a t f o r m s )  



TRANSLATION OF DOCKING PORT I N  X-Z PLANE ON SYSTEM SUPPORT HOUSIW 

*ERROR WILL CREATE A COUPLE WHEN SEP I S  THRUSTING ALONG Y-AXIS 
*COUPLE WILL BE INSIGNIFICANT WITH TOLERANCE OF a.1 M 

ROTATION OF DOCKING PORT ABOUT Y-AXIS 
@NO CONCERN AS BOTH SEP UNITS HAVE 3600 ROTATION I N  THIS AXIS 

P 
ASSUME go, lo AS REASONABLE F I  ML INSTALLATION MISALIGMENT 

+ 
W 

ANGULAR PI I SALI GNMENT OF DOCK I NG PORT ABOUT Y-AXIS 
NO CONCERN AS SYMMETRICAL SHAPE AND 360° ROTATIONAL CAPABILITY ABOUT 
Z-AX1 S ELIMINATES ANY UNDESIRABLE EFFECTS OF ASSEMBLY ERRORS 
ASSUME *30 AS REASONABLE FINAL INSTALLATION MISALIGPlMENT 

Figure B-9. Orbit Transfer Propulsion-SEP (SPS Test Article) 



rn 
I 

t-' 
as 

NISALIGHFIENT OF DOCKING PORT I N  ANY DIRECTION 

.NO CONCERN AS THE DEGREES OF FREEDOM FOR STANDARD OPERATIONS NEGATE 
ANY INSTALLAT ION TOLERANCES. I N  ADDITION, ANGULAR MISALIGNMENT OF 
SOLAR ARRAYS OF APPROX. 10 DEG DOES NOT SIGNIFICANTLY AFFECT 
PERFORMANCE 

ASSUME *O. 1 M TRANSLATION ERROR AND *3 DEE ROTATIONAL ERROR AS 
REASONABLE DOCK1 NG PORT INSTALLATION TOLERANCE REQU I RDlENTS 

Figure B-10. Solar Arrays (Comunication Platforms) 



ONE DOCKING PORT DISPLACEMENT 
I N  Z-AXIS 

6sC SYSTEM WlLL NOT BE ORIENTED 
I N  CORRECT A X I S  

ASSUME + l o  AS MAXIMUM MISALIGNMENT 

GSC SYSTEM WlLL NOT BE 
ORIENTED I N  CORRECT AXES 

ASSUME * I 0  AS H A X l H W  
HISALIGNRENT 

Figure B-11. System Control Module (Communication Platforms) 



Table B-2. Construction Tolerance Requirements 8ummarv 

Translation Angularity 

- ~p 

Table B-3. Space-Fab Communications Platform-System Control Module 

System 

ANTENNA 

Earth target 
Space target 

RCS 

ORBIT TRANSFER PROP. 

Low-thrust chem. 
SEP 

S O W  ARRAY 

SYSTEM CONTROL MODULE 

(m) 

*O. 1 - 
*0*1 

kOb 1 
*O*l 

fO.l 
- 

Source 

Installation of dockinn port to structure 

Transverse beams too long at one end of module 
(fl cm) (rotation about X-axis) 

One transverse beam too long at one end of module 

("1 

+ 3 
25 

k 3 

f2 * 3 
f 3 

+ 1 - 

Allocation 

0. lo 

(f 1 cm) (rotation about Y-axis) ' i 
I 0.3' * 

Twisted longitudinal beam (1.2*/200 m) i 0.6' * 
Installation of docking port on module (ground fab) 

Angularity about Y-axis 

Both ports not parallel with module centerline in 
X-Y and Y-Z planes (20.1 cm) 

Worst case total* 

RSS* 

Requirement 

O.1° * 
O.1° 

1 .oO 
0.7' 

l.OO max. 



Tab le  8-4 .  Space-Fab Commications PlatfowcrAntenne Pointing-Bartb Target 

SOURCE 

l NSTALLATI ON OF WCKI NG PORT ON STRUCTURE (20.1 CM) 

CROSSBEAH BOWED I N  X-Z PLANE (2.5 CH FROM CENTER) 

CROSSBEAH TWl STED ALONG ITS LONG I TUD I NAL AX l S (1 . 2°/200H) 
I 

ONE LONGITUDINAL BEAM TWISTED (1.2°/200 H, ASSWE 1/2 TWl STED) 

l NSTALLATION OF WCKl NG PORT ON ANTENNA NODULE (GROUND FAB) 

SYSTEH CONTROL MODULE OR I ENTED I NCORRECTLY ( I ) 

WORST CASE TOTAL* 

RSS 1.2O 

REQU I REHENT 3.0" EIAX. 
i 
I 

(I) A d d i t i v e  for d e t e r m i n a t i o n  of p o s t - c o n s t r u c t i o n  ad jus tment  c a p a b i l i t y .  



Table B-5. Space-Fab C m i c a t i o n s  Platform-RCS 

I NSTALLAT ION OF DOCK1 NG PORT ON STRUCTURE (20.1 CM) 

CROSS-BEAM BOWED I N  X-Y OR X-Z PLANES (2.5 CM) 
* / .. * 

+ 
EARTH EARTH 

CROSS-BEAM TWl STED ALONG ITS LONG l TUDl NAL AX l S (I .2O/200 H) I 

CORRECT T E D  & + EARTH 

ONE LONGITUDINAL B W  TWl STED (I. 2O/200 H-ASSUHE 1/2 TWl STED . 
INSTALLATION OF DOCK1 NG PORT ON RCS MODULE (GROUND FAB) 

SYSTEM CONTROL MODULE ORIENTED INCORRECTLY 

WORST CASE TOTAL 

RSS 

REQU l REHENT 



ALLOCAT I OW 

THRUST STRUCTURE NOT PERFECT PLANE (4 - CM ACROSS CORNERS) 

INSTALLATION OF THRUST STRUCTURE FIXED DOCKING PORT TO PLATFORM STRUCTURE 

LOCIGITUDINAL BEAM INCORRECT LENGTH (+I - CM) 

ATTACHHE NT RESULTS I N  PORT FACE I N  HION6 PLANE (-.I - CM) 

1NSTAllATlON OF DOCKING PORTS TO THRUST STRUCTURE (GROUND FAB) 

THRUST STRUCTURE PORT OUT OF PLANE (+Oat - CM) 

HOWLE PORT OUT OF PLANE (a, - 1 CM) 

SYSTEM CONTROL MODULE ORIENTED INCORRECTLY 

WORST CASE TOTAL 

REQU l REllEWT 

NOTE: TWO OF THREE THRUST STRUCTURE DOCKING PORTS MUST BE FLOATINS I N  X-Z PLANE 
TO PEWIT  CONNECTION TO PORTS ON PLATFORM. 

---- -- - -- - - 7 --*- __--_ --.-,.---.----- ---v 

Table 8-6. Space-Fab -nicatioas Platform- 
Low-Thrust Chem, Orbit Transfer Propulsion 

I 

I 

i I 
I s 

I 

* -%-..A, ,'. ,,"., .* . ..," --,*..-..*-..-, ... ..L . . -.*. - .-* -.-.. %.&..-- -*--.+.. . . . ..HI-..^. . . , - i ...--rll*.l*Y 



l T r n  DESCRIPTION 

LONGITUDINAL B E M  

TRANS VERSE BEAN 
CROSS B E M  I 

I DOCK1 NG PORT (STRUCT.) I I THRUST STRUCTURE I 
I STRUTS 

RCS HODULE 
I 

ANTENNA MODULE 

SYST. CONTROL HOD 

ORBIT TRANSF. PROP. WD. 

Table B-7 "vitical Construction Tolerance S-ry, 
Space-Fabricated C o a .  Platform 

TOLERANCE SYSTEMS AFFECTED BY COWSTRUCTION 
CRITICAL OlMNSIOW 1 ALLOCATION I CRITICAL DIHENSIONS I OPERATIOW I 
LENGTH 
TVI STED 

LE HCTH 
TWI S TED 
BOWED 

FACE ALIGN. WITH 
erAn END (20.1 cn) 
OUT OF PLANE (24 cn) 
DOCKING PORT ALIGN. 

WCKl  NG PORT ALIGN. 

I -  
WCKlWG PORT ALIGN. 

THRUST STRUCTURE 
ANTENNA, scn, RCS 

SYS. c m .  HOD (scn) 
ANTENWA, RCS 
ANTENNA, RCS 

ANTENNA, RCS,THRUS'I 
STRUCTURE (TS) 

ORB. TRANSF. PROP. 
ORB. TRANSF. PROP. 

RCS HOD 

ANTENNA HOD 

SYS. CONT. HOD. 

ORB. TRANSF. PROP. 
HOD . 

CUTOFF DURING FAB 
FABRICATION 

CUTOFF 
FABR l CAT l W 
FABR I CAT I OW 

GROUND FAB 
GROUWD FAB 

GROUND FAB 

I 
GROUND FAB 





Table 6-9. Erectable Carrmicatioo8 Platform- 

Ant- Pointiag - Earth Target 





T a b l e  B-11. C r i t i c a l  C o n s t r u c t i o n  T o l e r a n c e  Summary, 
E r e c t a b l e  Commun ica t ions  P l a t f o r m  

I 

SYSTEMS 
TOLERANCE AFFECTED BY CRIT- CONSTRUCTION 

l TEN DESCRI PT l ON CRITICAL DIMENSION ALLOCATION ICAL DIMENSIONS OPERAT l ON 
L I 

RCS MODULE DOCKING PORT ALIGN fO.1° RCS GROUND FAB 

ANTENNA DOCKING PORT ALIGN +0.1" ANTENNA MOD . GROUND FAB - 
SYST. CONTROL MOD DOCKING PORT ALIGN - +O .IU SYS. CONTR. MOD GROUND FAB 

ORBIT TRANSFER DOCKING PORT ALIGN +o. 1" ORB l T TRANSFER GROUND FAB - 
PROPULSION MOD PROPULSION MOD 

STRUTS LENGTH +0.1 CM ANTENNA, RCS, SYS. GROUND FAB 
CONT. MOD, ORBIT 
TRANS. PROP. 

DOCKI NG PORT (STRUCT . ) FACE ALIGN +o.1° ALL ASSEMBLY - 
( fo .1  c n )  

2 , 



SOURCE ALLOCATION 
I 

*LONGITUDINAL BEAMS INCORRECT LENGTH (20.1 CM) * o.1° 

(MISALIGNMENT IN l1x-yW PLANE 

'TOTAL STRUCTURE TWISTED (f 4M) * 1 . 0 ~  

(MISALIGNMENT IN "x-zW PLANE 

'TOTAL STRUCTURE BOWED (+ - 4M) 1 . 0 ~  

(MISALIGNMENT IN 1 1 ~ - ~ 1 '  AND "Y-Z" PLANES) 

-INSTALLATION OF DOCKING PORT TO STRUCTUFE ( + o . i  - CM) (GND FAB) * o.1° 

(PORT FACES I N  DIFFERENT PLANES) 

WORST CASE TOTAL* 1 . 2 O  

RSS 1 .oO 

REQUIREMENT l.oO MAX 



T a b l e  B-13. S P S  T e s t  A r t i c l e -  

A n t e n n a  P o i n t i n g  - Space T a r g e t  

SOIIRCE 

*INSTALLATION OF DOCKING PORTS (GND FAB) 

-TO SYSTEM SUPPORT HOUSING (ROTARY JOINT) (9 .1 CM) 

.TO ROTARY JOINT (SYSTEM SUPPORT HOUSING) (9.1 CM) 

*TO ROTARY JOINT (ANTENNA) (20.1 CM) 

*TO ANTENNA MODULE (0.1 CM) 

-SYSTEM SUPPORT HOUSING ORIENTED INCORRECTLY 

WORST CASE TOTAL 

RSS 

REQUIREMENT 

I NOTE: LONGITUDINAL BEAM LENGTH NOT CRITICAL - REGARDLESS OF BEAM LENGTH 

SOLAR ARRAY WILL BE NORMAL TO SUN WITH ANTENNA POINTED AT SPACE 

TARGET 

ALLOCATION 

0. lo 

0. lo 

O.1° 

0. lo 

1.2O 

1 .6O 

1 . 2 ~  

5 O  MAX 

. 



Table B-14. SPS Test Article- 

RC S 

SOURCE ALLOCATION 

I 

*INSTALLATION OF DOCKING PORT ON STRUCTURE (5.1 CM) * O.1° 

-CROSS BEAM BOWED IN "X-Y" OR "X-2" PLANE (22.5 CM) * 0.1~ 

-CROSS BEAM TWISTED ALONG ITS LONGITUDINAL AXIS ( 1.2°/200~) 0.2~ 

*STRUCTURE TWISTED ALONG LONGIWDINAL AXIS * 1.0~ 

-INSTALLATION OF DOCKING PORT ON MODULE (GND FAB) (+0.1 CM) - * O.1° 

-SYSTEM CONTROL MODULE ORIENTED INCORRECTLY * 1.2~ 

WORST CASE TOTAL* 2 .so 

RSS 1.6O 

REQUIREMENT 3.0° MAX 

* a 



SOURCE ALLOCATION 

-INSTALLATION OF DOCKING PORTS (GND FAB) 

*SYSTEM SUPPORT HOUSING (ROTARY J O I N T )  (9.1 CM) 0 . 1 ~  

-ROTARY JOINT (SYSTEM SUPPORT HOUSING) ( s . 1  CM) O. LO 

'SYSTEM SUPPORT MODULE ORIENTED INCORRECTLY 1 . 2 ~  

WORST CASE TOTAL 1 . 4 O  

R S S  1 . 2 ~  

REQUIREMENT 3.0° MAX 



Table B-16. SPS Test Article-Critical Construction Tolerance Summary 
# 

ITEM CESCKIPTION 

MICROWAVE ANTENNA 

ROTARY JO INT  

SYSTEM SUPPORT HOUSING 

DOCKING PORT (STRUCT. ) 

LONGITUDINAL BEAM 

CROSS BEAM 

RCS MODULE 

C R I T I C A L  DIMENSION 

DOCKING PORT AL  l GN 

DOCK1 NG PORT AL  l GN 

DOCKING PORT AL IGN 

FACE ALI GN WITH BEAM 
END ( k0 .1  cM) 

LENGTH (+0 .1  CM) 

TWISTED 

DOCKING PORT AL IGN 

TOLERANCE 
ALLOCATION 

+0.1" -- 

- +O.1° 

-- +o. lo 

- +o. lo 

-. +O.1° 

- +o.: 

+O.1° - 

SYSTEMS AFFECTED CONSTRUCTION 
BY C R I T I C A L  DIM. OPERAT l ON 

I 

ANTENNA GROUND FAB 

ANTENNA & SEP GROUND FAB 

ANTENNA & SEP GROUND FAB 

RCS, SYS. SUPPORT ASSEMBLY 
HOUS l NG 

SYS. SUPP. HOUSING FABRICATION 

RC S FAB/ASSEMBLY 

RCS GROUND FAB 



Table B-17. Investigation Summary 

r 

Antenna 

Earth Target 

Space Target 

RCS 

Orbit Transfer Prop 

Low Thrust Chem 

S ~ P  

Solar Array 

System Control Module 

Space Fab 
Conan 

Reqmt 

- +3O 
-- 

- +3O 

- +2O 
-- 

- +3O 

- +lo 

Platform 
Max 

Error 

+1.9 0 - 

+2. lo - 

- +l.gO 
-- 

- +l.oO 

Erectable 
Cotam 

Reqmt 

+3O - 
-- 

- +3O 

+2. 0 - 
-- 

+ 3O - 
+lo - 

SPS Test 

Reqmt 

-- 
+5O - 

- +3O 

-- 
+3O - 

-- 

- +lo 

Platform 
Max 
Error 

+1.5O - 
-- 

- +1.4O 

+1.4O - 
-- 

- +o. 2O 

Article 
Max 

Error 

-- 
- +1.6O 
- +2.5O 

-- 
- +1.4O 

- +1.2O 
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