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This report describes the analyses and trades performed by BASD during o
Phase I of the Multiple Satellite System Program. These analyses and - .

o e —-- -, trades wers-performed.to..develop the Preliminary Satellite Design Re- ..
o . port for the multiple satellite system (MSS). The design trades were
; - for a low cost satellite for a high bandwidth global communication I

' “gystem integrating burst radio, digital processor and electronically
- steerable antenna designs. Tuis objective was to be met by analysis
_ and trade-offs with the other MSS team members, providing a means of
" iterating the satellite; radio and antenna designs to reach a cost '
effective solutionm.. Communication was maintained through telephone -
conversations, meetings between contractors and working grouﬂs meecings
- between ail contractors. ‘

The approach described by the anaiyses and trades in this ddcument was

— to identify the satellite interfaces and relate the impact of chese

3 interfaces in parametric form, if possible,- such that cost/performance

° e T trades could be made. - The main interfaces were Flight operations,
: § payload, and the Ground user oz final communication statioen.

Flight operations were concerned with system parameters such as the
e satellite orbits, sltitude, environment, launch and deployment strateg-
o - @&~  les versus the satellits lifetime and cthe satellite launch cost. Also
- to be .considered were.  the impacts of ‘thae'satellite communication range,
. earth multipath, and satellite altitude differentials versus the number

& of satellites required for the system communication misslon

The payload interface concerned ‘the sarellite pover, n::i:uda conétol.

PN - structure, and telemetry and command necéssary for the radio and

" antenna. Power subsystem analyses presentad Cthe cost estimates for

satellite power including solar array cosc, bactary cost and launch

- cost, analysis of solar array configuration for optimum energy output,

and analysis of the requicred battery size, the satallite charge

: "eontroller, and the impact of peak power averaging of the transmit .

’ 7" "powsr. The attituds control  inturface was concerriéd with thecost of—

i various levels of attituds control versus antenna cost and complexity

in order to obtain the system pointing of the antenna for

communication. Structurs and telemetry and command discussions mainly

addressed requirsments and possible approaches to obtain those require-

ments. Also, addressed as a payload interface were the concerns of the

operation of high RF power components in spaco (vacuum) and the impli.-
cations on the systea testing. ‘ R ‘

The Ground user interface discusscd ‘the impact of the ground user
operating with low earth orbit satsllites and. suggested possible
configurations of Ground user RF power and Antennas and even possible
changes to the spacecraft vhich could lowver the total system cost.
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included .
approach ' for each

B
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recommeanded satellite.
specification.‘
Preliminary design plans were -also. presented.by the-other team members.

The final resolution of the systan trades are being executed by the MSS
systez engineer in the MSS A specification. .
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1. Intrnduction

The following report presents Ball Aerospace Systems Division’s (BASD)
effort ou the Fhase I study of the Multiple Satellite System Program

- (MSS2). The £inal product of “this study -is the Preliminary Design

Report of a satsllite bus upon which the MSSP burst radio and antenna
are intsgrated. This final report will describe the various analyses
and trades performed by BASD to dsrive the Preliminary Design report.
Tals document will dascribe che selected approach, as well as

approaches, ideas, and concerns vhich were analyzed and discarded.

Section 2 provides a description of the MSS program and the objective
of the total program and Phase I study. Saction 3 presents an overview

of the BASD approach during the Phase 1 ‘study. Sections 4 and §
describe the trades and analyses made by BASD as the satellite
integrator during .the Fhase I study.- The conclusions and

recommendations of the BASD HMSSP Phase I study will be discussed in.

Section 6.
2. Hulﬁipio Satellits Systeam Program Dcsczipcioﬁ

This section presents an overview .of the Multiple Satellite System
(MSS) to justify che trades and analyses mads and criteria used for the
seiection of the preferred approach.: “This overviaw {s not a compleZe
description of the objectives and roquircnoncs of the MSS, but should
be sufficisnt to provids an understanding for this report.

As stated in the Multiple Satsllite System Program Management Plan,
*The Multiple Satsllite System (MSS) Is a concept for a prolifsrated
lov-altitude systea intsnded to provide a global packet communication
network for data and voics. Its primary objective is to provida a
highly survivable necwork that can continue to support a ainimum level

_of communication services in the presence of intentional jamming, loss

of a significant. fraction of the
terrestrial control funccions. A second objective i3 to provide
efficient, wideband communications under benign conditions."

Prsvious davelopmental work has concentrated on space segnent
configuration, prelininary antemna design studies, and 1link
comzunications srchitectures. Applying this work to the design of the
ratellites systsa is the next logical step. The basic system would
consist of appruoximately 240 satellites orbiting at a low earth orbit
altitude of 350 to 400 nmi servicing a global user community of 200 to
1000 ugers. The satellites would consist of the satellite structure
and subsystems, a burst radio, an antenna for crosslink and up/down
communication, and a network processor tc¢ perform the systes routing
and control. A

satsllitec,  and/cr - loss—of the-




Tho.knyrissﬁn.in a program such as. MSS {s the cost of the satellite. - . "ﬁ;%
Because of the quantity  of satellites, the individual satellite cost R
oust be reduced. - The cost of earlier types of communication satellites . -

can be reduced for two -reasons: . 1. imall distances between satellites. BT
- reduces satallits. po:fornanc. ttquizod and . 2. large production build . o
— t.chn;qu.s ean be used.” ' . . N ke

The MSS p:ogran ta a :h:ol-phanod appronch d-lctibod as follov:
Phase ‘I: Eac'thl}shngﬂsy.scnn dafini:iog and ptcllginnty; dasign -

Fhase II:'Ha:dﬁ;io developaent and tasts S ) ¢
- Phase III: fgli i¢§¥9t§i§olopuont of the MSS

Designing i cost-effective :ylcai by examining the design arvas and
. -~ ctradeoffs between hardsare and softwars, or antenna and «ttitude

= contzol, or antenna gain and radio RF pover was the goal of Phase I. = ¢
R This was complated wita the interaction and technological expertise of o
- several different contractors. The MSSP Phase I team members are -
- listad in Tadle 2-1. The organizational structurs of the Phase I
perticipants {s shown in Figure 2-1., MA-COM Linkabit Incorporated was
the system enginesring contractow. _  Defense Sr’steas Incorporatsd was R
undar contract to exaaine the npplicacion of lov-coac satallite design ¢
- tachnologles to MSSP. . The contractors wers to help tcsolv- :ho {ssues
? arising’ in system definicion.
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3.  BASD MSSP Study Overview
During tho MSSP Phase I study, BASD. was 4 tesa member (contraccor)
involved with satellite integration. The - objective was to develop a
preliminary design of a low cost "satellite for a high bandwidth global
communication system upon which a burst radio, digital processor and
electronically stserable antenna would be integrated. Pruduction,
testing, and satellits deployment: techniques were also to be
incorporated into the dasign. This objective was to be met by analysis
and trade-offs with the other MSSP tiam.members, providing a means of
iterating the satallite, radio and antenna “designs ¢to reach a cost-
effective solution. _  Communication was maintained through telephone
conversations, meetings between contractors, and working group wmecetings
between all contractors. - '

BASD’s approach to the study was to- dddre;s the issues and concerns
identified at ths working group meetings, or by BASD, in short memo

fofa or system engineering reports (SERs) and distributa these to the

other team membars. it. was hoped that this approach would maximize
tean communication and identify errcrs in any analysis, rasulting in a
thorough discus.ion resolving the issues. The SERs, rewritten as
synopses, provide the basis of this reporc. C

Table 3-1 }isés the ctitles of :hc“iigﬁn,,SERs. The SERs, listed in
nuzerical drder, are also in .chronoiogical order. Létters indicating
the area of the MSS? design to which the- SER directly applies are
located basida the StRs. Table 3-2 1lists the area of design concern
for each letter. As can be seen in Tuble 3-1, the application of the
SERs varied throughout the Phase 1 study. Sevaral SERs have almost the
same ticles, such as "MSSP Preliminsry Power Analysis®" and "Power
System Second Cut”. This is a reflection of itarations of the analysis
as nev information was added by the tsam members and working group
meetings, This report discusses all osnalyses results and SERs to

describe what system trades vere madas.

The sections of this veport address either: a satellite subsystem, the
satellite programmacic concerns, an  Iimportant interface such as the
antenna or tha radio, or basic system concerns such as the satellite
orbits. The topics are confined and ¢to BASD’s concerns as the
satellits {ntegrator, although to the radio and antenna intsrface many
other fine analyses wers performed by the other MSSP team members.
However, this report will address only the narrow aspects of the design
relevant to a satsllits integrator and BASD’s work on this sctudy.

R Pt
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4.0 - SATELLITE INTEGRATOR SYSTEM TRADES

The satellite integrator system trades involve those areas of design
which are not necessarily sacellite hardware or payload but are systeam
trades which affect the hardware. The primary areas. analyzed during .
the MSSP Phase I study were the required satellite orbits, the impact
of the ground user, the. communication ranges vs. the number of satel-
lites required, and the programmatic concerms which.can. drive the cost
of the satellite system. -

Many of the topics analyzed affect several areas of concern. for ex-
ample: the satellite’s orbit selection will actually affect the ground
user, the communication range, and the programmatic concern of the
orbit environment (atomic oxygen and radiation). This makes a discus-
sion of a certain topic under a specitfic area of concern somewhat arbi-
trarcy. : .

4.1  SATELLITE OR3ITS

The orbits selected for the MSS program will. directly affect the de-
sign, launch, and life cycle cost of the MSSP satellites. The altitude
selected will affect the projected 1lifetime and the radiation and en-
vironmental levels experienced by the satellite and payload.

- The number of satelllite orbit planes and inclination amgles, driven by

the desire to obtain complete global communication, will increase the
cost of launching the satellites. That cost can be much greater than
the cost of the individual satellites. Therefore, a prime concern will

be to maximize communication performance while minimizing system cost.

4.1.1. ORBIT ALTITUDE
The satellite altituds for this study was stated to be between 350 and
400 nm{ or between 630 and 740 km. This alcituds range is not a fixed
specification but a starting point for the system analysis and is
acceptable for-the communication mission. - The prime-concerhs-of -the— ——oi——
initial satellits altitude analysis were:

a) Satelilits lifetime: 5 years

b) Sa:sllite altitude differentials less thzn 50 km

c) Satsllite launch cost
Fundamental to this analysis was the necessity of establishing an

approach for estimating the exoatmospheric temperatura. It {s crucial
for spacecraft drag and orbital decay estimation.

<9.
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Iuplici: in :ha zequi:enenCs to minimize. satellite launch. cost. is the
requirement to minimize satellite altitude. The cost diffarential to.
- launch a single satellite .to..a .higher. altitude is not.prohibitive.
o However, .the cost to.increase. :ho orbits of 240 satellites will drive
= the total system cost. meew o chmen smoooysimw
- The satellita’s five yo:r~lizocinourcquiramen: demands. that the initial
altituda.be.sufficient to.cozpensate for orbit decay. .The requirement
for satellite altitude differentials of less than 50.knm.was. derived.
from the.antanna ccverage requirement of -the MSSP antenna. When. the.
. altitude. separation betwean satellites becomes t~o wide, the minimum e
' range for communication becomes very large. . When satellites are ®
launched,. altitude: differentials will K exist dus to errors, design
offsats for dispersion, or replacement of failed satellites. The ini-
tial alticude must be such that after five years, the spread of satel-
lites due.to differentials of orbit decay does not exceed 50 km. and
- eliminata valuable resources. During cthis analysis calculationg will = ot
: ‘be made.for a seven year satcllite orbit lifetime. The lifetime re-- o
quirement of the physical spacscraft is five years. : - o

4.1.1.1 EXOATMOSPHERIC TEMPERATURE AND ORBIT DECAY

The purpcse of this analysis was..to determine the initial average

circular orbit altitude and relative Altitude spacing between a pair .of ",."

. satellitas placed into circular Earth orbit beginning in 1991. Var-
;2 . lable solar activity during a seven year mission and its affect on
‘orbit dacay rates were also conside:ed

L= The dynamics of o:bical decay are necessarily rr.ated to the dymamics:
of atmospheric density, which- can be .represented in - the daily ®
observation of thea 10.7 em solar flux (F10.7) and geomagnetic indices
(Ap). The prediction of daily variaticns  in F10.7 can not be accomp-
lished with any acceptable level of confidence, but a running 13 month

Cyp

average of these valuss has shown —some historical—significence.-—Long-

rangs prediction of other solar disk activicy for the purposes of orbit
lifetime studies raly heavily on statistical prediction tachniques )
based on these historical trends. Long range information is available
fron Marshall Space Flight Center’s (MSFC) Atmospheric Sciences Divi-
sion providing a smoothed 13 month presdiction of the F10.7 solar accti-
vity, and Ap. geomagnetic indices..  This information is periodically
updated, . and the information contained in the MSFC report of April 14,
1985 was.used as the most recent data for: thLa analysis. S ) ®

Figuto 4-1 shows :ho calcula:cd~ tvoxago oxontnosphurie temperature
generated from the above information.. This curve represents the diur-
nal. (day/night) average. of temperature fluctuations. as. well as the.
influence of the geomagnetic index. The methcd of exoatmospheric temp- -
erature calculation follows Jacchia(l) 1977) and {llustrates a ®
tegperaturs usximua (cycle 22) taking rlace In M:y of 1992, and

-10-
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"decroasing steadily through 1998. The empirically computed percentiles

of 2.3, 50, and 97.7 percent exoatmospheric temperature are extrapol-
ated based on the past 29 r~olar cycles. In addition, the estimates of-
exoatmospheric- :oupo:a:u:o are basad on ‘an-assumed mean sun cycle per-’
iod of 11 years.: The plus/minus  two: standard-deviation of 'sun cycle
period range from-9 to 13 years producing a strocching or compression
of the temperature profile of Figure 4-1. - Anls S B

To perform-a strict prediction of - the orbital decay rats requires the
inclusion of i time-dependent  relationship between the-solar activity,
excatumospheric temperature, and atmospheric density. However within-
the scope of this- study, three "constant® exdatmospheric temperatures
(1400, 1100, and 900 deg K)"  were assumed throughout the mission life.
Values wers-predicted from Figure 4-1 and maximum temperatures cbtained
during the May 1992 maximum for each of the three confidence inctervals.
MSFC recommends the use of the 97.7 percent confidence interval temper-
acure (1400 deg K) for the -calculation of orbit lifetime assuming that
the actual lifstime of an orbiting satellite will meet or exceed the
calculated lifetime in 97.7 percent of all cases. On the other hand,
by nocting the - approximate linear decay of. the three exoatmospheric
temperatures shown in Figure 4-1, it may be assumed that the 50 percent
temperature of 1100 deg K represents the approximate average of the
worst case exoatmospheric temperaturs of 1400 deg K over the period of
investigation, and can be considered as represencative of the most
likely madian temperature over a mission .1life of seven years. The
higher/lowef” temperatures are shown throughout the analysis to indicate

~the sensitivities and impact of solar flux on-the analysis

Figure 4-2 {llustrates the orbital decay rates following the method.of
King-Helo(z) for the three statistical exoatasbspheric temperatures men-
tioned above. Density and scale height values were taken from Jacchia
(1977) for each of the altitude constants descriptive of each decay
curve. The range in initi:zl altitudes diverges as time from reentry
and temperature increase accounting for the increased density present
at the highor altictudes. These orbit lifetime curves are plotted again

ia Figure 4-3 using semilog coordirates. The dashed lines relate toa

AM of 0.1 (M2 /kz), and a Cd of 2.2 The orbit lifetime values above - 7
years should not be believed due tec the lack of long range solar acti-

vity data p:odiccions to support this period.

Figures 4-4 through 4-12 {llustrate the sverago circular alcitudos and
relative separation decay rates of a pair of satellites placed on ordic
in 1991 for:the threse “constant” suns mentioned above. Three circular:
orbit separation distances of 10, 30, and 50 km are assumed for each
"constant sun” between the two satellites at their initial orbit place-
ment. The appropriate initial average sltitude would be selected based
on-an assumed maximum allowvable spacecraft to spacecraft-altitude se-
paration, which is a function of inter-satellite antenna pointing re- -
quirements, as well as satellite replacement driven primarily by che

-11-
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desired mission lifetime. The maximum allowable inter-satellite separ-
ation and initial average circular altitude will be derived based on
future analysis, and are unknown at this time. Presuming that these
values were kn..n, the orbit selection would follow directly from:
Figures 4-4 thre i 4-12, For example, looking at the "hot sun®” shown
in Figure 4-4 3snd choosing a mission * li{fetime requirement of seven
years and a maxizum allowable separation of 30 km would produce an
inicial average circular altitude of greater than 700 km..

It can be concluded that with the constant exocatmospheric temperature
approach taken hers, the most probable orbital decay rates ara repre-
sented by the 1100 deg K temperature profile for the solar activity
period o£°1991 to 1998. From a viewpoint of a median analysis, the
1100 deg K sun produvces a probable (50 percent) initial starting alci-
tude of between 625 km and 675 km ecircular altitude for a probable
init{al inter-sacellite altitude difference of 20 km. Since the pre-
dictions of orbital decay are so dependent upon exoatmospheric tempera-
tures which are not easily or accurately predicted, this analysis will
have to be updated later in the MSS program. However, this analysig is
sufficient to establish the initial satellite altitude for the MSSP
preliminary design.

4.1.2 - SPACECRAFT ORBITAL DENSITY

. Once the spaceczraf: altitude had been ‘'selected, the number of orbit

planes an¥ the number of satel.ites pefr~ orbit must. b;fanalyzed to as-
sure that global communication coverage is possible. This cursory
analysis was performed to assurs that the suggested distributions would
meet the performance requirements and that unforeseen system require-
ments did not exist. The initial spacecraft distribution assumed from
a previous study (ESL-TM1632) called for 90 spacecraft at 27.5 deg
inclination, 90 at 57.5 deg, and 60 spacecraft at 90 deg. This distri-
bution and another suggested by BASD were oxamined for their {mpact of
the communication ranges. The conclusion derived from this analysis
was that unforesean system problems did not exist, but that the

—communication-performance could be —enhanced with additional satellite .

planes at higher inclination angles.
4.1.2.1 ORBITAL DENCJITY ANALYSIS

The ideal distribution of spacecraft for total global coverage is given
by a density is

240
134

£, - = 19.1 SPACECRAFT/STERIDAN

The disétibutibn of spacecraft as a function of latitude (1) is given

by the area integral of the density function

-19-
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The distribution is the total number of spacecraft batween the equator
and north latitude A. The ideal uniform density and distribution are
shown {n Figurs 4-13. The ideal distribution curve decreases in slope
with incresasing latitude because of the curvature of the Earth. Each
increment in latituds near the pole rasults in a smaller area than a
corresponding increment near the equator.:

The spacecraft density is fundamental to determining the angular spac-
ing (9ps) between spacecraft as measured from the center of the Earth
- and the intersatellite ranges (Ru) to the nearest neighbor. It i{s math-
ematically impossible to places an arbitrary number of spacecraft around
the globe with uniform spacing between them. However, it is possible
to place 4, 6, 8, 12, or 20 spacecraft uniformly about a sphete by
placing cthem at the centers of the faces of one of the five regular
polygons. A uniform distribution of 240 spacecraft can be approximated
by taking a hexagonal pattern, which 1is the most dense packing pattern
that can be placed ¢cn a plane. This pattsrn gives 6 nearest neighbors
‘to each spacecraft, sach at an  angular separation 4y and 60 deg in
azimuth from each other. The angular separation for 240 spacecraft is

: - id;l dsg
Jeui sin 50 =

by - 18072

Thr intersatellite range is

— e

" . 2 ‘ . e e e

vhere the Esrth’s vadius is RE = 6378 km and the 3pacecraft altitude
is H=650 lm. ‘ ’

The uniform density dascribed above (s an unobtainable ideal for two
reasons. First, {(t {s wmathematically impossible for the distribution
to exist, except in sn. sverage senss, since no 240 sided polyhedron
exists. Second, aven {f the ideal density could exist at one point in
tize, orbit dynamics will constantly be altering the ranges between
spacecraft, thereby altering the local densities.

The primary obhjective in selection of orbits for MSSP is to provide.a
constellation thac averages the time and space dependent variacions in

-20-
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w«dansicy.f-ro?;éhievo ﬁhis objective, the dopendanée of density on in-

clination is examined alone. In.order to do this, it {s assumed that N
spacecraft are all at an inclination { and that their longitudes of
ascending nodes and. true anomalies ars uniformly distributed. This
results in a spherical - shell of . spacecraft between north and scuch
lacitudes equal to the inclination angle. Continuous analysis is just-
ified in the limit if N is very  large or if the time average over many
orbital revolutions igs considersd. The density (£f) as a function of
lacitude (1) for this inclinacions is ' :

- Ni | Ast

222 /sin4i - sin®)

o0 . . E<N

The corresponding distribution is found by integration of the density
functions ' '

- -

'1 QEEYY” [ETR - -"9’!' RS
F = EE_ _sin sin A 3 g 5
x sin { )
Fa-3 >t
2

These density and distribution functions are plotted in Figure 4-14 for
the deployment inclinations that were proposed in ESL-TM1632. This

__deployment consisted of 90 spacecraft at 27.5, 90 at 57.5, and 60 at
90. Ths density at low latitudes {s very closs to thé {deal uniform -
"density and then rises to a spike as the latitude approaches 27.5.

This spike reflects the fact that the orbits of spacecraft at the same
inclination bunch together at. north and south latitudes near their
inclination angle and spread apart near the squator. The density func-
tion - drops sharply to 9.9 spacecraft/steradian as the latitude
increases past 27.5, because the 90 .spacecraft associated with the
lovest inclination orbit are all. to the South and can no longer
contribute to the total density. The density then slowly increases to
a second spike at 57.5 before falling to a global minimum of 5.5 space-
craft/szeradian. The intersatsllites range  just north of 57.5 latitude
is of interest. Looking to the south, - the density is high where the
$7.5 inclinacion orbits bunch together, whereas looking to the east or
west, thea density i{s only 5.7. The angular spacing between spacecraft
in the east-west direction is s e v 2 il I

.22
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which corresponds to an»in:ersa:allico :ange of

R = 2(Ry + H) sin |_ - 3148
2 N

for a 650 km altituda orbical shell. Finally, looking to the north,
the density is below fu unecil latituds 80.8 N. The latitude dif-
. ference is 23.3, which corresponds to a range of 2843 km (1535) nm at
- an altitude of 650 lm (351 nm). )

* : ’ L .
An alternate sec of inclination angles was {nvestigated in an attempt
to alleviate the range requirement at. high latitudes. The alternate
constellation uses four inclinations rather than three, and consists of
integer multiples of 24 spacecraft in each plane for compzrabilicy with
a proposed carrier vohiclo. Tho tnclinacions and numbat of spacecraft

are as follows: ’ B i

JETE_ S S AT S a
1 28.5 S7 70.- 90.. : -
NL 48, 72 72 48
3 The density and distribucion functions ars shown in Figure 4-15. A
- comparison of Figures 4-14 and 4-1S reveals that the alternative de-
ployment stratagy rosults in a distribution curve that more closely
follows the ideal sine function, uand that the minimum densicy (s 7.1
K for the alternate as opposed to 5.7 for the original deployment sce-
T - -—nario. Now-consider the east-wvest range from just north of 70 N lati-
tuds. The angular spacing between spac.craft in the east-west direc-
tion 1s '

W S MRSk R

For a 650 k= nl:icudo npacoeraft. this corrcsponds co an in:ersacallicn
. range of

- | Re2(RE+ W sin! =283k - oo UL
: - A IR i S .

vhich is ﬁoc much smaller than the East-West range at 57 + latitude for

the original case. - Howevar, considerable improvement has been achieved

.26-
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for a Northwsrd. looking antenna. Thse - densi:yiqualsﬂ f when the lati- : *
tuda reaches 82.7 N, The latitude differsnce 1is 12,7, which
: - cor:asponds to a range of 1553 Km' (838 nm) atran altitule of 650 Km -
" . - (351 mm). Consequently North-South communication links at high lati- -
A - tudes are facilitated using- the - alternate set of inclirations. East- : T
. - West: links are noc substantially different z.1d will cend to follow the 9
. : lines of spacecraft bunching at latitudzs near the inclination angle of
a particular shell.
The conclusion to tbis analysis are: -
a) Botk of che possible deploymen:s of ‘satellites would provide ade- , |.>h
quate communication performance with no major system or "satellite
concerns.
) ) b) The satellite dersity will cend to inc:oaso at tbo latitudes equal
_ te the orbit irclinacion angles. . . o
: . °.

¢) More uniform distribution may ba obtained with more satellites ac
higher inclination angles.

d) An approach has been presented whizh may be applied to.obtain a
£irst cut evaluatien of spacecraft-. density of various deployment ;
schemes or- to- - evaluate deployaénts' which might accencuate . o
comnunication ac patticular latitudes. -

e) The final resolution will depend upon the cost to obtain uniform
density or what level of uniform densitTy is cost effectivs.

4.1.3  SPACECRAFT ORBITAL DISPERSION - : ' Y

The deployment of many satellites with varying orbit planes and varying
o .. _.inclination 'angles ls necessary in order to obtain a global
cormunication system. However, the cost of dispersing 240-satellites
into aany orbits will be prohibitive for a "low cost " system, if the
satellits orbits are obtained by separate launches. One approach for o
the dispersion of the MSSP satsllitss i3 to launch the satellites with

"reducad cost in a group from either an Extendable Launch Vehicle (ELV),

or shucttle and :hon deploy then n: varying altitudes or inclination

angles.

The variation of 'cho alci:udc of sa:ollitu will cause the satellites o
to separate from each other. The altitude difference with different

radial velocities will cause the satellites ¢to separatse within the

orbit plane.: The external torques from the earth will cause the orbit

. planes of satellites at - diffsrent altitudes to regress at different _ J

rates. Inclination anglo differences will also cause different regres- -
sion rates. The latter phenomenon is callad nodal regression. ®

-26-




The spacecraft velocity with altitude is:

Vo= Re x -qr[ 8/ (20+h) )| EETC R X
| vhern Re = Earth radius .
‘. -v '« I h ..= satellite al:i:ude .
st , m;.;fﬁf;ﬁ; oL . g-*- accnloracion of gravicy

Tha spacccraft orbic rcgres:ion rate vs, altituda and inclina:ion is:
Q= -10 x [ Re / (Resh) ]"(7/2) x cos( ALl )
 vhere: Al = sacellitn(ihclin&tion‘angle

Figure 4-1€ .shows the satellite velocity variation vs. altitude. Fi-
gurs 4-17 shows how satellites would separate in the otrbit plcne due
to velocity differenrials (altitude) reference to an altitude of 300
km. Figures 4-18 and 4-21 show the change in nodal regression and the
separaction in orbit node for satellites at varying altitudes. .
Dispersion of satellites can only be obtained at. a cost. The above
equations and Figures 4-17 through 4-21 srtate that the cost could be
time rather than the dollars to pay for the many launch vehicles.
Since the launching of 240 satellite via ELV would require an extended

- period of t{ge, the trade of time vs. dollars is not a straight forward

exchange .- Especially if the launch vehicles are not immsdiately avail-
able for trade considerations. — '

Figures 4-22 through 4-26 show how 60 satellites, launched 20 at a time
evary 3 months with 0.15 deg of inclination separation batween satel-

“litas of a launch group, would disporse after a 12 month period. The

white areas ia the figures show the arsas on tne ground which have a
satallite within view (10 deg ground user elevation angle). Aiter a 12
month period, the only shaded areas are at the earth poles. The {llus-
trations in Figures 4-22 Chrough 4-26 are not meant to show how 60

"Tsatellites will ‘provide a global “communicatiom; —because-many- other

parameters must also be analyzed. However, these figures show how
three launches of the small MSSP satellitss could provide wide sacel-

lits dispersion.

The dispersion of Figures 4-22 through 4-26 was obtained through in-
clination angle variation. If the satellits nominal inclination angle
i3 low, then altitude variations would . be the best method of obtaining
dispersion. For high nominal inclination angle orbi.s the use of
{inclination nnglc varia:ion vould be best.

'This.;nalysis.doos not have a final conclusioh iccaus- ic deﬁcnds upon

the final. orbits = selected for the communication system capability.

This analysis was petfotncd to shcv that an altsrnate, possibly lowe:
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BASIC YSSP RETUORK OISPERSION SHOWN:
ASSUMES:

L] LMIKNES OF 20 SITELLIT!S EACH

e e R

o LAUNCHES NCUI AT ) MONTH  INTERVALS
(€6..0 M0., 3 M0., and 6M0.).

e 3 ORBITS INITIALLY PLACED WITH RT, :
" ASCENSION OF THE ASCENDING NODE AT: H

~a.mumm:n-ao‘;u -
2nd LAUNCH o 90°E i
. Jrd LAUNCH *150°V ;

o NOMINAL WSSP ORBIT AT sr" o ;
—or G75KM ¥ 67SKM, - .

.. SATELLITE OISPERSION VIA 0.15° :
"INCLINATION SEPARATION sETvEEN '
ADJACENT ORBITS

e RINIWN GRRUNO STAHON ELEVATION
- ANGLE = 10°.

o SHADED ARFAS: NO GR(X.IND CDVERAGE

Jr’

I3t LAUNCH AT O MONTHS. TOTAL ON-ORBIT = 20 SATELLITES

o - Figure 4-22 Satellite Dispersion/Ground Coverage First Launch to 0 Months

AN T621a0 o

® - . 2nd LAUNCH AT 3 MONTHS. TOTAL ON-ORBIT « 40 SATELLITES . g
L Shaded Area: No Ground Coverage
F‘guro 4-23 Satellite D:spersnoanrcund Coverage Second Launch 3 Months
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cost, meriiod-exists for: the deployment : of.240 satellites - ..the.MSSP.
The final resolution ¢l the trade be:ween*separac.-sa:alli:e launch and- :
T this method of.dispersion will. depend.:upon the final annlysisAof-:he;; -
9 o desired satellite -orbits. - for communication.- pc:fo:n;nce and. launch .
3 - costs:. - However,: us will be seen in:section;4.1.5,. the:-cosc of .separate ..
, - launches will be:so. prohibi:iva thac a group mechod of launch is essen-. S |;f
a tial. T _ T Sl te e
1 .‘ “ R . N : NP AN SN -,. A B .

4.1.4  SPACECRAFT LAUNCH STRATEGIES

Section. 4.1.3 . discussed the technique of satellite nodal regression and S
how this approach could perform the satellite dispersion necessary to q
‘deploy 240 MSSP. satellites for global communication. Once this techni-
que was established, a means of implementing the final satellite orbit
deployment was..investigated. The orbit selection and delivery analysis

- for' the. astablishment of .an MSSP satallite network highlighted the need

- for a carrier vehicle to perform the final orbit transfer and inltial
satellits orbit: placement . naneuvers. This orbit selection criteria.- (-
yields a preferred method of establishing the - orbits by imparting a ‘ T
constant separation of : orbit inclination between satellite orbits to '
produce a dispersion in longitude of.: ascending node and true anomaly

position of each satellite. Using the methods described in this sec-

tion, the total amount of delta (i) (inclination) required to place N e
satellites on orbit -is: a . function™ vE~*the relative nodal regression ¢ -
rates to.achisve a select orbic dispet:ion in a given period of time..

For this analysis; the nnximum delta v capabilicty of a reusable carrier
vehicle i{s sized-for 20 satellites injected initially into a 300 km X
Lo 300 km, 57 dag parking orbit with a desired Earth centered lunge angle

of 3.25 deg in approximately 6 weeks. This yields an equatorial cross i '
- range separation of 400 kn between satellites having a minimum "lapping
- period” (the time required to .produce a 360 deg relative trues znomaly
T rotation between the first and final satellite placed in orbit) of six
T weeks. | T TS - - - _
6.1.6. 1 SSP LAUNCH STRATEGY ANALYSIS «
The reln:ivo navencn: o£ a MSSP systcn of circular sncollito orbits can
- to :the" first order be described by a set of particular perturbed orbit
sphemeridas. for each of : the . satellits orbits. The orbit shape and.
orientation -can: be defined - using classical Kapl-rian orbital olumcn:s T
: ; Fo: a circulaz.orbit :hcso are ;i i : : N ¢
; 1) . orbiul tldi\&l (tc) P AL 3 PE U . "
. SR 5o e Jine..0Tbit shape }
-l 2): crbit ccc.ncrici:y (c) R . g
3)  orbit tnelination (1) a4

"orbit orientation

. .36. . ) :
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4) longitude of ascendirg node (Q) )

S) - true anomaly (H) T sa:ellite posicion in orbi: plane

LR i B a e
- . Liny (AR R FE

- A vatiation of" ei:cular orbical olomonts applied to che MSSP systsm of,

satellites will produce advantages -and disadvantages affecting global
coverage and network utilization as::well ~“ae mission lifetime-and pro-:
g-am cost. The major network and program influences produced.from.the:.
perturbed orbital elements are briefly summarized below:

CHANGE IN. CIRCULAR -

ORBII aLEHENT "7 -+ ADVANTAGES. . DISADVANTAGES
1) Incraasc o Increased nodal re- Aptisidal ro:ation causes
eccentricity . = ~gression rate greater large variation in inter-
o global frequency satellite altitude.. requiring

= incraased.alevation.beamwiﬂch

2) Decrease/Increase Nodal regression'in-i "Requires mulciple‘

Inclination creases/decreases launches or substantial .
o - as inclinacion cn-board propulsive capa-

decresase/increases bilicy (eg SRM)

‘3) ‘Decresase™rbical - Nodal regrassidn“&277%rﬂdiéipl;'lsﬁ;§§e; or on-

_altitude . creases .. ~__ board propulsion is

tqquired : Broader eleva-
tion beanwidth - required

"

'{fti for some - altitudes. Shorter
mission.lifs expected.

4) Longitude of Greater global 7 Multiple launches or sub-

ascending noda frequancy stantial on-board pro-
— S e - —pulsions— —- -

‘Jhe production of an eccentric orbit (Item 1) quickly expands the MSSP
«ntenna beamwidth elevation requirements . without producing large nodal
1egression rates. An eccentricity of 0.0028 wicth a perigee altitude of
675 km will produce a 20 lkm. apoges altitude increass, while yielding
only a 6 x 10-5 deg/day relative nodal rate with respect to a circular -
crbit of 675 km.altituds. -Similarly,. a change in the circular orbit
altitude (Item 2) between adjacent satsllites (although producing lar-
48T rates than an eccentric orbit) will adversely incrsase the satel-
l!te elevation beamwidth with relatively small nodal regression rates.
Fere a 20 km circular altitude differencs will yield only a 0.037 deg/-
day nodal rate relative to the referance 675 wm circular orbit. This .
v1ll be seen as insufficient in meeting MSSP mission requirements in a
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later discussion. Item 4 "can -be' summarily dismisssd because of the
 staggering launch costs associated {n discrets satellite placement for:

the 240 elements. Therefore, this study will address the establishment -

of the MSSP network, using a perturbation method involving :he separa- -

tion of sa:elli:e orhi:s via small inclination: changes

4.1.4.2 HSSP DERIVED IADNCH REQUIREHENTS

Deviations- in discreco orbi:al elements nay.be producad via the inicial

orbit placement of a satellite or-- with perturbation forces applied to
the satellites while in orbit (1i.a. thrustsrs rockets, ecc). The
appropriats selection of required sat. lite orbits will depend on mis-
sion objectives and requirements set forth for the MSSP. The following
general requirements are assumed for this analysis.

a) two orbit inclinations of 57 and 80 , )

b) network consisting of 240 satellites o : ¢

e¢) STS baselined as stage "0° ) - ‘ A

d) mission orbit 1lifetime of seven years (satellite 1lifetime
baseline is 5 years.) o

8) minimize launch and production cos:/sacellita

f) o=aximize global coverage
g) naximiza cho effectiva usa of mnetwork sacelxites

Item d) drives the selection of the appropriata orbital altitude to
achieva the mission life and has been discussed in section 4.1.1. As a

result of this analysis, ' the preliminary determination of the initial.
circular orbit altitude to achieve a 7 year mission is between 625 km .

and 675 km, which requires an orbit. raising to be performed from the
STS operational altitude of 300 k@ x 300 km. In keeping with {tem e),
the satellites have not been designed to contain on-board propulsion
capabilities, thersfore an orbit transfer carrier seems appropriate.

-—~This carriermay be-thought.of _as reusable - "smart®” ({.e. three-axis,

restartable engines) or expendable - "dumb®" (spinner, SRMs), or a.

combination thereof. Preliminary packing layouts show a carrier
capacity of 24 MSSP satellites for the reusable and 20 for the expend-

. able carrier designs. This high density 1is necessary to limit the
recurring launch costs to establish the network and, provides suffi.

cient numbers of satellites per launch to establish a basic system in a
reasonable period of time. At this capacity it would taks approxi-
mately 10 'to 12 launches to establish the network of 240 satellites. A

launch rate of 3 to 4 launches per year produces a time-to-completion

of the network of approximately 3 to 4 years. The element and program
costs for each carrier approach have been given yreliminary cxaninacion
in Sectiomn 4.1.5, Spaco Launch Cost.

The length of time to completicn of the network of 240 satellites has
t 8 advantage of salecting the initial right ascension of the ascending
node displacement with sach launch. Ideally it can be shown that three
polar launches with 120 deg separation in ascending node and with
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randomly distributed true ancmalies among each complement of coplanar
satellites will produce equatorial cross ranges which preserve the
east-westc intersatellite link. However, this basic system is subject
to mertality, hostile threat, “"clustering” around. .the . poles at.the

common intersection of the orbital planes, and requires active satel-

l1ite stazicn keeping to . prevent. . "bunching® of the satellites-a situa-
tion creatud.when adjacent. satellites have slightly differing orbical

periods and collect in similar true anomaly position. To.prevent this.

and lessen the network degradatior via threat and mortality, the satel-
lites are positioned in orbits spread. in-longitude of ascending node,
and true anomaly position. The required orbit perturbations to dis-
pense each launch of the 20 .to 24 satellites, as well as the orbit-

‘raising energies to establish the initial circular orbit, are relegated

to the carrier vehicle and will wvary depending on the carrier design
capabilities. -

4.1.4.3 CARRIER.VEHICLZS'

A) T"pUMB" CARR¢ER S . -
In general, the greater the orbit placement: flexibility required of the
MSSP, the greatar the complexity of the carrier -<ehicle. A simple

"dumb” (e.g. spinner) carrier may contain back to back solids located

along the spin-axis of the vehicle. The carrier with its 20 satellites
would maintain coarse attitude during the orbit raising via momentum

biasing creawed during an initial spin-up faneuver created Using. small

spin-up rockets. To maintain a low recurring cost, a command and tele-

metry link is eliminated and "an on-board sequencer commands the firing"
of the perigee solid rocket motor (SRM) with a set time delay for. the -
firing of the apogee circularization SRM. Once the delivery orbit {s

established, the command sequencer would then initiate the simultaneous
raleasa of all 20 satellites.

There are a number of undesirable results of this design. The carrier

lacks attitude knowledge and control functions and is therefore incap-

__able of autonomously establishing the correct inertial perigee burn

direction and must rely on the shuttles to preselect the carrier burn
attitude and minimizs RMS deploynent hand-off errors (a "frisbee" type
of deployment with a more sophisticsted cradle may help here). These
arrors at deployment would translate to apogee/perigee errors whereby

"the target final orbit altituds may be nissed. In addition, a "dumb”
carrier can not measurs or correct for the three-sigma variations in .

total impulse of the perigee burn. The net result is the liksly deli-
very onto sn initially undesirable orbit; an orbit which may not gua-
rantee mission lifetime and is overly eccentric to reduce unactwork util-
ization.. Finally, with the above scenario, the "dumb" carrier is not

able to provide selective orientation or discrets timing for release of
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each MSSP satellite necessary to produce efficient dispersion of satel-
‘lite ascending nodes and trus anomalies. Preliminary estimates show
that the simultaneous release of the satellites from a spinning carrier-
will produce eccentric "bunching" of satellites rsducing the use of the.
network and having the potential, at. high release spin rates, to pro-
- duce periodic intersateilite altitude differences which etceea the
& beamwidch capabiliti:s of :ho MSSP antennas.

B) AUTONOMOUS CARRIER

, An.alternace approach involves using a samart carrier vehicle with a

° restartable liquid propulsion systenm. Attitude knoWwledge wculd be
maintained with on-board three-axis capabilizy following STS reference
initializacion and RMS deployment from cthe shuttle. The orbit raising
and circularization would be performed using a cortinuous low-thrustc
maneuver incurring less than 2 percent delta-V penalty. (good up to -
h<2000 km) wheft compared to - the - Hohmann impulsive transfer. The MSSP
deployzent sequence is accomplished using a satellite placementc onto
discrete orbits which are to be achieved by the carrisr viiicle prior
to satesllite orbit placement.

Each sucoessivo satellita would be placed in an orbit separated from
-.the adjacent orbit - in..inciination (%o .produce nodal dispersion) and
sccetitricicy (to producs true anocmaly sopatacion) The dispersion in
__true anomaly would producs a “"lapping" effect creatad by the slightly
¢ifferent orbital periods in which adjacent satsllites would exhibit
large lapping periods. The shortest period would exist betwcen the
first and last satellits depluyed where "the largest rclative race {s
‘created. To avoid a loss Iin resolution of. two satellites when viewed
from a ground site ( a minimum equatorial cross range of 400 km separa-
tion at an orbital altituds of €75 km is required) the relacive ncdal
Tegression.ratec between rhe satellites with the shoitest lapping pexz-
.. _._iod should be selected to 7Troduce the minizum required separation in
- the minimum lapping period. i - -

i AW

;L-‘;‘

For sizing _the liquid propulsion tankage, the magnitude of the velo-
city maneuver to producs adjacent discrete orbits with the appropriate
" relative nodal regressicn ratss should be xkspt as suall as possible.
Figures 4-27 and 4-28 show a preliminary analysis for a ®smart® carrier
vehicle at 57 deg and 80 deg inclinations carrying 24 satallites.
Figures 4-29 and 4-30 deconstrats the effect of a reduction in the
number of satellites if 20 ars carried to orbit. The analysis shows
that a maximem carcier delta-V of approximately 5.0 m/sec (4.9 m/sec
- normal to and 20 m/sec tangential to the veloacity direction) between 24
“successive MSSP satsllite placements initially at.the 57 deg inclined
orbit will produce the minimum desiced separation between the first and
last satellite from a given carrier load {n approximately a six week
lapping period. The inclinacion difference
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boéﬁaéh ﬁh; Eirsc and last satellite is aSout 0.8 d;; wich a final
orbit. eccentricity of 0.00128. Adjacent orbits are separated by 0.038

" deg in inclination and ' 0.0000533 in eccentricity- and would lap each
other in approximately 2.3 :years.  As . time progresses, the relative

separation cross.ranges increise at a constant rate creating a separa-

tion-between adjacenc sa:.llito o:bits of 400 km in this.same 2.3 year :

period.

Larger delca-Vs produce shorter Lapbing periods Jor a given minimum -

sepiration 'or larger separations in a given lapping period but at the
expense of greater amounts of on-board fyel. Having completed the
placameat of the - final MSSP satellite, the “"smart® carrier vehicle
would perform-a ‘plane change ocrbit 1lowering and nodal alignment to

" raturn to the STS park orbit for :ecrieval and return to the ground for

rafurbishment.
- 4.1.4.4 CARRIER FUEL REQUIREMENTS

Using a hydrazine 1liquid system sized to the maximum delta-V
capability, the estimazed total amount of fuel to perforz.the above
mission (with a 900 kg dry carrier) is 710 kg. Using a bi-propellant
systenm reduces this figure to 500 kg. Roughly two-thirds of the fuel
is used in the initial orbit-raising and circularization maneuvers and
could ba repiaced in tota- or in part with a hybrid design combining
-~0lid rocketymotors and “the liquid system. The Solid . Rocket Motors
" (SRMs) size would be on the order of two Star-24 motors to perform the
“initial orbit- raising. With the current tankage capability of the
p:eliminary smart carrier design, they are not an advantage.

4, 1 4, 5 LABN'H STRATESY CONCLI'SIONS

The requirements of establishing the MSSP network of satellites in an
efficient, flexible, and tizely manner point to  the need for a smart
carrier vehicle. This carrier wmust provide for an orbit- taising

-—efrcularization maneuver with -relative - satellits_movement control wia

" dispersion of nodal regression rates and randomized true anomaly loca-
tions for adjacent satellite orbits. Furthermore, this carrier should
be retrievable and refurbished to nininizc total prugram cost far esta-

'.blishmenc of the HSSP network.

4.1.5 SPACECRAFT LAUNCH COST

The cost of the total systea is inpoztan: to the thut:emen: of a "low-
cost” global communication system. The satellite and payload will be a
large cost factor for the system, as well as the satellits launch. The
total cost of the MSSP system . will be dependent upon the.cost per us-
able communications node in orbit.  We wish to use low cost elements
(e.g. radio, antenna, spacecraft bus, launch "vehicle) but only to the
extent that this results in a cost- effective number of usable nodes in

iy iemaiale sl Fe 3 el mswe s
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r The spacscrafct launch cost. will dapend upon tvo-fac:ors: the ldunch

- vehicle and the size of the:.MSSP satellite. The launch vehicle cost 3
depends upon the- type of vehicle and the- effort needed to place the |
satellites in their final orbits. - The spacecraft size will impact the :
number of satallites which can be =launched per launch vehicle. If an
expensive launch vehicle can. launch more satellitas at a more effective »
cost per satellits, or {f smaller satsllites can be launched in larger ek
numbers per launch, the total system cost goal can be achieved. Also, :
the means of -obtainirnz the final orbit required for the satsllites will : “
anac: the cost of the launch system. , . :

4.1.5. 1. LAUNCH vuucz.z cost ce T
The first process in the analysis of launch cost was to gather a data .
base on the cost of the possible satsllite launch vehicles and to-esci- ‘e
‘mate the number of satellitss which could be launched per vehicle. .
"Figizre 4-31 shows the possible MSSP .launch vehicles with the estimates
" of .satsllites per launch and the estimated ROM cost per satsllits.for
s " several possible launch inclinations. A conclusion from this figure
s is that stuttle launch configuration would cost about $2M per satellits
and ELVs about $4 to $§7M. 1If the cost of the satellits and payload.is ¢
less than $1 to $2M, then the cost  of the system launch will be ;
- considerably more than the satellites. The shuttle i{s the lovest cost
launch approach indicatesd in Figurs 4-31. .

v

4.1.5.2 SATELLITE SIZE IMPACT

|77 777 size estimates £or the HSSP‘?&:?IIIEI"dtanecnt——hai-been~£roﬁw%B_téﬁz&-*Mvﬁ————;-m!__
in. The main consideration for dstermining the satellits diameter. is
the antemna size requirement. Antenna size (s a trade be:tween the

necessity of attitude control and antenna capability. A sophisticated

"attituds control system would allow the use of a simpler antenna dasign ’
vhich would scan the anterma beam in azimuth. A simple attitude ¢
control system might require a more complex and larger antenna. There-

. fore, the satellite launch will have an {mpact on the antenna/attitude

o trade. Satsllits size will also impact launch cost. A .larger, heavier ;
: satellite will cost more to launch. A larger satellite will reducs the -
nunber of satellites capable of being launched per . shuttle or ELV E
launch.  In terms of shuttle launch, Figures 4-32  and 4-33 shov a S|
three-point curve based upon an analysis of three possible spacecraft. '
dianeters for the number of spacecraft per launch and the projected )
cost per launch (not {ncluding the..cost of a an Orbit Maneuvering Veh- '

fcle (OMV)or carrisr). The- conclusion {s that satellite launch cost Q

will be substancially impacted by satellits size and the

attitude/antenna trade must {nclude the antenna size impact. . Cq
.az-
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4,1.5.3 ORBIT "‘ACHIEVEMENT COST ™
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The shuctlo launch .ost dasctibed in seccion 4. 1 5 1 listad the cost of -
an OMV which boosts the MSSP “satellites "to . their final orbits. Two-
methods of boosting the. spacecraft from:.the.300 km:shuttle.orbit to the
575 kn operational orbit were described in Section 4.1.4. The less
expensive booster i{s  an ‘expendable spin-stabilized stage using two

solid motors.  The more expensive - booster-is a recoverable three-axis

stabilized stage  using hydrazine tarusters. The following element

costs ars assumed to compare the cost per. usable node in orbit for the
two booster designs. The baseline mnumbers— for launch were set at 20

- satellites per expendable launch. venicle and .24 per recoverable veh-

icle. Theso numbers will vary with spacecraft size

~A) Taks che'tecurr ng cost of - the expendable solid booster including

shuttla charges to be $15M.

- B) Assume that the recurring cost for the reusable liquid boostecr is

§17.5M and that the non-recurring cost. is $45M.

The launch cost per usable node for the expendable boouster system is

_then:

$1sM -
.20

= 50.75M/node

The comparablo cost for the reusable systen launching 240 spacecraft in
10 launches is

- $4s5M + $§17.54
240 24

= $0.92M/node

The cost differences per usable node in orbit is approximately $170K for

" "the reusabls system compared to the expendabls system. —This cost-does -

noc reflect cho hidden programmacic cost such as

A) Cosc of two Addicionnl lnunchcs (12 vs. 10)

B) Col: of p:oviding scfccy for launch of tock-:s in shuctlo

C) Opcrucionnl cos: of sacnllitn launchos

L i S e e

D) Poasiblo tclnbuxsonont of cazricr af:or finll lnunch

[ B e

The orbit nchievoncnc htrdwaro cost fot an expendable ~. recoverable

will not be much different for either approach. However, the reusable .

"smart® carrier could provide better performarce of the valuable

4S..




resources (satellites) with more accurate spacecraft placement in orbit
“and {nitial knowledge of position and orientation of the resource. The .
" basic conclusion to.be drawn is that the orbit achievement cost will be g -
. about.$1M per satellite. The total launch cost with the shuttle will -é%
W - be about. $2M._per satellite. : S 2 oy

4.1.6  SPACECRAFT ORBITAL ENVIRONMENT R -

The radiation and environmental levels experienced by a satellite will CLd

be dependent upon the selection of the satellites altitude and inclina- :
. tion angle. The. prizmary environmental concerns which vary with the ' ¢

saelected altitude {s the exposure of the spacecraft to "Free Oxygen" or e '

"Atomic Oxygen" (AO) and the radiation levels to which the spacecraft

is exposed. The magnitude of the effects of these two factors - radia- :

tion and AO-vary with - increasing altitude. Radiation levels increase /

with altitude.. Exposure to AO decreases with altitude. It was desired :
- .- for the MSSP to.define.the impact of these two factors and compare the ]

% ixpact with the. selectad satellite altitude of 675 km (section 4.1.1). e

i
"

4.1.6.1 RADIATION DOSAGE

The. !SSP satellites will be processor-intensive. The purpose of the
MSSP satellites will be to provide a stable plagform in space for the T
network processor. The reliabilicy of a microprocessor -and therefore ™
the mission of the MSSP, will be dependent upon the total radiation

dosage, (specifically, trapped particle radiation) tr which the sacel-

lite is exposed. It i{s highly desirable to know the total dosages of

radiation the spececraft will be exposed to;-the impact of radiacioen

shielding, and the variation of the. radiation exposures with years in

orbit and orbit altituds. . - Y

The first analysis was performed with the parameters listed in Table 4-1,
SOFIP and SHIELDOSE are software programs used to the projected radia-
“tion dosags. Figures 4-34, 4-35 -and 4-36-show-the-expected radiation .
dosage (6-year lifetime) for 28, 37, .ad 95 deg inclination angles and '

740 km spacscraft orbits vs. the depth of aluminum shielding. The 28.5 ¢
deg inclination angle has the vorst cumulative radiation level and the
.affect of shielding diminishes for thicknesses beyond 100.to 150 mils
(L 21i=0.001 {n.). The curve labeled.- D 1is the sum total radiatcion. .

For shielding thickness beyond 150 mils, the major component of radia- !
tion is trapped protons. If the ainimum shielding thickness provided '
by a satellits structure is assumed to be 0.064 in. or 64 mils (~1/16 q -
in.), the saximum benefit from internal shielding will be obtained
with a small amount of processor box shielding.

The radiation-levels for higher inclination angle orbits is greater for c
lover shielding mainly because of. free. clectrons. Once the shielding - '
level 13 150 to 200 mils thick, the radiation docage will be less than ' ¢
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TABLE 4- 1

RADIATION DOSAGE SPECIFICATION PARAMETERS

MISSTON SPECIFIGATIONS.

DR

MODEI. SPECIFICATIONS

depth-dose

740 X 743 km ORBIT
PERIOD: 99.6308 min
1. 66 hrs

LA e -

MISSION LENGTH: 6 years

MISSION START DATE: 1-1-1992
3 INCLINATIONS: 28, 57, AND 95 deg

SOFIP used to find incident flux
SHIELDOSE used to find

data
Solar maximum proton model used
Solar min-lo electron model used

Spherical satellite model .
35 orbit simulation projected over 6
years
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- Figuro 4-37 shows the

During the cotfse of the MSSP study._concorﬁ

the dosage ac.28.deg. inclination. = Spacecraft flying. at higher inclina-
tion will fly through the South Atlantic. Anoualy and will fly through the .
- poles of the Earth’'s magnetic dipole.

the dosage vs. mission duration for.a‘sacellite

—altitude of 675 km.and:  inclinations of. 57 - and. 80.deg.. The radiation
dosage builds as the satellite lifetime. extends.. Also, the: factor of the
thickness of the-shielding is shown to:: reducs the total dosage, but the -
curves have the:same shape. Thé  radiation dosage for a 675 km altitude,

6 year mission, Figure 4-37, is .slightly less than a 740:km.altituge, 6
year mission of Figure 4-35. : :

The tadiacion levels of approxima:ely 10%4 rad Al (Rad Si = 0.857 Rad Al)
should not be a problem for bipolar components or linear ICs. For CMOS
parts and components such as A/D convertors, however, it would be desir-
able to reduce the cumulative radiation. levsls to around 10°3. These
requirements will require that the shielding cthickness be increased ®o
the larger values of about 300 wmils total around those parts. These
parts should be radiation hardened. If possible, a lower satellite alci-
tude or the lower altitude of the altitude range be chosen.

4.1.6.2 ATOMIC OXYGEN

waswexpressed regarding the’
effects of Atomic Oxygen (A0) on the low Earth orbit satellites. BASD
snalyzed the possible effact of AO on the MSSP satellita and determined
that it would be minimal and easily nullified.

AO is the presencs of £reo oxygen molecules within the atmosphere. Free
means the oxygen radical (0) rather the normal oxygen (02). When a-
spececraft flies through the atmosphers with A0, the spacecraft extericr
surfaces will erode. Simply put, the spacecraft will rust away. The
rats of this erosion will depend upon the spacecraft altitude. At the
" higher altitudes, less A0 will
creasse. Thorefore, for less erosion the higher 740 km altitude would be
beneficial for the MSSP satellites,.

The surfaces which will be impacted by AO ars any exterior structure,
solar arrays, antenna radome, thermal blankets, and thermal radiators.’
The amount of impact of AOQ on any of these surfaces for a satellite with
“a lifetime of five vyears will be winimal. For example, the exterior
- structure will be saluminum which will perform in space similarly to {its
performance on earth. A thin layer of aluminum oxide will be formed and
then the surfacs will show minimal erosionm.

The thermal blankets, which have & Kapton exterior surface, will exper-
ience the most srosion at a zate of 0,004 in over the five-year lifetime.
The extsrior Kapton layer will generally be 0.010 in. thick simplv he-
cause a thinner layer would increase fabrication cost due to haundling.

-50-
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Also, the erosion of the exterior surface will not affect the thermal
resistance required of the thermal blankots. Therefore, the effect of AO
on the thermal blankets can be eliminated by simply using a thicker outer
layer . (or: a layer commensurate -with normal fabricacion ptocaduxes) The~
cost. ofveliminating the. impact:is ninimal - b

O L Y

4.1.7 SAIEILITE ORBIIS CONCIﬂSION

v -t RN
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The analysos pe:formed suggest that an al:ituda of 625 to 675 km-is suf-ﬂ-
ficient for:MSSP lifetime and satellite separation requirements. Alei- -
tudes higher - than 675 km':are. acceptable, but.would. increase the. launch -
cost of the MSSP. system.. The.. higher altitudes will also have higher -
levels of radiation. Altitudes to 740 km Wwill not ‘greatly increase the
radiation lavels, but since . the MSSP satellites will be  "network-
processors in space”, the lower altitudes would be optimum. The effects
of A0 at 625 to 675 km will be- minor. The effect must be considered in.
the satellita final design, but will nct a ¢énst driver. :

Analysis of the- spacecraft density with various. launches and inclination -
angles showed-that - placing more satellites in the higher inclination:-:
angles tanded to provide a uniform density distribution. The ultimace
uniform distribution could be obtained only with the. costly approach of-
individually launching satellites. However, the dispersicn of the satel-
lites can be obtained by wvarying the satellite altitudes or inclination
angle in minor amounts so that satesllites dispe:sion would occur due to
orbital regre¥sion.” The trade is. between-the"cost of satellite launch™
vs. the time required for the satsllites orbits to separate. The process
of orbical regression is cost beneficial

The final conclusion of the 1nalysis is that the size of the satellites
ares the main cost driver fc. the }MSSP system. The satellite size will

‘reduce the number of sate.lites which can be inserted into orbit per

launch and increase the ~umber of launches required. The size will in-
crease the cost of ¢t*3 orbit achievement vehicle and the number per
launch will extend _.:3 time required to finally obtain system operational
status. Valuable assets with limited 1lifetimes will bc in space waiting

~ for the completion of the system.
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4.2 GROUND USER

only 240 satellites, the system coat emphasis must be tilted toward ths.
user. The design of the sacellite, antemmna, and radio must also be

compatible with .the ground user. For example, if the ground user can .

transnit very high power with a small antenna to complets the uplink,
but cannot huar the satallite downlink because tha ground antenna does
not have enough gain, then the systaz does not work. Corversely, i{f the
satellite system has capability beyond what :an be used by the normal
ground user, then the satallitu is not cost effective.

,Oﬁ this basis, BASD performsd an analysis of ground-user-oriented

system concerns and outlined possible trades with respect to RF power

"and antenna gain. The objective of the analysis was to identify system

concerns and iritiacte the definition of the user interface thereby

. alding satellite design.

-

©.4.2.1 GROUND USER/S?ACECRAFT ANTEFNA TRADE

Before precediqg vich an analysis of :hp ~grnund usar, a_baseline

.Qspecification for the ground user was generated

D CROUND USER SPECIF'CATION
Jransait power: 10w _
Antenna gain: .17 d8

Receive sensitivicy: saas as the satellite

Is the most izportant concern of the MSS program. The satisfaction of
“the ground user. Because there may bae thousands of ground users and -

«’

Elevation anglo. ' 10 deg
Assumption S/C 10W, 17dB Gain

Although this table is trivial, it {is a start. The main interface
requirements between the satellite and ground user and the major cost
for the ground station are listad, Each of these items respresents a
trade between the cost of ths satsllites and the thousands of ground
usars. The impact of atmospheric 1losses of about 0.5dB at low
elevation angles has not been included. .

The main trads parametars are antenna coverage, antenna gain, and RF
transuit power for the ground user and satellitse. The purpose is to
minim{ze requirements and cost of the user and satelliZzs but ultimately
MSSP systom cost. The @wmain equations used to define antenna
characteristics in this analysis follow:




R 2

antenna gain vs. area:

Gain= 4 PLA * E£Ef A: area lLacda: wavelength .

Lamda 2 Eff: antenna efficiency
antenna gain vs: antenna beamwidth: j‘ - R

Gain = ( 41253 / BW*2 ) * EFF  BW:_3d3 beauwidth

antenna pattern which is parabolic:

&3  B¥x . , A
—_— = . squared BW3: 3 d3 beamwidth
3 BW3. SWx: beamwidth at x dB
The frequency is assumed to bs 3 Glz. The antenna efficiency is
assumed to be 55 percent. Tais efficiency i{s a conservutive number -

which will not greatly  impact the final conclusion. Smaller groynd .

antennas with efficiency of up to 65 percent will only add to the
systan capability. :

4.2.2 GROUND USER ANTENNA CONSIDERATIONS -

Figura 4-38 shows :antenna - gain vs, area. .. The presentation is for
eanrennas 1 x 1 inch. to 20 x 20 ({in. The antenna could have non-
sy=metrical dimensions or be a dish, but the square is chosen to give a
representative {dea of the size of the ground antenna. A 17 dB antenna

gain would be about.1l2 in. sq. Figure 4-39 shows the beamwidths for -

thy antennas vs. area for the same dimensions as used for.the antenna
gaixs. A 17 dB antenna would have a 19 deg beamwidth.

When an antenna {s used on a ground configuration, the user must be
concerned with the problem of multipath (Illustrated in Figure 4-40).
A direct siznal up to the satellits will have an interferometer patterm

with-a reflected signal from— the ground:- ——Even on—an-airframe- the—

multipath problem will occur. The "final” antemna gain will be the sum
of the direct 3ignal and the reflected signal and will depend upon ths.
height of the ancenna above the reflecting surface. This will determine
the amplitude and phase of the raflected signal. For MSSP, the height
and the physical orientations are not known for the general ground user
and therefors, we must assume that the signals will subtract. The
signals are "added” voltage-wisa not power-wise, Figure 4-41 shows the
effect of the total signal variation vs. the amplitude of the reflected
level assuming that the two signals are out of phase. A 10 dB

-53.
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A e ot e AR A A O M B R A T S s 5 TS

1f the ground user has the antenna poin:ed ‘at the 10 deg elevation and
‘the reflected signal level aimed 10 . deg below. the horizon (assuming a
_flat earth) is 20 dB below the direct signal, then the 20 dB beamwidth
of the antenna is 40 deg.  With the assumed parabolic beam, the 3 dB
beamwidth can: be..calculated.. and. the required antenna gain calculated.
Figure 4-42 shows the calculated required antenna gain vs. elevation
angle for the 20 " dB "reflection. In order "to- obtain less than 1 dB
reflection at.a 10 deg elevation, the antenna gain must be at least at
20 dB. Figure 4-43 shows che reslationship between required area and
the- elevution angle.: It must ' be ~noted that these curves show the
required gain and area required of the ground wuser for a 1 dB gain
variation dua to ground r.flec:ions

Anothe .ysical factor which wmust bo considered in the ground user
equatic.a is the path loss of the up/down- 1ink. Assuming an altitude of
the spacecraft of 6§75 km, the slant range from the spacecraft to the
user will vary from 675 ka to 2100 lm. The path loss to the user will
vary with the slevation angle: of the wuser. Figurs 4-44. shows the
variation of the path loss reduction 'based upon 0 dB at the 10 deg
elevation angle. If 17 dB {s required at.l0 deg elevation angle, then
vhen tha satsllits is directly above the user (elevation 90 deg), the
tequired gain for the same systum performance 1is about 10 dB less.
Figurs 4-45 shows the required gain wvhen the path loss variacion is

The final physical parametsr is the angle that the spacecraft must view
to see . ths ground user. Figure 4-46 . shows the scan angle that the
antenna of the spacecraft must scan to view the user vs. the user
elevation angis. The anterma wmust view a . cone of about 62 deg half
angle 1n order to viov all possibln 10 deg clcva:ion users.

I e T TR i Ll g g e - A, R S

Sannaxizing for the 10 deg olovation user:

‘required gain (20 °dB)" peEm 200 dB
e .. possible reflection nnplitud‘ 1d8
T required area - T 1409 in. sq
o e i v en s, WS GT Deamwidth w,«fﬂwwmwgwwwww}s deg B
path loss - max
vt g oo TOQUiTed user link caim . 17 4B 0
spacecraft scan angle 62 deg
spascctaft gain P 17 a8

The 15 deg user beamwidth means thtt 15 the poincing of the user
antenna is off by 7 S dog.“ cho antenna gain will be redi-ced by 3 dB.

4B e T e T AT NSRS AL e at s AT Akl T < AR L ma s

- = e e el o

-$6-

Tt e T L e e e A B LA T b . PR L T T Yoy gy o T e e e .
R e fn T b T ikt Nt Y (AT LY A XA R 1Y Sy i Pt (e v ke 1o aGes et i e et i . o
T Feflected $ignal vwill“€ause tha firal ““gain 'to-be-reduced by about 3.3
dB.or the antenna gain would be .reduced to 13.7 dB.” This is not enough
to make the link. I1f a compromise 1{s made to accept a 1 dB variation,
“"the.reflécted signal level must bc~20 dB -down-from- the -direct signal. P
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When the 1 dB of reflection s included, the poinci@g accuracy must be
greater than 7.5 deg. Also, the 20dB gain antenna would compensate for
atmospheric losses. : -

24.2.3 GROUND USER QUALITY. FACTOR. .. oo smosmomms r oot -t pirm b s s s

The operaticnal considerations of communication with low Earth orbit
satellites must be factored into the —<trade of the performance of the
ground user’s antenna. __The most important considerations are the
number and position of the satellites which can be viewed and the scan
rate required of the ground user to track the satellites. e
If uniform distribution around the world 1{s assumed, the number of
satellites in view by the user will be B . e

- 260‘1\-r 1/2,*(1 - cos( earth angle )] .
earth angle = Acos{(R/R+h)*cos(elevation angle)] - elevation angle

or sizxply, the area seen by the user times the number of satellites.
This plot i3 shown in Figure 4-47, The real case will not have perfect
w—-dniformity. However, the. curve 1is representative of the number of
‘ satellites vs. the user elevation capability. . This curve shows the
cumulative number of spacecraft in view 'with a user view capability
~ from 90 or overhead to.a specified elevation angle. Figure 4-48 shows
4 the number of satellites in view in 5 deg cells at any elevacion angle.
For ths high elevation angles, there are not a lot of satellites. The
probability that there will be a satellite directly overhead is very
low, > ’ :

Second, the user’s requirement and gimbal rates for tracking the
satellite must be ascertained. The satellits at 675 km altitude is
moving at about 7.5 km/sec. The giubal rate of the user will be much

- ———_higner-whan the-satellite-is overhsad - close_to the ratio of the earth .

radius to the satsllize altitude times the spacecraft rate. Figure 4-
49 shows the user gimbal rats vs. the elevation angle. The angle of

the spacecraft antenna scan angle i{s 0 minus. the sum of the earth and

user angla. Thersfore, the -spacecraft gimbal rats will be the user
gimbal rate minus the spacecraft rats. Both scan rates will be very
high at 90 deg elevacion and slow at low elevation angles.

The gimbal rats shown in Figure 4-49 {s for an overflight pass. When
the spacecraft passas in viev at angles other than an overflighet, the
elevacion gimbal rates will be slover and the azimuth gimbal races will
be larger. Figure 4-50 shows the cumulazive time for an overhead pass
vs. the elevation angle. For example, 1f a spacscraft flew over a
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gure a.s1 shovs a ratio of :he nunbar-of satellitos to the gimbal _
The the inexpensive ground user system performs best with a toroid-tyr
of patterned antemna vwhich i{s -scanned in .azimuth to detect satelli’ws

and skip :he sacollites which are ovarhead for only a short :ime

wn 3

A conclusion f:om :his dac; 13 that the ground user prefers .sing the

low elevation angle -spacecraft with- the higher quali-zy facto:
Therefore, several cptions exist for the ground user and MSSP:

a) expensive ground unit to track satellices

p)" ground user usa low clcvation angle sa:elli:es -more slower moving
satsllitas

v o - : L o

e). inc:easo spacecraft power for high elevation angle users

4.2.4 ANTENNA GAIN/RF POVER TRADE

The ground user link ttada involves the trade between the size and scan

‘ “rats.capability-or antenna and the RF>"power- czansmitted.: The gain of

. -

the antenna will incredse by almost '3 'dB *(d5uble) every time the area
of the antenna doubles., For small antsmmas, the {mpact of doubling the
size of the antenna 4is insignificant. For "large antennas, however,
-increases of 3 d8 may .require antenna diametsr increases in terms of
maters. The actual size increase for a 3 dB gain will be more than a

—factor of 2. The cost of RF amplifiers for increased RF power can be

expensive. Also, as the magnitude of the RF power increases the
- efficiency of the amplifiers will dacrease. For the ground user, the
*larger antenna and gimhal scanning system can be quite costly while the
_cost of an RF amplifier and power cost is not of great concern. For

the satalliite, the cost of RF pover and larger anternnas can bothbe -
costly. The optimum trade. is a compromise between the RF power and

antenna gain of both the satellite and ground user. The third option of
increasing the satellite RF power, suggestad in section 4.2.3, will

require additional satellits power. An increass of the RF power by 10 .

dB in certain situations could producs & cost saving by increased
performance capability for the total system. The link equation of the

satsllite/ground user - is based upon 17 dB ' antenna gains and 10W of RF

povar at the 10 deg elevation angle (max path loss). If the transmit
pover wvere: inc:easnd 10 dB (IOOV), :ho link cquacion could be wrictan

Gsat + Gusat + DEIpl + 10 dB (pov.: d.lta) - 3& dB (17 dB + 17 dS)

or Gsat + Guser + DELpl =« 24 dB

.6“.




where DElpl = delta pach loss, Gsat, Guser = gain satellite and user
Therefore, with higher power, :ha ancgnna gain and size of the
satsllite or ground user could be reduced. If the satellite had 17 dB
antenna gain. the ground u33r could have a wide beam (70 deg beamvidth)
" - 6.5 dB gain antenna to use when talking to.high.elevation angle (90 to -
b - 40 deg) rapidly moving satellites. This antenna would provide a dome
o of coverage, or a 100 deg cone about the zenith. A high gain toroidal
scanned antenna would be needed to talk to the low angle satellites.
The satellite and ground user would be required to use high power only
" when. the communicacing ground user is viewtng the satsllite at a high
elevation angie. .

This type of operation would be an excellent compromise. The ra:ionale
is that the ground user is required toc have a high gain antenna for
cultipath reasons at the low angles and. therefore, could use high gain
- rather than high power. Also, the probability of a high elevation -
e e angle satellite is--low. and the time period during which a sacellite
L ¢  would be required to transmit high RF power would be short. . If a
satellite were passing directly overhead, the time to cross the wide
bean dome (Figure 4-50) 4is 3.2 minutes of a 9 minute pass. Most
2 satellite passes will be grazing off the horizon rather than overhead.
Vhether this user antenna cost savings would offset spacecraft power
. . cost will de“end upon the user -environment @and the projected user
» . ancenna“qost ‘The main concern i{s che total system cost.

"

Another option might be to lower the nadir gain required for both the
satellite and the user. - Antenna gains of 14 dB- with 30 deg 3 dB
beamwidth, which would .cover elevation angles +/- 20 deg about the 90
) elevation, could be beneficial to both the satellits and ground user.
4 - Also, if the RF power outputs were 10 dB higher for all angles, and
Bl because the gain of the ground user must increase for the low elevation
angles, the gain of the satellite antenna could be reduced to 14 dB.
This lower gain, wider beamwidth would allow coarser pointing errors
“and” reduced antenna size. The trade ~would ~be the larger size of-the -
power subsysrin. : :

4.2.5 CONCLUSION

This analysis wvas meant to state a few of the ground user concerns and

possible trades. Any trade must consider the impacts on the satellite

: power subsystem and the satsllits size.  However, when comparsd to the

- costing for the ground user, some of these options seem to be of values,

: particularly the use of higher power for the high angle satellites.

The total system cost will be greatly impacted by the large number of

ground users. A final decision on the satallite/ground user interface
will be nado by the MSSP system engineer.
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4.3  MSSP COMMUNICATION SYSTEM

AEscablishing a sﬁccessful communication system for :the:MSS.program will
depend on the resolution of factors which will significantly affect the

performance:. Thesa factors (such as.. altituds differences, number-of

spacecraft; pointing.errors,; cross link range) have been identified and
are discussed:-in:this section: technically . and in :-terms:of cost. 1In -
addition, a section.of “‘the MSSP 'link. equation has been includad ca
provide trade graphs of -the: various sys:en parame:crs. . =

4.3.1 SAIELLITE RANGE

SPACECRAFT RANGE VS HBIGHT ABOVE EARIH

“To eliminaca atnospharic loss and multipath, the MSSP maximum
- -communication range.vs. S/C~&1:iCuda and the mininum.heighc above the
Earth must.be :considered.
.As the crosslink range between satellites is increased, a maximum range
. . 1s .obtained due to the occultation or blockage by the Earth. The
'~ . ‘communication range vhen coununica:ing diractly across :he limb of :he
’ Earth is: Ce e . : . :

Rmax = 2 (h+r) sin (am) | ' _

where Cos (auax) - r/(:+h)

> ——

r = Earth radius (6378 km) h= S/C altitude

- For example h = 675 kn Rmax = 6021 ka
: " This maxioum range condition is not, however, the optimum range for a
- low cost communication system-like MSSP:—Comrunication-directly -scross
- the Earth limb will requizre that the  RF signal traverss the Earth'’s

atmosphere twice.. Also, the multipath reflection at the Earth’'s

surface will cause large signal degradation. . Therefore, the required .

signal amplitude - will have - to increase by snv.tll st as - the
coununica:ion rangos approach the Ear:h linb :

Another losa coscly “solutien - vould be- - to- linic tho naximun range
condition- to % communicats - across - an:. altitude - above --the Earth'’s
va:nospharo or an al:ituda of 100 kn Tbo naxinun comnunicacion range

.- would chen be:  ioT T PR T T
R SEEAR A ?M LR z : B A

Roax = 2 (h+r) :in (lnax) . o h "5W;§:f?ﬂf5' -

where cos (4max) = (r+100km)/(zr+h)

For example h = 675 kn Rmax = 5579 k=




The. system designed for the lower range (557kn) vould be a mozre cost-
effective compromise. TN

4.3.2 625/675 AL&ITUDE DIFFERENTIAL
- The pruposcd sac-llic- orhi: is 675 kn. ' ’ZEE.: being in orbit for
saveral years, the satellites will drift down and new:satellites will

This altitude variation will iuwpact the MSSP mission in that true
angles between satellites will not be as designed.

To analyze the real pointing angle and range for satellites of

different altitudes for comparison with results of satellites flying ac .

the same altitude, assumptions were made that the satellites had no

altitude errors, no pointing errors, and fixed beam antennas. Once the.

- izpact of the .al:iituds -differential for these satellites is knowm, the
analysis can be extrapolated €for altitude errors and the non-fixed
elevation beam antennas. '

y 6.3.2.1 POINTING AND RANGE ERROR

-Previous analysis has limited the angle diffarence from satellite A to
satellite B to & deg with an altitude differential of SO km. The basis
for the 4 deg is shown in Figure 4-52, and was based upon an orthogonal
intersection of the horizontal and :ha 50 km altitude difference. This

, analysis agraes with the 4 deg, but the relative position of the 4 deg
is different from Figure 4-52. —

Flgure 4-53 shows the relationship between antenna pointing angle and

= the range between the satellites when they are at the same altitude.

The pointing angle 1is the angle between the orthogonal to the A

satellite radial and the line to the second satellite B. This is an

altitude, then the range and angle would be as shown in Figure 4-54.

Figure 4-54 shows the satsllits A at aititude 625 km and satellite B at

675 km. Since these satsllites are at different altitudes, ths range

and pointing angle will be different for the same "Earth angle” between

thea. The equations for theta prime and R prime or range prime, the

real angle and range between the satallites is described in Figure 4-

S4. The comparison of the same altitude and 625/67% altitudes must be

made for. the same design angle. In other words, with the assumptions:

no altitude srrors or pointing errors, and £fixed antanna beams, the

systen (s designed for the same altitudes of all satellites and the

impact of the altitude differences is compared at the same design angle
or one-half "Earth angle”. :

-67-

be piaced in-orbit at. 675 lm... The altitude has been establisned so .
that the satellite maximum altitude variation will be-675 km.to 625 «m.

angle down from—horizontal. If thetwo-satellites wers not_ at the same
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Figure 4-53 Relationship of Antenna Pointing Angle and Satellite Range
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Figures 4-55 and 4-56 show the ranges between the sa:ellifas for the

cases where they are both 675 km and where they are at 625 and 675 km.-

The differences ars very small except for design aigles below 1 deg.
Fren then the differencs is small. The maxipum. range error will be 50
km when the satsllites are above one another or when the design
pointing angle {s 0 deg.- Filgures . 4-57 and 4-58 show the difference
between design angle and the -real angle due to the satellite altitude
separation. For large design angles out 22 deg, the real and design

poincing angles are close. However, for angles below 3 to 4 deg, the-

difference becomes very la:ge unteil . at tho design angle of 0 deg the
real angle is 90 deg.

The impact of these errors will be a small increase of the link path
loss, but the pointing angle difference could cause a large loss due to
the antenna gain. -

4.3.2.2 IMPACT OF ERRORS

The pointing error difference for the satellites at different altitudes
could cause the signal amplitude to be furthar down on the antenna
pacttern. To analyze the impact of the altitude difference, a baseline
link and w@ntenna must be assumed:

Antenna:  uniform illumination with sin (X)/X pattern and beamwidth of
$0.8 deg/L; where L is the aperture length in wavelengcth.

X=P1 * L sin (8); 8§ = antenna angle
Antenna pointing at maximum range -

Antenna beamwid:h « 1.1 times max range 23.1 deg
It will be assumed that the maximum range is 5579 km (angle-Zl)

PRSP W . - -

With :hese assunpcions :he equacicn for the link margin with varying
range (assuming that the azimuth pattern is narrow enough to provide
adequate gain) is: , .

20 log [;m] -2*% 20 log [_;_m_x] ;i X = L sin(21-4)
R’ X

Figure 4-59 shows the path loss (range) change with angle, the antenna
gain change, and the total 1link margin change which {s the path loss
minus two times the antenna change for two satellites at the same
altitucde. These curves state that the two factors - antenna gains and
path loss - compensate for each other. For this calculation the
antenna beamwidth was chosen to be 21 times 1.1 or 23.1 deg. The
antenna dimension was therefore, L = 2.19 wavelengths.
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Figure 4-60 shows the same combination of path loss, antenna gain, and
total variation for two antennas with the real antenna pointing angles
for satellites at 625 and 675 lm. Note that the antenna gain varies
considerably because of the pointing angle. = The antenna gain rises at
about 1 deg design angle due to the antenna sidelobe. The usable link
(>0dB) is .limited to ranges grezter than 11.deg design angle or 2700
km.. This looks bad except for the fact that we have made an error.

The antenna. patterns are pointed down at the maximum range of 21 deg
(5579 km). Satellite B is up from the design angle for satellite A
because of the 625/675 altitudes. Likewise, satellite A will be down
from satellite B. Therefore, the real link margin equation should be:

20 log [_zi;g] -20 log [_;iniﬁggg] -20 log [ giggxn ]

Where XA {s L sin (21-4) -
and X3 1s L sin (21-8'-(8'-4))

= L sin (21-28'+9)

-1 The location of satellite B will be farther "down" on the antenna
- pattern of sgsellite ‘A because of the:-altitude -difference, but

satellite A wi “he farther "up” on the anténni pattern of satellite B.
These two effects will almost compensate. for each other. Figure 4-61
shows the link difference for the two 1look down case and the real or

- look up/down antenna cases for design angles of 2 to 21 deg. This
. figure was based on an antenna size of 2.19 wavelength or a beamwidth

of 50.8/2.19=23.1 deg. If the beamwidth as expanded to 50.8/2.15 =
23.6 deg (L=2.15 wavelength), the calculated- results will be as showm
in Figure 4-62, which provides >0dB performance from almost 3 deg (720
k) to 21 deg (5055 km). The 2.19 to 2.15 antenna vertical size (8.8
in. vs. 8.6 1in.) would cost the same percentage expansion of the
horizontal aperture for equal antemnna—gain. —

Satellite B is located 4 deg up from . satellite. A at an angle 1 deg
above the satesllite horizon when the design angle is 3 deg. The angle
offset is 4 deg as in Figure 4-52, but 4 deg above the -3 deg.

The antenna beamwidth can be varied (with dininishing feturns) to

extend the close range limit but the following general conclusions can

be made: . S

1) The altitude difference will cause a loss of gain due to the lower
satellite antenna, but the higher .satellite antenna will have an
increase in gain almost offsetting the loss of gain.
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2) The altitude difference with the parametsrs assumed and a 2.15
wvavelength size, will cause a .loss of communication for angles
above 3 deg down or about 75G km. :

3) An antenna. designed to . compensate for the altitude difference
woulc. not be required to "scan®™ up to &4 deg above the horizonm,
only to 1 deg.

Attitude and Pointing Errors-- Field of View (FOV) e e

| 1f the effects . of . 'mntenna pointing error are now included, whether

caused by alignment or attitude error, the required antenna FOV can be
defined. 1If the pointing errors are zero or small, of course, the FOV
{3 net really defined. If the attitude error is 10 deg and if the

. antenna. poincting error {s 2 deg, then the antenna FOV required would be

+/-12 deg or 24 deg about Q=21 deg (max range).

FOV = 24 deg about #max for max range

Side Note

~ If peak power is used by the system for _ong range cases, the antenna
pointing and idth will be ' modified _but field of view and look -
angle analysis;ﬂill be the same.. . .. wiZioeeses - LT

4.3.3 MAXIMUM C™7SS LINK RANGE

‘During the initial 'analyses of the MSSP- Phase I, the communication

range capability of satellits vs. the de power requirements were
analyzed. This analysis stowed that the shorter ranges vere more ccst
effective from a dc power uerspective. Howaver, when the impact of the
probability of communication is considered, the maximum range
capability can be seen in a different light.

Increasing the cross link range to the maximum range cavability of 5579

ke will result in. significantly higher probabilities of useful

communication experiﬁanta:ion in che prototype phase. During the
operational phase, the - total number of spacecraft required will be
reduced, thereby reducing the overall system <cost. This is true even
if the cost per spacecraft on - orbit increases due to increasing the
naxinun range from 2225 km to 5579 kn

The. initial space demonstration of HSSP will consisc of 10-20 prototype
spacecraft that are placed into 675 km circular orbits by a single
launch vehicle. This 1limited number of spacecraft cannot support an
around-the-clock glovai communications system. However, it can provide
several hours each day of communicatioas ssrvice between North America
and Northern Europe and between North Amarica and the Westerm Pacific
region. It can also provide up to four hours a day of regioual
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communication within Northern Europe. The primary purpose of che
demonstration phase will be to provide on-orbit verification of mosu
MSSP technologiaes.: However, a .completa demonstracion of. the nccwork
routing and ephemeris tracking technologies will not be achieved uaril
saveral orbit planes have been populated.

The initial prototype demonstration can also serve as the first of
three orbit planes that will form the backbone of an around-the-clock
communications system. Thesse three planes would all be at 57 deg
nominal inclinactisn with their ascending nodes separacted by 120 deg of
longitude. This inclination has been chosen because it provides the
best Nrc-th Atlantic coverage available £from an ETR STS launch. Each
spacecraft will be injected at a slightly different inclination and
velocity so that they will continue to - spread  out ia longitude of
ascending node and true ‘anomaly.” An around-the-clock communications =
capability will be available in discrece latitude bands immediacely

- after the spacecraft in the third launch have spread out 3690 deg in
tzrus anomaly but before they have spread out significantly in nodal

. separation. For ground statious with a 5 deg elevation-limit these
initial latitude bands are 36.3 deg to 49.2 deg. The latitude bands

- are reduced to 39.9 deg to 45.6 deg for ground stations with a 10 deg
alevation limit. Ground stations at other -latitadés will have pericdic
outages at either 3 or 6 'times per diy until nodal spreading fills in
the gaps. This will taks about one year, depending upon the diffarence
in inclinaction given to each spacecraft.

~This around-the-clock backbone systam will be sparsely populated with

_only 30 to 60 spacecraft. Nevertheless, this will be sufficient to

_ provide a basic communications network after nodal spreading. This
> initial system will have short interruptions in avaiiability due to the
—.——_randon phasing of the orbits. However, uniform coverage should be

considered befors examining the probabilistic factors. Figure 4-63
shows the number of spacacraft as a function of intersatsllite range
that are required to uniformly cover the globe. The equation for this
curve is:

2/3

- el X
[sin [ T ]

—n

Where X 1is the incutsa:ollico rangs, Re = 6378 kn is th. radius o£ chn Earth
and h = 675 km is the orbital altitude. .

The anglc given by the inverse sino ‘is expressed in radians. This equation
is based upon an assumed uniform distribution of the spacecraft in a
hexagonal patterm; each spacecraft has six nearest neighbors at a distance
X. The rasults obtained with the assumsd hexaginal pattern do not differ
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appreciably £from those cbtained with other simple patterns such as.
underlapping and overlapping circles. '

One of the largest multiplicative factors anolved in selecting the required
nuzber of spacecraft for the constellation {s the one due to random orbit
phasing in true anomaly. The following approximate analysis was performed
as a first cut at evaluating this effect. Consider M spacecraft in a single
8 . orbit plane that are distributed around the orbit with a uniform probabilicy
. density of their txus anomalies. This approximately characterizes cthe-
prototype demonstration system after some reasonable spreading in true
anomaly but prior to significant nodal spreading. The probability that a
particular spacecraft will be within range of a specific second spacecraft

in front of it is:

1 -1 X ]
. P o — 3 in ————— E
. - . R [ 2 (R,#’h) .

whore the notation is the same as in equation (1). The probability that the
particular spacecraft will be within range of a specific second spacecraft
j that i{s either in front or in back of it s 2p. There are (M-1) other
. spacecraft to consider. Therefore, the probability of g at least one ocher
i : spacacraft that is within range ahead of a particular spacecraf: is
M-1) " o~
P = 1l-(1l-p) )

-~ - »

Similarly, the probability that there is ~at least one sﬁacscrafz within
— range ahead of and at least one spacscraft within range behind a particular
) spacecraft is:
! A .
(¥-1) (4-1)
o Py = lfg_(l_'P) .+ {1-2p)

The probability Pl approximately describes the 1likelihood of obCaining at
loast one cross link connection in the direction of a desired ground station
(e.g. the probability of communicating between Northern Europe and the
Persian Gulf). The probability P2 approximately describes the likelihood of
having at least one cross link in each direction (e.g. the probability of
Northern Europe being able to communicats simultaneously with both Norch
America and the Persian Gulf, or . alternativsly of North America being able.
to communicate over a 3 spacecraft 1link with the Persian Gulf). The above
interpretations are approximate because Pl and P2 refer to any spacecraft
within range whereas an actuil communications 'link dspends upon the second
spacecraft being at least a certain minimun range from the firsc.

The probabiiicies Pl and P2 are plotted 1in Figure 4-64 as a function of the
number of spacecraft in the orbit plane for two maximum ranges, 2225 vu .nd

-84«




TUTER W v
- .. 998 - : ‘J Cimmepen g e . e Pt P‘ L
99 R e A ORI B P , - 3 MAX
_;"‘-’: S e NI N . N ‘__, . ! T aANGE.
98 F= AT e S - 5579 km
95
S0 - Py
' L“Am PZ.
Q
2 MAX
R ‘ . AANGE
£ 80 N : - 3 225km
= o g . '
- a 50 vog = .
R 4
- 8 - ~ .
S 40
vvvvv -
.. 20
20 _
.10
08 Ny o - - ‘
62 g
ot 1 1 1 1
~ 0 20 3 0
M, NUMBER OF SPACECRAFT IN PLANE '
. AN 7621ae
Figure 4-€4 Probability of Link to Other Spacescratft in Ore Jirection (P,) or Two Directions (P»)
-85- L]




-3579 knu"Nicuzaliy‘the»probabilittgs"for*:he“shoitef'tahge~vgrsicn are nuch
* lower and rise more slowly with "an increasing-number of spacecraft-than do
"-the prababilities-for the longer range version: Thé primary purpose for

" deploying the-prototype spacecraft is:~to--provide on-orbic verification of
the. MSSP design by performing communications experiments. Thése experiments ..

have not yet been defined, but it is likely that the low probabilities (Pl =
0.372, P2 - 0.129) of the  shorter range version with 10 spacecraft on-orbit
would be marginal. The large increase in the probabilities (Pl = 0.713, P2
= 0.493) for the 5579 kn range version -with 10 spacecraft on-orbit would
greatly add to experiment flexibility and to the performance of :he evolving
communications network as more orbit planes are launched '

4.3.4 LINK EQUATION

This analysis was perforﬁed early in the Phase I study ¢to identify

- communication with-trade concerns. To accomplish the MSSP primary purpose

which is establishing. a successful working communication 1link, several
design and system trades must be done to ascomplish it at low cost. ‘

. The system paramecaers follow:

Transmit power: Drives the spacecraft size and weight cost.

.Rangef & Affects the transmit: povof required " “the system. time

delays, and the nuibe: of © spacecraft necessary to complece
the systen.

Antenna Gain: Affac:s the transait pévefu required and the physical
size of the spacecraft.

.

Link Margin: Adds confidence to the system capabilicy. This

margin eunsures that as system . components age, the
systea will still parform. However, this pad or
~—excess— baggage- will—require-—higher _performance of the

system and create higher cost.

Data Rate: - Directly affects the required system transmit power
required.

These parameters can be combined in a single commmication link o§uacion:

Pr = PtGtGr ()\/4PiR)2

vhere: Pr = required received signal
. Gt,Gr = transmit and receive antenna gains
b = frequency (wavelength)
R = = range or distance between satellites
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The tera Pr contains all of the parameters relevant to the receiver design.
Many of the parameters will. be..dependent upon the type of communications
'mode used.. ,None of the actual parameters and values are fixed ye:.
However, an.estizate.can be made . wiich allows an analysis of the MSSP link
~ equaction and.a first cut. .act..the compromises which much be made. The
.equation for Pr is: . ... . . ... e s ,

Pr = KT.+ Eb/No + NF + Loss + 10 log (D) + Margin
~ where: KT = qgiéé:floof. 270 K ‘ |- «-2oa.3 dBW

EB/No -‘iéﬁéiied signAl,:o noise levei— - 6.7dB.
(MA Com study)

NT « receiver noise figure (estimaces) - 3.0 48

Loss = receivar detection 1loss -and signal = 2.0 d8
to-date power L o ) o .

D = data rate

Margin = signal level "pad" -

- - e

or, Pr = -189.6 d3W + 10 log (D)
2efore proceeding any farther, additional asgump:ionsAmugt be m#de:
"G - G:{ antenna gain transmit equal antenna gain receive

- D: data rate = 1, 5, or 12.5 Mbit/sec. - This assumption
will provide a baseline to see the effects of data rate.

Frequency = 4 GHz

V-Vizh these assumptions, th; link ejuation ~an be rewritten:

Pr = -189.6 + 10 log (D) = 10 log (Pz) + 2G - 20 log(R(Xm)] - 104.5
“or, 10 log (d) = 10 log (Pt) + 2G - 20 log [R(Za)] + 85.1
With a low-cost single antenna bean system, range and antenna gain refer to .
the msximum range and gain. The antenna gain and the range loss will
compensate at close rangss. Therefore, the term 2G - 20 log (R(Xm)] is a

coristant. Or,

10 log (D) = 10 log (Pt) + K + 85.1
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vhere K = 2G peak - 20 log (Rmax(Km)] . T -’

. Figures 4-65 and 4-66 can be wused to determine the relation of the link

paramsters. In Figure 4-65, the data rate and RF power are selected and. the
value K i{s decermined. 1In Figure 4-67, with the .determined value for K, the

antenna gain is selsucted and the: system range capability is determined. : \
Figures 4-68 and 4-69 {illustrate - the system "range vs.: the RF power for
selected dacta rates and antenna gains.

No hard conclusions can be ascsrtained Eron.:his-anaiysis.vIHovcve:. several
tentative conclusious can be drawn.

1. Antenna gain: Should be as high as possible and at least 15.dB.

2. Data Rata: Should be compromised to at least less rhan 10 Mbit.

3. . Range: The system- range 13 driven by the need to provide cogplete o
system coverage and the number of satellite«. However, because of -
restrictiorns due to Earth reflections, the-range might be rastricted to '
3000 to 5579 Ka.

4, RF Power: With the above comprqnises,v the RF-pover required can be

lowered to less than 100W and "peak power averaging used for long

ranges: _ T

6.3.5 CONCLUSICN

The analyses performed in this section addressed orbital concarns of
spacecraft communication. They are not all directly radio, antenna, or
sateliits concerns but focus omn the total satellite communicacion system. ¢
The results of the analyses weres:

__a) Limit the maximum communication range to 5579 km such that the

communication path is above "atmosphere. —Attampting to communicate —-——————— .

across the 1limb of the Earth will .encounter the problems of
atmospheric loss and multipath. ' ' (

b) The satsllite altituds differentials of €25 and 675 km will éequire
the antesnnas to be able to scan up to 1 deg above the horizontal for
a 400 k= ainicum range. » '
¢) The probability of §1nving another spacscraft is incrsased greatly (

wvhen the systea {s designed for maximum range communication
capability; especially, during the prototype satellite phase.
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5.0 SATELLITE INTEGRATOR SUBSYSTEM TRADES

The satellite incegra:ur subii;ign cradés»are che areas of design study
were the satellite power, attitude control, and configuration; and the

satellite/antenna and satellite/radio interfaces. Communication between

- team members resulted in reexaminacion : of:: saveral. areas of anelysis..

-This section will discuss the analysis based upon the final requice-
mants from the third working group meeting (November 1986). Some para-
meters, howsver, such ag satellite bus power, will be presenced as
trades to show the impact of the variation of the. rsquirements. Making
some of the final systam trades easier to make 1n Fhase II is che pur-
pose of this information. S

~

5.1 SATELLITE PCWER

The satellite powver subsystam must generate, store, control and distri-
buts electrical energy necessary for the satellite, antenna, and radio
- operation. The main components of the power subsystem are:

~Solar Arrays to generats energy
Battaries _ to store energy
l;" Power 69§croli;g: ;i: to ;on:égi?ggffgyLs:orAge'-
| DC-DC Conver:or- } ."co suppi}ﬂ;;oﬁifidd voltages

To meet the MSSP critesrion of low cost, tha power subsystem desizn aust
provide efficient use of all of the components. The solar array mecha-

~ nical configuration must wmaximize the energy output from a non-

orientatad satallits such that the amount of ' array surface can be
aininized. Besides the cost consideration of the subsystem components,
- the size and weight of the components must be factored into the cos:
equation. The power subsystem will be the largest and heaviest element

of the satsllite bus. This subsystsm, Ctherefors, will iricrease the

cost of the satsllite launch and the number of satellites wvhich can be
dispersed per launch.

The MSSP Phase I power requirsments 1listed in Table 5-1, werc modified

as the study progressed with communication between the tesam members.
Initially the average power requirsment was 35W, then 50W, and finally
75W. Therefore, various analyses will show calculations at differing
average povwer levels. The analyses were performed so that final
cerclusions could be modified for the final requirements and be applied
to any future trades in MSSP Phase II. The analyses to be presented in
this section are: '

* Power Cost analysis which presents an overview of the cost
drivers and the impact of the power subsystea requirements
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* Array optimizacion analysis uhich presonts the impact of the:

"' ‘solar attay conf!guta:ion : e fﬂ;:jn S

* Sacxary sizing analysis s TR IR G

* Solar array trade antlysis which presents a look at an
unusual method of reducing the size¢ of the solar array

Finally, a design of the povor ‘subsystem will be-described for the 75W
average pover system. coe - T SRt e
The final conclusion for the power cost on a low cost satellite such as °
MSSP {s 35000 per wvact ac the spacscraft level and $7000 per watt on
orbit. The largest cost drivers are the solar arrays and the launch
cost for the arrays.

S.1.1 PCWER SUBSYSTEM COST ANALYSIS

This preliminary powver system analysis will attempt to provide a rough
rather than absolute analysis of size, weight, and cost for the power
systam, The purpose {3 to' shov the ;ono:al izpact of power system
requirements on sixe, wveight, and.. cost. Since the Sa:ollic. ateicude
centrTol system was not. defined,” an: ozni “solar* array was assured for
this ptnliainary analysis. . :

The following sssunpcicns vhich are stated at ch. boginniﬂg of
each analysis, were.mads. - —

» solar array: four panels spaced at 90 dag around the satellite.
The panels are tiltsd to cry to obtain uniform solar coverage
(omni array):

* . ‘solar cells on both sides of panels

* projectsd arsa of solar panels assumed to be 2 panels orbital
averags

* the projcc:ad solar area pouk area {s 2.4 panois "
**gsola: colls genotacc 10? per sq f:
* orbit tinme 96 nin 32 shadn 64 sun
-‘**“volcago at max powe: 33 AV B : x*;
These assumptions, vhllc providing a sonevhn: broad basclino for the

pover subsyscea, derive the subsystem cost drivers and the impact cf
the subsystem requirements.
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$.1.1.1 SOLAR ARRAY SIZING.

&
e L - T

The size of the :;fi: Aéf;yi' needs Eé:;b;$fsﬁ£fici05c.to.préducc an
. orbital average output equal to the average system load plus a faclor
- for the battary .fficiovcy Wk

TR

AVERAGE ARRAX OUT?UT - 1. l * ORBITAL. AVERAGE LOAD

The power output of the four panel system will be.the product of the
array size, ocutput rats, and sun/shads corbit perioed. -

:v-taga p:oj-ctod array area = 2 * area (£ft*2) po: panel
output rate = 109/5: 2 (conservative number)
T tun/shads tine = 6&/96
. POWVER OUT?UT - 2 * 10W/£e°2 * 64/96 /_ 1.1 = 12. 11w/£e” 2/panol

This ounber is the array orbital average output for the four panel
systam. In other words, if an orbital output of 12.11W i{s needed, the
systsa would use four.(4) one-foot. square panels. Figure 5-1 steows the
Toequirsd size gf;one . of ths four osanels za.,jynxggo required povers -
from 20 to 20CW: Wich an array weight of.0.5 kg per sq ft and array
- cost of §6300 per sq ft (array om both sides), Figures 5-2 and 5-3 show
the weight and coet anacc of £hcrnnsingly larger system powsr require-
mencs. :
CAVEAT: The pricing number used in this oxorciso is based upon recent
proposals. Although reasonably priced, this cost does not include any
estinate for high production. A closer cost examination will be done
later in this analysis. The array weight number used is linear for
increasing array. Actually, for larger solar arrays, the weight (and
T T cosT) would incraaso with wmore  complicatad-structures-and-deployment--
systams,

$.1.1.2 BATTERY SIZING

The size and cost of the batteries required are also a function of the
. sSystam’s power requiraments. For a low cost system, the first approach
would be to size the battsriss f£ar current-limiting under the high
array output condition. If che battsries are sized (amp/hr) so the
. maximum array output will not overheat the batteries, then a costly
pover control system would not be needsd. The trade is the cost and
veight of the additional batteries on the spacscraft.

.fhc-cqunc15n for :ho’sizing of the batteries is:.
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C/10 = MAX.ARRAY OUTPUT - MIN. LOAD REQUIRED

The C i3 the capacity of .the batteries.. The: idea is.to limit the maxi-
mum charge rate of the battery, which is the array maximum- output minus
the system minimum . load requirement, to---one-tenth. of the battery
" capacity. The one-centh value is a nominal number as a trade for bat-

tery life. The: bc::ary siza is th.refote~'~~ e i LR

C=10* (2.4 * 11 W/ft 2 * PANEL” (££%2) ) - L.F. * AVERAGE LOAD

whcto L.F.= load factor or the racio of che ninimun power tequi:ed to
averags power required e
Since this equation deals with peak power, the fac:or 6&/96 which ac-

councs for orbital averaging is deleted. The array output is 1llW per
- sq ft of array pansl. The .difference between using ll- and 10W/£ft"2
1s to account for the beginning vs. end of life of the array output.
The peak surface area projection of the array is 2.4. The load factor
(L.F. < 1.0) is used as a variable and shows the {mpact of the varying
duty factor of the payload power requirement, e.g., transmitter on/off
periods.

- Figurs 5-4 shows the required battery size vs. the system average power

.- for power -from 20 to 200W. The battery sizes required can be quite

large. To gst a concrets idea of Dbatrary siZs rsquiremencs.these sizes
(amp hr) must be converted into weight, ‘volume, and cost. The weight
was estimated at about 1.14 kg per amp Lr. The expected weight per
system power is shown in Figure 5-5. The battery size will be about 35
cu. in. per amp hr and i{s shown in Figure 5-6. The cost of NiCd bat-
taries is between $4000 per amp hr. for high reliability and high cost
units to $1000 per amp hr. for selected commercial units. Lead acid
batteries cost about $200 per unit. Figure 5-7 shows the expected
battery cost (L.F.=1), Figure 5-8 is a representation of three battery

sizos to- Shov the anac: of 1a:ger systen power requirements.

CAVEAT: Thc battery weights ars based upen NiCd batteries. Laad acid
cells will veigh somewhat =xore. Nickel-hvdrogen batteries with pres-
sure vessels would weigh much more. Also, for the larger batteries,
soms additional weight will be : needed  for thermal control and struc-
cture. ‘ . : ‘

$.1.1.3 POWER SUBSYSTEM COST ESTIMATE.

The total system cost Vvs. pover systen requirements will involve the
array, battery, and systam launch costs. The launch cost is dependent
upon the launch vehicle used to orbit the satsllitse. But, since this

is a prelizinary analysis, the cost of 1launch via the spacs shuttle
will provide a representative number. The . shuttle launch costs are
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- temperature of the-battery. This- system-could limit-the-charge ratio

AR b ] 1, e e ¥ A A L A VRS 8N s e 8 T et ks = e T

based upon both payload size and weight which can be calculated by
existing formulas. The final cost i3 the larger weight or size. Since

payload size will depend. upon. the.satellite.final configuration,.chis..
" prelimirary enalysis will use the power system waight cost which is che
weight of the batteries and solar-arrays.

Based upon a shuttle payload baac .cost . of $75M (28.5 deg launch) the-

cost equation .is:

Cost = §7.5M. (Payload Veighe)/(.?Sr* 650QD) o

or $1538 per payload.pound.‘ (The cost increases for 57 deg and 90 deg

inclination launches.) The launch cost of the solar arrays and bacte-
ries vs. the power svstem requirements is shown in Figure 5-9.

The total system cost (array + b@:tary + launch) based upon the use of
commercial batteries is shown in Figure 5-10.

CAVEAT: As was scated aSbvi;'ths ”lguhch cost éﬁuld Eo nodified if sys-

tem size with large solar arrays requires that the cost be based upon a
size- basis. The launch costs are also based upon a $75M shuctle cost
vhich could inc:easo. -

5.1.1.6. POVER SES7STEM COST REDUCTION et AT

Claazly. the cost, size and weight of . the higher power system levels.

previously described are too great. Cost reduction will begin with the
size and weight of the battearies. The previous analysis was performed
with a low cost power system (current limiting). The battery size was
the controlling functivn of limiting the charge ratio into the battery.
3y corractly 1limiting the current, the battery lifectime can be
extended. Another, though often more expensive, method of extending
battery life is to control the battery chargs current based upon the

'Y

to the battery to C/2 rather than C/10 wich the stipulation that che
true charge ratio be controlled by  the tamperature of the batteries.
If the betteries are cool and not fully charged, the charge ratio could
be C/2. Fowever, if the batteries are fully charged, they would becoma
vara as the arrays attempt to overcharge them. . At this poinc, the
contrnller would sense ths battery temperaturs and limit.the battery
charge to a much lover valus.

Various methods of charge controi are available: shunt load (dumping
pover into a lnad resistor), array switching (switching part of the
arzays off), ard ochers. The important pazameter i{s the maximum allow-
able ratio and the estimated cost of the controller. If a cost-effec-
tive reliability program and adequate testing (burn-in) is performed,
the cost of the controller could be limited to $20K (for large «.nrity
builds). The <charge ratio @wmaximum could be set cu /2.
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Figures 5-11 thru.5-16. show battery cost, siz., and weight curves-simi--
lar to Figures 5-4- thru 5-10 for a system wich a charge concrollet

_limicing: che uaxinun charge to*C/Z

- The cost of thn«sola’ array used in:

—cost wera reduced by-one-lalf by producing large quantities,
system cost would be as shown: in' Figure 5 17

200W system in 240 units follows:

$208K
* BATTERY: - § 14K

= * CONTROLLER: $§ 20K

Possible ways to rsducs systam cost follows.

early in the MSSP Phase 1
tgan members.

study,

‘The largest cost drivers are the solar array and launch cost.
cha pover requi:eduwill dccrass. th. systea: cosc R I

Several options exi;t co reducs powar zoquirlnants

and one unique apptoach are:

* Redu:o sys:au daca rate

* Reduce range

FMSISSK

T B il AT

this analysis was $6.3K.: If.
the tinal

An optimistic cost of a

This analysis. performed

{dentifies areas of concern to other

Reducing

* Reposi tion transmitter amplifiers

Two conventional.

this.

e .

en
sh

Reducing the system data rate will

impact many other subsystem power
raquirements. The transmitter will require

less RF power to complete

. the link, and the processing speed,. (dirsctly-relatsd to power) will be

teduced.

Reduction of 'the systsm range requirement to&ucoc

regquired.

tte RF powver

.It would also reduce ths attitude control power requirements

/pointing) and possibly tho Tequired antemna. beamwidth or number point-

ing positions.

The transmitter RF amplifier could _be ‘repositioned to each antenna.
slement rather than a central amplifier.

phasing components (S&P) will have
efficiency.
the S&P losses ware 3 dB, the
wutput.

i

~ The antenna switching and
losses which affecc system power

If the transmittsr RF output was 200W and if, for example,
S&P would absorb 100W of the transmitter
With a transmitter amplifier efficliency of 25 percent, the
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cffecc~o£;:hegs&r»unuld be 400W., Conversely, wizh discributed amplifier
at each antenna el.nen:..tho absolute power naguicudc of the S&P los:zes : o
4 lass. Also. sirce tha S4P is required to swiich iower powver- levels. -
Lless. pover is tequi:ed for the electronic switching which could pos- o
_ “sibiy be faster. ' L

€ . -

5.1.2 SOLAR ARRAY OFTIMIZATION

The largnst cost.driver for the power subsystem is due to-the solar
arrays. A crucial paramecter in designing the power subsystem will be ,
to maximize the array energy output vs. cost. Iha output can be maxi- o
aized by incroasing the {ndividual cell output efficiency or by
i{ncreasing the orbital average projected area of the array. Th's sec-
tion will analyze.the various solar array configurations to obtain a
better solar array configuration.

.. . Now-that the relative size of the battery and solar array have been
2nalyzed for an ommi-direztional solar array (Section 5.1.1), an analys
sis to reduce the cost of the solar array can-be undertaksn. The omni
solat array is independent of the satellite oriantation. It consists
‘0l four double-sided solar panals or eizht arrays. 1f the satellite

. vaze nadir-orientatad and in a 97 deg polar orbit 2t 6 o’clock, the sun

- . would always be on one side . of the .sacellirs. Therefore, two solar
AP |
N ' parels with jolar cells on one -side -facing. :h- sun could ‘provids the - Co-
e ’ same amount of power as . the -41¢hc ‘panels. - Since the .sun vould Ye

zentinually in view, tha sizo of ‘the arrays (orkital average) could be
‘ndividua-ly smcllcr chan an oani panel. A significant zost reducsion
{s realized. Thé amount of solar cells required {s recduced by ‘three-
quarters. For exampla, {f -the solar acrays cost $100K for the omni,
- the 2 panel system would cost- less than $25K. Cther cost reductions
- would follow due teo. weight and size reductions. - The front of the cani
systen would consiss of two solar parels vhich would {mpact the orbital
- lifetime and =2ztitude stability of the spacecraft. This frontal area
e .. {aTea/ma3s:A/M)_would bs close _to zears (sidaways to orbit direction)
- and cause t?e spacec'af: to bo pore stabilized ln yaw. B

o The previous examsple {3 &n extreme of possible spacecraft orbits.
: . ~ However, it dces damonstrate ths approach which rust be taken to reduce

the cist of the MSSP spacscraft. I1f careful design is used, the bene-

fits of multiple build will not be lost and the additional cost savings

of optimum design  realized. The omni pattern produces a very low
; maximm-ninimun power output variation. The low variation allows for a
) low-cost power controller. The cost trade must be made comparing the
' cost of the solar array vs. the controller and considering the perfor-
mance paramaters of frontal arsa, pover output, weight, and size.

Figure 5-18 shais four possible ar:cay cbnfiguracions. The omni pattern
array is the referencze unit. = Ths Mansard is a compromise of the owmni

- -120-
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“pattern unit with the solar azxray on one side only‘ The roof top unic

- spacecraft -{inclinaticn-angle: - -This beta angle variation aeffect would

provides a compromise of the Mansard with a smaller frontal arva. The
flush unic provides the aminimum frontal area by simply attaching the SRS
solar array to the top and sides. of the uppor spacecrafc module. ' TE
‘A means of coapating the solat array output. is necessary. The output .
for.the omni array was 12.44W°.-per sq ft of .array panel (Section =
$.1.1.1). (10W/£ft"2 was a conservative number used in the preliminary S
analysis of Section 5.1.1.1. For' later analysis a number closer to

actual orbital nuxmbers (12.44) was used.) A sq ft is actually four-sq

ft panels with sola: atrays on boch sidns. The power output per panel

sq ft is: : ' :

12.44 W/£E"2 ’ _
...... ecccece = 3.11W/ ££°2 of panel

In teras of solar cells, (because cells are on both sides of the
panel), the array output is 1.9¥ per sq ft of actual solar cells.
These mmbers are the orbital average output power of the solar array
(Cursory projoction refined numbers will be presented later). Similar
ouabers. (W/ft"2 of panel) produced by other solar array otisncations

" 'will be used to compaIe the sola: array pe:fotnanco

Before dnscflbing the performancs of - various . :ypos ~of solar array.
configurations, it is important to describe the phenomenon of the Sun
arigle. Figure 5-19 shows a skstch of the Earth/Sun ®solar system” and
the Sun beta angle for an {inclination angle of 0 deg (orbit plane is
the equator). The Earth’s equator 1is tilted about 23 deg to the
Sun/Earth 1line; thus producing summer/wiuter. For a spacecraft
orbiting in the equator plane with nadir oriantation, the Sun’s angle
to the orbit plane will vary from zero deg (equinox) to +/- 23 deg.
Thersfore, the angle from the solar array to the Sun will vary with -the
tine of the year. Also, the Sun/solar array angls will vary with the

not be important for an omni pattsrn array, except for the Earth
eclipse. The effect on other solar array designs of the expectad
Sun/array angles will cause variations in - the solar array outputs de-.
pending upon the satellite inclipation angle. '

Figure 5-20 shows the beta angles possible for the satsllite in the .
equator plane. Beta angles vary from =zero to 23 deg with respect to
the XZ satellite orbit plane. The variation of the beta angle for the
zero inclination angle spacecraft is caused by the Sun’s seasonal rota-
tion. The maximum possible beta angle for satellits inclination angles

" othsr than zero would be the sum of the inclination angle and 23 dsg.

BETA (MAX) = 23 + Al
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- For {nclination angles othar than zero, nodal regression will cause the
crbit plane to rotate and the .satellite beta angle to vary between +
and- beta max. ‘

_ 3y using the beta angle technique, analyzing tha effect of spacecraft
_motion on the spaceczrzaft solar array output is easier. The solar array ¢
outyut of any satsllite will vary with inclination angle, season of the
~* year, etc. With bera angle, a~ analysis can be done which reveals
: orbital output allowing satallits power to be properly sized.

The beta angle affects three important f;étors:

]
* gsolar array output
* getellite eclipse time
) * satellite thermal effacts ] . o
(

The thermal effects will not be addressed in the study. The sactellice
eclipse time is the time that the satallita is hidden from the Sun by
the Earth. Figixe 5-21 shows the satellite eclipse angle vs. the satel-
lite beta angle. Note that for beta angles greater than 70 deg for an
altituds of 650 km, the eclipse angle can be 180 deg. Inlother words,
periods will exist for sacellites with t{nclination angles ‘greacer than ' {
L deg whara the satsllite will view. the sun continuously. Figure 5-22
‘shows the eclipse tize as a percentage of orbit vs. the beta angle.
The eclipsa time in minutes vs. beta angle is exhibited in Figure 5-23.
The solar array output {is graacly affected by—the angle of the sun to
the solar array. ‘
Rather than addressing the projected output of a particular solar array
configuration, the analysis first looked at the output of single arrays
tilted toward cha velocity direction and toward thes orbit normal
———-3(Flgure--5-24). Any MSSP array configuration-will be-a-combination-of -—- --

these arrays. The MSSP spacacraft is assumed to be nadir-pointing but
uncontrolled in yaw. o . ' (

JFigure 5-25 is a brief description of the solar array orbital average
“ower output power equations. The array output constant is assumed to
.bo 12.44V per sq ft. This number will be dependent upon many factors,
‘1nc1uding temperature, array giint angle, and radiations effacts. For
this analysis, which (s the array configuration, it will not be a ¢
crucial factor.

Figurs 5-26 and 5-27 show, for various tilt angles, the orbital average
outputs of a solar array tilced ctoward the spacecraft velocity direc-
tion. The top curve is the orbital average output for a zero degree
tile; cthe solar array is pointing anti-nadir. The zero degree
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tile shows :hac :he o:bital power produced vill decrease as & cosine
function with the: Sun angle. When the..Sun 1is. at 90 deg, the Sun is
positioned at the: edge of the solar array for the full orbit and the
solar array will produce no ou:puc

Figure 5-27 "shows “small variatiens-of.?cwer‘ou:pu: as the til?® angle nf
the array ‘is increased. Figure 5-26 shows the variations of power for
larger tilt angles. Tks 90 deg tilt is when the solur. array is mounted

to the side of the spacacraft. The power ouctput with an array tilc of

90 deg 2nd a beta angle. of 0 Jeg is much lower than the O deg tilc.
This condition is caused by the array being.hidden durirg part of its
orbit by the solar eclipse. As. the beta angle approaches 90 deg, the
90 deg tilt array output appreeches the output of the 0 deg rilted
array. If thesa soiar array configurations were che only choices, then
for a satellita orbiting at 28.5 deg (beta max = 51.5), the optimum

"array choice would bs a 0 deg tilt and ths solar array size would be
-calculated using 2:5W/sqf¢ averags -array outpuct.  -The sizing of the

solar array must use the lowest orbital average power output: I the
inclinaction angle were 57 deg, it would rnot be possible to build a
suitable array with only a1 forward tilt because of the zero output when
beca aquals 90 deg.

arzay tilced toward the orbit normal or todard Tight of the satellite
and the Sun as the satellite flies. The zero degree tilt has the same

results as the forward tilt of zero degrees. - As the angle of tilc
increases, the power output for a beta angle of zero decreases and the
output for the higher beta angles increases. igure 5-29 shows that

_for a tilt angle of 90 deg, the power output approaches a sine wave

with zero vutput wnen the beta angle 1is zero and 12.44 when the beta

" anigle {3 90. Tke 90 deg tilt condition exists when the solar array is

mounted to the side of the spacecraft looking to the right side of the

___spacecraft. Both Figures 5-28 and 5-29 show elevated curves for beta

igures 5-28 and 5-28 show ths - orbita~‘~e¥n:ege powet-oucPut from aa

" angles of SO deg or larger. The eclipse region is slovly being reduced
while the tilt effect is being seen. For example, the 25 deg ctilt
pover greatly increases for beta angles between 50 and 70 deg and then
proceeds with the narnel decrease expected fer be:e angles between 70
and 90 deg.

Vher the angie of . the - erfey tilted toward the forward dirsction is
negative (tilted backwsrds), the orbital power output will be of the
same form as a positive tilt angle. Vhen the angle of the array tilted

_ toward the array norzal i{s negative, the result will not be the same.

Figure 5- 30 shows the orbital power  output £for a negative angls.
Again, the zero angle is liks the other zero tilt angle cases. For the

other tilt angle, the outputs are sine type variations down to zero

output when the tilt angls plus the beta angle equals 90 deg.
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Thn srbital averaga power outpit- of tbc “roof top az ray "of Figure 5-13

can be calculated by using the {nformation from .Figures.5-26-through 5« - . <=

20. Figuze 5-31 shows chis. array configuration output when che

spacecraft flies-with the edges--of~the- arrays-in:the velocity dirac. <= ===

tien. Tha tve acrays” (positive and negative tilt) seem to complament
each othar and produce a -flitter Tresponse vs., beta angies especially
for the 25 deg gilc ‘angle. . However, . 1f the. spaceczaft weras to. yaw by.
90 deg, the array output would become as that in Figures 5-26 and 5-27
and would bte vnacceptable for . the. -higher beta angles. Therafore,-the:
array ccn;iguracion :ust b. symn.cxica-.

o g ez

AR e

_FLUSH MCUST ARRAY T T
“The flush-mounted sclaz array is always the most:  desirable from a. .
structural and daployment standpoint. Flgure 5-32 shows the orbital
‘averags power output from an array of four solar arrays around a bex
stracture. Ths arrays have a 1. SV/’: 2 crbital output when the beta
angla is zaro and a much. larger: output when. tha beta angle (s .90 deg.,
1f 3seclar arrays scg:,ncv placed onn the 'oy*ﬁépzh- apacncraft ng. more .-
output would be obtained for the low bets~angles. Fig $-33 shows
:hq,coupaz son of ‘solar array ourpurs for four fltsh panols wi:h cheir
. ouzhut, an equal-sized top. array, zad four flush panels wich a top
array twics the size of the sida panels (weightad array). The curves
are cutput per sq £t of array. The £ive panels will output more power
—~cthan ths fcur panels, buz the critarion {s the array efficiency. Tue
_weizhtac array has a higher. aversge powver and a much flatter response
" of output vs. solar angle. .

MANSAPD ROCF

The Mansard voof is ‘an acdaptation of the flush mount array. The arrays
are tiltad vich respect to. the spacecraft rather than flat as in che
flush mount. Figures 5-34 end. 5-35 1illustrats _the.orbital.average
output of four panels tilted with respect to the spacecraft (no top

_ panel). Figures 5-36 and £-37 {llustrats the orbital average output of
a corplete Mansard array configuration. The four:.panel arrays wich a
tils angle of 55 dsg seem to have the flattest power output response.
The power output on an orbital average basis is about 3W per sq fz for
a beta angle up to 80 deg and a 2inimem of 2.55. When the fifth panel T
or the top panel i{s. added, the optimua cilc anglo is closer to 7S deg .
which has a nininun cutput of about 2.4 W/fe"2. st

If tha averags rcquirod spacecraft power was 66W, the fou: panel array
would consist of 26 sq Zt of. solar. array or four panels,.each 6.5 ft.
sq. The five panel Mansazd would raquire 27.5 sq ft of array or five
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panels (including the top panel). each 5.5 sg- £t. The five panel

Mansard is not-quite-as :efficien: - as-~the  four panel design. but the .

structure would be smaller producing - a.:savings: in™~ launch cosc
compensating. for the larger number of solar cells. The trada between a
Mansard and four element array will =:=1so depend upon-the  spacecraf:s
mechanical and: deployment considerations. T

OMNI PATTERN

The oomi pattern solar array is the combzn:cion of two arrays of four
panel tilted arrays (excluding tha shadowing effect of the other solar
arrays and the satellics). The first array i{s orientated upward and
produces the. same. power outputs. Thé - s2cond array is orientated to
nadizr. The addicion of the downward-looking sec of solar arrays pro-
vidas a more uniform power output over an exzended portion of the orbic
during which the upward arrays are beyond 90 deg to the Sun. The down-
ward arrays do not-produce much output for low Sun angles because the
array is either blocked by eclipse or is facingz the Earth rather than-
the Sun. When the Sun {s at a high beta angle, the combination produces
a uniform total power cutput indapendent of the spacezraft yaw
orientation.. Figure 5-38. i{llustratss the orbital average output of the
omni array vith the tilt angle from C- to 55 deg. The optimum tils
angle is about 45 deg. Tha average output is 2.C5W per sq ft of solar

array (cells’on boch side of panel). - This nuaba: is very close o :he'

previous estimate of 1.9W per sq ft.

° The advantage of the omni solar itray is uniform total power outpus

(excluding eclipse). The four panel array will produce a sine wave.
typs of powsr output and the power controller will have to be capable
of regulating the power output for varying power.. The lower panels
extend the power output cycla between eclipse region and the power
output of the upward panels. The omni array has an additional advan-
tage of producing about the same power output as if the spacecraft wvere

inverted. The_disad-rntages of the omni array is that while the second

Dl ka B

sec of arrays will increase cthe power .output for the same panel area
and smooth this power output, it -'is at ' the cost of using a set of
arrays in a very low efficiercy mods. The systea power output per sgq

_ft of solar array will be 2W per sq ft rather than 2.4 and :his ‘does

not include blockage dus to the satsllite.

5.1.2.2 AR&&Y OPTIHIZATION CONCIﬂSION

Tha solar array configuraciou musz be - a balanco of cost and perfor-

zance, especially for the multiple - spacecraft. The cost of an addi-
tional battary and more expensive- power controller is zuch less than
the cost of solar arrays and deployment mechanisms. The solar array
configuration must also be - symmetrical and must provide the minimum
frontal area to reduce spacectafr torques due to aerodynamics. The
four panel Mansard array with a tilt angle of 55 deg v‘ll pruvide this
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balance. The artay size - for. a .S5W syscﬁm. assuming a 12 VA affay
" constant and a 1.1 charge cfficiancy, would be.. -

. 5§5/(2.55/1 ) = 23 7 sq- f:
~or each panel would be about 6 sq ft (30’£h.';;36 iﬁ:id
The omni array area raquirad would be: |

(55/(2 05/1 1)) - 29 -] sq fc

or each of thovfour panels vould bo abou: 7 4 sq fc- (32 6 Ln. x 32.56

in.) with solar arrays on both sides.

_ The frontal arsa of :ha ouni would be almost twice the flat. array. The -
weight, deployment mechanism, and dcubling the rnumber of solar cells .

* weuld drive up the~omni cost.

The final conclusion of the size and shape of the solar arrays is a
. cozpronise between.the mechanical configuration of the satellite for
minisum cost through launch.: The design must consider the projected

- -

taxperaturss which modify the array conscant,(l’ Lua/fe” 2), ‘the size of .

the antemna for MSSP, and the area-to-mass: ratios for'the gravity
gradient boom stabilization. The curves presentsd in :his analjsis can
be used in the final saccllita configuracioen. ‘

?.1.3 POWER SUBSYSTEM AND CONTROLLER ANALYSIS o

The power requirements of the MSSP spacecraft were narrowed during the
MSSP second working group team meeting to S5W. (During the t ird work-
ing group meeting, tha power level was increased to 75W. Thi  analysis
vas performed with 55W, but. the conclusions are still ap, .icable.)

"With this information, the. powar subsystem configuration could be ad-
vanced. The design cannot be. finalized, but several areas impacting
MSS? cost can be identified. This section will state the basic re-

quirements of any satellite power subsystem, the MSSP power require-

ments, and analyze the possidble subsysten cesign.

“he three main areas of dasign for the p&ﬁn: subsgysten. are powver

‘controller, battery size, and solar array configuration. The solar
jarray configuration, discussed in the previous section, is a major
driver in the selection of battery size and the power ccntroller. This
soc:ion will analyze . the MSSP baczoty and pov.r controller.

0 5.1.3.1 EASI» TENTTS OF POWER SUBSYSTEH DESIGK

The following cano:s aze tha areas of dasign crucial to tho performance
and life of the powar subsysteam.
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BATTERY SIZE: The battery size is controlled by the amount of power

(current) outputted by the solar array at. maximum output.minus the -

minimum. load current. required by the -satellite:. The maxiaum current,
" which can be -controlled by variousaueans¢~mus::beuless,thanr;he'bacte:y.
specified charge rate . (C/x).... The batteries must. also.bs large enougn .
to supply power-. for: night spncacra:: ope:a:icn wichin the:allowable
stats of ba:tery discharge : .

SOLAR ARRAY SIZE: Ths solar atray size must be large erough for the
daily orbital average power worst case to be greater than the daily
power usage. ; :

BATTERY FAILURE: Battery failure is strictly a function of the bactery
texperature. If allowad to become too hou the battery will fail. The
battary thermal control will require cthe satellite surface finishes to
allow the satellite to run cool. The battery charge control will have
to limit battery ovsrcha:ge to limic battery heating (batctery size).

BATTEZRY LIFE: The battery life is a funccion of the denth of discharge
that the battery is repeatadly exposed to and the total number of dis-

.,;;hargo cycles. An optimum level of depth of discharge is 80 to 90

‘\percent. Depths greater than these will g:eatly shorten the expected
bactery lifs. ~ . : PR cee e

a . - S

?__Tha dosign concarns to be addfcssed can hov be listed in order of prio-

7

ricy.
" SATELLITE FOWER SUBSYSTEM CONCERNS:

l- Satellite Power Required )
2- Solar Array Power Output Variation With Orbit
3. Satellite Losd Variation

- 4-—Battery Weight And Size . .

S- Satellite Power Control System

The satellits power subsystem concerns ars. listed above. The first is
tha magnitude of the power required for the satsllite, antenna, and
radio. It also determines the size of the solar arrays. The second
ccncern, the solar array power output variation, (addressed in Section
5.1.2) will require sizing the solar arrays so that the output Iis suf-
ficient to supply the required power on an drbital average. The
satsllits power load variztion will require that either the satellite
batteriss are large enough to  pravent large overcharge currents, or
mors costly charge current controls will be needed. The battery size
and waeight, and the satellite power control system are the two para-
meters which must be negotiated. The - battery size and weight, which
impacts sacellits launch cost, must be traded with the additional cost
of an expensive ‘battery charge control systenm.
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———allowssmaller battery capacity,

it .2 R e 1 S U .

5.1.3.2 MssP SAT.L.IT' REQUIR&D POUER

. - . s P
A4 [PV S SPPERE S PR Y

Ihe fol;owing povet levals‘nere deﬁxred during the second 3otk1qg ‘meace -
ing. Alchough:the:.requirements: changed: later in the study, the.analysis
.These numbers -

fruz the secoad.working group levels. will be.-used here.:.
will not detrac: from che final conclusion of the analysis..
5.1.5 diczusses the final design conclusions with final power require-
ments. T , . ) ,

. . Lo . . Y :

Antanna : S
Radio 30 .
Processor/antenna — -
Processor/baseband
- Satellite
Power c--
Thermal sao
- ACSLS 10
- % - c&Ld 10 . .
® Total _ 55 L0 T LR e L e

5. 1 3.3 BAITERI SIZE o

Tﬂi sa:ellica battery sizo is dependent upon power control technigues.
TH® sizplest apprcach is to use current limiting, where the battery
" cipacity divicad by 12 (C/1C) is equal to the-paak chatge capacity.
This approach requires large battaries. The second approach uses a
power controller to limit peak charge dependent upon the battery temp-
erature and sizes the battery capacity at C/2. This second approach

later.

The battery sizing will be dependent upean the acceptable charge rate

and the solar array output capacity. From Section 5.1.2.2 with a 55W
systea, the solar array siza Ls 24 sq ft.. The peak array output wich
pancls :il:cd 55 da; is.

24 3q ft x 12. AAV X cos S5 do; -5, 12 ‘amp

»“:"'“ o ft 2 33 av

4Tho bacterios vill firsc bo sizad vi:h a pover concroller so tba: :he
peak charge capacicty can be - C/2..
charge depending upon the battery charge as indicated by the battery
voltage and temperature. B3ut, the battery {s sized by the max charge
rate, -
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- but-—causes—other-problems dissussed .

This controller would limi: the-




£
<

C/2.= max-.array °“=Pu=v° min- load 7
C/2 = 5. 12 amphr -55W/ 33.4V TS

i Cc =-7.0 soan - Sl “‘. - *" ~ o _“ e '
D. - B T s : o
The siopler power : control method, whera battery current limiting is .
- usad to control : the. battery  charge, would require that the battery
capacity bve =»determined by the same eoquation as the temperature-
controlled unic. bu: wich .a :axixun charge rats of C/10. ‘ R .

» C/10 - [z 1+ 110/€c*2 * 5.45 £2°2 -35] W / 33.4/V
| or, C = 21.2 amphrs.

Tha battery i{s subjected to a trickle charge once a full charge is
obtained. The sikpler power control approach requires larger batter-
| ies, which increases weight and could increase satellite size.

The trade between the two ccntroller approaches is cost and weight of

. :the additional battariss vs. cost of - the controller design, fabrica-

- tion, and reliabilicty. If the complex power controllar is chosen, then
: _:be type of conf®oller must be chosen. -incthet parameter afiecting tho -
r 2 ~%rade {s satellits lifetime or battery depth of discharze. The battery
-si-a must be sufficient to allow the depth of discharge of the batter-
"fes to be within the desired levels. The depth of discharge will occur
_during the night-time of the orbit, or-for 32_min of a 96 min orbit (32

"of 96 or -the worst case beta angle must be chosen for this

—_ calculation). The depth of discharge will be:--

o S5W/28V * 32 min * 1 hr/60 min = 1.05 amphr
o For_a 4.24 amphr battery, the depth of dischacge will be 1.05/4.24 or

25 perceat. Effects of the size of the battery and the depth of dis-

chargs can be seen in Table 5-2.
d

. TABLE 2 DEPTH OF DISCHARGE VERSUS BITTERY SIZE
DEPTH OF DISCHARGE (%) : BATTE!Y SIZE REQUIRED (AH?HR)

a | s . R )
' 10 . -7 10,5
i 5. - - e R A :
i o » 20... FE . -:77.‘.3»'< . . T 4 - o e
e < .25 cmrmo AT T 8,2 ,.
»




If the depth of discharge is required to remain below.5 to. -i0 percenc:
in order to extend the spacecraft 1life time, the ba:tary size musc be
expanded to between ll and. 21 amphr. R TR

The.battery size need.d to ensure low depth of discharge and satellite:
lifecime i{s basically the size needed f~r <he simple power control.

Both the sacellite lifetime: and. controller . requirements. are met: by
using the larger size batteries. ' Because - the.battery size comes in:-::

units of 6 amphr, the optimum battery sizs would be .24 amphr: The

final sizing of the-battsries and power controller will. depend upon the:

final power system requiremancs. The preliminary conclusion is that
the simpler power controller with larger 1longer life batteries is the
best choice for the MSSP. It will wmean that no network processing

capability will be required for the power system control.

5.1.4 POWER SUBSYSTEM 'RADES ' =

”»

As part of the HSSP Phase I study. various cechniques descrzbed in this
secrion, were investigatsd as either new technology or techniques to
reduce the cost of the MSSP satellites. The MSSP extra battery storage
describes the possible use of larger batteries to filter the ducty cycle
of the transmittar on/off operation. The solar array trada describes

an approach to reduce ' the ' amount of solar..grray by oricn:ating :he..

satellite and yawing the spacecraft 180 deg - every 37 ddys-or so. The.
larger spacecraft battery trade analyzed the use of-largar batteries to
lover thke required solar arrays. Although the resulits of these
analyses were not positive for the MSSP, the analyses are presented as
part of the work po:formed during the MSSP Phase I study and as part of

the open-minded approach in solving the MSSP low cost objective.

S5.1.4.1 MSSP EXIRA BATTERY STORAGV

The preliminary analysis of the power subsystem ¢ do:ernined that the

i
ey

T lowest pover system was also the lowest cost. Although this was a

fairly obvious conclusion, it {s difficulc to opctzto on a 40W power
subsysten vhen the radio raquirss an average of 80W. A possible solu-
tion i3 to use extra battery storags.

Exira bat:nry_seorlge would filtser the varisztions of system power re-

‘quired. The 80W of power will not be required continuously but depend

upon how active the MSSP system is.  For "example, {f 80U is used
continmuously for 20 ain and then not used for 170 ain, the long term 2-
orbit average power is actually lower than 80W. If the non-transmitting
pover required is 30W, cthe average pover would be 35W. The differen-
tial in power (30 to 80W) for the 20 amin could be made up by using a
larger battery which filters the power requirement fluctuations: a
battery fil:ter. '
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Tae. equaticn for-the+sizing of~-the~extra-battery is:.

1

fi (PeakmpoworwSYstemmégover)ww*wﬂduﬁﬁ~mfacc6f‘ * 320
T 3OV * discharge~capacigy—-—
e 'Vhet‘.  aschr B TR iR e S :Frd‘wm%‘\’ L AT Vs, K2 P \-m.vm R ’ -n-.-:--.w«v.-wwx;s'. f
Peak.power: :equirad povet during :ransni:»
=y e L A S i g 8 O T E L I TR st ST AR a"vz!tm:mcé',\«rm"é\rwur:,k"'T‘&'s\dl'e ::S:‘" ! R
System pove:"noninal powar sys:en capabilfty . T - e
Duty: facto:; parcanc of transni: cime on two orbi: basis _
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(60-30)~* 3.2 --»(30 30) * 3, 2 * 0.2 o

Ve wa e

- " spacecraft t> be “"out. of :hc system”.

A pessible first cuc for HSSP would be a coupronis. of cost with inpucs h

from other team members (radio and antennas). The compromise chosen

“expands the power system £0..50W and uses a 40 percent duty factor.

Figures 5-41 and 5-42 . are plots for this system. System parameters:
are: : : s

[ PRV

Sys:on powor sow orbital average e
. R°§“itod.povcr (non-transmit): 30W

- Transait povot (total): BOU'

s

-
) B

) aoln: array size (orbital) SOW -

Bac:ery size (filter included): 12 amp/hr

Transmit duty: 40 percent

L

Depth of discharge: 20 percent

100 pcrcnn: ducy factor dapth of. discharge (two orbits): 55 percent

Y 5 T VO e T TATION RE Ty, YRR 1 e, Wt T 1 .0 g P TR T e 4 ¢ €T vk e, TR

_The system is balanced with a 20 percenc duty factor.- ‘When ‘the sysctem
-operation is besyond-- 20 ~percent;" several ~“orbits~ will be required to

. rachsrge the batteries. Figure. 5-40 shows the recharge time, in
orbits, required vs. the duty factor of a ¢two orbit time frame. The =
time required..to . Techarge is obviously too _long to | expect the

I A LY LT S

2 ki

3

A

v

[

L
pd

The important paramstsr is that the relative duty factor will have to
be defined. This factor is a cost/performance trade that must be made

. to lower satellite cost. A final conclusion to this trade was not

‘obtained because . the communications systez parametsrs such as duty
factor were not completely defined during Phase I of the MSSP study.
‘The trade is presented as a possiblo aid du:ing Phasn II.
5.1.6.2 munuwwn&ﬁ:‘ B ”
-The most costly subsystems for the . spacescraft are attitude control and
,powar The power subsystem consists of solar arrays, batteries, and a
pover controller. The solar arrays comprise 70 to 85 percent of the
"cost of this subsystem. If a trade were wmade to reduce the cost of
this subsyscem, the emphasis zust be placed on reducing the cost of -

~solar arrays. This analysis will discuss two pcssible opct

e v = A, T SV o B RN W LA KT N % At Amioge et SR T €A W0 Ly o Ok T A wEEE S, e
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oriencing the arrays a«nd spacecraft. to increase the array efficiency,
and using larger bactteries to -overcome.ths array 2afficlency during low
beta angles. The -spacecraft and array orlentation is presenced with a

. possible savinge, but. it is not entirely clear that this option should

be -selecied for MSSP. The. cost of the raquired attictude control does- " 7
not nagate the pnssible array savings for a 75U 'system. "The larger’ LRI
bactery opticn was analyzed and found not to be advisable for MSSP.

5.1;5.2.1 aRRAY ORIENTATION DETEZRMINES ARRAY EFFICIEN

The solar array  analyzed for the MSSP consisted of panels arranged
arsund the spacecraft such that the average power was caximized at 2.5W
per sq ft on an ordital average. This array configuracion is the mosc
efficient when the MSSP is designed with no yaw stabilizacion. A =ore

efficient array configuration (more watts per square foot indegencent

of beta sngle) can be obtazined only if the-solar arrays are coriencad
tcward the fun.--This-orientation can ba accomplished in two fashiong:

z0unting the arravs ca a gimbal that is pointad at the Sun, or rotati
the spacacraft such that the array (s pointed ctoward cthe Sun: The

£irat opticn {s not entirely viable because the gizbal approach has

scverai negatives - wmainly cost, raliabilicy, and 1lifecime of the-
sechanicai systea. L

. ) . : \ v o
! Tha second ontion has benefits, . but :alsoicost and performance trades-

This opcion involves rotating spacecraft in_a fashion sizmilar to the
ASA/BASD . far=h Radiacion Budget Satellits (ER3S). The spacecraft is
Totatad in yaw 130 deg every 27 days (for a 57 deg {inclination angle).
In sizple ter=ms, i{f the spacecraft has four solar panels facing for-
werd, aft, to the righz, and to the 1left, and if the Sun were to the
right, then the performance of the panel facing to the left would de-
tzzct from the efficiency of the system., Likewise, i{f the Sun were to
tha left of the satellite, the right panel wvculd detract from the effi-

.ciercy. The effiziency of the arrays could be increased if the sacel-

1ite and panels ws:-e rucated to orient the parals toward-the—Sun—and— - -
"dalete® ths panei on the other side of the spacecrafc.

Bafore further description of satellite rotation, the phenomenon of .the
Sun beza angle should be dsscribed. Figure 5-43 shows- a spacscraft
orbit sround the Zarth relative to the Sun. If the Earth were a per-
fact sphere, the orbit plans would be fixed velative to inertial space
and the angle to the Sun would rotate once per year. However, the same
thsncmenon that causes the nodal regrescion of the satellites for dis-
persion will causs the orbit plane to rotate. The orbit plane rotates
wvith respecs %o the Sun by the rates. '
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ﬁ;”b'Earth radius; h = altitude; Ag: orbi:'inclination ang-e,‘

oo s MY,

=~ The angle ftau ch. orbit plane to the Sun will B; of the “form:

...........

B =23 sina t + Ag cos ..

Twenty-three deg is the obliquié&A6fwéﬁ;u;;ilﬁgiém3£:filc of the equac-
orial plane.-out of the ecliptic which results in a seasoral oscillation

(summer/wiacer), and AL refers to the inclination.angle :of..che

spacecraft ortit. Dividing 180 deg by the orbit rate.gives. approxi-
.. matsly 37 days for a 57 deg orbit (approxiuately 81 days for 80  deg
- . nrbit). For the rest of this analysis, 37 days will be.discussed. 1I:

must be recognized that different delays “will occur for differenc

orbiti. If an observer were standing .on :the top of the MSSF, the Sun
s would appear to be - on the 1left and.. ‘then rise overhead and.continue
g until {t vas. orr the right; it would then scan from the right back

overhead to the left. Actually, every - time the Sun. passes overhead i:
~m 13 at oppcsite sides of the orbit (if a reference mark existed on the

‘iotbi:). but rogntding the solar arrays, it does not matter. '

Al L L v - e n‘;_r’ '@r‘}

!g The cngla 6f the Sun out of the orbit plane or beta angle willl vary; as:

. shown i{n.Figure 5-44. ' The horizontal axis is time.in months; the vert-
Zcal axis is beta angle, both plus and minus. The curve shows a high-
frequency ripple, which i{s the rotation of_thke orbit plane around the
Earth and a low-frequency ripple, vhich is the +/- 23 deg of the eclip-

. tic plane. The curve shown is for a satallite at a 22.5 deg inclina-
tion. ey

Q

- L 2P

i Figure 5-45 shows the pover output of various solar panels. The bottom

S T s A

, _curve shows the cutput of a four-panel array tilted down 55 deg. This
°  array outputs almost a constant powver Iindependent of beta angle. When
the bera angle {s zero, the output 1is reduced because of the 55 deg
tile. For bigh beta angles, the output is_reduced because only cne
panel {s in clear viewv of the Sun. The other curves show the outputs

. of single panels facing toward the: orbit normal and tiltad down 25, 45,
- 55, and 65 deg.. Thesa arTay outputs. would be obtained only if the

satellite could turn around and fly backwards every 37 days. The tumn-

around would orient the array to the righ: or. luft depcnding on the
angle of the: Sun. L

The first item to note from the ono-panel curves i{s-the high. oucpuc fot
high beta angle because the total array i{s on cne.side -of the-satellite
facing the Sun.- The second item is -that. for a tilt angle of 25 deg,
the ainimum output at beta equal to zero is 3.5W per sq ft. This oucpur
is 1.4 times the output of the four-panel array (3.5/2.5). 1In-other
vords, oy the sinplo rotation of the .satellite overy 37 days. the size

LA

g g
,.._;.,\.
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mbfi:he solar a2rrays could be reduced by 30 percent. Since the arrtay

cost is 70- to 85- percent of the power subsystem cost, this would
reduce the cost of the subsystem by 20- to 24 percent.

The problems with the yaw-around system are:

o Required yaw control

o Required yaw-around tschnique

‘o Required control.software

The required yaw control refers: to the yaw control capabilicy of the
spacecraft., The spacecraft must be oriented toward the right or lef:t.

with a +/- 20 deg orientation. The yaw control can be this unre-

strained because a +/- 20 deg variation will not have much effecc- for-
- the low beta angles. Also when the beta angle is large the proje=ced:

. solar array will be reduced, but the array output capability is large.
Since the array would be deployed and oriented such that its long di-
rection is in the satellita velocity direction, the array would tend. *»
stabilize the spacecraft in yaw.

- Thp required yaw-around technique refers: to the means of causing the

satellite to rotate 180 deg in yaw every 37 days.’ This could be’

acco:pl-sned by pl¥cing a wheel on the sa:dIflta with'its ‘spin ‘axis
orlented nsdir. The vheel would spin approximactely every 37 days for a
cq{:ain nuzber of revolutions (depending upon the final satellite
welght and. physical characteristics). The wheel would then be shut off
agd'tho satallite would resc at the new yaw position. The on/off use
of the wheel would greatly extend the wheel’'s 1ife, and its design
would be much simpler than that for an attitude control wheel. Rota-

-‘,cion of the satellita could extend £for days becauses rotation is reces-

sary when the beta. angle nears iero deg impact. This wheel should also
cost much less than an attityvZe contrsl wheel. If the wheel cost $50K

ww—————and the-array savings were 22 percent—of -a $400K pover—systam, the

~ satellite could save $4OK.

Two other options exist for yaw-around.

¢ o With a pi:ch vhu1
: o With a nagnc: _f

Each of these opti.ns provides a viable approach for yaw-around. How- |

ever, more analysis is necessary to define the amount of nectwork

processor control necessary to produce the procedurs. The pitch wheel

cost would be the $30K discussed for attitude -control. The magnet

would sizmply be a wound electromagnet that should cost approximarely
* $100. The on/off spin wheel cost is therefore in the middle.
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The yuw-iround software refers to the added capability required of the

nectwork processor, which would be required to time the approximacely 37

. days bDetween rotations and then command. and.count.the wheel rotatioms.

Figure 5-46 shows the array output as shown in Figure 5-45 vs.. days (ai

= 57 deg and the Sun. at the equator) with tke bacta angle in 10 deg
steps. The beta angle would increase to 57 deg max or 18.5 days. The

"err’s" on Figure 5-46 refer to the - fact that the Sun angle is limited

t? 57 deg. When the eccentricity of the Earth orbit i{s irncluded,. the:

nuxzber of days between rotations will vary; but—as seen in Figure 5- A6
the allowable érror is in tarms of days, not hours.

A sida benefit of the yaw-around is the satellite thermal concern.
Since a particular side of the spacecraft is always facing the Sun, the
other side will be facing cold - space. This will allow better control
of the spacecraft thermal surfaces. This factor would easa the design
of thermal surfacas that radiats -heat from the hot components of the

satallite, such as the power amplifier. -I€_ louvers are used on ‘the

spacecraft, they would be -placed facing out the cold side of the

~ spacecraft. The solar panels would have a defined cold and hot side.

‘:

-~

" Conclusion

Auﬁfk’

. ‘Table 5-3 gresents the - possible benefi:s “aﬁih negatfﬁe!’of the' yav-1 S

around * technigue. As stated previously,’ this technique i3 presented

. as a trade for the MSSP. It : has been used on a large spacecraft with

larger solar zrrays, " and “-e .cost savings was.considerably greater.
The MSSP savings will not be as great and must be traded with the other
spacecraft operation considerations. A clear-cut decision regarding
the viability of this approach for MSSP cannot be made until both the
amcunt and final cost of attitude control are determined. However, it
does not appear that the savings ~is sufficient to warrant additional

design cost.

5.1.4.2.2 LARGER SPACZCRAFT BATTERIES

This trade irvolves the use. of larger 'ipncactaft batteries with the

yaw-around approach discussed in Section 5.1.4.,2.1 to reducs the size
of the solar arrays. If larger battaries vere used and the batteries-

vere allowed to discharge to 60 percent depth of discharge during the

periods of the beta angle close .to .zero deg, then .the. solar arrays

could he designed for a higher output in watts per square foot. Since
the cost of batteries (commercial type) 1is less than the cost of solar
arrays, a total system cost savings might be gained. This trade proved
not to be feasible. However, since the trade wvas:analyzed, and since
other parameters in the future amight allow this trade to be possible.
it is presented. .
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The solar array output ptesen:od in - Figure 5-45.shoved.cthat che array
output increased with larger beta angles.. Also, as shown in Figure 5-

because of the sine funczion. of .the. beta angle variation. If larger
batteries were used and. che  depth of discharge of the batteries was
allowed to increase during -low-beta. angle,.
with a smaller sizes. for..the..larger output rate. The periodic large
depth of discharge of the batteries could actually help condition the
batteries and would not greatly degrade battery lifetime. The batter-
ies would go through a large depth cycle rate once every -37 days .for a
57 deg inclination,.or about .50.cycles in five years. As.a baseline for
" a trade discussion, it is assumed that the spacecraft power needed is
75W wich' 80 percent convertor efficiency and. a factor of 1.2 for
array/battery charge ef‘iciency Or the. array power needed is:

75 * -.5 % 1.2 = 1120 ‘ :
: _ 0.8 :

. Figuce 5-47 shows solar array cost vs. array output with an assumed
- . array cost of $7K per squars foot. Thess numbers will vary with the
final satellite design and production cost varia:ions but. the shape of
the curve and the canclusions should be valid. N&so Ishown in Figure 5-
47 i{s the rats of cost change :vs. ‘array output .*“The item to note is
. that the impact of power output change from 2.5 to 3.5W per sq ft is
located just about at the knee of the curve. Increasing the output to
4W-might be an improvement, but increases beyond 4W will not produce
great savings. ‘ . ’
_ Using the data from Figura 5-46, a
discharge of 60 percent,
power from the solar arrays
e in Figuras 5-458. Figure 5-48

112W array, and a battery depch of
the battery size necessary to regplace the
can be calculated by integrating the daza

shows the battsry size needed vs. solar

array output for a yaw-around systsa with tilt angles of 25- and 35

deg. The 25 deg tilt, for array output of less than 4.5V per sq ft,
requires the least battery complement.  However, the battery size for
even a 4W/ft"2 output is large: 33 amp/hr.
would produce both battery and veight increase costs that would exceed
the savings of the solar arrays.

Conelusion

The arrsy s-vingi vill be outweighed by the cost of the battsries and
therefore is not a viable trade.
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46, the amount of time. spent-at:the low beta angles is relatively small..

the array could be designed .

This magnitude of bactery -
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5.1.5 POWER SUBSYSTEM CONCiﬂSION

The power subsystem is the main cost driver Eprwthezsacelii:e,buS-Eor
‘the MSSP. This point was stressed: throughout the-Phase I study. Tie.
3ain cost for the power subsystem was . shown -to be the solar array in-

“terms of both base cost and additional cost <£or launch. The final

“power requirement for the MSSP was concluded. to - be 75W. Wich this
‘power level the final parameters; ~I the power subsystem are:

Power level 75w

Array type four-panel Mansard; 55 deg til:c
3“” Array size . 8.1 sq ft
. : D;pth of--discharge -S percenﬁv
S e ~Bactery size ' 36 amphr
on Power controller ~ Current limicing

_ Saveral techniques to limit the size of the solar array wars analyzed
to reduce the satelliza system cost. Thé Mrasard solar nrriy design,
wirich maxinized the array configuration for power output, was very -
thdficial. Trades of battery size and satellite orientation for re-
diiced solar array size wers analyzed, but did not precduce cost savincs.
However, thesa trades may be considsred again—if the requirements of

—~ the MSSP mission cause future changes in duty factor or attitude

control.
_The cost of power for a 75W MSSP satellite is about $3K per watt for
_the pcwer subsystea components. Structure, test, and design ccsc will

:aise this value to about $5K. When launchof-the-power—subsystem-is ...

also considared, the total cost of pover would be about $7K per wact.

-150-




5.2 SATELLITE ATTITUDE CONTROL

The satellite acttitude control subsvszem must provide a stable platform
to --achieve communication:-which  is . the main:-mission  requiremenc.
Salaction of the attitude- caatrol subsystem design -is.pivotal in a
audber of tradeoff studies with ocher subsyscams (such as aunteaua,
power, thsraal, and orbit datermination) 1in - esctablishing the cost
effec=iveness of the overall mission- design. Previous MSSP systam
studiss by E5L (Technical Memorandum No. ZSL-TM1632, 15 June 1983) have
found gravity gradient sctabilizacicn systsms to be most cost eifeccive.
There ars, however, a wide vsriety of gravity gradient systems
arailable. The studies presentad in this secticn help to quantify the
cnst and performancs of the varions gravicy gradient stabilization
srstems.

$.2.1  GRAVITY GRADIENY POINTING ERRCR SOURCES

The Sasic gravity gradi.ent system consists of a passive damping device
2nd an extendable boom that is used to separata two end masses. The
separation cf the end crcasses typlcally produces transverse-to-
longirudinal inerzia ratios in the range of 10 to 100. This results in
gravity gradieut torques that restors the longitndinal axis .toward the
loca.nvartical. The Basic system does not p:ovidu*any‘restrain: abouc
the longicudina& axis so that yaw is uncontrolled. ~ .

S8com gasizn tachnology developed rapidly during the 1560s ir an effort
" to minimize thermal bending effects. Thermal bending can resulc in
inscabilicies that degrade poincing performance. This was parzicularly
a2pparent in the ecarly systems when long booms (20m or more) were used.
Tha.-  MSSP design should not be subject to thermally induced
instabilicies since a short (10M or less) rigid bocm is planned to be

used.

Thevdanping davice {s raquired to damp out roll and pitch libraticn.
The simplest passive damper (hysteresis rods) consists of a triad of
orthogonal aagnatically permeable rods. Rotation of the triad in the
" Earth’s magnatic fleld produces hysteresis losses. . A magnatic ball
floating inside of a ccndusting sphere 1is ths other connonly used

danper (eddy currant damper). 'The magnet follows the h's fleld. .

The rotation of ths spherical shell, with respect ¢to cho magne:
o:odncos eddy current losses in the conducting material.

The eddy current daoper gives better performarce than the hysteresis
bars:but is mors axpensiva,. 8oth types of dampers produce disturbance
torques on the spacscraft due to the changing directions of the
magnetic field in the orbital reference frame as the spacecraft gzoes
arvound in orbit. The dissurbances vary inversely with the damping time
constznt. A typical value for the eddy current damper is one degree of
disturbancs with a ore day time constant.
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A vide vnriacy’of'orhor‘damptngfucchaniiﬁhvﬁéﬁy been proposed. Some of

then vere built and flown~ on-'early gravity gradient satellites.. Cre
" dazper that flew on—-fcur APL: satellitas {n the early 1960s was the’
lossy spring between the end of - the- b.oa  and-the tip mass.. The cize . =~
varving centripecal force, resulting from - libration, caused tha.tip
mass to move {p and out, therebv absorbirg ~he libration energy in the:

mechanical hvsteresis of <he--spring. The . lossy spring was usea in
coajuncrion with tystaresis cods. - The use of the lossy spring was

disconzinued after tealizing thar the rods used alone were effecztive.
All of the octher : cdampers. except hysteresis rods and :ddy current
dazpers, have also been discontinued and are not commercially avail-

" able.

Most gravity gradisnt systeas are designed to operata in nearly

circular orbits. The time -varying orbital -rate in an eliiptic ordic

tends o puzp lidracion in  che -orbit plane. The orbital eccenczricicy

(e) pruduces a once per " orbit sinussidal pitch oscillacion with an
amplitude of. ' . ’ - -

' -_2 (RAD) vwhere oy = (Ix - 12)

3o y-1 : . iy

For a cy?icaluitivizy 5zadicnt:sicallitc;iwths-rcllf(Ix)<ﬂhd pitch (1Iy) -

inertias ars approximately equal and at leact one order cf. magnituce

gTeater than ths yaw (Iz) inertia . y-l. The eccentriclity of MSSP will

be less than 0.C015 to keep a reasonable altitude variation between
satellites. This results in a pitch asplitude of less than C.1 deg.

Two potential disturbances to the attitude- of a gravity gradienc-
stabili{zed spacecraft can be minimized by careful configuration

‘control. Both the aerodynamic drag and solar radiation pressure

torques are strcngly dependent upon configuration. © The following

.. design goals. are given to __help minimize the effect of thase

disturbances: 1) The regquirad booa length is minizized by equally
dividing cthe mass of tha spacscraft betveen the two ends. 2) The area-
to-mass ratios of the two ends shouid be tha same to minimize aerodyma-
mic disrurbance torguas. 3) The. end  masses should be:of a convex
cylinurically syumetzric design aliminating variations in torque as a
function of yaw attituds. 4) The surfacs properties of the two ends
should be sinilar to ainimize  solar. torque.: The ideal configuracionm,
from an actitude contznl viewpoint, would consist of two {dentical
spheres as end basses. ' -

BASD has examined a number of diffefent'sﬁicicraft configuiaciéns with
veak solar radiation and aerodynamic torgques =t 625 ka altitude ranging .

€roa 5 x 107 Na t> 5 x .i0°% Nm..  These are ofzen the dominant
disturbarce tozques for configurations at the high end of this range.
Resicdual magnetisa {s wusually the cdominant disturbance for cthe
cavefully configured spacecraf: at the low end.
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The aerodynaaic torque decreases with atmospheric density at higher
al:itudes. butc-ic will scill be significanc..at.625 km.altitude.. The
ize: variacions of the disturbance torques may. lead to resonances. The

about 14:00 hr and minimum density at 3:00 hr.local solar.time. The
torgqus will appear primarily as...a biased sinusoid at che orbit race
abourt the orbicz-normal. This ctorque  can cause .pitch oscillacions at

orbit rates that are several  degrees in. amplituds -{n.low.altitude -

orbits. However, this torqus is not the main concern. Smaller.torques
may produces wmuch. .larger attitude responses if .they appear at the
resonant frequenciss J/3wo in pitch or 2wo in.roll. Wo is the erbical
frequency or 2Pi/pnriud or approximately 2P1/96 minutes.

The pitch aerodynamic torque s a function of the yaw attitude for
conc.va configurations. Tie deployed solar arrays shadow each other
... .and the mein body by different amounts when viewed from different yaw
angles. The sevodynamic rorque in free molecular flow depends direccly
on the arsa projected into the wiad. Consequently, the pitch torque
will cscillate as the =:cpacecraft rotates In yaw. The critical yaw
rotation rate is 3/4 wo for a typlcal configuration with 4 deployed
.arrays. Thiz yaw rate produces a pitch disturbance torque 2zt the
resorant frequeancy {a pilcch. The propensity - of the sacallice to
zaincaln the cuitiaul yaw rata (about 0.0266 - deg’sec™ for MSSP) is
dspendent upon the configuration. - Some configurations resuls in almost
n? yaw torque. Others, wvith canted arrays, have yaw torques that vary
th pitch actituda. Generalizations on this potential pitch resonance
_ should be avoidad since it is so strongly depencant upon the details of
' :he configuracion.
. Roll is also subjected tn a naturally occurring forcing functicn at
rasonant frequency. Solar. radiation pressure has a component at the
sacoud harmonic oI orbiral frequency f£for eclipsing orbits. The

-wm———-anglitude-of the- second -harmonic  roll—torque—is—a-function of the. ...

locaticn of cthe ascending ncde with raspect to the sun line.
Ccnsequently, the duration of the maximum resonance conditions depends
cpon inclination angle which detaraines the nodal regression rate.

J.M. Whisnant and D.K. Anand refer to & 9 deg libration amplitude being

prodiced by this resonarce {n an engineering note on pages 743-744 of
cthe June 1968 Journal of Spacseraft, Vol. 35, No. 6. Presumably, the
second haraonic of an. aorodynaaic :orquo in-yaw could couple into roll
througa the yawv rate. : : '

It should be observed that one of the principal reasons for adding a
. conscant speed pitch wheel to a gravicy 'gradient-stabilized spacscraft
. is to break up the rassonances described above. The vheel provides yaw
' restrainc. This prevents a conscant speed yaw rotation that may
procduce pitch disturbance torques at the pitch axis natural frequency.
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waxizua aerodynamic torque variation will be - due to the diurnal bulge:
in che atzosphere caused by 'solar heating.. Maxizum density occurs at..
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The wheel also changes the: - natural.. frequency in.:roll  so-thac. the
naturally occurring second harmonic. disturbances will not. be in
resonance., It .i{s a commenly held . misconception:that.a vheel is added
only to izprove yaw pointing. Significant improvement in pitch and roll

can be achieved by cthe addition of a wheei. Pitch and . roll amplitudes-

can be lizited to che order of one degree for a carefully configured

design that includes a pitch vheel, such as GEOSAI-A launched in Varch
1985. s

The follouwing table givas th- docunoncad pointing pcrfo::nnca of foux
basic gravicy gradient systems. The data for-0SCAR-14 and GEOS.II is
actual flight data as presenced by D.K. “Anand in the Journal of the
British Interplanetary- Society, Vol. 26, pages 641-661, 1973. The
TRANSIT SA flight daca i{s from a paper by F. Mobley and R. Fischell at
the Sycposium on Passive Gravity Gradient Stabilization which-was
published in NASA SP 107, 1966. The more recent GEOSAT flight data is
given in J. Hunt’'s paper AAS 86-052 which was presen:ed at the 1986 AAS

Guidance and Contzol Conferencs. o .
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Spacecrafz:
Socnm

Llength
CSCAR-14%
30.5

TRANSIT 3A
30.5

- GEOS-1II
8.6

- GEZOSAT
6

- e

AL

TABLE 5-4
PEREORHANCE OF . BASIC GRAVITY GRADIENT. SYSTE&S

?oincing . Seni Hajor h’ccencricity Damper
Accaracy.;é -L‘--Axis»~ cel I o
Roll 10 dng 1.169 Re 0.004 Hysterasis
Plech 30 dag. .. Bars o
Roll 6 dog N 1.117 Ro  0.003 » Hyscetesis
Pitch 6 deg | Bars and
' Lofsy spring
Vertical.-7 deg: 1.208 Re . 0.032 . Eddy
Current

Roll 1 deg . 1.125 Re 0.0d3 Eddy
Pitch 1 deg ‘ . ,CurTent and

4 Wheel

3.2 kg .

45 kg
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Table 5-5 i{s copied directly from Anand’s’paper mentioned. previously. ~~ 7 s.ad
It shows the percentage of time -that the boom axis of GEOS II was ‘

- vithin a specified.angle of :nadir. These. entries are based upon 434 T
7_ data points taken:du: ng two- sepata:e :ime in:ervals S
. a QUANTITAIIVE FLIGHT PERFORHANCE OF CEOS II : S =
;}' ; ,Nu:bet of | Fraquancy Cumulacive -
: vert dacahpoincs* o L K . frequency, §
0 deg-1 deg R 1.6 1.6
1 deg-2 deg 62 14.3 15.9
. 2 deg-3 deg 130 30.0 45.%
3 deg-4 deg 140 32:3 -78.2
- & deg-5 deg 78 18.0 _- . 96:2
- -5 deg-6 deg 14 . 3.2 99.4
6 deg-7 deg 3 0.7 1¢0.0
*Data points recorded at. one-minutas {ntervals on days 135-138, 254 and
‘255 : 1968. -
: P L eemrimais oldeg@l 0 e
3 )
/’A"
' .
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5.2.2 GRAVITY GRADIETI SUBSYSTE( COs1. ES‘I‘I.‘MIES o Sarmiac e RN I
The. tocal cost- of :ho a::i:ude scabiliza:ion .subsystem -fncludes . - . I

~ hardware and launch cost, cost of-providing electrical: power on-orbic, . Tt Fes
plus design, integration, and test costs. The last three items. depend
upon the specific design configuraction selected and. must be priced on a
case by case basis. A first approximation . of cost can'be made on.the. ®

basis of hardware, launch, and power costs of generic components of
gravity gradient stabilization systams. Table 5-6 gives the estimated.
size, mass, power, and. cost. of various components for gravity gradient
stabilization of MSSP class spacecraft. The cost figure includes the
estinated price from the vendor plus $3.4 K/kg for launch cost plus , o, U
$5.0 K/W for on-orbit power: _ N )

The certainty of the cost: numbers in this table varies greatly. 1In
general, the costs have been adjusted by the potential vendors to
.. reflect purchases of saveral hundred units in 1930 dellars. The most
. notable exception to this s the eddy current damper where the :
potential vendor cnuld only quote a single unit price. The other o
significant exceptions are the hysteresis bars and torque rods. It.is
anticipated that the extreme simplicity of these elements will permit
- dramatic reductions in the vendor prices for these components. If this
assuzption is incorrect, then tha price of a torque rod could. be as

zuch as $30K more thar. that shown in the table:.  -~ewr== --= Lo °
Yote that the attituds determination equipment has been included in the
table for the sakes of completeness. Attitude sensor telemetry will be
desired during the prototype demonstration flights to verify pointing
performance. No attituds sensors are planned for the operational phase
of the program. -

. _ o
Four different configurations of ADCS components for a gravity
gradient-stabilized spacecraft are given {n Tabie 5-7. The cost

--———nunbers—fotr eachk system design- are— summed—from-the-component costs— .-

given in Table 5-6. Consequently, the system cost number3 given in
Table IV include launch and power cost but do not include design,
integration, and test. ' The pointing performance entries are derived ®

froa digital siaula:ion results presented in the next section. The
four entries under performancs ars dsviation from the local vertical,
rall, pitch, and yaw, respectively. The deviation of the boom axis of
the satellicts from the local vertical {s approximately the square root
of. the sum of the squares of rolil and pitch. For small angles, roll is )
the angle about the velocity vector, pitch 1is the angle about the L
orbit-normal, and yaw is the angle about the local vertical. It should
be. emphasized that pointing performance depends upon the satellite mass
discribucion, boom length, and environmental torques. These particular
rasults ars for the specific parameter values described in the
following section. .
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COMPONENT
Bi-Sren Boom

Hysteresis
sections
Bars

s.lar

£ddy Current
-cm- sec

_ - _Damper
Constant

(féns:a.n:
§p§ed Wheel
N7
Scanwheel
Féaavhcel
Electronics

-—

. Torquerod
e Y2w Sensor

M: znetometer

aa;nitonotor

Elacctronics

’ i7c; mcilia;.celr o

TABLE S-6 - wo, it L

ADCS COHPONENT CHARACTERISTICS
SIZE .
llem x 1llém x 1l5cm 1.0 kg -
0.6ca diameter- 1.0 kg
4.4 Total Length
1l3ea kigh 3.0 kg -
15ca diameter |
Mounting Flange

1Scm diamaeter

10ca léngth

18¢ca length

15ca x 15ca x 7.5cm 1.6 kg 2.5W__

2.1ca diameter

0.9 kg 0.7W
S6ca length -,

11.5¢ca -diameter
25ca length
Jca 2 7ca x llem

0.6 kg 1.4V

lécm x l4cm x Sca 0.8 kg -
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MASS POUER COST

ll-p

-3 kg 30 75K _4° x 49 FQV.

S1K

P

'comzm's

ABK <20 Ex:endad
« .~ 5K - 8-5S5enm.
embedded in

arrays
140 X 70,000 Dyne-

Damping

2.5kg 8.00 125 K 1.0 Nms

6.8 kg 3. sw"laax 5. 7\:::; 25 ‘mNm |
30.00

- Included with
Scanwheel

10K 30Am?

3.axis sensor

. Inciuded with

Magnetometer

e, e
S Trm?




CONFIGURATION

Bars

B) Booa, Eddy
Current Damper

C) Boom, Hysteresis.
- 3ars, Constant
.- - Speed Wheel

D) Bdom, Eddy
Current Damper,
Cbnstant Speed

- Whesal '

§
* Gost
-

includes % hardwvare, .

TABLE

5-7

SE Saen

ADCS SYSTEM DESIGN COMPARISON

PERFORMANCE

o tTE(Deg)
" Local Vertical,
"“Reoll, Pitch, Yaw

A) Boom, Hystaresis:w .19.4, 17.8, 7.8,

~ '180.0
T 5.3, 4.5, 2.8,
1800

2.3, 1.0, 2.0,
2.5

w

}launch.

By s d W TEEE TS

. MAss

2 kg
4 kg

4.5 kg

6.5 kg

8w

8w

COST*

- §SL.8K 7

$196.6K

$228K

$370K

—;nd?:a§nporblc " power. .t
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$.2.3 SIMULATION RESULTS

BASD has developed a digital computer simulation ‘of = the.aztitude
dynamics of an MSSP class gravity gradient-stabilized spacecraft. This

simulation has.. been used extensively for preliminary design and

performanca prediction. In general, the simulated res:lts correspond

closely wicth the wealth of data on gravity gradient. s: stems that has
been published in. conference -papers; journal.articles. and technical.

reports over the last. 25. years. The. majority_ of: tzis data {s of
interest only to detail design engineers -and . will not be recounted
here. 1Instead, four specific simulation runs will be presented that
support the pointing performance predictions that were made in the
preceding section. ' :

The ofbic used {n these - four cases was a circular 6ibi: at 600 ka

altitude with an inclinacion of 80 deg. - The magnetic field mocd:l used
"in the simulation was the tenth order spherical harmonic expansion
givon in cthe 1985 IGRF dodcl The atmospheric density model included a
diurnal bulge 2 x 10-13 kg/m2. THa peak-aerodynamic torques resuiting
from the diurnal bhulge wera 7 4 x 10°6 Na and.occurred once per orbic.

The ascending node of the orbit and time of year were selected to
‘provide an orbit with 25 parcent cclipso tize. ,This resulted in solar

torque components that. were nearly sinusoidat“thﬂpttch ‘and om-off step T

shaped in roll. This phasing was dsliberately selected to maximize the
gdhtent of the second harmonic .of orbit rate in the roll disturbance
torque. The amplitudes of the pitch sins wave and roll step solar
torques was 0.6 x 106" Num: Nots that the cunditions given above

repressnt a worst case combination of environmental disturbances.

" The simulated spacecrast had roll, pitch, and yaw-noaents of inertia of
" Ix. = Iy = 198.8 kgnz and Iz = 17.3 k5m2 For aerodymamic and solar
radiation pressure torques calculations, ths spacscraft was modeled as

two end bodies separated by a boom of negligible area. Tha lower body

had a cross sectional area of. 1M? displaced : ca from the center of
mass of the systen. The. upper body had a cross sectional area of
0.0222 and was displaced 7.3 by the . .boom from the system’s mass
center. In all four esimulated cases, a residual nagnecic dipole of
0.1Aa22 (100 Pole-ca) along the boom axis was -included.

Figuce 5-49 corresponds to configuration A in -Table $5-7 which i{s the
lyast expensive gravity gradient stabilization system. The hystaresis
bar damper in this configuration consists of thres orthogonal rods of
AEM 4750; each rod i{s 0.75m long and 2 Som in diazater. Ths saturation
magnetization of the rods is Is = 10°6 Tesla. The primary disturbance
to the pitch and roll attitude. is due to the induced magnetism in the
rods. This disturbance varies considerably during the course of a day
as the Earth’s magnetic poles rotate in and out of the orbit plane.
Yavw i{s unrestrained and rotates through thirteen revolutions in twency-
four hours at an average rate of slightly less than one revolution per
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orbit. The maximum deviation of the boom axis from the local vertical
is 19.4 deg. it should be noted cthat cthis large error is.due to a

Jorst case set of environrencal torques. and that. design opc.mizacion '

may result in appreciably becter pointing periormance.

P

Figure 5-50 corresponds to configuration B8 {a Table IV”whiéhﬂﬁﬁés~an

eddy current dazper in place of the hysteresis bars. The eddy current
damper simulated {n this case has a damping constant of Kd=0.00l4 Nms

(14,000 Dyne-cm-sec). The pitch and roll errors are greatly reduced.
from the preceding case resulting in a maximum poincting error from:

vertical of only 5.3 deg. The yaw attitude is still unconstrained;
however thas average 'yaw rate {s now reduced to approximately one

revolution per lay. Once again note that some pointing per‘or:anca.

imptovemenc is possible by op:imizing the system patame.ers

Figu:e 5-51 . corresponds to configuza:ion C in_Table 5-7. This

configurition uses the same hysteresis bars as configuration A and adds -

a small constant speed pitch whesl. The simulacted angular momentum of
.the wheel i{s 0.25 Nm. The addition of the wheel has coupled the roll
. and yaw motion with a nutation frequency - of approximately 5.2 wo.

Wichout tha wheel, the roll libration frequency was 2wo- vhich was in -

resonnncc wvith the second harmonic of the disturbanca torqu.s

- Figpxe 5-52 cotresponds to conf.gura:ion D 1in Table 5-7. This
configiration uses the same eddy . current damper as configuration B and
adds a 0.25 Nms pitch wheel. ' The pointing performance in roll and yaw
{s approxizately five times more accurate than for configuration C.
However, the pointing performance in pitch is orily slightly betcer.
Consequently, the maximum deviation from the vertical is not
significanctly better for the momentum bias syscem with the eddy current
damper than it is for -the momentum bias system with the hysteresis

R
P

5.2.4  CONCLUSION

The purpose of the analysis of the satellite attitude control system
vas to establish the performance capability and the system cost. The
. performance of a gravity gradient systema can be enhanced with the
addition of various components. The performance {s obtained in
discrets steps with increases in weight and cost. ,

The computer simulations have shown that the pointing errors with a
worse-case environment can be as large as 19 deg with uncontrolled yaw
or as small as 2 deg with less than 0.5 deg yaw control. The {mportant
factor to be traded is the cost trades of attitude control vs. pointing
compensation via the spacscraft antenna. .

Analysis by the Phase I antenna team maembers has shown that the antenna
and natwork processor can compensate for the attitude error (Section

R 7 R
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5.5) ac relatively low costs. The final .;étﬁiﬂg‘ grdﬁpAﬁégtihg< - T
estinates for the payload - radio and anterna yfs‘SIOOK‘tolngOK. -

- The antennas can coampensate for the unconcrolled.yaw by thei: requirec
_aszizuth scan capabilicy.  The antenna designs presented use tha
. elevation scan capability of the crosslink antenna to provicde coxzpiece
. up/dowvn link coverage and reduce the size of the up/down antenna and

therafors, the-diameter of ‘"the. space:raft. ‘These binefits - cost,
performance and tize - direct the conciusion that .the attitude controi.
svstem be a gravity gradient boom with a eddy current daxper. e
¥,
f . _
Re
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5.3 STACECRAFT CCMfAND AND TELEMETRY o

A nerz=al svacecraft ceommand and :eléaetry subsvsten is necessarv o
reconiiguze the spacecrafz ind gather inlormaticn on the status ol .che
spacecrafz.  However, tha MSSP spacecrafr is not. typical. The

sfacecraftc payload is the ancenna, ridio, and recwork processor. The.
pay. rad provides the satellize com=u-ication. Most commands. or.

telezetry in > rmstion.is resonanc within the network processor. Actual
spacesrait reconfiiguration coomands were not idertified during che
Fhare I study buz, i{f needed, could be simply provided via an interface
with the netvork processor.. = Spacecraft telezetzy which is mainly
nealth zonitoring of the spacecraft and payload can be proviced also
via an interface with tha necwork processor.

5.3.1 STACICRAFT TILIMITRY B
°"1pec—a-~ telazecry, mainly concerned wicth voltages and :e:perat ures,

, gecessary to zonizor che svstem and analyze spacecraft failures.
'Th;;level nI telemetry will be dependent upon the state of spacec:af'
‘develorzent. furing the breadbocard and. prototype phases, more
talazetry will be required than flight model spacecraft.

S
Seuwzal factors, suﬁggas the magnitude of the telemetry, ir:reasing che
nucber of chanrels to, be wmonitored, and ground station capabilities,

w11l increase the cost of z=h systen, The typa of telemetry to be
zongtozred will - also affect <h zoSst. Texzperature data wict
corgitioning circuis (to develop voltage for._ the thermistors) and

analog/digical convertors are the most expensive, analog data (voltanpe
0T RT power monitors) vrequiring aralosg/digitzl convercers are secord.
card serial digital and bilevel or 1/0 truth datda are least expensive.
Tezperature, voltage, arnd signal levels are gererally zore izpor:zant:
for :roublashoocing than bilevel daca.

Table 5-8 1is a preliminary :elemecry data 1list and dependent on
acceptance by radio and antenna personnel.

More telemetry chanrels zay be desired but limicing the nunmber o 40 or
320 bits (8 bic analogs) would ernzdDle data restriction to one message
packet from che. satsllits. Another advantage ls that no changes would
be . required betwveen the braschocard, prototype, and £li;h< models when
testing in the thermal vacuum chazbers is dons.

The firal amount of <telexzecry will depend upon what is needed, in
addition to perfor=ance and health telemetry, by the radio and antenna.
The ADACS subsvstea has a telecetry 1lisczing £for roll, pitch, and yaw
attituda sensor telezetrv whichk i3 oniy nreeded on zhe breadbocard ard
prototype units which: have sensors to verify the aztitudle control.
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~ Up/down controllers

S iz - "TABLE 5-8.. . S
s . PRELIMINARY TELEMETRY. LIST - :
Power. o ) . : N
. Battery current Analog
- w«.. .. Battery-cell balance:’ e R
) Battery voltage .- =
-Solar array current - .. =
.. Regulator volctages- - .- im
Bactery temperacure .
Solar array Ctemperatures- .-
Heaters 4 bilevels
Therzal . (in subsystems) a
Structure (in subsysteaxs)
CS3H - . -
Network processor temperature Analog
Necwork raf bics(?) 8 Bilevels
. .. Network processor injection _Analog
AS&CS . : -
©~ 'Boca position “Analog
- Wheal speed - ..
W“heel Power B -
“heel Texperature _ "~
Roll Attictude -
Picch Atcitude ..

8.bi;9vels

Tezperature mornitor
Radio AGC

RF powar monitor

PA current monitor

PA texzperature
Csc{llator temperacturs

Antenna terperatire

" Antsnna reference bits
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~ The spacecraft telemetry is gathered by an - interface Lox within the
spacecraft stored. {n the network processor memory. . The process for

reading performance data such as the radio AGC which is onlv wvalid at

cértalin tizes will have <to be : determined. The analog data will be

converted {nto an 8-bit, 0 to S5 wvolt by a 0 to 511 count analog-to--

digital convercter. The telemecry can be ctcken by the interface at a
relatively slow rata and storsd into the:  network processor memory.
W“hen a determination has been made that cthe health of a spacecrafc is
of concern, the ground station can call the network processor which
-sends data stnred within the pracessor Bemory simulacing :raffic data.

The network processor could also process ‘the telemetry data. The
health data {n the spacecraft will have nominal levels for all of the
data chanrels verified during the breadboard testing phase. Therefors,
lizizs +/- will exisc for the nominal laevels fof the performance and
bilevel data and definitely exist for the voltage and temperature
(he&}:h) data. These data ranges could be stored in the network
processor medory and then verified by the network processor that all

ta .read is within stored nominal lizmits. A health bit 1 or 0 stacing
that all checked parazetesrs aras within predetermined limits could then
be insarted in the overhead of any message. fron the sa:allite

ﬁ - %.

The :=r~ =at for- adding“inforaation to the ovazhead such as health data
wil Have to be detsr=zined; however, incorporating such a format would
~'ea: ly eliminate the amount of ground station  support needed to
ma-atain the systea c'ea:;ng a largs control _cost saving and more
‘autondzous systen. ' -7

5.3.2 .SPACECRAFT CCMMANDS

Commands external to tha netwofk-prcﬁhssor are not euvisioned. Upl‘nis
_to_the spacecraft such as ephemeris dzta, time _data, or a request for

spucecraft status would be hsndled internal to the necwork processor.
Any external commands would require an external interface with
:elenetry for confirmation and would degrade system auroncmy. If
requived, by tha radio or antenna, the command function could be
accomplished by the network procsessor and an interface circuit which
would 4rive latching-type ralays.

e
¢

=
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S.4  SPACECRAFT CARRIEIR CONFIGURATION

This analysis was performed as a means of generating an approach to
deploy the sactellites at the desired altitude and identifying any cost
drivers which would {mpact the satellite design.. -The primarvy
conclusion is thact as the sacellite size increases: the number of
satellites per launch decreases and the total system cost increases.

~5.4.1 SPACECRAFT CARRIER CONFIGURATION

The cartier providas the means for launching a group of MSSP spacecrafc

on a single structurs, thereby eliminating the need for individual
propulsion systeas on each spacecraft. The Orbiter Maneuvering Vehicle

- (CMV) places the loaded carrier {n the proper orbit. The -0MV . then
-returns the empty carrier to the orbiter to be reflown at a later time.
_Launch costs are reduced by flying as many spacecraft as practical.on a
carrier to minimize the number overall of flights needed to place the
systea on orbic. . "

Various corfigurations were considered to ¢try-to optimize the packing
~-density capability of the carrier. The best configuration uses a

hexagonal-shaped structure rather than square. If, however, the hex
sc*uc’uxe shows by analysis to bo marginal: . in. capability or ‘tco ~

££icult =o preperly manufacture - to - the tequired tolerance, then the
1gquare-based. concept will have to bc zeconsidered R e e

fach of the five :--riars shown in Figures 5-53 through 5-57 occupy the"

sanme amount of cargo bay length and are all fabricated using five-inch

~ square aluminum tubing. Concepts 1 through 4 can carry 13, 16, 17 and

.19 spacecraft each, respectively. Although the 17-hole carrie- would
be tha obvious choice, 1loads analysis may again dictate one of the
smaller versions - concept 2 or 1 - be sed, as their structures employ

—-——————better—load paths-throughout the. primazy_s:znc’ute. e

The most efficient carrier, the 19-hole hex structure and spacecraft
wers initially selected as the spacecraft carrier configuration

baseline. However, since a 28-inch antenna became a possibility, a new -

carrier was configured and {s shown in Figure 5-57.

Launch costs per spacecraft are increased as the nunber'oé?ipicedraft

per carrier ars decreased. The . impact that antemma diameter has on- -

launch cost as a result of carrier volume being consumed by the larger o

an:enna follows:

Antenna Diameter Spacecraft per Carrier
18 tn. o 26
24 in. ' 19
28 in 12

.. ... =170-
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5. S RADIO/ANT?VVA I“IERFACES

: mw eerd Do 3l anest sl 0l DlowlEE e
Thq:analyses of :h. spaccc:aft {nterfaces with :be radiowurd antenna -
summarized in this section were conducted to establish antenna si-ze,
antenna shape, actitude.control vi. .anternna poincting-and the concern of
operation of the ' antenna and .radio  at: high : power-(l0CW) in'space. -
These analyses wvers performed.. easier in: the.. Plase 1 study efforz to -
identify concerns. The analyses provided inputs. for a satellite o ‘.
strawvman which was presented at.the early working group meetings. Many =~ -~ =53
of the trade consideratiuns wers modified  or - the:. performance and: o
interfaces of the radio and antenra - were refined by those team.members
ia the latter stages of the Fhase I sctudy.

Ll - g
- o eren e ateen s e R an Y A
o alin & v ST NI wedn e et T .

.. --.The antenna pointing/attitude control analyses idencified arn interface
S problem which was resolved by elevation scan capability ia the cross
) link antennas. The analyses of the possible antenna size- and shape.

enabled a discussion with.the ancenna teaa members and: an early starc
on the configzuraction analysis. of the - spacecraft -solar .arrays. The’
"analyses of ctha - radio/antenna. high . power operation demonstratad the
capability of the spacecraft to operats with RF peak power averaging
and identified other concerns of high RF power operacicn.

5.5?1 ANTENNA POIWII&G ERRORS AND ATTITUDE CONTROL

e - , o =
The_  objective of this s.c:ionu {s . to xidcntify-f:hn'an:ennn gointing - -
errors and the resultant antenns. pointing loss. As . the error

parana:ers are defined, a cost tradeoff of. antenna. pointing loss vs.
: at:icude control can be es:ablished
v Based on ancanna.oxperience from other spacecrafé;.we have established
- -—————two-requirements for—--satellite - antennapointing;—-l)-stats poincing .

errors and 2) show antenna gain, loss vs. arror. The last requirement,
loss vs. ervor, will determine the Lapac: of thc ac:icuda concrol

Errors associated with potncing the. antenna hav- beon doc-rnined as :he-

following: 1. antenna. mechanical error. 2.. antenna: pointing error
3. pointing calculation  error, &, - ttitude control error,

spacscraft aovement. Tho errors can. bo dnfined as: follovs' T

R S

I P I

1) . The antemma noehanical error Ls tho physical Llignnonc of the
: antenna to the spacecraft attituds zero.. The value +/- 1 deg was
chosen because it -.can. be-.obtained. withou: cos:ly xllgnnen:
. procedures. . . - . ..o ;MM ;?mfxwy .:r*;°- S

2)  The antenna poinﬁing’;rrgi 13. che real ancenna. poiﬂting error or
the design capabilicy of the antenna. aleno. S e

3) The antenna pcin:iﬁg {aléulacion error 13 the-afror of che:digital
processor to determine where to point ~he antenna beam.

SR




.;u—;w\i» taginr o2
i Es e B ih g e

&) 'Thd attitude control. error-is - cho satellite placfurm s auilitv to AA)vf 3
correctly orienzate.the: antenna. . = :riw. 538 e SR

AR SR

$) Tho spacecraf: noéenan: error. .s.dependenc upon the update time: of -
* ! che.antenna.pointing:error '(especially --a : stepped- beam): I. Flg—=
ossencially the: grandu;aticy of the anterna bean posicions R

et gmna o N Gk -
The errors do not. add: to--av vorsc case. A tecliscic mechod of"
calculating the total .error: is .to:calculate the raot of the sum of the
errors squared. The pointing error egquation can be wricten:- B

- 2 2 2 2 - 2
L e = SQR( (al) + (a2) + (t3) + (#4) + (¢5) b
With %araful fabricacion md dcsign ch- ugni:udes cf che mechanical,
the real antenna pointing error, and: the calculation error should be
about 1 deg each. Therefcre, the errors which are the main concern for
thae. qbtenna and spacecraft are the ac:itude cont'ol ‘errors and :He
antesnna grandularity errors. - SR -

e . P . *»'-;",‘,f e -.‘?"‘-;. LeoF
Tbc affact of an antenna pointing error 15 to :aduco _the comrmunication
systen antenna gain. This ervor loss will increase for higher gain
aatentas with narrower beanmwidths. Assuning a 60 percent efficient

antemna vith a pa:abolic .radiation beam shape, Figure 5-60 shows the -
maxizum system gain vs. the pointing error. For higher antenna gains
vtth narcowar beamwidths than those showm i{n - Figare 5-60, the final
system gain with pointing losses will actually be lower. Figure 5-61
shows the system gain loss (d3) vs. pointing errors from 6 to 16 deg.
Since the MSSP antemnas will have gains of 18 to 20 dB the pointing
-————8TTOr -JUsC-ba less than-6 deg: : :

The two important trades for the MSSP are the attitude control and the
antsnna grandularity to cbtain system pointing errors less than 6 deg.
-The anterma grandularity is the capability of- the: antenna to point a
beam in a particular direction. The:- MSSP antenna i{s an electrically
staered or switchsd antennz rather than a mechanically sweeped antenna.
The antenna vill thersfors point . in:. stepped. increments.  The pointing
ioss will te the valleys between the - bean steps as shown in Figure S- o
62. Thae depth of the-:vaileys will be-.dependent upon the number of w7 FEEOE
steDs vhich ars dependant upcn the _ physical. size of the antemma. The -
attitude control . o::ot“¢134gdapondan: ‘'upon: the:: complication - of the
actitude control system. TFor the simple gravity gradieat boom, the.
attitude control would be - uncontrolled {n yaw (azimuth) and nadir-
poiating (roll and pitch) within 10..:deg (3 sigma). If s momentum-bias
vheel is added, the. attitude would be . controlled -in:yaw-and nadir-
pointing (roll and pitch) within 2 deg. Thus, :he capabili:y of the
atzitude poincing is also grandular. . =% <5 maiIeY
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- - - 1In-addition to the trade - of antenna grandularity and attitude control,

- i{s the possibility of .using elevation scanning. of the antenna and
-processing capability of the nectwork. processor. Analysis by the ocher
team menmbers determined that the ' network.processor could determine the -
yaw,..roll, and .pitch orientation of " the. incoming RF signals. The :
scanning,. elevacion, and azimuch capakilicy of the. antenna could then
be:.used to.compensate. for~ the . attitude.. errors less than 10.deg (3
signa) :oll piteh, and 360 deg: yaw. N ' ’ '

With the antenna. scanning compensating fot acticudc conirol errors, the
quacion ;can be; rewrittan: W U IORATTE

-

:b. .

R 2. 2 2 |
p T e = QR TRLY + (7)) 4 (#3YTe(w5) ) i
The error dus-to attitude control (#4) {s eliminated. Since the errors '
ochar than the-antenna grandularity are approximately 1 deg each, the W %
- equation would be: ’ - B o

- . “© . . ...-
x de = SR ( 3+ (#5)2 ) o | N

; Table 5-9 shows the system pointing error with antenna scanning to

ccumpensate for attituda arror. The antenna grandularity is the angle

e between individual stepped beams. =~ The ctable, shows that when the

f arntenna grandularicty is g'aacer chan 2 deg, the errot will be driven by -
the grandularity. ‘ o
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-__ The conclusion of this analysis is that communication system pointing
errors must be-less than 6 deg for an:antenna gain of 18 to 20 dB (60
percent efficiency). The main error concerns are spacecraft atticude
error and. antenna-:grandularity:~ However,” analysis- by-vother team. -
members has shown that che attitude error-' can. be compensated by the
elevation and’azimirh-scanning - of the -antenna. - Thérefore,  the main
error concern’is.the antenna scanning grandularity or beam step size..

The calculations of e-ror/loss were performed assuming 60 percent
antenna efficiency. If the antenna efficiency is less than 60 percent
and narrowsr beamwidths ' are. used to obtain the required gain, the
impact of the pointing- errnr will increass. ‘ :

35.5.2  ANTENNA SIZE

v The following analysis was performed early in the Phase II study to
- obtain an estimace of che size of the MSS antenna. 7The size. impacts
~ 7. the required attitude control and the antenna pointing as shown in o
. Section 5.1. Also, by estimating the 'size of the ancenna, the analysis . . .- . @7
éﬁ of the spacecraft configuratiovn and possible solar array configuration _ i

; could proceed. . )

.Ef To creats a parametric prisentacion of the antenna size co determine , »f:
S spacecraft sizs, two assuxptions were mada:. . » ~_-C

PN . P
s

O W The ancenna is mounted on a cylinder- and the antanna arrays are
' switched {n segments around iz. The grandularity of the switching
around the cylinder was assumed to be A\/4. .

-

fg".', i
" 2. Asan increasingly wider antenna is used, a phase error occurs
— . (Figure 5-63) due to the displacement of the end elements off a ®
LY flat plane. 1If the antenna wers a multifaceted surface racher T

than cylindrical, sioilar considerations would have to be made.
The maximum displacement was assumed to be \/4.

-Having aiziglishod cheso-aiiﬁnpcions. the equation for the number of
antenna beam steps vs. the ancenna radius is shown in Figure 5-64. - ®

Figure 5-65 shows the antennsa step angle or the number of degrees per
stap of the antenna beam vs. antenna radius. The projected antenna
array length sacenna radius is demonstrated in Figure 5-66.

i, Because of the allowable phase error of 1/4 at the edge of the
t.- projected antenna, the antenna 3dB beamwidth will be broader than a

classical uniform array. However, with .the wuse of the classical
exprsssion

L

Bw*L/A = 52

-18s- ' S
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A /4 ANGLE STEPPING OF ANTENNA POINTING L.e. ANTENNA POINTING CAN BE .*
STEERED AROUND TO POINT TO CIFFERENT SPACECRAFT IN A/4 STEPS :
r’g :-}./4“ - -“'—" ‘ .
- o ,1 L lamE L SR L
CRCLE IS 2 [T RADIANS -
. ' 211
# OF ANTENNA POINTING STEPS = — =2 Tean
, - C
a 81
' arny
. DEGREESPERSTEP _ a S
DEGREES PER STEP et
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Figure 5-64 Antasnna Beam Step: Degrees Par Step -
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obcained and: Ls shown in Flgura S 67

: “}5.5.3, MSSP RF POVER covétnnsf' 2 ‘

<

.The major topics to bc discusse¢ _include :he;éffeét_éfgpower AQeragiﬂg

conce.ns, and miscallanaous items such as.. the RF limicer, and PA
-thermal. Sk C

[l o . 3 - N L e Ak T e L
. » - -

OWER’ AVERAGING*(PA)/SPAC’CRAFT POVER =

- - Lmmeee .
a - . -
~

if.bﬁm . To vary spacecraf:“;ange.mi:d aay.. bou»nec933327Wt0‘vary~ he-du:y'cycle
. and peak power of the data packets. This requires that the battery

= size or the rated depth of. battery discharge be- increased. (The
3. battery life Is .dependent upon gapqh of -discharge..and. .number of
cycles.) T - N

YN

ey -

”he powver. subzystsn is dtiven by CHo faccors i ***{fﬁ» A i
(a) Solar acray is sized so thac orbital, power input {s equal to
orbital pover required. =~ " - .
. — (b) The batteries are la:ge -oggugh so ghp drain during periods of
@ charge below the bus.: requirements does not drain the batteries
- s below the specifiod dcpth of discharge. ..

P s

y ____when tho PA power s anr.uscd for- short periods of time, and the

an. apptoxima:ion of :he -antenna. bcnnvid:h vs. the,ancenna radius can: be

Voced on Flgures 5 65 and 5 o7 "are the antenna: dimensxons of 18.. 24 -
~and- 28 in.: for the-frequency of 3CHz. The antenaa siza,assumed*for,che;_

?": *5P3°8°!35= analysis. was: 18 in.. This dimension. wasglater“vetz'xed Sy
*= ' the team an:anna,_members.p The.: smaller dimensions provided a lover
- .satellits. launch cosc. | I = R -

: . CE e Fodeadsison

"“on the satellitse,-RF power:and test considerations, receiver/PA turm-on-

e

&

L S

orbital average bus requirement remains the same, factor (a) above is

not affected, but. factor (b)- will - require -that the:high power time.

. @ periods be controlled. Either the - high power periods can be shortened
S L .or the dspth of discharge of the battery must be. allov.d to increasa

RrEDRT e IO e AT TR
T N BN A AN B AT - VR T T, RIS ] B
o g st R A

The power generatsd by »tho ~sola:~~atrays vill 'be dopondonc upon the .

solar. array configuration, the sun angle, and orbit position.. However,
a simplified case of battery dtschnrgo ‘can be derived when the Earth

period will be about.96 min vlth 32__min of eclipse. The equation for
the- toquirld bac:oty capacicy bocauso of oclips. is. R :

3 ' Avg pover 32 ain

. .- 'CGP§=157‘f depth of discharge

28V " TS ainmr

<190, ..

A

‘eclipse period is considered.:? For“ the-altitude ‘of ‘concern, the orbit .
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The latest power numbers for MSSP az..
COET IOESES wdl s 385%e 07

EOPR .;uﬁ ts_ DAL ‘power-:

. o . ‘Other power: 64w

_ C 744/0.75 - 98;7V- (73"‘;créenflxébﬁvettor
efficiency) TLED. heli L e e aan - ‘ 5
T : or”3436ianp-hz:ybéncerj‘ wvould work Qﬁd; the final depch of.dischaige.

(DoD) would be 5.2 percent. no Y

- +~Thé~-10W PA. {3 .based on: .

B 10W peak RF; 30 percent duty factor; 30 rercent offféiéncf{’ S
: : 75 percent:-dc-dc.convertor: efficiegey. '
< 2107x 0. 3/0 3 - lOW avoraga or 13;33‘3 wi:h dc dc

_os P i
€ 3 Fot LUOU oporation cbe PA pcvar is' ’
i = - IOOW pcak 10 parcsnt ducy factorT.BO percenc e;flciency. “;w> -

75. percent dc-de efficiency.

1

100 x 0.1/0.3 = 33.33W avg. or 44.%W including  ‘convertor
efficliency

;L

b e ! <t el b AR, \ b

[
L e Y
E -y s PP e Coal

The bus required powe: during high power operation would be (64 +

x
f
a
1

33—3)/0-75—- 129—8W~m~*hc—impacc—oi_high_pnue:_me;acion would ‘be to:

- 1).f allow :he dopch cf dischsrge (dod) to anraasa

129.8 32" 1 i .
1 Ceveesd oo Rtuil Xea o = 6.9 percenc . L
28 60 : ) 36 . .. ’ B BRI ) i ~' -ij'a.j

RS e

Eithet of :heso ,opcions _are. . acceptablo compromises? . The impa.c is.
“lower-'than. first expected because the. bus power has increased to where
-‘the:.;ercencage effect of. . the : 'PA.. pover {s ‘lower: ' This analysis i{s ..
et r°?€iﬂi!ﬂicLbO¢luS‘JCh‘ﬁ'OtbLCIIu»Cbstgﬂ is. - soncwha: like a sine wave -
rather than an on/off eclipso/cber;o. period " The poriods of solar -
array output less .- than . spacscratft . power tequireuonc will be greater-
than :he eclipso period (dependlng upon’ array- orientation). If the--
' = the-end.of -an:eclipse, when =heu..
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.che array output has. not. yet increased, the operation at high power..

e TR S R S S DL 8 s £ vt e e,

e P e s L BoaiCRGOS

Stk AL

e ‘..?hc:» tr-b-w:« i ;\-ac-b pRtoks b-&w Fali e aiie el s g .

bé:teriés;hAve already discharged during normal eclipse operation, and .

could drag the ba:tary dod down to 8- 10 parcan:

Fae ki ROl Fots

Iravsmicting for 24.3 ain with high power will affecc :he amoun: oE 1ou
tcansait time.. Dead. time or periods .of no transmission will be .
required. : .

The length of the dead time is given by:

(33.2 - 10) * cime (high power) = 1lC * dead time

" dead time = 57 min © doad time = 2.33 * timg high
power - : T -

- Twenty four minuctes of high powver operation will shorten low power time

to only 15 min. -

1f bsctevies with lower allowable . dod are usaed, . the problem 13 worse
because a larger dod is multiplied by the power differsncs.- This could

~ be solved by spending more monsy to.buy larger batteries.

‘The impact.of the high pover operation will be dependent updn nany

orbital paramecsrs, but .the dasign couid proceed in either of two

. methods:

a) states powers raquired (74W to bus) and high power operation. -
time-limited to 10 min P/A pover = 33W. Dead time = 24 min

¥

b)  state re required high" povcr’Bpirlcton*timn—roqu&rcd—(730 aLnu:ns.JNl__«__
: P/A anytine) and ‘the average power 74W. The satellite designer
- will upgzrads the power system to accoaplish the desired LoD. Dead
time = TBD.

Either case vould define a baseline interface and designs so that
trades could procsed. . : i . , .

Another concern of pesk powver averaging is the ayu:-nithirual design. )
The low power operation of 10W average power will dissipate an sverage e

of 7W wich W average transmitted. The high power operation will R

dissipate 237 and transait 10W average. ~ During some periods, the PA ..
will dissipats no power. The thermal design -will be required to
control the satellite Ctemperature for all of these wvide dissipated

.pover swings. The swings of “64W bus-powver to 97W ot about 50 percent
.variation, independent of orbit,  may- require more sophisticated fornms

The final determination is dspeandent upon chc thorunl interfaces of the 'Q»
_radio, antonn;. and sac.llico ‘

.of thermal control, such as thermal louvers, which caa be expensive.
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v TORY ou/o"r surrcxu\xc u‘u:s R I TR

* “RF: POWER“AND.- T'ST CONCERNS

:q,r~"gmi 3% ’“@ TQ~*«3@3§¢>

The normil ériterfa“foc:t

be subjected. to - acceptance lcvcl thctnal“‘vacuun ces:ing in Lieu of

therzal cycling tests if. they meet .any- of - the tharmal vacuum test
oy : -

ctica:ia defified-balous 26 BERILIATLYLING HEDIJENG W gEE
TE *..z‘,‘y"ﬁ"&’“&i DFZI& —g.,...:" mﬁ""‘m""’"" '*'e: 1‘.‘.”!‘}“ '

Lob
°.»

P
CItviaLey

= parts’ oxposod tovacuum, dissipacing ‘over 30 percent of their
flinonir“r:cing and-for which a thermal :olerancq analysis on :ha
component- uoun:ing doos noc’ .xis: g 3 N
e PR Nt
Above 50W RF (actually 30W with 2:1 VSWR- Vol:ago Standing Yave Ratio)
the spacecraft;“antenra;, and radio must be ‘thermal vacuum-tested. The
RF tr ansistors-aus:“bc-tnaljznd and tested to ensure that their themmal ~
tize constant-i{s “such:’ .hac the' 100W - operation will not exceed':ﬁc"
theraal rating-in-vacuum. ~ The transiscor junction temperature must be sy
designed for a MITF of five years =minimum. THe thermal propercies of = °
hizh power pin dioda svi:ches and phaso shifters must b. annlyzad and
:-stad : w :

EF

- - ESOu o S

\

RN e ea T LIAT E TR E ik D3

‘The RF capabilicy of SMA comnectars is cbou: aav. Ui:ﬁ a saf.cy factor -

“of 2:1, the maxizum power would Le 40U, T\o:cfor.. TVC type connectors

(circuizous dlelectric {nterface) will be~ required. ' Also, to-ensurs
rapid blood dovn a: vtruun th- connectors aust-be vonc.d (drillcd)

e N e T el e SR LT TG - SIS IS

- - B . e o 2 oo i
o T AL &

T*o discussions !or ytotocola and routing h:s assuned :iuo lines with

vansaission periods and receive - periods but no- switching-time in-
bo’vocn. Switching time would be- periods of transition between

- B

“y

transalt and receive. There are concerns about the :oiiovtng*ttntt~u;'
operacion vhich would cause svitch time: delays. T e . oot

o.--P/A opornci‘on R - TS SRS S AL RC T T o S SR R
.9 T/R'svitc?i:g

TR
° An:onna tvitching L .

LBl : C e SIEohrn iy

P/A opora:ion' Tho citcul: fot tho -operating PA i{s shown: in Figure S-J ¢~“'

683. The turn on of the PA. will require very low {nductance in :ho
bazzery; regulator; wviring and.-P/A:: ~ Aiisolution .might-be:to place a = ,2
large capacitor as close to the P/A as.possible. However, L{f“the-P/A %
on/of2 switch (s befors the capacitor, the: turn on will be slowed due

to charzing of the capacitor. - '




: iz e b R e T ¢ ST ARG e AR, ] RS e RSO ST
i iantaa Bl AT o e

Another solucidn'would be to .turn- the- P’A on concinuously,.chatge -all.
capacitors, and be ready for the transmicter on/off. The impact of
this will-be small because.cthe .P/A.is.class C and_ should. d:aw lowspower~,,f

(-lw) whil Ln s: ndby bocweon czansnxssiona

. s e
o TK«»-';'—

o emdz
) /R svi:ching . Two posaibla RF confizuracions are snown inaFLzuzes 5-
69 and 5-70." Ths system  i{s - half duplax transmitting and receiving on
the same rrequency. When. transmitting l00W (ignoring filter losses for
nov), a circulator would. provide 20+ dB of isolation. However, a 2:1
VSWR antenna would provide. only. . 10..dB. of . reflection loss. .In.other
-words, 10W, {f peak power, would be reflected back to the receiver. A
T/R switch may be needed to protect. the receiver. front end.. Also, for
the switched beam or. phased array: “antennas,. enc.of life.degradacion
mizht cause VSWRs' auch higher for certain beams and.cherefore, the T/R
switch might bo rsquired to handle highet powers than 10W. :

- The quas:ions ‘to be answerad includo
.-~ . % _the T/R switch bc? _what will  Dbe:

tiza of . _

1f .the 4
need 40. - R £
time zo o

Jha: will. :he swi:cning
the Lsolation cf the switch?

the reflected 10W will.
the Teceiver may require
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d3 of svi:ch 1lolacion. Evnn than.
recuperate from the 0 dB3a signal.

Ancenna sﬁi;chiﬁg THQ anﬁuﬁn& is"ipecified at <lus s&itcﬁing ti::;e~ :
'HL: specification staces :ha: a lus dead: cin- nus: bc tppottionod TO q:
he protocol. R A - - - o '

YAl ‘a-_”.-

e

The svitching speed of a pin-diode switch {s dependent upon 1) on: the

RF powar through-put. and insertion loss - large current to offset ths

RF power, 2) off: the RF power and isolacion required - high voltage

to shut off dlode and offset RF power, ) the diods package design and- 4

svizch package design to handle cooling of diode (dus to dc and RF g

Sl loss) in a vacuum, and 4) . the switching speed of the switch driver,
which supplies the voltages to the pin-diode. The lus.switch time for
MSSP will be the sum of the pin-diods switch and switch driver tinme.

" Pravious experiencs has shown rapid ou-swvitching of-pin-diodes;—but-the—
off can be longsr cepending on system line capacitance.

A sumnary of switching concerns can be ansvered by the following
questions: ' -
. - PA on or off continuous usec
If off: on-tinme usec
T/R on/off-time usec v
Ancenna switch time... -1 L usee I T O {
Since ill:of:tﬁ;;i‘ii;;i -océutgxiﬁsifitllfit; Ch.jlans.ﬂt.tiﬂ‘r“ill.b‘" B ‘%
the system dead time.- Ceaiyae e e mmae e ..ff
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6.0 Conclusiens and Recomnendations

SRERETAEA AT s TR 1 A

The MSSP Phase I study.is . no: ,a presenca:ion of a sin le point: sacei-
lite design.buc a Jcombination rtrades:. and. analyses leading to the -
preliminary desizn of a low. . cosc satellice sommunication system.. The
study was.based upon the: inceraction ' between the Phase I team zembers:.
" antanra, radio, and satellite- in:egra:ion ~such :ha: an*op:imum .CcOSC-. -
effactive dosign could be ob:a1ned :

EE SN,

" During :his s:udy several _general conclusions were obtained 4'j“’

o - Orbies: Thc»satelll:e orbits should be.--at a high 1nclina:ion for —
the view capab;li:y by the Northern Hemisphere where most of the
system users would be located.” A-"satellite altitude of approxi-
mately 675 km would create a sufficient orbit lifecime while pro-
viding lower launch cost and lower radiation levels. tachnique
&l hcs also been presented for satallite dispersion using nodal re-
o - gression: which ‘eculd save considsrable—system cost: +

o Ground User: The impact of the-: ‘systea design c¢ast due to :he mul-
tituds of ground users can be great. If peak power for high ele-
vation angle satellites is used, the system cost and complexicy
could be. reduced. '

-k*‘-w:.'.- ;

Satalli:a Communication Range: The, satsllite desizn.should Se‘
capabie “of maximum communication range... This capabili:j iﬂc'eases
cocmunicacion probabilicy and sjstem -elxabLILCy

S L
o

o Power: Satell :e power requirements are cthe largesc satellice

cost drivers. The analyses show —the {mpact of cost per wac:

® . (~$5000 per watt) and how the solar array configuration was ana-
- - lyzed to maximize the array orbital average output.

w o

) Attitude Control: The attitude control necessary from the satel-
lize {3 dependent upon the antenna capability apd cost. The pri-

~ - mary concern addressed— in—the —analysis—is—the conflict-between
9 attitude contrel and the antenna pointing requirements., Tha cost
of the dual scan, elevation, and azimuth crosslink antenna esci-

‘mated by the anterma team members divected the result »f the ana-

lysis. The attituds control would be a simple gravity gradient
boom system with a eddy current damper. :

riguto 6-1 {llustraces s final conceptual satellits for the MSSP and

e Table 6-1 lists features of the..satsllite design. It is not a single
: . point desizn because {f will depend .upon final trades performed {n the
) “'SP Phase II study

e
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.TABLE.6-1

- ‘paouzvtsr SATELLITE ozsch'Asrzcrs

Power:

- Actitude Conczol:
-s::u¢=n,,;

4?rqferr9d Launch.uod.:
Cocmand &halféigmetf;{lq

- Theraal Control:

75W syscam of 6 pancls deployed for maxzmum.‘u '

" orbital. power..
_‘depth ‘of :~di_chavge -

power contrel.

36 amphr battery for. 1o

and. current- liai:i:g‘ﬁ”dk

Gravity - gradient boom with eddy curreac:

" damper for nadir- poim:ing 10 des 3

© Tubular frano, low . cLSt. construccion. wz-h
thermal blanke: wvalls. :

ahuctle'launch wi:h oMV for £

,,,,,,

L ,—Mm
Ty

o w'ﬂ‘"'

inal orbics.;.

satellices deployed. for modal dispersicn,

" Command

and

'Achlcmecry provided
incterface with natwork processor.

* through.

Thornnlﬂhonter»éompensaaing‘for no-::ansdits' ’

periods.  Passive
radiacors. -

thermal .

e -

olankets.

and




Figure 6—1 MSS Satellite Corcept

-199-




= &c «c§ € . %= iy sty A T2 < < * 2 > sz
. ¢ 3 < = ° 2
_‘. =% .
[ B - -
.

e 7
v L

"Thermospheric. ‘Tempéracure. " Densi cy, and.

" Composition: ‘New: - Models" ' Samithsonian.
. Institucion - Ascrophysical
':Specxal Report No. 375, March 1977 L

e -
Oy oI Fre- TG

7 mﬁ-m

"Theoty of Sacellite- O:bibsaQin an. Acmosphere"
Buc:etwo:th & Co. Lea., London, 1964-

X e At o
SR LR i e

-Observacor: SAOA»_

~ .
N = B
- T z 'y ok B
- e
- 3
. e
. - A
R
R 4
.
. L :
- * -k“v
-
&
by
- . o
i &
o
- - 53
PRV E B A B
-t Rac EIRES
- -
- )
e o d .
z g
B < - P
.
-
‘
.-




Joe - [

4 .
wodl

A/M. -
BASD -
cd -
ca -
CcMos -
dB -

. deg -

ELV -

min -
MSFC -

Acronym List
¥ . e

j'.-‘Lt:i.t:u.c'le De:etmination and Con:*ol Sysc-m

“’Automatic Gain COn::ol R e

- Coefficient of Drag

Aluminum
Aconic Oxygen
Geonégnetic Indices

_Applied Physics Laboracory

Area/Mass ratio
Ball Aerospace Systems Division

centimeter
Complementary Metallic Oxide Semiconductor
dacibel

degree

Expendable Launch Vehicle

Earth Radiation Budget Satellite
Eastern fest Range : —
feet/foot A
Fleld of View
Geodetic Earth Orbiting Satallite
GigaHertz-— — - - ——

Gravity Satellite

Hours

Integrated Circuicts ,

International Geomagnetic Rsafersnce Fleld e
Kilogtan~

Kilomater _

Left Hand Circular

minutes

Marshall Space Flight Center
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uss - Hul:iplc Sacellice Systcuy

MSSP - f Hul:iplo Sa:ollizem;;stem Progt;m
MTIF - " Mean Time to Failure
NASA. - | National Aeronautics. and Space Administration
NF .- .- Noice Figure ~ } -
NiCad. - Nickol Cadn.unv R o e 3
om - nautical mile '
nmt - nau:ical mile ~
oMV - Orbital Maneuvering. Vehiclo =
rad - radia.l:ion uni:s e
RF - Radio Frequency : SR
RMS - Rumotes Manipulator System
RCM - Read Only Memory
]SS - Roo: Sum Squared "7
sec - " second o
§ER - Systea Engineering Report: —
SHIELDOSE -Radiation Calculation Program —= -
SMA - RF connector Sub-Minature Typs A -- =~ 7
SOFIP - Short Orbit Flux Integration Program
SRM - Solid Rockest Motor
"STS - Space Transportation System
temp - Temperatures A - i
3D -  Teo S. determined
M - " Telemetry _
TNC - . RF Connector ‘rypo mc o E Y
VSWR - ' Volugc Scanding Vave Ratio







