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‘ e i st i e e, e e st e SUMMARY ol DT s e

This report describes the analyses and trades performed by BASD during o
Phase I of the Multiple Satellite System Program. These analyses and - -
-,  trades were-performed.to.. develop the Preliminary Satellite Design Re- .

_ ~ port for the multiple satellite system (MSS). The design trades were

o - for a low cost satellite for a high bandwidth global communication o
' " “system 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 solutiom.. Communication was maintained through telephone S
° conversations, meetings between contractors and working grou“s meetings

ey v 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 these

9 inctarfaces in parametric form, 4if possible,- such that cost/performance

° iyt trades could be mads. - The main interfaces were Flight operations,
: i payload, and the Ground user o final communication station.

- Flight operations weres concernad with system parameters such as the
e satellite orbits, sltitude, environment, launch and deployment strateg-
@ ies versus the satellits lifetime and cthe satellita launch cost. Also

to be .considared were.the impacts of ‘the satellite communication range,
. earth maltipath, and satellite altitude differentials versus the number
& of satellices required for the system communication misslon

The payload interface concerned the sarnellits power, a:citudo control,
PN : structura, and talemetry and command ne&éssary for the radio and
© antenna. Power subsystem analyses presentad the cost estimates for
satellite power including solar array cost, battery cost and launch
- cost, analysis of solar array configuration for optimum energy outpuc,
and analysis of the requiced battsry size, the satellite charge
"eontroller, and the impact of peak power averaging of the transmit .
6 " "power. ThHe attitude control {nturface was concerriéd with the cost of—~ ———-
i various lsvels of attituds control versus antenna cost and complexity
in order to obtain the system pointing of the antenna for
communication. Structurs and Ctelemetry and command discussions mainly
addressed requiresments and possible approaches to obtain those require-
ments. Also, addressed as a payload i{nterface wers the concerns of the
operation of high RF power components in space (vacuum) and the impli.
cations on the systea testing. - T ‘

The Ground user interface discussed 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 lover the total system cost.

1ig




The analyses in this report were -used to generats a preliminary design.. %
plan for the satellite vhich included . recommeaded satellite. E

specifications and a preferred approach for ;eqch'vspecificatioﬁ.\
Prelinminary design plans were -also presented.by the-other team members. -

The final resolution of the system trades are being exscuted by the MSS
systexz engineer in the MSS A specificacion. -
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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
(MSS?). The final product of “rhis study -is the Preliminary Design

" Report of a satsllite bus upon wvhich the MSSP burst radio and antenna

are intsgrated. This final report will describe the various analyses
and tradas performed by BASD to darive the Preliminary Design report.
Tais document will dascribe the 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. Sacticn 3 presents an overview

of the BASD approach during the Phase I ‘study. Sections 4 and 5
describe the trades and analyses made by BASD as the satellite
{ategrator during .the Fhase I study.- The conclusions and

recommendations of the BASD HMSSP Phase I study vill be discussed Iin

Section 6.
2. Hulﬁiplo Satellits Systea Program Do:c:ip:ioﬁ

This section presents an overview .of the Multiple Satellite System
(MSS) to Jjustify the trades and analyses made and crirsria used for the
selection of the preferred approach.. 3his overviaw is not a compleZe
description of the objectives and roquirsments of the MSS, but should
be sufficiint to provide an understanding for this report.

As stated {n the Multiple Satsllite System Program Management Plan,
*The Multiple Satellite System (MSS) 1s a concept for a proliferated
lov-altitude systea intanded to provide a global packet communication
network for data and voics. Its primary objective is to provide a
highly survivable network that can continue to support a minimum level
of communication services in the presence of i{ntentional jamming, loss

"of a significant. fraction of “thé “satellitec,;  and/cr - loss—of the-

terrestrial control funccions. A second objective i3 to provide
efficient, widebarnd coamunications under benign conditions.”

Pravious developmental work' has concentrated on space segnent
configuration, prelininary antenna design studies, and link
comzunications architsctures. Applying this work to the design of the
satellite system is the next logical step. The basic systea would
consist of appruoximately 240 satellites orbiting ac a lov earth orbit
alticuds of 350 to 400 nmi servicing s global user community of 200 to
1000 ucers. The satallites would consist of the satellite structure
and subsystems, a burst radio, an antenna for crosslink and up/dowmn
comaunication, and a network processor tc¢ perform the systea routing
and control. o .
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The. key- tssus in a progran such as.. MSS s the cost of the satsllite..
Bacauss of the quan:i:y of satellites, the individual satellite cosc

must be reducsd. - The cost of earlier types of communication satellites -
can be reduced for two .reasons: . 1. small distances between satellites.
reduces sactellits: pc:fornanc- rtquirod and 2. large production build .

:.chnzquns ¢an be used.’
The MSS progtan is . :hzno-phancd approach dalcribod as follovs

Fhasc-I: Establish a systea d-finition and ptolininaty:Qqs}gn.

Phase II: Hardware developaent and tasts 1 :

Phase III: Full i;a;’:§i§ﬁlopncnc of the .MSS

Designing i cost-effective nyscoﬁ by examining the design areas and

tradeoffs between hardware and loftVlts. or antenna and attitude

contzol, or antenna gain and radio RF powver wvas the goal of Phase I, LE

This was complsated wvitn the interaction and technological expertise of '

several diffesrent contractors. The MSSP Phase I tean members are

listed in Table 2-1. The organizational structurs of the Phase 1

perticipants {s shown in Figure 2-1. MA-COM Linkabic Incorporated was .

the system engineering contractow. . Defense S’stens Incorporated was I

under contract to exazine the npplicncion ‘of lov-cosc satellite design q-

tachnologlies to MSSP. The contractors vere to holp rcsolvc :hc {ssues o

arising in systau dsfinicion
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3.  BASD MSSP Study Overviev

During tho MSSP Phase I study, BASD. was a team member (contraccor)
involved with satellites integrationm. The - objective was to develop a
prelininary design of a low cost satellits for a high bandwidth global
communication system upon which a burst radio, digital processor and
electronically staerable antenna would be 1integrated. Prouduction,
tasting, 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 satsllite, radio and antenna ~designs to reach a cost-
effective solution. _  _Communication was maintainea through telephone
conversations, meetings between contractors, and working group meetings
between all contractors. - . '
BASD's approach to the study was to address the issues and concerns
idencified at tha working group meetings, or by 3ASD, in short memo

fora or system engineering reports (SERs) and distributa these to she .

other team membars. it. was hoped thar 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. .

Table 3-1'}isés the citles of tho”iigﬁb _SERs. The  SERs, listed in
nuzerical Grder, are also {n .chronoiogical order. Letters indicating
the area of the MSS? design to which the- SER directly applies are
located basida the SERs. Table 13-2 1lists the area of design concern
for each letter. As can be seen in Tuble 3-1, the application of the
SZRs varied throughout the Phase 1 study. Several SERs have almost the
same ticles, such as "MSSP Preliminsry Power Analysis®" and "Power
System Second Cut”. This is a reflection of {tsrations of the analysis
as nev information was added by the team members and working group
meetings, This report discusses all snalyses results and SERs to
desciribe what system trades vera mads.

sl

The sections of this ieport address either: a satellite subsystem, the
satellite programmacic czoncerns, an  important {interface such as the
antenna or the radlo, or basic system concerns such as the satellite
orbits. The topics are confined and to BASD’s concerns as the
satellite integrator, altkough to the radio and antenna interface many
other fine analyses were performed by - the other MSSP team members.
However, this report will address only the narrow aspects of the design
relevant to a satsllits {ntegrator-and BASD’s work on this study.
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s -~ 4.0 SATELLITE INTEGRATOR SYSTEM TRALES

The satellite integrator system trades involve those areas of design
which are not necessarily satellite hardware or payload but are system
trades which affect the hardware. The primary areas. analyzed during .
" the MSSP Phase I study wers the required satellita orbits, the impact
Z  of the ground user, the communication ranges vs. the number of satel-

— lites required, and the programmatic concerns 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 specitic area of concern somewhat arbi-

trary.
- - 4.1 SATELLITE ORBITS

LIRS

The orbits selec:ed 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 satellite orbit planes and inclination angles, driven by
the desire to obtain complete giobal communication, will increase the
cost of launching the satellites. That cost can be much greater than

e ths cost of the individual satellites. Therefore, a prime concern will
: be to maximize comnunica:ion performance while minimizing system cost.

4.1.1. ORBIT ALTITUDE

- The satellite altitude for this study was stated to be between 350 and
: 400 nmi or between 630 and 740 km. This alcitude 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- ———--——
inictial satallite altitude analysis vere:

a) Sccoxli:a lifo:inc 5 years
b}  Saisllite altitude differentials less than 50 km
c) Satellite launch cost
Funda;oﬁcal to this analysis vu~ the necessity of establishing an

approach for estimating the exoatmospheric . temperatura. It {s crucial
for spacecraft drag and orbital decay estimation.
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Iﬁéiiﬁiéiigjﬁﬂe'ii{&if:ﬁénci'ﬁd ‘minimize. satellite launch.cos£ 1s the
requirement to minimize satsllits alcituds. The cost diffarential to.
launch a single .satellite to..a .higher altitude is not. prohibitive. -

However,.the cost to.increase. the orbits of 240 satellites will drive
the total system cost. R — : v

RS i I~ St Srpsabid

The satellita’s five year. 1lifetime. requirement demands.that the initial
altitude.be.sufficient to.cozpensats for orbit decay. -The requirement
for satsllite altitude differentials of less than. 50.km.was. derived.
from the.antanna ccverage requirement of .-the MSSP antenna. When. the.
altitude.separation betwean satellites becomes tro wide, the minimum
range for communication becomes very large. . When satellites are
launched,. altitude: differentials will . exist dus to errors, design
offsats for dispersion, or replacement of failed satellites. The ini-
tial altizude must be such that after five years, the spread .of sactel-
lites due.to differentials of orbit decay does mnot exceed 50 km. and
eliminata valuable rescurces. During this analysis calculationg will.

‘be made.for a seven year satollite orbit lifetime. The lifecime re--

quizrement of the physical spacscraft is five years.
4.1.1.1 EXOATMOSPHERIC TEMPERATURE AND ORBIf DECAY
Ths.purpcse of  this ‘analysis iaszﬁgo'.&ocerminé ‘the {nitial.average

circular orbit altituds and relacive Altitude spacing between 2 pair .of
satellites placed into circular Earth orbit beginning in 1991. Var-

" {able solar activity during a seven year mission and its affect on
‘orbit decay rates were also considered. :

The dynamics of orbital decay ars mnecessarily rriated to the dymamics:
of atmospheric density, which' can be .represented in - the daily
observation of the 10.7 cm solar flux (F10.7) and geomagnetic indices
(Ap). The prediction of daily variations - in F10.7 can not be accoump-
lished with any acceptable level of confidence, but a running 13 month

average of these values has shown —some historical-significance.-—Llong-
range prediction of other solar disk activicy for the purposes of orblic
lifetime studies rely heavily on statistical prediction techniques
based on these historical trends. Long range information is available
fzom Marshall Space Flight Center’s (MSFC) Atmospheric Sciences Divi-
sion providing a smoothed 13 amonth prediction of the F10.7 solar accti-
vity, and Ap. geomagnetic indicss.. This information {s periodically
updated, . and the information contained in the MSFC report of April 14,
198§ was-used as the most recent data for this analysis. D

Figure 4-1 shows the calculatsd average oxoatmospheric temperature
generated from the above informationm.. This curve represents the diur-.
nal. (day/night) average of temperaturs fluctuations. as. well as the.
influence of the geomagnetic index. The methed of exoatmospheric. temp-
erature calculation follows Jacchia(l) (1977) and {llustrates a
temperaturs usximum (cycle 22) taking rlace in Mwuy of 1992, and

-10-
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_ decreasing steadily through 1998. The empirically computed percentiles
of 2.3, 50, and 97.7 percent exoatmospheric temperature are extrapol-
ated bnscd ‘on the past 29 rolar cycles. In addition, the estimates of-
exoatmospheric- tcupcra:u:. are basad on -an-assumed'mean sun cycle per-’

- 4od of 1l years.: The plus/minus two:standard-deviation of "sun cycle

. - period range from-9 to ‘13 years producing a stretching or compression

of the temperature profile of Figure 4-1. - = e

To perform-a strict prediction of  the orbi:tl decay rate requires the
inclusion of @ time.daspéndent- relationship between the-solar activity,
exoatmospheric temperature, and atmospheric density. However within-
the scope of this  study, three "constanc* exdatmospheric temperatures
(1400, 1100, and 900 deg K)  were assumed throughout the mission life.
Values were-predicted from Figure 4-1 and maximum temperatures obtained
during the May 1992 maximum for each of the three confidence intervals.
MSFC recommends the use-of the 97.7 percent confidence interval temper-
aturs (1400 deg K) for the  calculation of orbit lifetime assuming chat
the actual lifetime of an orbiting satellite will meet or exceed the
- - calculated -lifetime in 97.7 percent of all czses. On the other hand,

e by noting the - approximats 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
&~ investization, and can be considared 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 indlca:e
the sensitivities and impact of solar flux on-the analysis

- Figure 4-2 illustrates the orbital -decay rates following the method.of

King-Hele(z) for the three statistical exoatzdGspheric 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 1initizl altitudes diverges as time from reentry
and temperature increase accounting for the increased density present
at the higher altitudes. These orbit lifetime curves are plotted again

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

A/M of 0.1 (H /kg), and a Cd of 2.2 The orbit lifetime values above - 7
years should not be believed due tc the lack of long range solar acti-
vity data pradictions to support this petiod

Figures 4-4 through 4-12 illustrate the lverago circular alcitudns and
relative separation decay rates of a pair of satellites placed on ordbit
in 1991 for'the three “"constant®” suns mentioned above. Three circular-
orbit separation distances of 10, 30, and 50 km are assumed for sach
“constant sun” between the two satellites at their initial orbit place-
ment. The appropriats initial average iltitudes 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 satsllite replacement driven primarily by the
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® - desired mission lifetime. The maximum allowable inter-satellite separ-

5 ation and initial average circular altitude will be derived based on I
future analysis, and are unknown at this ¢time. Presuming that these ¥
values were kmu..n, the orbit selection would follow directly from o
Figures 4-4 thre uuhy 4-12, For example, looking at the "hot sun” shown
in Figure 4-4 snd choosing a mission - lifetime requirement of seven
f‘f _ 7 years and a maxizmum allowable separation of 30 km would produce an
3 — initial average csircular altitude of greater than 700 km.

It can be concluded that with the constant exoatmospheric temperature
approach taken here, the most probable orbital decay rates are repre-
- sented by the 1100 deg K temperaturs profile for the solar activity -
® period o0£°1991 to 1998. From a viewpoint of a median analysis, the L
: 1100 deg K sun produvces a probable (50 percent) initial starting alci- s
tude of between 625 km and 675 km circular altitude for a probable
initial 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 - i
preliminary design. {

& - 4.1.2 < SPACECRAFT ORBITAL DENSITY ' o o ¢

a © . . Once the spacecrafr altitude had been ‘selected, the number of orbit =
' planes an® the number of satellites per- orbit uust.bsgaﬂhlyzéa“:o:hs- H

sure that global communication coverage is possible. This cursory ;
analysis was performed to assure that the suggested distributions would ;
meet the performance requiremencs and that unforeseen system require- :
ments did not exist. The initial spacecraft distribution assumed from '

o a previous ctudy (ESL-TM1632) called for 90 spacecraf: at 27.5 deg

. - inclinaction, 90 at 57.5 deg, and 60 spacecraft at 90 deg. This distri-
bution and another suggested by BASD were oxamined for their impact of
the communication ranges. The conclusion derived from this analysis
was that unforesesn system problems did not exist, but that the

- e e --CORmUNnication -performance could  be—enhanced-with -additional satellice . .

] planes at higher {nclination angles.

4.1.2.1 ORBITAL DENJITY ANALYSIS

The i{deal distribution of spacecraft for total global coverage is given
by a density {s »

: , gy =_240 . 19.1 SPACECRAFT/STERIDAN -
: o aw

The distribution of spacecraft as a function of latitude (1) is given -
o by the area integral of the density function
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Fy =-fAf.2%cosAd) =-120 sind SPACECRAFT. . - oo .

The distribution is the total number of spacecraft batween the equator
and north latitude A. The ideal uniform density and distribution are
shown in Figurs 4-13. The {deal distribution curve decreases in slope
with increasing lacitude. because of the curvature of the Earth. Each
{ncrement in latitude near the pole results in a smaller area than a
corresponding increment near the equator..

The spacecraft density is fundamental to determining the angular spac-
ing (fu) between spacecraft as measured from the center of the Eazth
" and the intersatsllite rangs (Ru) to the nearest neighbor. It is mach-
ematically impossible to place an arbitrary number of spacecraft around
the globe with unifora spacing between them. However, it is possible
to place 4, 6, 8, 12, or 20 spacecraft uniformly about a sphefe by
placing them at the centers of tha faces of one of the five regular
polygons. A uniform distribution of 240 spacecraft can be approximated
by taking a hexagonal pattern, wvhich is the most dense packing pattern
that can be placed cn a plare. This pattsrn gives 6 nearest neighbors
‘to esch spacecraft, each at an: angular separation du and 60 deg in
azimuth from each other. The angular separation for 240 spacecraft is

oy - 2807 - - 14.1 deg
Jou sin S0 =
Th~ intsrsatellite range is -
i I . Iy
Ry = 2 (RE"+ H) sin = 1724k

. 2

vhere the Esrth’s rvadius is RE « 6378 km and the 3pacecraft altitude
is H=650 km. ' : '

The uniform density -dascribed abave {s an unobtainable ideal for two
reasons. Firsc, {(t is mathematically impossible for the discridbution
to exist, except in sn. average senss, since no 240 sided polyhedron
exists. Second, even L{f the ideal density could exist at one point in
tize, orbit d¢ynanmics will constantly be altering the ranges between
spacscraft, thereby altering the local densities.

The primary objective in selection of orbits for MSSP is to provide'a
constellation thac averages the tioe and spaqe~dopondonc variations in

‘20.
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w~dansicy.f~ro?;éhievo ﬁhis objective, the dopendonée of density on in-

clination {s examined alone. In._order to do this, it {s assumed that N
spacecraft are all ac an inclinaction { and that cheir longitudes of
ascending nodes and. true anomalies are uniformly distributed. This
results in a spherical - shell of spacecraft between north and scuch
latitudes equal to the inclination angle. Continuous analysis is just-
{fied {n the limit if N is very large or if the time average over many
orbital revolutions is considersd.. The density (£f) as. a function of
lacitude (1)) for this inclinaciors is 1 S

P NL | Ast

222 /sinéi - sin‘a

£=0 . . e

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

- -

4 -1 DT (TSR e ‘?‘ AR
F = Ei- _sin sin A" 3 TR S
sin { ‘

PNC T et

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 is very closs to the {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 equator. 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 ainimum of 5.5 space-

craft/sceradian. The intersatsllite range _just north of 57.5 latitude

{s of intsrast. Llooking to the south, - the density is high where the
$7.5 inclinacion orbits bunch together, vhereas looking to the east or
vest, the dansity is only 5.7. The angular spacing between spacecraft
in the east-west direction is e e e vt % et T

-22.
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9 = [fu/5.7 6p=25.9 deg . .

which corresponds tp»anﬁin:arsatalliﬁe range of

R = 2(Rg + H) sin |_ = 3148
2 .

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

An alternate set of inclination angles was investigated in an attempt
to alleviate the range requirement act. high latitudes. The alternate
constellation uses four inclinations rather than three, and consists of
integer multiples of 24 spacecraft in each plane for comparability with
a proposed carrier vehicle. The inclinations and numbar of spacecraft

are as follows: R T =
R 5, STl s o -
{ 28.5 S7 70. 90. -
Ni 48, 72 72 48

The density and distribution functions are shown in Figure 4-15. A
comparison of Figures 4-14 and 4-13 reveals that the alternative de-
ployment scratagy tssults in a distribution curve that more closely
follows the ideal sine function, und that the minimum density is 7.1
€or the alternate as opposed to 5.7 for the original deployment sce-

" _pario. Now-consider the east-vest range from just north of 70 N laci-

tude. The angular spacing between spacecraft in the east-west direc~
tion is :

' = E/7.1 0y=23.1

For & 650 lm altitude spacecraft, this corresponds to an intersatellite
range of , ' - .

Re2@RE+H) sin!_ =283km - oo

which is ﬁo: auch smaller than the East-West range at $7 + latitude for
the original case. - Howevar, considagablo improvement has been achieved

.2‘-
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for a Northward looking antenna. The:- dansi:y-iqualz.flwhen the laci-
tuda reaches 82.7 N. The latitude differsnce 1is 12.7, which

- cov:aspords to a range of 1533 Ko (838 nm) atcan altitule of 650 Km.

(351 nm). Consequently North-South communication links at high lati-
rudes are facilitated using the - alternate set of inclirations. East-
Wesr links are not substantially different 2:1d. will cend to follow the
lines of spacecraft bunching at latitud2s near the inclination angle of
a particular shell.

The conclusion to this analysis are: -
a) Both of the possibls deployments of satellites would provide ade-

quate communication performance with no major system or ‘satellite
concernms. ‘ :

b) The satsllite dersicy will tend to {nerezss at tre latitudes équal

te the orbit inclinacion angles.

¢) More uniform distribution may be ohtained with more satellites at
higher inclination angles.

- d) An approach hasAbeen prasehcad whizh may be applied :ézobtain a

first cut evaluation of spacecraft . deasity of various deployment

schemes or- o~ evaluate deployaents' which might accentuate .

communication at particular laticudes.: - .

e) The final resclution will depend wupon the cost to obtain uniform
density or what level of uniform density is cost effecctive.

4.1.3 SPACECRAFT ORBITAL DISPERSION

The deployment of many satellites with varying orbit planes and varying

{nclination ' angles is necessary {n order to obtain a global

cormunication system. However, the cost of dispersing-240-satellites . v_lm__

intn many orbits will be prohibitivs for a. "low cost * system, if the
satellite orbits are obtained by separate launches. One approach for
the dispersion of the MSSP satellites i3 to launch the satellites with

‘reduced cost in a group from either an Extendable Launch Vehicle (ELV),

or shuctle and then deploy them at varying altitudes or inclination
angles. o - g R ’ ’

The variation of the altitude of satellitas will causs the satellites

to separate from each other. The altitude differencs with different
radial velocities will cause the satellites to separate within the
orbit plane.: The external torques from the earth will cause the orbit

planes of satellites at - di{fferent altitudes to regress at different

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

«26-




The spacecraft velocity with altitude is:
S VeBexeqr( g/ (Revh) 1 .. .

’~;:E;is*:vﬁer.: Re —'Earth'radiﬁs, C e E
oL ST O h .= satellite altitude .
wdom. oerims L w - gy= acceleration of gravicy

Thc spaceérafz 6fb1£>re§fession rate vs, altitud§ §nd1inclinaci6n is:
G = -10 x [ Re / ¢Re+h) ]°(7/2) x cos( AL )
~ where: Al = sa:elIitn»ihclinacion‘angle

Filgure 4-16€ shows the satellite velocity variation vs. altitude. Fi-
gurs 4-17 shows how satellites would separate in the orbic pline due
to velocity differentials (altitude) reference to an altitude of 309
km. Figures 4-18 and 4-21 show the change in nodal regression and the
separation in orbit ncde 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 state 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 tige, the trade of time vs. dollars is not a straight forward
exchange. Especially if the launch vehicles are not immediately avail-
able for trade considerations. — o

Figures 4-22 through 4-26 shov how 60 satellites, launched 20 at a time
every 3 months with 0.15 deg of inclination separation between satel-
‘1ites of a launch group, would disporse after a 12 month period. The
white areas ia the figures show the areas 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 illus-
trations in Figures 4-22 through 4-26 are not meant to show how 60

“Tsatellites will ‘provide a global “communicationm; —~because-many -other

parametsrs must also be analyzed. However, these figures show how
three launches of the small MSSP satellites could provide wide satel-
lits dispersion. : - .-

The dispersion of Figures 4-22 through &4-26 was obtained through in-
clination angle variation. If the satellite nominal inclination angle
{s low, then altitude variations would be the best method of obtaining
dispersion. For high nominal inclination angle orbits, the use of
inclination angle variation would be best. ' :

This,annljsis does not have s final conclﬁ:ton iocaus- itAdeﬁends upon

the final. orbits . selectad for the communication system capability. .

This analysis was performed to show that an alternate, possibly lowex

.27.
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BASIC WSSP NETWORK DISPERSION SHOWN.
ASSUMES:

.3 I.MMS OF 20 SITEI.I.IT!S EACH

SAw s, RO

o LAUNCHES occua AT J MONTH INTERVALS
(€G..0 M0., 3 M0., and 6MO.).

e J ORBITS INITIALLY PLACED WITH RT.
" ASCENSION OF THE ASCENOING NODE AT:

woee 18T LAUNCH « 30%W -
2nd LAUNCH o 90°F
. 3rd LAUNCH +150%W

o MNOMINAL WSSP ORGIT AT S7° AND
< §75KM x- 67SKM, - .

.. SATELLITE DISPERSION VIA 0.15°
"INCLINATION SEPARATION IE‘NEEN
ADJACENT 0&![75

¢ AINIWN GRgUNO STITION ELEVATION
ANGLE. = 10%.

o SHADED ARFAS: NO GRWND CUVSRAGE

LIJ {H b -“‘Mymnf'
4

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

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

AN T621an

an LAUNCH AT 3 HONTHS TOTAL ON-QRBIT -740 SATELLITES
Shaded Area: No Ground Covsrage
F‘guro 4-23 Satellite Dispersion/Ground Coverage Second Launch 3 Momhs
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3rd LAUNCH AT 6 MONTHS. TOTAL ON-ORBIT = 60 SATELLITES.
Shaded Area: No Ground Coverage -
Figure 4-24 Satellite Dispersion/Ground Coverage Third Launch 6 Months
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MSSF NETWORK DISPERSION AT 9 PQNTHS. TOTAL_ ON-ORBIT = 60 SATELLITES.
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cost, metiod.exists for. the deployment ;o£&266 satellites - ..the . MSSP. -

The final resolution ¢l the trade between separate satellite launch and-

this method of:dispersion will. depend.:upon ‘the final analysis. of the .
desired satellite -orbits.-for coqnunica:ion>»porfotnance,‘snd.launch.<
costs: - However,: as will be seen. in:section 4.1.5,. the cosc of .separate .
launches will be:so prohibitive-cLat a group- method of launch is .essen--

tial.

. e e . .- . R R A R

4.1.6 SPACECRAFT LAUNCH STRATEGIES

]

Section. 4.1.3 discussed the technique of satsllite nodiiu;:ggggsioﬁfanaﬂ

how this approach could perform the satellite dispersion necessary Co

-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 MSS? satellite network highlighted the need
for a carrier vehicle to perform the final orbit transfer and inltial

satellite orbit: placement .naneuvers. This orbit selection criteria.. -

yields a preferred method of establishing the - orbits by imparting a
constant separation of : orbit inclinacion between satellits 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) (inclinationm) required to place N
sacellites on orbit -is: a . function™ oE~*the relative nodal regression

_rates to.achieve a select orbit dispersion in a given period of time..

For this analysis, the maximum delta v capabilicty of a reusable carrier
vehicle is sized-for 20 satellites injected {nftially into a 300 km X
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
range separation of 400 kn between satellites having a minimum “lapping
period® (the time required to .produce: a 360 deg relacive true agnomaly
rotation between the firsc and final satellite placed in orbit) of six

weeks.

4.1}6.1 MSSP LAUNCH STRATEGY ANALYSIS

Tho'f;litivo'non;énc.ot ; HSSP(aystqn éf‘circuiﬁt ;icolli:. orbits caﬁ

- to -the first ocder. be described by a set of particular perturbed orbit

epheneridas for each of : the . satellite. orbits. The orbit shape and.

orientation can be defined -using classical Keplerian orbital elements..
For a circular:orbit, these are . & ~ . .di oo : '

1) . orbital radius (re) S it luee s i
S G e 50 L Lt ',;,,;,_Otblt lh&p. :

2) 6£B££.;ccoﬁcrici:yu(if' szelen

P

3)  orbit inclination (1)
: oo "orbit orientation

36




~% () = 4) longitude of ascendirng node (Q2) )

S) - true anoualy (H) : sacelli:c posicion in orbit plana

Ce e e [ETRra

FEL L . ER RIS e IO gt

A variacion of citculat o:bi:al oloncncs applled to :he HSSP systsm of,f
satellices will produce advantages and disadvantages affecting global .
e - coverage and network utilization as::well "as mission lifetime:and pro-:
g-am cost. The major network and program influences produced.from.cthe:.
perturbed orbital elements are briefly summarized below: :

CHANGE IN. CIRCULAR —

O ORBIT LL:MENT B ‘. ADVANTAGES.. o DISADVANTAGES
1) Incraas. . Increased nodal re- Aprisidal rotation causes
eccentricity . = gression rate greater large variation in inter-
S global frequency: satellite altitude.. requiring
: : : - increased elevation beamwidth
° % 2) Decrease/Increase Nodal regression in-- Requires multiple
Inclination creases/decreaseas launches or substantial .
o as inclinacion cn-board propulsive capa-
dscresase/incruases bilicy (eg SRM)
9 B S S
3)- Decraasd’Drbical "Nodal regression dc--. "Multlple launches or on-
alcicude ~ creases . . ~_ board propulsion is
' o required. Broader eleva-
. tiem beanwideth - required
s . .+ -—=. for some - altitudes. Shorter
- : , - mission.life expected.
4) Longitude of Greater global Multiple launches or sub-
ascending node frequancy stantial on-board pro-
A S e — —pulsioni— —- -
1€

‘he production of an eccentric orbit (Item 1) quickly expands the MSSP
éntenna beamwidth elevation requirements . without producing large.nodal
1egression rates. An eccentricity of 0.0028 with a perigee altitude of
75 km will produce a .20 lkm. apoges altitude increase, while yielding
only a 6 x 10-5 deg/day relative nodal rate with respect to a circular -
9 : crbit of 675 km-altitude. -Similarly,. a change in the circular orbit
altitude (Item 2) between adjacent satellites (although producing lar-
Jor ratas than an eccentric orbit) will adversely increass the satel-
L!ts 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 .
o v1ll be seen as insufficient in meecing MSSP mission requirements in a
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latar discussion. Item 4 can ‘be - summarily dismisssed because of the
' staggering launch costs associated {n discrete satsllite placement for"
the 240 elements. Therefore, this study will address the establishment -
of the MSSP network, using a perturbation method involving the separa- -

tion of satellite orbits via small inclination changes. - -
4.1.4.2 MSST DERIVED LAUNCH RELUIREMENTS |

Deviations- in discrete orbital elements may be produced via the initial
orbit placement of a satsllite or - with perturbation forces applied to
the satellites while in orbit (1.s. thrustars rockets, etc). The
appropriats selection of required sat. lite orbits will depend on mis-
sion objectives and requirements sect 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 T - ¢

e) STS baselined as stage "0° ) . ‘ , .

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

e) minimize launch and production cost/satellite

f) maximize global coverage -

g) maximize the effective use of network satelliites

Item d) drives the selection of the appropriate orbital altitude to
achieva the mission 1ife and has been discussed in section 4.1.1. As a

result of this analysis, the preliminary determinaction of the initial.
eircular 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 lkm x 300 km. In keeping with item e),
the satellites have not been designed to contain on-board propulsion
capabilities, thersfore an orbit transfer carrier seems appropriate.
~—This carrier may be thought of —as reusable - “smart® (i.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 is 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 sacellites. 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 examination
in Section 4.1.5, Space Launch Cost. . g
The length of time to completica of the network of 240 satsllites has
t s advantage of sslecting the initial right ascension of the ascending
nods displacement with sach launch. Ideally it can be shown that three
polar launches with 120 deg separation in ascending node and with

-36-
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randomly distributed true anomalies 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-
lite staticn keeping to . prevent. . "bunching” of the satellites-a situa-
tion creatud when adjacent. satellites have slightly differing orbital

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

and lessen the network degradatior via threat and mortality, the satel-
litas 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 orbic-

‘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) 'DU¥3" CARRIER . . . 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 maneuvef creatad 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 is

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

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

lacks attitude knowledge and control <runctions and is therefore incap-

~_able of autonomously ‘establishing the correct inertial perigee burn

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

"the target final orbit altitude 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 likely deli-
very onto on initially undesirable orbit; an orbit .which may not gua-
rantee mission lifetime and is overly eccentric to reduce uatwork util-
ization.. Finally, with the above scenario, the “dumb" carrier is not
able to provide selective orientation or discrets timing for release of

.’7.
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cach-HSSP,sacelllta necessary to produce éffici;ﬁﬁndiiﬁﬁfsion of satel-
'1ite asceanding nodes and trus anomalles. 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 excaed the
beamwidth capabiliti:s of the MSSP antennas. .

B) AUTONOMOUS CARRIER

An.al:erﬁace’appfoach involves using a Ekmatti carrier vehicle with a

restartable liquid propulsion system. Attitude knoWwledge wculd be.

maintained with on-board three-axis capabilizy following STS reference
{nitialization and &MS deployment from the shuttle. The orbit raising
and circularization would be performed using a cortinuous low-thrust

paneuver incurring less than 2 percent delta-V penalty. (good up to -

h<2000 km) when compared to - the ' Hohmann impulsive transfer. The MSSP
deployment sequence is accomplished using a satellite placement onto
discrete orbits which are to be achieved by the carriar vzalcle prior
to sarellite orbit placement. '

Each successive satellice would be jplaqu in an orbit qepaiated £rom

. .the adjacent orbit - in..inciinatlon . (zo._.produce nodal dispersion) and

eccentricizy (to produce true ancnaly"sepérition). 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 satellite depluoyed whers "the largest relative racte is
ersated. To avoid a loss in resciution of two satellites when viewed
from a ground site ( a minimum equatorial cross range of 400 knm sepaTa-
tion at an orbital altitude of €75 km is requirsd) the realative ncdal
regression.rates betwesen the satellites with the shortest lapping pez-
_{od should be selected to 7roduce the minizum required separation in

the minimum lapping period. -

For sizing _the liquid probulsion tankags, the magnitude of the velo-
city maneuver to producs adjacent discrete orbits with the appropriate

* relative nodal regressicn ratss should be kept as siaall as possibla.

Figures 4-27 and 4-28 show a preliminary analysis for a “smartc* carrier
vehicle at 57 deg and 80 deg inclinaticns carrying 24 satallites.
Figures 4-29 and 4-30 dezcnstrate the  effsct of a reduction in the
number of satellitss if 20 are carried to orbit. The analysis shows
that a maximem carzier delta-V of approximately 5.0 m/sec (4.9 m/sec

normal to and 20 m/sec tangential to the velocity direction) between 24
"guccessive MSSP satsllite placements initially at.tha 357 deg inclined

orbit will produce the minimum desicecd separation between the first and
last satellite from a given carrier load in- pproximately a six week
lapping period. Iho»' inclination difference
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. bnéﬁﬂ?ﬁiﬁs;JEirst and last sactellite is A$ou:. 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

Lar

other in approximacely 2.3 :years.  As . time progresses, the relative

separation cross ranges increass at a constant rate creating a separa-

tion-between adjacenc satallite orbits of 400 km in this. same 2.3 year :

period.

Larger delta-Vs produce shorter Lapfing periods Jor a given minimum -

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

" raturr. to the STS park orbit for retrieval and return to the ground for

refurbishment. - . : :
- 4.1.6.46 CARRIER FUEL REQUIREMENTS

Using a hydrazine 1liquid system sized ¢to the maximum delta-V
capability, the estima%ed total amount of fuel to perforz.the above
mission (with a 900 kg dry carrier) is 710 kg. Using a bi-propellant
systen reduces this figure to 500 kg. Roughly two-thirds of the fuel
is used in the initial orbit-raising and circularization maneuvers and
could be repiaced in total or in part with a hybrid design combining
. _olid rocketymotors and ~the 1liquid system. The Solid.Rocket Motors
" (SRMs) size would be on the order of two Star-24 motors to perform the
" {nitial orbit- raising. With the current tankage capability of the
preliminary smart carrier design, thay are not an advantage.

4.1.4.5 LAUNCH STRATESY CONCLUSIONS

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

-—etrecularization maneuver with--relativesatellite movement control via . ._

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

" blishment of the MSSP network.

4.1.5 SPACECRAET LAUNCH COST

The cost of the'total sysrem is important to the requirement of a "low-
cost” global communication system. The satellite and payload will be a
large cost factor for the system, as well as the satellita 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

' ',.
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6,1.5.1 LAUNCH VEMICLE COST ] DU

- Size estimates £or ths MSSP-satsllits -dfameter—has been-from 18-to-28

et
AT

Witioggta, .0
2l f:fa.-,’ =

orbiz. Minimizacion of the. cost ;fi.onchiglonouc 2ay 1upac:'§ho«:o:af
system cost greatly. P woA LT Lo

-

The spacecraft launch cost. will depend "upon two factors: the launch
vehicle and the size of the..MSSP satellite. The launch vehicle cost
depends upon the type of vehicle and the- effort needed to place the
satellites in their final orbits. - The spacecraft size will impact the
nunber of satellites which can be slaunched per launch vehicle. If an
expensive launch vehicle can launch mors sactellictas at a more effective
cost per satsllits, or if smaller satesllites can be launched in larger
numbers per launch, the total system cost goal can be achieved. Also,
the means of -obtainirg the final orbit required for the satellites will
{mpact the cost of the launch system. A o

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-esti-

‘mate the nuzmber of satellitss which could be launched per vehicle.
"Figire 4-31 shows the possible MSSP .launch vehicles with the estimates
" of .satsllites per launch and the estimated ROM cost per satallite.for
several possible launch inclinacions. A conclusion from this figure

{s that stuttle launch configuration would cost about $2M per satellits
and ELVs about $4 to $7M. If the cost of the satellite and payload.is
less than $1 to $2M, then the cost- of the system launch will be
considerably more than the satellites. The shuttle is the lowest cost
launch approach indicated in Figure 4-31. -

4.1.5.2 SATELLITE SIZE IMPACT

2%

ia. The main consideration for determining the satellite diamecter. is
the antenna size requirement. Antenna size i{s a trade between the
necessity of attitude control and antenna capability. A sophisticated

"attitude .control system would allow the use of a simpler antenna dasign

wvhich would scan the anterma beam in azimuth. A simple actitude
control systea might require a more complex and larger antenna. There-
fore, the satsllits launch will have an {mpact on the antenna/attituds
trade. Satellits size will also impact launch cost. A .larger, heavier
satellite will cost mors to launch. A larger satellits will reducs the
ounber of satellites capable of being launched per . shuttle or ELV
launch. . In terms of shuttle launch, Figures 4-32 .and 4-33 shov a

three-point curve based upon an analysis of three possible spacecraft
dianmeters for the mumber of spacecraft per launch and the projected

cost per launch (not including the..cost of a an Orbit Maneuvering Veh-
icle (OMV)or carrier). The- conclusion 4is that satellite launch cost
will be substcanctially impacted by  satellite size and the
attitude/antenna trade must. include the antenna size impact. :
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""the reusable system compared to the
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4.1.5.3 ORBIT ACHIEVEHENT COST ™~ o T e :;-vu-51~~z.-
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The shu::le launch -ost described in seccion h 1 5 1 listed 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. .
%75 km operational orbit were described in Section 4.1.4. The less-

expensive booster i3  an ‘expendable spin-stabilized stage using two

solid motors: - The mors expensive - booster-is a recoverable three-axis

stabilized stage  using hydrazine tarusters.  The following element

costs are assumed to compare the cost per usable node in orbit for the
two booster designs. The baseline numbers— for launch were set at 20
satellites per expendable launch. venicle and 24 per recoverable veh-
icle. These numbers will vary wi:h spacecraft size

e

~A) Taka the recurring cost of - cha expendable solid booster including

shu:tlo chatges to be $15M.

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

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

The launch cost per usable node fo: the expendable bouster system is

_then:

S15M4
.20

- $0.75H/nodo

The comparablo cost for the reusable system launching 240 spacecraft in
10 launches {s

- §osM . S17.54
240 24

- $0.92M/node

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

not reflect :ho hidden prngrammatic cost :uch as
A) Cost of two additionnl lnunchcl (12 vs. 10)
B) Cosc of providing snfccy for launch of tock-:s in shuctlo

C) Opcrucional cos: of sncollito Iaunchos

L Pt e e e

D) Poaaiblo rnlnbuxscncn: of cartiet aftlr flnul launch

B fa iy “an [

The orbit achievoaonc h;rdvarc cost fot an oxpcndablo ~. recoverable

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

"smart® carrier could provide better performance of the valuable

«4Se

sxpendabls system. —Thiscost does




r-aourébi (saé‘ili&.i) with more accurac-isp;qpcraft placnncnt'in'orbic

and {nitial knowledge of position and orientation of the resource. The .

- basic conclusion to.be drawn is that the orbit. achievement cost will be

about.$1M per satsllite. The total launch cost with the shuttle will
be about. §24.pez-satsllice. ] v : c

4.1.6  SPACECRAFT ORBITAL ENVIRONMENT

The radiation and environmental levels expefiénc;a gy'; satellite will
be dependent upon the selection of the satellite altitude and inclina-

_tion angle. The. primary environmental concerns which vary with the °

selected altitude is the exposure of the spacecraft to "Free Oxygen" or
"Atomic Oxygen" (AO) and the radiation levels to which the spacecraft
{3 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 A0 decreases with altitude. It was desired

for the MSSP to .define the impact of these two factors and compare the

iapact vith the. selected satsllite altitude of 675 km (section 4.1.1).
4.1.6.1 RADIATION DOSAGE |

The !SSP satellites will be processor-intensive. The purpose of the
MSSP satellitss will be to provide a stable platform in space for the
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) tn which the sacel-
lite is exposed. It {3 highly desirable to know the total dosages of
radiation the spacecraft will be exposed to;-the impact of radiacion
shielding, and the variation of the radiation exposure with years in
orbit and orbit altituds. -

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 dosage. Figures 4-34, 4-35 —and—4-36-show-the-expected radiation. . ..

dosage (6-year lifetime) for 28, 57, .and 95 deg inclination angles and
740 lka spacecraft orbits vs. the depth of aluminum shielding. The 28.5
deg inclination angle has the worst cumulative radiation level and the

_affect of shielding diminishes for thicknesses beyond 100 to 150 mils

(1 24i=0.001 {n.). The curve labeled. D is the sum total radiacion.
For shielding thickness beyond 150 nmils, the major component of radia-
tion {s trapped protons. 1f the ainizum shielding thickness provided
by a satellits structure is assumed to be 0.064 in. or 64 mils (~1/16
in.), the maximum benefit from Iinternal shielding will be obtained
with a small amount of processor box shielding.

The radiation-levels for higher inclination angle orbits is greater for

lower shielding mainly because of. free. electrons. Once the shielding -

level is 150 to 200 mils thick, the radiation docage will be less than

-66.
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e ~ : TABLE 4- 1
' RADIAIION DOSAGE SPECIFICATION PARAMETERS
HISSION:“SPECIFICAT.'[AONS. 740 X 743 km ORBIT
L - e T LTI PERIOD: 99.6308 min
@ 7 TR o - 1.66 hrs ) i
MISSIDN LENGTH 6 years
MISSION START DATE: 1-1-1992
3 INCLINA‘I‘IONS: 28, 57, AND 95 deg
® MODEL SPECIFICATIONS. _ SOFIP used to find incident flux
: SHIELDOSE used to find
depth-dose
) Solar maximum proton model used
' o Solar min-lo electron model used
® . o e Spherical satellite model .
. x : 35 orbit simulation projected over 6
: ' years
4 ' - PR s
® - .
e
@
K
-49-




- Flgura 4-37 shows the

L1

" parts should be radiation hardened.

e . e s ewde
¢ R SRR Py SRR

A{I-

B e
T T .

the: dniagh ic 28md§§' inclinacionA't‘SﬁkéééiafﬁAfijing ;ﬁhhighef incliﬁa-

tion will fly through the South Atlantic. Anomaly and will. fly through. the .

_poles of the Earth’s magnetic dipole.

the dosage vs. misiiéniduéaii;h fo;fifs;ﬁellita

—altitude of 675 km-and  inclinations of - 57 - and. 80.deg. The radiacion
dosage builds as the satellite lifetime extends.. Also, the: factor of the

thickness of the-shielding {s shown to-: reduce the total dosage, but the :

curves have the:same shape. The - radiation dosage for a 675 km altitude,
6 year mission, Figure 4-37, is
year mission of Flguxe 4-35,

The radia:ion levels of approxima:aly 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 thickness be increased ®mo

the larger values of about 300 =ails total around those parts. These
‘ If possible, a lower satellite alti-
tude or the lower altituds of the altitude range be chosen.

¢

4.1.6.2 ATOMIC OXYGEN

-~J- lu Y S
BN

During the cottse of the MSSP s:udy,_concsrn was expressed regarding the’

effects of Atomic Oxygen (AO) on the Llow Earth orbit sacellites. BASD
snalyzed the possible effaect of A0 on the MSSP sa:ellita and determined
that {t would be minimal and easily nullified.

AO is the presence of frec oxygen molecules wi;hin the atmosphere.
means the oxygen radical (0) rather the normal oxygen (02).

spececraft flies through the atmosphere with AO, 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

Free

.sligh:ly less than a 740:km. altituge, 6

When a-

"""" exist and the rate of srosion will de=
crease. Therefore, for less erosion the higher 740 km altitude would be
beneficial for the MSSP satelilites,

The surfaces which will be impacted by AO ars any exterior structure,
solar arrays, antenna radome,
The amount of impact of AO on any of these surfaces for a satellite with
‘& lifetime of five years will be minimal. For example, the exterior
' structurs will be aluminum 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-
{ence the most erosion at a rate of 0.004 in over the five-year lifetime.
The exterior Kapton layer will generally be 0.010 in. thick simplv he-
cause a thinner layer would increase fabrication cost due to haudling.

-50-

therzal blankets, and thermal radiators.




Also, the erosion of ‘tho ci:ariot surface will not affect the thermal
resistance required of the thermal blankots. Therefore, the effect of AQ

on the thermal blankets can be eliminated by simply using a thicker outer
layer . (or: & layer commensurate .with normal fahrication ptoceduxas) The:

cost. ofweliminating the.impact:is. nininal

4.1.7 SAIELLIIE ORBIIS CONCIﬂSION

ot A - =

. I
. o - PSRy
* D i

The annlysos pe:formcd suggcst :ha: an al:itude of 625 to 675 km {s suf- -

ficient for:MSSP lifetime and  satellite separation requirements. Alti-

tudes higher -than 675 km'-are. acceptable, but.would. increase the. launch *
cost of the MSSP. systen. Tne.. higher altitudes will also have higher -

levels of radiation. Alti{tudes to 740 km Wwill not ‘greatly increase the

radiation levels, but since the MSSP satellites .will be . "network -

processors in space”, the lower altitudes would be optimum. The effects

of AO at 625 to 675 km will be - minor. The effect must be considered in.

the satellite final design, but will nct a cost 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 distribucion could be obtained only with the.costly approach of-

individually launching satellites. However, the dispersion of the satel-
lites can be obtained by varying the satellits altitudes or inclinatiom
angle in minor amounts so that satellites dispersion would occur due to

orbital regrewsion.” 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 tnalysis is tha: the size of the satellites
are 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*a 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 be in space waiting

~ for the completion of the systeam.

-S1-
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4.2 GROUND USER

Is»:he ‘most irportant concern of the MSS program. The satisfac:iow of
“the ground user. Bscause thers may be thousands of ground users and -

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

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

transmit very high power with a szall antenna to complets the uplink,
but cannot huar the satallite downlink because tha ground antenna does
not have enough gain, then the system does not work. Corversely, if the
satellite system has capability beyond what <:an be used by the normal
ground user, then the satellits is not cost effective.

On this basis, BASD performesd 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 initiace the definition of the user interface thereby

. alding satellite design.

-

.4.2.1 GROUND USER/S!ACECRAIT ANTEFNA TRADE

Before precediqg vich an analysis of ~the: 1mbund user, a_baseline
specificacion for the ground user was 5eneraced :

BASD CROUND USER SPECIF'CATION

-

~Transmit power: low T .
jﬁ Ancanna gain: 17 a8 @l
Receive sensitivity: saus as the.ﬁatcliita ”;
Elevation angle: 10 deg
Assuzption S/C 10W, 17dB Gain L ‘

«’

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 listed. Each of these itsms rspresents a
trade between the cost of ths satellites and the thousands of ground
users. The impact of atmospheric losses of about 0.5dB at low
elevation angles has not been included. .

The main trade parameters are antenna coverags, antenna gain, and RF
transait power for the ground user and satellite. The purpose is to
minimize requirements and cost of the user and satellits but ultimacely
MSSP systom cost. The main equations used to define antenna
characteristics i{n this analysis follow:




e

antenna gain vs. area:

Galn = 4 PL A * Eff A: area larda: wavelength

Lamda’2 Eff: antenna efficierncy
antenna gain vsi” antenna boanwid:h: | S

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

antenna pattern wiich is parabolic:

&3  B¥x . L ‘
—_— - . syuared BJ3: 3 d3 beamwidth
3 BW3. . 3%Wx: beamwidth at x dB
The frequency is assumed to bs 3 Gliz. The antenna efficiency is
assumed to be 55 percent. This efficiency is a conservutive number -

which will not greatly  impact the final conclusion. Smaller groynd

anrennas with efficiency of up to 65 percent will only add to the
systam capabilicty. :

#4.2.2 GROUND USER ANTENNA COMSIDERATIONS -

Flgure 4-38 shows :antenna - gain vs. area. .. ‘The presentation is for
anrennas 1 x 1 inch. to 20 x 20 ({n. The antenna could have non-
syzmetrical dimensions or be a dish, but the square is chosen to give a
representative idea 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
gairs. 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 wmultipath (Illustrated in Figure 4-40).
A direct siznal up to the satellite will have an Iinterferometer patterm
with-a reflected signal from-— the ground:- —Even on—an—airframe- the—
multipach problem will occur. The "final" antenna gain will be the sum
of the direct 1ignal and the reflected s!gnal and will depend upon the.
heizht of the antanna above the reflecting surface. This will determine
the amplitude and phase of the raflectsd 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 powar-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
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T vaflected signal will“cause” the £iral “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. If a compromise is made to accept a 1 dB variation,

~‘the.reflécted signal level must be -20 dB -down- from- the -direct signal.
1f the ground user has the antemna pointed ‘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 anzenna is 40 deg.  With the assumed parabolic beam, the 348
beamwidth can be.caiculated.. and. the required antenna. gain calculaced.

- Figure 4-42 shows the calculated required antenna gain vs. elevatiom -

- angle for the 20 “ dB " reflection. In order "to- obtain less than 1 dB

P reflection at.a 10 .deg elevation, the antenna gain must be at least at

“ 20 dB. Figurs 4-43 shows che ralationship between required area and

the: slevation angle. It- must - be noted that these curves show the

Y required gain and area required of the ground use: for a 1 dB gain

e variation due to ground reflections. ¢

) Anothe - *ysical factor which wmusc be . considered in the ground user

T equatica is the path loss of the up/down- link. Assuning an altitude of

the spacecraft of 6§75 km, the slant range from the spacecraft to the

user will vary from 675 km to 2100 im. The path loss to the user will

vary with the elevation ' angle of the user. Figurs 4-44. shows the o

variation of the path loss reduction ‘based upon 0 dB at the 10 deg

elevation angle. If 17 dB is required at.10 deg elevation angle, then

- when tha satsllits is directly above the user (elevation 90 deg), the
- - tequired gain for the same systum performance is about 10 dB less.
: Figure 4-45 shows the required gain vhen the path loss variation is
A= . -—subtracted from 17 dB. . L RS

The final physical parametsr is the angle that the spacecraft must view
to see .the ground user. Figure &4-46 .showvs the scan angle that the
antenna of the spacecraft must scan to view the user vs, the user
elevation angis. The antenna must view a. cone of about 62 deg half
angle in order to view all possible 10 deg elevation users. C

T SRR O A EAT  t A AaLert e e il e, S P N Y

. Summarizing for the 10 deg elevation user: :
" 77 required gain ((20°dB) s 20 dB
i possible reflection amplituds 1.d8
T required area - vt e 14,8 in. 8q
erw..user beamwidth . . .. 15 deg
path loss max o
o+ e - . ToQuired user link 5ain . ... 17 dB .
- spacecraft scan angle 62 deg
- ..-- spacecraft gain i 17 4B .

R T

The 15 deg ﬁaﬁr beamwidth means that if the boin:ing of the user
antenna is off by 7.5 deg, the antenna gain vill be redi'ced by 3 dB.
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When the 1 dB of reflection 1is included, the potnciﬁg accuracy must be
greater than 7.5 deg. Also, the 20dB gain antenna would compensates for
a:mospheric.losses. . .

24.2.3  GROUND USER QUALITY FACTOR...  ..oe oo oo v st cmsimsoomareionssconi.

The operational considerations of communication with low Earth orbitc
satellitss must be factored into the -+trade of the performance of the
ground user’s antenna. __The most important considerations are the
nuzber and position of the satellites which can be viewed and the scan
rate required of the ground user to track the satellites.
If uniform discribution around the world {s assumed, the number of
satellites in view by the user will be B . e

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

or sixply, the area seen by the user times the number of satellites.
This ploc is shown in Figure 4-47, The real case will not have perfeact

s—-Jniformity. However, the curve {s. representacive 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

" £rom 90 or overhead to a specified elevation angle. Figure 4-48 shows
the nucber of satellites in view in 5 deg cells at any elevation angle.
For the high elevation angles, there are not a lot of satellites. The
probability that thers will be a satellite directly overhead is very
low. N .

Second, the user’s regquirement 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

~-————higher-whan the-satellite-is overhead - _close-to the ratcio of the earth _

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

the spacecraft antenna scan angle is 0 minus the sum of the earth and

user angle. Therefore, the spacecraft gimbal rate will be the user
gimbal rate minus the spacecraft rate. Both scan rates will be very
high at 90 deg elevation and slov at low elevation angles.

The gizbal rats shown in Figure 4-49 {s for an overflight pass. When
the spacecraft passes in view at angles other than an overflight, the
elevacion gimbal rates will be slower and the azimuth gimbal races will
be larger. Figure 4-50 shows the cumulazive time for an overhead pass
vs, the elevacion angle. For example, 1f a spacecraft flew over a

”s:.‘e
- ».br
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grourd station, tho :ime for tho spacactafc to 30 £zom a 55 deg to 90 L
deg co 55 d‘g olcva:ion 1: 2 ninu:cs. - Svge

w "
Tos e T e -

F*gure a S1 shcws a razio of tha nunbor of satellitcs to che gimbal ,

The the inexpensive ground user system performs best with a toroid-tyr =

of patterned antenna which is -scanned in azimuth to detect satelli’'.ss
. and skip :ho sacnllites which are ovcrhead for only a short time T

) . RN
£ ;

A conclusion fron this data is -that the ground user prefers .sing the » Y

low elevation angle spacecraft with- the higher qualizy faccor
Therefote, several cptions exist for the ground user and MSSP:

a) expensive ground unit to track satallites

» §)~’ ground user usa low olovation angle satellites -more slower moving
- satellites =
oo o o
c). inc:easo spacecraft power for high elevation angle users

4.2.4  ANTENNA GAIN/RF ‘POWER TRADE

The ground user link ::ado lnvolves the trade between the size and scan
‘" rate.capability or antenna and the RT=“power-cransmitted.: The gain of
the antenna will increase by almost 3 'dB*{dcuble) every time the area
of the antenna doubles. For small antsnnas, the impact of doubling the
size of the antenna 1is insignificant. For ‘large antennas, however,
.= .increases of 3 dB 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
sxpensive. Also, as the magnitude of the RF- power increases the
Tefficiency of the amplifiers will dacrease. For the ground user, the
‘largez antenna and gimhal scanning system can be quits costly while the
" cost of an RF amplifier and powver cost is not of great concern. For
the satsliite, the cost of RF power and larger antennas can both be
costly. The optimum trade is a compromise between the RF power and
antenna gain of both the satellits and ground user. The third option of
increasing the satellite RF power, suggested in section 4.2.3, will -
require additional satellite power. An increase of the RF power by 10
dB in certain situaticns could produce & cost saving by increased
performance capability for the total system. The link equation of the
satellite/ground user is based upon 17 - dB ' antenna gains and 10W of RF
power at the 10 deg elevation angle (max path loss). If the transmit
pover vere 1ncra¢sod 10 dB (IOOV). :ho link cquacion could be vri:tcn

Gsat + Gusnr + DEIpl + 10 dB (povor dll:a) - 3& dB (17 dB +17 dB)

or . Gsat + Guser + DELpl = 24 dB

.66¢
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where DElpl = delta pach loss, Gsat, Guser = gain satellite and user

Therefore, with higher power, :hc antenna gain and siza of :he
satellite or ground user could be reduced. If the satellits had 17 4B
antenna gain, the ground ussr could have a wide beam (70 deg beamvidth)

6.5 dB gain antenna to.use when talking to-high.elevation. angle (90 to -

40 deg) rapidly moving satellites. This antenna would provide a dome
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 satellits and ground user would be required to use high power only

" when.the communica:ing ground user {s viewing the satellite at a high

"

elevation angie.

This type of operation would be an excellent compromise. The rationale
is that the ground user is required to 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 -
angle satellite is--low. and . the. time period during which a satellite
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) i3 3.2 wminutes of a 9 minute pass. Most
satellite passes will be grazing off the horizon rather than overhead.
Whether this user antenna cost savings would offset spacecraft power
cost will depend  upon the user environment and the projected user
antenna . cost.’ The main concern is che total sys:em cost.

Another option might be to lower the nadir gain tequired 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.
Also, if the RF power outputs wvere 10 dB higher for all angles, and
because the gain of the ground user must increase for the low elevation
angles, the gain of the satellits 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 subsysria.

4.2.5 CONCLUSION

This analysis wvas meant to state & few of the ground user concerns and
possible trades. Any trade must consider the impacts on the satellits
power subsystem and the satellite size.  However, when compared to the
costing for the ground user, some of these options seem to be of value,
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 made by the MSSP systea engineer.
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4.3  MSSP COMMUNICATION SYSTEM

.Establishing 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.. altitude differences, number-of

spacscraft; pointing.errors; cross link range) have been identified and

are discussed:in:this section: technically. and in -terms:of cost. In -

addition, a section:of “tha MSSP link. equation has been included :o
provide trade graphs of 'the: va:ious systan parane:ars. o =

4.3.1 SATELLITE RANGE

SPACECRAFT RANGE VS HEIGHT ABOVE EARTH

“To elimina:e a:nospheric loss and multipath; the MSSP maximum
-communication range:.vs. S/C-al:ituda and the minimun>he£ghc above the
Earth must. be :considered. i

_As the crosslink range between satellites is increased, a maxinum range
is obtained due to the occultation or blockage by the Earth. The
‘communication ranga when coununicating direc:ly across :he limb of :he
Earth is: S : ~

Rmax = 2 (h+r) sin <am) | ' 4‘__

where Cos (anax) ‘- r/(t+h)

r = Earth radius (6378 km) h= S/C altitude
For example h = 675 km Rmax = 6021 km

-

" This maxioum range condition is not, however, the optimum range for a

--————1ow cost—communication systea like MSSP—Communication-directly -ecross—

the Earth limb will require that the  RF signal traverse 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 several dBs- as the
coununica:ion tangoa apptoach the Ear:h linb A

Another less coscly “solution - vould be-- to+ linit th. nnximun range
condition- to: communicats - across an:. altitude - above -‘the Earth'’s
. atmosphere or an al:ituda of 100 k. The naxinun connunicacion tange
.- would chen be: oo SnST e CETE S

. T Ce e e
LR TR E my&' e - IR

Rmax = 2 (h+r) sin (Onax) . . A ‘“fW;Q-ﬁfwf:’ )

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

For example h = 675 ka Rmax = 5579 ka

«66-
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- .Pravious analysis has limitad the angle difference from satellite A to

, analysis agzaes with the 4 deg, but the relative position of the 4 deg

The. system designed for the lower range (557km) would be a more cost-
sffective coqproniso. U R A oA S S

4.3.2 625/675 ALTITOUDE DIFFERENTIAL..

Ltrre et e
Rt

The proposed satellits orbit 1s: 675 Iknm. After . being in orbit for
several years, the satellites will drift down and new satellites will

be piaced in orbit at. 675 km.. The altitude has been establisned so :
that the satellite maximum altitude variation will be-675 lkm.to 625 «m.: S
This altitude variation will iwmpact the MSSP mission in. that true i
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 at.
the same altitude, assumptions were made that the satellites had no
altitude errors, no pointing errors, and fixed beam antennas. Once the.
impact of the al:itude differential for these satellites is known, the
analysis can be extrapolated for altitude errors and the non-fixed
elevation beam antennas. '

4.3.2.1 POINTING AND RANGE ERROR

sacellite B to & deg with an altitude differential of 50 km. The basis
for the 4 deg is shown in Figure 4-52, and was based upon an orthogonal
{ntersection of the horizontal and the 50 km altitude difference. This

is different from Figure 4-52. —

Figure 4-53 shows the reslationship between antemna pointing angle and
the range between the satellites when they are at the same altitude.
The pointing angle is the angle between the orthogonal to the A
satellite radial and the line to the second satellite B. This is an
angle down from horizontal. If the-two-satellites were not at the same ...
altitude, then the range and angle would be as shown in Figure 4-54.
Figure 4-54 shows the satellits A at aititude 625 km and satellite B at
675 km. Since these satsllites are at different altitudes, the range
and pointing angle will be diffsrent for the same "Earth angle” between
them. The equations for theta prime ‘and R prime or range prime, the
real angle and range between the satellites is described in Figure 4-
S4. The comparison of the same altitude and 625/67% altitudes must be
made for. the same cGesign angle. In other vords, with the assumptions:
no altitude srrors or pointing errors, and fixed antsnna 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”. :
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A2 R = RANGE
sng= - h = ALTITUDE 675Km
E © heRe R5 = EARTH RADIUS 5378 Km

Figure 4-53 Relationship of Antenna Pointing Angle and Satellits Range

-69="




Pt -

¢
¢
AY
A et
. -
- .S AR .
L . o
.- ) . .
& 3 - * .
a
. ) - - . .
. - o . b oo
Lo
PR PR
. .
. ..
T &

87 4

(6378 + 675) R

y sin29
8- =90-8in"1 [(8378 + 678) —5—]

. . n .
, Km

= , .3"»,’:'. 5T - ’ . L
R” sREALRANGE 9. =REALANGLE.

" Figure 454 Pointing Argle and Range with Altitude Difference

Rm._.scm[(s:inwn)z + (6378 +625) - 26378 + 675) + (6378 + 625) * cos 20 ] e

fm e e e e S B e,

— '*'gnm—.‘el)l. — — - sin20- - S —

SR UG S




Figures 4-55 and 4-56 show the ranges between the sa:elliﬁes 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.
Even then the difference is small. The maximum range error will be 50
km when the . satellites are above one anothsr or when the design
pointing angle is 0 deg.- Flgures. 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 lnrge uncil . atc :he 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. o

4.3.2.2 IMPACT OF ERRORS

The pointing error difference for the satellites at different alcitudes
could cause the signal amplitude to be furthar down on the antenna
pactern. To analyze the impact of the altitude difference, a baseline
link and-ancenna must be assumed:

L - E
amr——— —-..o—;:—,-.—t v_ &m - - 7' .

Antenna: | uniform illumination with sin (X)/X pattern and beamwidth of
50.8 deg/L; whers L is the aperture length in wavelength

X=PL * L sin (8); 6 = antemna angle
Antenna poincing 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)

Vl:h :hese assunptions :he equation for the link margin wi:h varying
range (assuming that the azimuth pattern 1is narrow enough to provide
adequate gain) 1is: : .

20 log [ 2212] -2* 20 log [_gin;xj i X = L sin(21-4)
R’ v X ,

Figure 4-59 shows the path loss (range) change with angle, the antenna
gain change, and the total 1link margin change which i{s the path loss
minus two times the antenna change for two satellites at the same
altitude. These curves state that the two factors - antenna gains and
path loss - compensats for each other. For this calculation the
antenna beamwidth was chosen to be 21 times 1.1 or 23.1 deg. The
anteuna 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 km. 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 greater than 1l _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 m). Satellite B is wup from the design angle for satellite A
because of the 625/675 altitudes. Likewise, satellite A will be dowm
from satellite B. Therefore, the real link margin equation should be:

20 log {_15;2] -20 log {_;Lniigagl -20 log [ aigsxz ]

Whete XA 1is L sin (21-4) -

and X3 is L sin (21-8°-(8'-4))

- L sin (21-28'+9)

-: The location of satellita B will be f£farther "down" on the antenna

- pattern of sacellite ‘A because of the:-altitude -difference, but
satellite A wiii be 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 look 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 shown
in Figure 4-62, which provides >0dB performance from almost 3 deg (720
ikm) to 21 deg (5055 km). The 2.19 to 2.15 antenna vertical size (8.8
in. vs. 8.6 in.) would cost the same percentage expansion of the

- horizontal aperture for equal antenna—gain.

Satellite B is located 4 deg up from .satellite. A at an angle 1l deg
above the satellite 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 dininiahing returns) to

extend the close range limit but the following general conclusions can

be made: . L

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 parameters assumed and a 2.15
wavelength size, will cause a .loss of communication for angles
above 3 deg down or about 750 km.

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

Atci:dde and Pointing Errors--  Fleld of View (FOV) e o e

 1f the effects  of . untenna pointing error are now included, whether

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

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

+/-12 deg or 24 deg about 0=21 deg (max range).

FOV = 24 deg about #max for max range

Side Nota
. 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.aill be the same. . ... . -wie m==TT . -

4.3.3 MAXIMUM C"7SS LINK RANGE

" 'During the initial .analyﬁes of the MSSP--Phase I, the communication

range capability of satellita vs. the dc power requirements were
analyzed. This analysis stowed that the shorter ranges vere more ccst
effective from a dc power nerspective. However, when the impact of the
probability of communication {s . considered, the maximum range
capability can be seen Iin a different light.

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

“lm will result in._ significantly higher probabilities of useful

communication experidenta: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
{f the cost per spacecraft on  orbit increases due to increasing the
naximun range from 2225 ka to 5579 kn

The. initial space demonstra:ion of HSSP will consisc of 10-20 prototype
spacecraft that are placed into 675 lka circular orbics by a single
launch vehicle. This limited number of spacecraft cannot support an
around-the-clock global communications system. However, it can provide
several hours each day of communicatioas service between North America
and Northern Europe and between North Amarica and the Western Pacific
region. It can also provide up to four hours a day of regiounal
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communication within Northerm Europs. The primary purpose of the
demonstration phase will. be to provide on-orbic verificacion of mosu
MSSP technologies.. Howover, a  complets demonstracion of . the nctwork
routing and ephemeris tracking technologies will not be achieved unril
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-thes-clock
communications system. Thess three planes would all be at 57 deg
nominal inclination with their ascending nodes separaced by 120 deg of
longitude.” This inclination has been chosen because it provides the
best N~cth 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 in longitude of
ascending node and ttue ‘anomaly.” An around-the-clock communications ¢
capability will be available in discrects latitude bands immediately

. after the spacecraft in the <hird launch have spread out 360 deg in
trus anomaly but before they have spread out significancly in nodal

 separation. For ground stations with a 35 deg elevacion- 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
elevation limit> Ground stations at other-latitndeés will have periodic
outages at either 3 or 6 'times per day until nodal spreading fills in
the gaps. This will take about one year, depending upon the diffarence -
in inclination given to each spacecraft.

.This around-the-clock backbone system will be sparsely populated with

~only 30 to 60 spacecrafc. Nevertheleas, this will be sufficient to

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

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

2/3

T X
[sin [W ]%

Nw

Vhere X is the lnéctsa:nllito range, Re = 6378 km is the radius of the Earth
and h = 675 km 1is the orbital altitude. Toene T T )

The angle given by the inverss sins is expressed in radians. This equation
o - {s based upon an assumed uniform distribution of the spacecrafc in a
o hexagonal pattern; each spacecraft has six nearest neighbors at a distance
: X. The results obtained with the assumed hexag >nal pactarn do not differ
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2ppreciably from those cbtained with other simple patterns such as
underlapping and overlapping circles. '

One of the largest multiplicative factors involved in selecting the required
number of spacecraft for the constellation {s the one due to random orbit
phasing in true anomaly. The following approxinate analysis was performed
as a first cut at evaluating this effect. Consider M spacecraft in a single
orbit plane that are distributed around the orbit with a uniform probabilicy

density of their trus anomalies. This approximately charactarizes the-

prototype demonstration systea after some reasonable spreading i{n 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:

P - 1 ain°l [ __X__] -
S 2(Re+h) .

whore the notation is the same as in equation (1). The probability thac the
particular spacecraft will be within range of a specific second spacecraft
that {s either {n front or in back of it s 2p. There are (M-1) other
spacecraft to consider. Therefors, the probability erf g at least one other
spacecraft that is within range ahead of a particular spacecraft is ‘
M-1) =~

P = 1-(1-p) )

1
Similarly, the probability that chers is ~“at least one spacscraft within
range ahead of and at least one spacecraft within range behind a particular
spacecraft is: ‘

(M-1) (M-1)
Py =1-2(1-p) _ _+ (1-2p)

The probabilicy Pl approximately describes the likelihood of obtaining 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 communicate sizultaneously with both North

America and the Persian Gulf, or. alterrativsly of North America being able.

to communicate over a 3 spacscraft link with the Persian Gulf). The above
interpretations are approximate because Pl and P2 refer to any- spacecraftc
within range vhersas an actusl communications 1link depends upon the second
spacecraft being at least a certain minimum range from the firsc.

The ptobabiiities Pl and P2 are plotted in Figure 4-64 as a finction of the
number of spacecraft in the orbit plane for two maximum ranges, 2225 v and
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"..the prababilities for the longer 'range version.

Lr
o

¢

¢

- .5579 kn;"Niturally":ha-probabllicfgs'for*the~shotter"tange~version ares nuch

- lower and- rise more slowly with -an increasing-number of 'spacecraft-than do
The primary purpose for
' deploying the-prototype spacecraft ‘{s'~to--provide on-orbit verification of

the. MSSP design by performing communications experiments. Theése 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-orbic
would be marginal. The large increase in the probabilities (Pl = 0.713, P2
= 0.493) for the 5579 ikm range version ~with 10 spacecraft on-orbit would
greatly add to experiment flexibility and to the performance of the evolving
communications network as more orbit planes are launched. e

4.3.4 LINK EQUATION

This analysis was perforﬁed early in the Phase I study to idencify
. communication with-trade conceras. To accomplish the MSSP primary purpose

which is establishing a successful working _communication link, sevezal
design and system trades must be done to azcomplish {t at low cost. S

_ The system parameters follow:
Transmit power: Drives the spacecraft size and weight cost.
Affects the transamit’ ppvof 'required,":hi system. time

delays, and the rmudber of “ spacecraft necessary to complece
the systenm. R S o ,

Range: %

Affects the tfansmic

Antenna Gain: pdworw required and the physical
size of the spacecraft. :
Link Margin: Adds confidence to the system capability. This
. margin eénsures. that as system . components age, the
system will still parform. However, this pad or
*—ﬁcxcess--baggage~"vill—mraquireumhighe:__perfa:nancg.mpf the

system and create higher cost.
Data Rate: - Directly affects the required system transmit power

required.
These parametsrs can be combined in a single cowuunida:ioﬁ link oéuation:

Pr = PtGtGr (M/4PIR)2

Pr = required received signal

Gt,Gr = transmit and receive antenna gains

by = fresquency (vavelength) '

R = = range or distance between satellites.

vhere:

.86~




The term Pr contains all of the parameters relevant to the recciver.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.estinate.can be made . wiich allows an analysis of the MSSP link
- equation and.a .first cut. at..the compromises which. much be made. The
_.equation for Pr is: . ... . ... . . .- e .

Pr = Kf:#ﬁEb/No % NF + Loss + 10 log (D) + Harginv'

_ where: KT = qgiééxfloéf. 270 K ' - -204.3 dBW

EB/No -‘iéiaifed signal.:o noise level - 6.7dB.
(MA Com study) :

NT = receiver noise figure (estimates) = 3.0 dB

Loss = receiver detection 1loss -and signal = 2.0 dB
to date power ) :

D = data rate
Margin = signal level "pad"® - _3.04d3
o ’ -189.6 dBw

e -
T . - -

——

or, Pr = -189.6 d3W + 10 log (D)
2efore proceeding any farther, additional asgumpcionsAmuéc be m#de:
“Gf = Gt; 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-Vi:h the;ﬁfassump:ions, th; link ejuation ~an be rewritten:

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

corstant. Or,

10 log (D) = 10 log (Pt) + K + 85.1




vhere K = 2G peak - 20 log [Rmax(Ka)] o :

_ Figures 4-65 and 4-66 can be used to dstermine the. relation of the link
paramaters. In Figure 4-65, the data rate and RF pover are selected and. the

- value K {s determined. In Figure 4-67, with the determined value for K, the .

— antenna. gain i{s selected and the: system range capability is determined. : \
Figures 4-68 and 4-69 {illustrate - the system - range Vs:: the RF power for
selected daca rates and antenna gains.

No hard conclusions can be ascertained fron.:his—cnaiysis.-‘Hovcver. 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 than 10 Mbit.

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

) 4, RF Power: With the above couprqnises,' the Rf‘povet required can be
» . lowered to less than 100W and "peak pover averaging used for long
ranges: L R T : -

4.3.5 CONCLUSICN

The analyses performed in this section addressed orbital concerns of
- spacecraft communication. They are not all directly radio, antenna, or
; sateliite concerns but focus on the total satellits communication system. ¢
The results of the analyses weres:

a) Limit the maximum communication range to 5579 ka such that the
7 communication path is above “atmosphere. —Attempting to-communicate -
across the 1limb of the Earth will encountsr the problems of
atmospheric loss and multipath. ' B

b) The satallite altituds differentials of €25 and 675 km will fequi:e
the antennas to be able to scan up to 1 deg above the horizontal for
a 400 k= minimum range. '

¢) The probability of ﬁioving another spacecraft is increased greatly (

vhen the systea {s designed for maximum range communication
capabiiity; especially, during the prototype satellite phase.

&
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5.0

SATELLITE INTEGRATOR SUBSYSTEM TRADES.

B

v o a veigy eIy e e K
cean et s s Ll : -
,‘. P R T N

The satellite integrator subsystem trades are the areas of desizn study
were the satellite power, attitude control, and configuration; and the
satellite/antenna and satsllite/radio interfaces. Communication between

- team members resulted in reexaminacion : of:: soveral areas of anzlysis.

-This section will discuss
mants from the third working group meeting (November 1986). Some para-
meters, howaver, such as
trades to show the impact of the variation of the: requirements. Making
some of the final system trades easier to make in Fhase II is the pur-
pose of this information. . S SR

5.1 SATELLITE PCWER

the analysis based upon the final requice-

satellite bus power, will be presented as

-~

The satellite power subsystem must generate, store, control and discri-

buts electrical energy necessary for the satellite, antenna, and radio
- operation. The main components of the power subsystem are:

 Solar Arrays to generats energy

Batteries

to store energy

i~ Power Controller -~ . -to con:ggi?pqcigy;storége'«

DC-DC Convertor

""to supply-specified voltages

To meet the MSSP critsrion of low cost, tha power subsystem desizn aust
provide efficient use of all of the components. ~The solar array mecha-
nical configuration must maximize the energy output from a non-
orientated satallits such that the amount of ' array surface can be
minimized. Besides the ¢
the size and weight of the components uust be factored into the cos:
equation. The power subs

of the satsllics bus.
cost of the satsllits launch and the mumber of satellites which can be
dispersed per launch.

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

ost consideration of the subsystem components,

ystem will be the largest and heaviest element

This subsystea, therefore, will increase the -

as che study progressed with communication between the team members.
Initially the average power requirsment was 35W, then 50W, and finally

75W.

Thersfore, various

averags pover levels.
cenclusions 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 saction are: '

* Power Cost analys

analyses will show calculations at differing
The analyses were performed so that final

is which presents an overview of the cost

drivers and the impact of the power subsysteam requirements

-9
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Batzery Failure-- -

Battery Life

Batte Size/Weight

Solar ArTay Size

Hlninaleubsystun Size

. O/V Charge

Depth of Discharge
i
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Tover Requirement
Fower Control
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* Array optimization analysis which presents ‘the impact of the

solar array configuration-- - e

* sa;:gry 3’121“8 analys is e af e her TTRRRNEST A

*# Solar array trade anclysis which presents a look at an
unusual method of raducing the size of the solar array

Flnally;-g design of the pévor ‘subsystem will be-described for the 75w
average pover systen. . D - = s -

The final conclusion for the power cost on a low cost satellite such as ~

MSSP {s 35000 per wact at the spacecraft level and $7000 per watt on
orbit. The largest cost drivers are the solar arrays and cthe launch
cost for the arrays.

$.1.1 PCWER SUBSYSTEM COST ANALYSIS

This preliminary pover system analysis will attempt to provide a rough
racher than absolute analysis of size, weight, and cost. for the pover
systam. The purpose 1is to- shov the general impact of power systea
requiremencts on size, wveight, and. .cost. ‘Since the Satellite attiiude
contzol systez was not. defined,” an: omni solar®array wab assured for
this prelizinary analysis. : _ o

The following assumptions, vhich are staced at the beginning of
each analysis, wvere . mads. - -

* solar array: four panels spaced at 90 dag around. the satellite.
The panels are tilted to try to obtain uniform solar coverage
(omni arTay): .

"% ‘solaf cells on both sides of panels

* projectad area of solar panels assumed to be 2 panels orbital
averags .

* che projoc;ad solar area peak area is 2.4 panoia "
**;sql£x”gd113 gen;tntn.ldw.ﬁcr sq ff
§j orbit tine §§.§§33 32'§h:d..'6& sunv
'**“voltag; at max que;;‘3?.6V | .
These assumptions, vhll;.providlﬁg a son;;ha: broad Stsclin; for cthe

power subsystem, derive the subsystem cost drivers and the impact ct
the subsystem requirements.




5.1.1.1 SOLAR ARRAY SIZING

&

The size of the solar arrayi' needs E;l:b;ffsdfficieﬁc.to‘ptbduco an
orbital average output equal to the average system load plus a factor
for the battery cfiicicvcy Ty

Temh

AVERAGE ARRAY. OUT?UT - 1. 1 * ORBITAL. AVERAGE LOAD

The power output of .the. four panel system will be.the product of the
array size, ocutput rate, and sun/shade orbit period. -

xv-:ag: p:ojactod array area = 2 * area (£t"2) per panel
output rate = 1ow/£: 2 (conservative number)
sun/shade tine = 64/96
POVER OUTPUT = 2 * 10W/£t°2 % 64/96 / 1.1 = 12.11W/£t*2/panel
This munber is the array orbital average output for the four panel

systam. In other words, if an orbital output of 12.11W is needed, the
systszs would use four.(4) one-foot. square pan.ls _Figure 5-1 otcws the

requirsd size gf;one . of ths four nansls. g’,_;ynxago Ttequired 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 on both sides), Figures 5-2 and 5-3 show

the weight and coet anac: of tncrncsingly largor system power require-
ments.

CAVEAT: The pricing number used in cthis ox-tciso is based upon t.c-nt
proposals. Although. rsasonably priced, this cost does not include any
sstinate for high production. A closer cost examination will be done
later {n this analysis. The arrvay weight mumber used is linear for
increasing array. Actually, for larger solar arrays, the weight (and
cost) would 1ncrc¢no vith wmore  complicated-structures-and-deployment -
systeus., A

$:1.1.2 BATTERY SIZING

The size and cost of the battsriss required are also a function of the

. systam’s power requirements. For a low cost system, the first approach

would be to size the battsries £nr current-limiting under the high
array output condition. If the battaries are sized (amp/hr) so the

. maximum array output will not overheat the batteries, then a costly

powver control systsm would not be needsd. The trade is the cost and
veight of the additional battsries on the spacscraft.

.fhc-cquatisn‘féﬁ cho'sizing of the batteries is:.
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©/10 = MAX ARRAY OUTPUT - MIN. LOAD REQUIRED

The C {3 the capacity of.the batteries.. The: idea. is. .to limit the maxi-
mum charge rats of the battery, which is the array maximum output minus
"~ the system minimum . load requiremenc, to--.one-tenth. of the battery

" capacity. The one-centh valus is.a nominal number as a trade for bat-

tery life. Thqiba::ary“size=1;-thcrefora:~~*ww%www**wvnww*x»s*nmﬂwfw e

C=10* (2.4 * 11 W/Ee"2 * PANEL (££°2) ) - L.F. * AVERAGE LOAD

where L.F.= load factor or the ratio of the minimum power required to
average power required. = . ] e _
Since this equation deals with peak pover, the factor 64/96 which ac-
councs for orbital averaging is deleted. The array output is 1llW per
- sq ft of array pansl. The .difference between using 11- and 10W/fc"2
Is =o 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 powver requirement, e.g., transmitter on/off
periods. : : :

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

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

large. To gst a concrete idea of Dattary siZe rsquiremerncs .these sizes
(amp hr) must be convertad into weight, volume, and cost. The weight
was estimated at about 1.14 kg per amp kr. 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 bac-
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 5-3 is a representation of three battery
sizes to show the impact of larger system pover requirements.

CAVEAT: The battery weights ars based upen Nicd batteries. Laad acid
cells will veigh somevhat zore. Nickel-hvdrogen batteries with pres-
sure vessels would weigh much more. Also, for the larger batteriess,

sone additional veight will be : needed .for thermal control and struc- -

ture.
$.1.1.3 POWER SUBSYSTEM COST ESTIMATE.

The total system cost Vs, pover system requirements will involve the
array, battery, and system launch costs. The launch cost is dependent
upon the launch vehicle used to orbit the satellite. But, since this
{s a preliminary analysis, the cost of launch via the spaces 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

PR s s e 5 R timmaien L T TP NP R T TR A T
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based upon both payload size and weight which can be calculated by
existing formulas. The final cost is the larger weight or size. Sirnce

payload size will'depend. upon. the.satellite final configuraction, this..
" prelimirary a2nalysis will use the power system weight cost which is the

weight of the batteries and solar- "arrays.

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

cost equation .is:

Cost = §7.5M. (Payload Weight)/(.75 * GSOQO) S ‘
or $1538 per payload pound. (The cost increases for 57 deg and 90 deg
inclination launches.) The launch cost of the solar arrays and batte-
ries vs. the power svstem requirements is shown in Figure 5-9.

The total system cost (array + battery + launch) based upon the usa of
commercial batteries is shown in Figure 5-10.

CAVEAT: As was scated aﬁbvé;vche launch cost could bo 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:caso. -

5.1.1.4. POVER sms-zsr"! COST REDUCTION - e r e A

CIQArly, the cost, size and weight of . the higher powver system levels.

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

to the battery to C/2 rather than C/10 with the stipulacion that tche
true charge ratio be controlled by the tsmperature 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 become
varz as the arrays attempt to overcharge them. . At this point, the
contrnller would sense ths battery temperaturs and limit.the battery
charge to a much lover valus.

Varicus methods of charge controi are available: shunt load (dumping
pover into a lnrad resistor), array switching (switching part of the
arzays off), ard others. The important parzameter i{s the maxisum allow-
able ratio and the estimated cost of the controller. If a cost-effec-
tive reliability program and adequate tasting (burn-in) is performed,
the cost of the controller could be limited to $20K (for large u.nrity
builds). The <charge —ratio maximum 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 fo: a sys:em wich a charge controllet

~limiting the maximm charge €0 “C /2.« ot i s e s

—cost wera reduced by-one-half by producing large quanticies, the tinai
systsm cost would be as shown: in" Figu:e 5 17 An optimistic cost of a
200W system in 240 units follows: ‘

% LAUNGH: __$165K ',

" * ARRAY: $208K |

*-BATTERY: ~ § 14K

- * CONTRQLLER: $ 20K

Possible ways to raduce systam cost follows. This analysii. performed
early in the MSSP Phase 1 study, Iidentifies areas of concern to other
tgan members.

' -The largest cost drivers are the solar array and launch cost. Reducing

:ho pover require‘uwill dccransn tho sys:om cost - i

Several options exi;t CO reducs powar roquircmen:s Two conventional.

and one unigque approach are:
B * Reduco sys:an data rate
* Reduce tange

* Reposi tion transmitter amplifiers

The cost of :hnasola:-atray used in: this analysis was $6.3K.: If.chis

LI

requirements. The transni::ar will require less RF power to complets

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

reduced.

Reduction of 'the system range requiresment reduces the RF power
zequired. .It would also reduce tha attituds control power resquirements
/pointing) and possibly tho Tequired antenna. beamwidth or number point-
ing positions.,

The transmitter RF amplifier could be repositioned to each antenna

element rather than a central amplifier. The antemna switching and
phasing components (S&P) will have losses which affecc system power
efficiency. If the transmitter RF output was 200V and if, for example,
the S&P losses ware 3 dB, the S&P would absorb l00W of the transmitter
vutput. With a transmitter amplifier efficiency of 25 percent, the
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effect of the :S&P wauld be 4O00W. Conversely, wizh discribucted amplifier

at each antenna eismeric., the absolute power magnitude of the S&P los:es . S
" {z less. Also. sirce tha 3P is required to swicch lower power-levels. -
less. power is required . for the electronic switeching which could pos- -
“sibiy be faster. . ‘ St

5.1.2 SOLMR ARRAY OFTIMIZATION

The largns: cost.driver for the power subsyscea i{s due to-the solar

arzays. A crucial parameter in designing the power subsystem will be ,
to maximize the array energy output vs. cost. ihka output can be maxi- B
aized by increasing the individual cell output efficiency or by

tncreasing the orbital avarage projected area of the azray. This sec-

zion will aralyze.the - various solar array configurations to obtain a

bezzer solar array configuration.

7 Now that the relative size of the battery and solar array have been
znalyzed for an ommi-directional solar array (Section 5.1.1), an analy#*
sis to red.ce the cost of the solar array can-be undertaksn. The omni
solar array is independent 2f <the satellite oriantation. It consiscs
‘ol four double-sided solar panals or eizht arrays. 1f the satsllite
“waze nadir-orientatad and in a 97 deg polar orbit at 6 o’clock, the sun

' X ‘ _would always be on one side . of the .sacellirs. Therefore, two solar -
N e ‘panals with solar cells on  one -sids facing the sun could ‘provice the
i ' same amount of power as . the -eight -panels.. Since the .sun.vould be

centinually in view, tha size of ‘the arrays (orhital average) could be

‘ndi{viduaily s@aller zhan an oxni panel. A significant cost reduction

{s realized. ~Thé amount of solar cells required is recuced by ‘thrae-

quarters. For exampla, if ‘the solar arrays cost $100K for the omni,

an the 2 panel system would cost- less than $23K. JSther cost reductions

- would follow due to weight and size reductions. - The front of the cani

systen would consigs of two solar parels vhich would impact the orbitzal

. 1ifetime and sctitude stability of the spacecraft. This frontal area

.. (arsa/ma3s:A,/M)_would bs close _to zer> (sidawvays td> orbit direction)
and cause the spacscraft to be mors stabilized in yaw. R

o The pravious example is &n extreas of possible spacecraft.orbits.
’ - However, it does damonstrate the approach which must. be taken to reduce
" the cyst of the MSSP spacecraft. If careful design is used, the bene-
fics of multiple build will not be lost and the additional cost savings
of optimum design realized. The omni pattern produces a very low
maximm-ainimun power output variacion. The low variation allows for a
low-cost power controller. The cost trace must be made comparing the
cost of the solar array vs. the controller and considering the perfor-

mance paramsaters of frontal ares, power output, veight, and size.

Figure 5-18 shows four possible arzay cbnfigurncions. The omni pattern

array is the reference unit. = Ths Mansard is a ccmpromise of the omni

i Pt s e L e R P TR
T st 0 AR S AT 32 | e i PP TP L AT
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~ ‘will be used to compale the sola:,atray_petformancn.

AN
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’pa::efn unit wich the solar array on one side only; The roof tapbunig
provides a compromise of the Mansard with a smaller frontal area. The -

flush unit provides the minimum froncal area by simply atraching the
solar array to the :op'and's;des.of the upper spacecraft module.

seeehe L Th
i

‘A means of eéipaéiﬁg,cho,soiai - array output.is necessary. The output
for.the omni arzay vas 12.44U -per sq ft of .array panel (Section -

$.1.1.1). (10W/ft"2 was"a conservative mumber used {n the preliminary
analysis of Section 5.1.1.1. For later analysis a mumber closer to
actual orbital nuzbers (12.44) was used.) A sq ft is actually four-sq
ft panels with solar arrays on both sides. The_power output per panel
sq ft is: ' : s .

12.64 W/ET"2 ‘ _
...... cescee- = 3.11W/ ££°2 of panel

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

Before dascribing the performance Hofﬁ-vizioui;J:ypgs;~o£j§o1;f array .

configurations, it is {mportant Co describe the phenomenon of the Sun
arigle. Figure 5-19 shovs a sketch of the Earth/Sun "solar system” and

the Sun beta angle for an {nclination angle of 0 deg (orbit plane is

the esquator). The Earth's equator {is ctilted about 23 deg to the

Sun/Earth line; 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
time of the year. Also, the Sun/solar array angls will vary with the

--spacecraft -inclinaticn-angle: - This —betaangle variation effect would

not be important for an oumni pattsrn arrTay, except for the. Earth
eclipse. The effect on other solar array designs of the expectsd

Sun/array angles will cause variations’ {n - the solar array outputs ds-.

pending upon the satellite incliration 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 ch;n-zoro'vould be the sum of the inclination angle and 23 dsg.

BETA (MAX) = 23 + AL

S Py Fe S R e
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. For i{nclination angles othar than zero, nodal regression will cause the
crbit plane to rotate and the .satellite beta angle to vary becween +
and- beta max.

. 3y using cthe beta angle technique, aaalyzing tha effect of spacecraft

_motion on the spaceczaft solar array output is easier. The solar array

outyut of any satellite will vary wicth inclination angle, season of the

™ year, etc. Wirh berta angle, a~ analysis can be done which reveals
; orbital. output allowing satellits power to be properly sized.

The beta angle affects three important f;écors:
* solar array output
* gctellits eclipse time
* satellite thermal effects

The thermal effects will not be addressed in the study. The satellite
eclipse time is the time that the satallita is hidden from the Sun by
the Earth. Figure 5-21 shows the satellite eclipse angle vs. the satel-
lite beta angle. Notes that for beta angies greater than 70 deg for an
altituda of 650 km, the eclipse angle can be 180 deg. Inlother words,
periods will exisc for sactellites with inclination angles greacer than
&1 deg whara the satellite will view.the sun continuously. Figure 5-22
- phows 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 oucput {s greatly affected by—the angle of the sun to
‘xhe solar array. : -
Racher 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 the orbit normal

——-(Figure 5-24). Any MSSP array configuration-will be-a-combination-of -

‘these arzays. The MSSP spacecraft 1is assumed to be nadir-pointing bdbut
unconzrolled in yaw.

JFlgure 5-25 is a brief description of the solar array orbital average
Aower output power equatiouns. The array output constant is assumed o
:be 12.44¥W per sq ft. This number will be dependent upon many factors,
*includins temperature, array giint angle, and radiations effects. For
this analysis, which {s the array configuration, it will not be a
crucial factor.

Figure 5-26 and 5-27 show, for various tilt angles, the orbital average
outputs of a solar array tilced toward the spacecraft velocity direc-
tion. The top curve is the orbital average output for a zero degree
tile; che solar array is pointing anti-nadir. The zero degree
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tile shows that the orbital power produced. will decrease as & cosine
funccion wich the: Sun angle. VWhen the .. Sun is. 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 outpuc. - : ,

Figure 5-27 "shows~small variations of power output as the tilZ® angle n~f
the array is increased. Figure 5-26 shows the variations of power for
larger tilt angles. Tks 90 deg tilt is when the solar. array {s mounted

to the side of the spacacraft. The power oucput with an array tilt of .

90 deg end a beta angle of 0 .eg i3 much lower than the 0 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, che
90 deg tilt array  output approeches the output of the 0 deg rilted
array. If thesa soiar array configurztions were the only choices, then
for a sacellita orbiting at 28.5 deg (beta max = 51.5), the optimum
‘array choice would ba a 0 deg tilt and ths solar array size would be
‘calculated'using»Z?SU/SQ"EE'avetage~“atray output.-  -The sizing of the
solar array must use the lowest orbital average power output. If the
inclinaction angle were S7 deg, it would ro:t be possible to build a
suitable array with only a forward tiltc because of the sero output when
beta equals 90 deg. _ _ - ' : :

Figures 5-28 and 5-25 show the - orbitai.icgiiigc}pébefiouc;ut-from an

arzay tilted toward'the orbit normal or todsrd Fight of the satellite
and the Sun as the satellite flies. The zero degree tilt has tha same

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

__foT a tilt angle of 90 deg, the opower output approaches a sine wave

wich zero vutput when the beta angle is zero and 12.44 when the beta

" angle is 90. The 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 beza

N

s

angles of SO dag or larger. The eclipse region is slowly being reduced
while the tilt effect is being seen. For example, the 25 deg cilt
pover greatly increases for beta angles between 60 and 70 deg and then
procseds with the normal decrease expected for beta angles between 70
and 90 deg. ‘ " o :

Vher the angig of . the 'urfiy tilted toward the forward direction is
negative (tilted backwards), 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 is negative, the result will not be the same.

Figure 5- 30 shows the orbital power . outpuc for a negative angle.
Again, the zero angle is like the other zero tilt angle cases. For the

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

output when the tilt angle plus the beta angle equals 90 deg.
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$.1.2.1 SELECTEDTARRAY CEUFIGURATIONS v cormmnc o st o st s S X E
aaoc —CP \.RPAY-;»_L,—_- st 2 1 ;.l‘..:uk-“ '*: I G S ety e Nwm’w s AL % ‘: 4 e W AR :i'
Thn orbital avctagn povcr»cutPJc'of :bn taof’E:; az ray “of Flgu:e'ﬁ ST T ‘%
can be calculaced by using the {nformation from.Figures..5-26_through S5« = . <= .
20. Figuze 5-31 shows: this array configuration output when che . o
spacacraft flies-with the edges--of~—the—-arrays-in:the velocity dirac. -~z =f

ticn. Tha ¢ acraya’ (positive and negative tilt) seem to complement . .
each other and produce a -flittcr Tresponse vs. beta angies. especially ~  ~ %
for the 25 deg tilt’anzle. However, _1f_ the spaceczaft wers to yaw by..
90 deg, the array output would become as that in Figures 5-26 and 5-27
and would be vnacceptable for . the.-hisher beta angles. Therzafore, - the: s €
array ccnxiguracion :us: bo symn-crica-.

. m.s‘i Hcm? ARMY - - + -~ PR .. Ve e wedaT EECEN B . er e - et
~The flush-mounted sclar array {s always the most: desirable from a. .
structural and deployment standpoint. Figure 5-32 shows the orbital

‘averags power output from an array of four solar arrays around a bex
stracture. Thse arrays have a 1.5W/f2"2 crbital output when the bata
angla is zaro and a wmuch. largexr: output when the beta angle is.90 deg.,

If 'solar arrays vers, ncw placed on the 'op'q;’zhn apactcraft bpx. more .-
outpus would be obtained for the low betz*angles. Ftsura <33 shows
" cthe, comparison of solar array ourpurs for four flush panels with cheir
. output, an equal-sized top. array, ezad four flush panels with a top:
array twice the size of the sida panels (weightad array). The curves
are cutput per sq £z of array. The £i7s panels will ocutput more power
—than ths four punels, buz the critarion {s the array cfficiency. The
_waeizhteac array has a higher aversge power and a much flatter response
" of output vs. solar angle. .

MANSAPD ROCF —_

The Mansard roof i{s ‘an acdaptation of the flush mount array. The arrays
are tiltaed vich respect to. the spacecraft rather than flat as in the
flush mount. TFigures 5-34 end. 5-35 illuscrats .the.orbital.average
output of four panels tilted with respect to the spacecraft (no top

_ panel). Flgures 5-36 and 5-37 {llustrats the orbital average output of
a corplete Mansard array configuraticn. The four.panel arrays wich a
tilt angle of 355 dag seem to have the flattest power output response.
The power output on an orbital average basis i{s about 3W per sq f:= for
3 beta angle up to-80 deg and & ainimenm of 2.55." When the fifth panel T
or the top panel is added, the optimua tilt nngla is closer to 75 deg
which has a uininun cutput of about 2.4 W/fc"2. e

If ths average required spacecraft power was 66V, the four panel array
would consist of 26 sq it of. solar. array or four. panels,.each 6.5 ft.
sq. The five panel Minsard would r2quire 27.5 sq ft of array or five
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panels (including the top panel) each 5.5 sg- The five panel

Mansard is not-quite-as - efficient -as"ﬁ:he“ four. panel design, but. the
structure would be smaller producing - :savings® in~ launch cost

compensacing for the larger number of solar cells The trada between a
Mansard and four element array will :lso depend upon- the' spacecrafs
mechanical and: deployment co1s;derations

OMNI PATTERN

The omni pattern solar array is the combination of two arrays of four
panel tilted arrays (excluding tha shadowing effect of the other solar
arrays and the satellice). The first array is orientated upward and
produces the. same. power outputs. The - sacond array is orientated to
nadizr. The addition of the downward-looking set of soclar arrays pro-
vidas a more uniform power output over an extended portion of the ordic
during which the upward arrays are beyond 90 deg to the Sun. The down-
ward arrays do not produce zuch output for low Sun angles because the

array is either blocked by eclipse or is facing the Earth rather than-

the Sun. Whon the Sun is at a high beta angle, the combination produces
a uniform total power cutput indapendent of the spacesraft yaw
orientation.. Figure 5-38. {lluscrzatss the orbital average output of the
omni array vith the tilt. angle from C- to 55°deg. The optimum til:
angle is about 45 deg, Tha average output is 2.05W per sq ft of solar

array (cells’on boch side of panel). This nunbnt is very close to che

previous cs:_nats of 1.9% per sq fe.

* The advantage of the omni solar array 1is 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 were

inverted. The disadvrntages of the ouni array is that while the second

Daka ot

set of arrays will increase the pover .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 officiercy mode. The system power output per sq

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

not includa blockage dus to the satsllite.

5.1.2.2 ARRAY OPTIHIZAIION CONCLUSION

L

Tha solar array configura:ion muss be - a balanco of cost and perfor-

mance, especially for the multiple - spacecraft. The cost of an addi-
tional battsry 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 minimua
frontal area to reduce spacecraff torques dus to aerodynamics. The
four panel Mansard array with a ctilt angle of S5 dag w‘ll pruvide this

. -128-




balance. The array size -for. a .SSW sys:éu, assuning a 12 A array
- constant and a 1.1 charge cfficiency, would be.:.. e

; 5;_5,/(«_2.55/1..,) - 23.7 sqfe -
-or each panel would be about 6 sq £t (30'1&.';L35 in.slb
The omni artay area raquirad would be: |

(55/(2 05/1 l)) - 29 5 sq fc

or each of tho‘four panols would bo abou: 7 4 sq fr (32 6 in x 32.5 |

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 number of solar cells .

" weuld drive up :he-cmni cosc.

The final conclusion of the size and shape of the solar arrays is a
. cozpromise between.the mechanical configuration of the satellite for
ainisum cost through launch. The design must coansider the projected

taxperaturss which modify the array cons:ant,(lq Luq/fe” 2), ‘the. size of,

the anterna for M4SSP, and the area-tc-mass: ratios forlche gravity
gradient boom stabilization. The curves prasented in :his analjsis can
be used in the final sa:cllica configuration. '

3.1.3 POWER SUBSYSTEM AND CONTROLLER ANALYSIS T
" The power requirements of the MSSP spacscraft were narrowed during':he
MSSP second working group teanm meeting to 55W. (During the t' ird work-
ing group meeting, tha power level was increased to 75W. Thi  analysis

____was performed with 55W, buc. the conclusions are still ap, iicable.)

“With this information, the. powar subsystem configuration could be ad:"

vancad. ‘The design cannot be. finalized, but ssveral areas impacting
MSS? cost can be idencified. This section will state the basic re-
quirements of any satellite power subsystem, the MSSP power require-
ncnts and analyze the possible subsysten cdesign.

ﬁhs three main areas of dasign for the povnr subsystem: 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. is
soccion will analyze the MSSP bactaty and povor con:toller o

'5.1.3.1 zasn. 'mxfrs 01-' POWER smssarsrm nzs:cn

The following cenocs are cho areas of dasign crucial to ﬁhe performance
and life of the power subsysteam.




A 4

BATTERY SIZE: The battery size is controlled by the amouni 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 various.means,. must:be-.less than:the battery.
specified charge rate (C/x).... The - batteries: must.also. be large enougn: .

to supply power-. for. night spacecrait operaticn within the:allowable
stata of battery discharge. : g . .

SOLAR ARRAY SIZE:VTha solar at;ay size muSt _be large enough for the

daily orbital average power worst case to be greater than the daily
pover usage. R

BATTERY FAILURE: Battery failure is strictly a function of the bactery
texperature. If allowed to become too' hou the batcery will fail. The
tactary thermal control will require the satellite surface-finishes to
allow the satellite to run cool. The battery charge control will have
to limit battery ovarcharge to limit battery heating (battery size).

BATTERY LIFE: The battery life is a function of the denth of discharge
that the battsry is repeatedly exposed to and the total number of dis-

« chargs cycles. An optimum level of dcpth of discharge is 80 to 90

\percent. Depths greater than these willvggaA:Lylgho:tan the expected

!’?Tha doiign concerns to be addfossod can ﬁov be listed in order of prio-

~

7

.. 4-—Battery Weight And Size. . .

;bacter? 1;23. - . — P . .

.

ricy.

e -

" SATELLITE FOWER SUBSYSTEM CONCERNS:

1- Satellite Power Required )
2- Solar Array Power Output Variation With Orbit
3- Satellits Losd Variation '

5- Satellite Powar Control System

The satellite power subsystea concerns are. listed above. The first is

tha magnitude of the power Trequired for the satellite, antenna, and

radio. It also determines the size of the solar arrays. The second
ccncern, the solar array pover output variacionm, (addressed in Section
5.1.2) will require sizing the solar arrays so that the output is suf-
ficient to supply the required power on an dJrbital average. The
satallite power load variztion will require that either the satellite
batteries are large enough to pravent large overcharge currcnts, or
more costly charge current controls will be needed. The battery size
and weight, and the satellits power control system ars - the two para-
meters which sust be negotiated. The battery size and weight, which

impacts satellite launch cost, must be traded wicth tha additional cost

of an expensive battery charge control system.

-130-




—————allows—smaller battery capacity,

eeevn b 4wz L e orw oA L e

5.1.3.2 MSSP. SATELLITE' REQUIRED.POWER - B T e

e R - . - . omm e emlapenn oo e
e ha PRV ] R RSSMIPFCaui: GRS

Ihh.foliowingzpowér
{ng. Although:the:.requirements changed: later: in the study,. theianalysis

frus the sacoad working group levels: will be used hers... These numbers -
Section:

will not dectrac: from the final conclusion of the analysis..
5.1.5 diczusses the final 2esign conclusions with final power require-
ments. e . _ v _ . =

, p . -, o TS
Antanna : S :
~ Radio 30 ‘
- Processor/antenna . - -
Processor/baseband .
B 'satellite
Power cee
Thernal .eo
- AC&LCS 10
- % .  C&CH I .
* Total $5 it L DI B
5.1.3.3 -

BATTERY SIZE

-

The satellite battery siie i{s dependent upon power control techniques.

TN sizplest apprcach is to use current limiting, wvhere the battery
" chpacity diviced by 10 (C/1C) is equal to the-paak charge capacicy.

- This approach requires large battaries. The sacond approach uses a
power controller to limit peak charge dependent upon the battery temp-
erature and sizes thc battery capacity at C/2. This second approach

later.

evals.were defired du:ing;chexSQcondrwotkihgrmee:e“

- but-—causes—other_problems diszussed

,...3

The battery sizing will be dependent upnn the acceptable charge rate

and the solar array output capacity. From Section 5.1.2.2 wicth a 55W
system, the solar array siza is 24 sq ft.. The peak array output with
panels tilted 55 deg is: Co

24 sq ft x 12.44W x cos 55 deg = 5.12 amp

T £e%2 0 33,4V
‘Tho bacteries will firsc be sized with a pover controller so that the
peak charge capacity can be - C/2.. This
charge depending upon the battery charge as indicated by the battery
voltage and temperature. But, the battery is sized by the max charge
rate. :

-131-
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o

C/2 = nax.a:ray ou:pu: - min- load

RV

C/2 = 5.12 amphr -SSV/ 33 A% S

f‘ - c 7 o Don o maTumla v :f:;; - WH uu;ii ,”-fgx:x: T
’c. - ) R ’ o B )

The siopler powot concrol no:hod " whers battery cuxrent‘limi:ing.is .

- usad to control : the. battery- charge, would require that. the battery
capacity Ooe ~decermined by the  same oquation as the temperature-
controlled uni:, bu: wich .a naximun charge rate of C/10.

» C/1o-[21*11w/£:2*545f:2 -SST W / 33.4/%

or, C = 21.2 amphrs.
Tha battery is subjected to a trickle charge once a full charge is
obtained. The simpler power control approach requires larger batter-
3 fes, which increases woight and could increase satellite size.

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

~ %:the additional batteries vs. cost of - the controller design, fabrica-

- - tion, and reliability. If the complex power controller is s chosen, then

_tbe type of conf¥oller must be chosen. -4{nothe:” parameter affecting tho-

p ] ~%rade is satellits lifetime or battery depth of discharze. The battery
-si-a zust be sufficient to allow the depth of discharge of the batter-
"ies 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 cthis

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

55V/28V * 32 min * 1 hzr/60 nin = 1.05 amphr

e _For_a 4.24 lﬂph:_btttlryr.thl_.d‘pth__nf_discha¢3Q—Uill~bc_l*05¢4+24wor
25 perceat. Effects of the size of the bactery and the depcth of dis-
charge can be seen in Table 5-2.

TABLE 2 DEPTH OF DISCHARGE VERSUS BATTERY SIZE
DEPTH OF DISCHARGE (%) - BATTERY SIZE REQUIRED (AMPHR)
) ' 10 . .'10.5
X 0. - . . o83
Ta * » - 25 merm o AT s 6.2
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If the depth of discharge is required to remain. below.5 to -10.percent:
in order to extend the spacecraft 1life time, the battery size must be
expanded to between ll and. 2l amphr. R Cmaeni L

The.battery size needed to ensure low depth of discharge and satellite
lifecime is basically the. size needed f~r <he simple power control.
Both the sstellite 1lifetime and. controller . requirements. are met: by

using the larger size batteries. = 'Becausa - the.battery size comes in-::

units of 6 amphr, the' optimum battery size would  be.24 amphr: The
final sizing of the -battsries and power controller will depend upon the:
finzl power system requiremencs. The preliminary conclusion is that
the simpler power controller with larger longer lifs batteries is the

- best choice for the MSSP. It will gmean that no network processing

capability will be required for the power system control.
$.1.4 POWER SUBSYSTEM TRADES ,

As part of the MSSP Phase I study, various techniques described in this
secrion, were investigated as either new technology or techniques co
reduce the cost of the MSSP satellites. The MSSP extra battery storage
dascribes the possible use of larger batteries to filter the duty cycle
of the transmitter on/off operation. The solar array trada describes

an approach to reduce the 'amount of solar_ array by orientating the . .

satellites and yawing the spacecraft 180 deg - every 37 days-of so. The. -
larger spacecraft battery trade analyzed the use of--largar batteries to

* lover the required solar arrays. ~ Although the resuits of these
analyses were not positive for the MSSP, the analyses are presented as
part of the work performed during the MSSP Phase I study and as part of
.the open-minded approach in solving the MSSP low cost objective,

5.1.4.1 MSSP EXTRA BATTERY STORAGE

The preliminary analysis of the power subsystem determined thaz the

Lol

R S

) lovest pover system was also the lowest cost. Although this was a
fairly obvious conclusion, it is difficult to opersts on a 40W powver
subsysten when the radio requires an average of 80W. A possible solu-
tion {3 to use extra battery storags. :

Extra battary storage would filter the varistions of system power re-
‘quired. The 80W of power will not be rsquired continuously but depend
upon howv active the MSSP system {s..  For example, if 8OV {s used
continuously 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, the average powver would be 35W. The differen-
tial in power (30 to 80W) for the 20 ain could be made up by using a
larger battery which filters the power requirement fluctuations: a
battery fil:ter.
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For the ptevibus example

(60-30)..% 3.2. --(80 30) * 3, 2 * 0.2
_The system is balanced with a 20 percenc.duty facsor.- When the sysuem A
- operation is beyond-- 20 ~percent;" several orbits- will be required to -
. zacharge the bactcrios Figure 5-40 shows the recharge time, in
orbits, required vs.-the duty factor of a two. orbit time frame. The - =~
time required..'to . rechargo is ' obviously too _long to = expect the - T
" spacecraft t> be “out.of :hc system”.

A pessible first cut “for HSSP vould be a couprouis. of cost with inpucs
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 plocs for this system. System parameters:

... . are: e ] : . - .
] '~§};£-; pswe;MVSBW orbi:al 1votage“' ’ ~-”7]1~Nﬁ'. Ai
-f_ - Requirad.povor (non-transmic): 30W

’ : iﬁ' , Transait power (total): 80W- . -

e

.M3°i‘= 'Ffav‘siza (Orbit$153.50wfi-

ﬁattary,size (filcer lncludadslez amp/hr

i ' - -~ Transmit duty: 40 percent B

Depth of discharge: 20 percent

100 percant duty factor depth of discharge (two orbits): 55 percent
-————Rachazrge 100-percsnt duty-factor: three orbits

SRS B SN I IR )

Lk

ERESIN "‘.»}_:

W

The important parameter 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 parametars such as duty
factor wers not completely defined during Phase I of the MSSP study.
The trade {s presentad as a possiblo aid duting Phase II :

B B

5.1.4.2 SOLA! ARRAY TRADE .

LR £i7e Aests LR g ¢ Ve 6 wasae

_-The most costly subsystems for che . spacscraft are attitude control snd
ipowar. The power ‘subsystem consists of solar arrays, batteries, and a
power controller. The solar arrays comprise 70 to 85 percent of the
‘cost of this subsystem. If. a trade wers wmade to reduce the cost of

this subsystem, the emphasis must be placed on reducing the cost of -
_solar arrays. This analysis will discuss two pcssible opti

A B 5 . AR v AT A DI SL AR N S AT g g, ISR PR T A lar o
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oriencing the arzays a«rd. spacecraft. to increase che array efficiency,
and using largeér bacteries €O ~.overcode . ths 2rray efficlency during low
beta angles. The-spacecraft and array orientation is presenced with a

. possible savings, but it {s not  encirely clear that this option should

N Ea
R

et L

be .selecced for MSSP. The. cost of the raquired atticuce control does-

not nagate the pnssibie array savings ‘for a ~75W ‘system. "The larger LR

bacztery optica was analyzed and found not to be . advisable for MSSP.
5.1;5.2.1 ARRAY ORIEMNTATION DETERMINES ARRAY EFFICIEN

The solar array analyzed for the MSSP consisted of panels arranged
arsund che spacecraft such that the average power was paximized at 2.5W
ser sq ft on an ordital average. This array configuraction is the most
efficient when the MSSP is designed with no yaw stabilizacion. A move
afficient array configuration (more watts pet square foot inderendent
of beta sngle) can be obtained only if che-solar arrays are orientad
ccard the Sun.--This-orientation can ba accomplished in two fashiong:
sounting cthe arravs ca a gimbal thac is goincad at the Sun, or rotati
the spacecraft such that the array {s pointed. toward the Sun:. The
£irst opticn {s not entirely viable because the gizbal approach has
severai negatives - mainly cost, raliabilicy, and lifecime of the-
aechanicai systen. ;

: R : _ : _ - : o o
‘Tha second option has benefits, . but .als0 ‘cost and performance trades-

This opcion involves rotacting spacecraft {n_a fashion sizilar to the
NASA/BASD . Sarch Radiacion Budget Satellite (ER3S). The spacecraft is
rotated {n yaw 130 deg every 27 days (for a 57 deg inclination angle).
Zn sizple teras, if the spacecraft has four solar panels facing for-
werd, aft, to the righs, and co the lefs, ard if the Sun were to the
right, then the performance of the panel facing to the left would de-
erzet from the efficiency of the systea. Likewise, if the Sun were to
eha left of the satellite, the right panel wculd detract from the effi- .

__ciency. The effizisncy of the artays could be increased {f the satel-

lite and panels ws-e rucated to orient cthe parels toward-the—Sun-and— - -

*dalete® the panei on the other side of the spacecraft.

Bafore further description of satellite rotation, the phenomenon of .the
Sun beza sngle should be described. Figure 5-43 shows- a spacecrafc
orbit sround the Earth relative to the Sun. 1f 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
ghsncnenon that causes the nodal regrescion of the satellites for dis-
persion will causs the orbit plane to rotate. The orbit plane rotaces
with respecs %o the Sun by the rate. '
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Twenty-three deg is the obliquiéi-éfwéh:02211§215m3ftfflt of the equac-
orial plane.-out of the ecliptic which results in a seasoral oscillation

(summer/wiacter), and AL refers to the inclination.-angle - of ..the

spacecraft ortit. Dividing 180 deg by the orbit rate.gives. approxi-
.. mataly 37 days for a 57 deg  orbit (approxiuately 81 days for 80 . deg
- . nzdit). For the rest of this analysis, 37 days will be.discussed. 1I:
must be recognized. that different delays “will occur for different
orbizs. If an observer vere standing .on :the top of the MSSF, the Sun
g would appear to be on the left and. . then rise overhead and.continue
g until it wvas orn the right; it would then scan from the right back
overhead to the left. Actually, every - time the Sun passes overhead it
~m i3 at oppcsite sides of the orbit (if a reference mark existed on the
% orbit), but regarding the solar arrays, it does not matler. .
- . R o g R e

¥*

§y shown in Figure 5-44. ' The horizontal axis is time in months; the vert-

% <cal axis is beta angle, both plus and minus. The curve shows a high-

. frequency ripple, which i{s the rotation of.the orbit plane around the
Earth and a low-frequency ripple, which i{s the +/- 23 deg of the eclip-

- tic plane. The curve shown is for a sactallite at a 28.5 deg {nclina-
tion. -

..

“ Flgure 5-45 shows the power output of various solar panels. The bottom

r e R e dtn (D RIS =y s

“The angle -of the Sun out of the orbit plane or beta angle willivary; as-

.. ¢urve shows the output of a four-panel array tilted down 55 deg. This
' array outputs almost a constant power independent of beta angle. When
the bera angle {s zero, the output 1is reduced becauss of the 55 deg
tile. For bigh beta angles, the output is_reducad because only une
panel is in clear viev of the Sun. The other curves show the outputs
. of single panels facing toward the orbit normal and tiltad down 25, 45,
- 35, and 65 deg.. Thesa array outputs would be obtained only if the

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

around would orient the array to the right . or left depending on the
angle of the: Sun. T IR

BURIL S e 1o

The first {tem to note from the one-panel curves isxcho\high;bﬁtpﬁ€$for$i

% high beta angle because the total array is on cne.side of the-satellite
facing the Sun. ' The second item is -that. Sor a tilt angle of 25 deg,
the ainimum output at beta equal to zero is 3.5W per sq ft. This ouctpur
is 1.4 times the output of the four-panel array (3.5/2.5). In -other
vords, oy the simple rotation of the satellite every 37 days, the size

S
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cost i3 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 technique
‘o Required control. softwars

The required yaw concrol'feféi;f to the 'yaw control caﬁabififj éfoﬂé

spacecraft. The spacecraft must be oriented toward the right or left.

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

strained because a +/- 20 deg variation will not have much effect 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 i3 in the satellita velocity- direccion, 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 ty plicing a wheel on the saceIfice with'its spin ‘axis
orlented nesdir. The wheel would spin approximately every 37 days for a
cqitain nmuzDer of revolutions (depending upon the £final sacellite
welght and. Lhysical characteristics). The wheel would then be shut off
and’ the satallite would rest at the new yaw position. The on/off use
of the wheel would greatly extend the wheel’'s 1life, and its design
would be much simpler than that for an attitude control wheel. Rota-

tion of the satellita could extend £for days because rotation is reces-

sary when the beta angle nears 2ero deg impact. This wheel should also
cost much less than an attityvie contrasl wheel. If the wheel cost $50K

~—————and the-array savings were 22 percent-of —a $400K-power systam, the . . _ .

- satellite could save $40K.

Two other options exist for yav-a:ound.

. o With a pi:ch vhcnl
: o With a nagno: -

E;ch of these opti.ns provid.s a viable approach for y;w-afound.. How-

ever, more analysis is necessary to dafine the amount of network

procsssor contzol necessary to produce the procedurs. The pitch wheel

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

would sixply be a wound electromagnet that should cost approximarely
* $100. The on/off spin wheel cost is therefore in the middle.
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" Conclusion

. design cosc.

The yaw~iround software refers to the added capability required of the
necwork processor, which would be. required to time the approximacely 37

. davs between rotations and then command.and. couac. the wheel rotations.

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 tre bacta angle in 10 deg

steps. The beta angle would increase to 57 deg max ‘ot 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 is irncluded,. the:

nuzber of days between rotations will vary; but—as seen in Figure 5-46,
the allowable érror i{s in terms 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 ease the design

of thermal surfacas that radiate -heat from the hot components of the-

satallite, such as the pover amplifier. .1£_ 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.

TR,
SRR I 5 "

around ® technijue. As stated previously, this technique is presented

. as a trade for the MSSP. It - has been used on a large spacecraft with
* iarger solar arrays, - and *“e cost savings was.considerably greacer.

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
smeunt and final cost of attitude control are determined. However, it
does not appear that the savings ‘is sufficient to warrant additional

. Table 5-3 presdnts tha “possible benefits “afd negatives'of the "yaw- '

5.1.4.2.2 LARGEZR SPACZCRAFT BATTERIES

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

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

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

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

could he designed for a higher output {n vatts 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 was:analyzed,: and since
other parameters in the future aight allow this trade to be possible,
it is presented. : '

e o




© ° e ° 3 °

L ‘ 'uIZ9L NIV
: ©. . HHI - HYI WHI YY3

6921 €26

(sd315 Bep o1 (Oop) v138) SAVG

(sdeig .._a_ uy x...wm' sheqy snsion Aensy ehuig jo 1emod  94-G c.:ai

L59

0CcY

B S Tl
R i, . {

0
N

1] — e
8
N

™ N

Q==

] |

T3NVd 3NO Bep g9 (5]
713Nvd 3NO Bep 59 ()
T13NVd 3NO Bep o ©-
TANVd 3NO Bop 52 @1
3NV UNO4 Bop 55 ®

_ [ 1

"

43

A @ N © 0. e

ol

. 14.0S/SLIVM H3IMOd DAY

-145-




> Te - =C_;_‘:-9_" c -r PN = "
A -~ TABLE 573 TRADES ‘OF YAW-AROUND' SPACECRAFT ~  “% =2 ™
Aot tOUT e UNEGATIVEST B

B’VEFTTJ ' T el _

- Teeenne seniients
* ARRAY zrrxc:z:zc'?‘ ST e "0 % ARRAY DEPLOY‘IENT :
more watts/sq ft B ' conplicated deployuen:

ey m

* DEFINED THERNAL INTERFACES
cold side for tharmal dissipation

* ROTATION DEVICE °
yheal needed to rotate

* YAW CONTROL

= * YAW CONTROL
solar array oriented to help yzw " processor needed to
‘time yaw-around

S ) +/- 20 deg

4

* SMAILIFR SOLAR ARRAY * SPACECRAFT YAW
s louver launch cost : _ izpact on communicacion
: - K 4 , ~ vhen S/C rotacing
e R 1 D .L'v'

N\
. - . . .
: Lo E
2 - .AA,. . 1» - -
»

i Sems e me
. -

¥ T -
BRI R
g
L
-146-




The solar array output presenced. in - Figure 5-45- showed. chac che-;tray
‘output increased with larger beta angles.. Also, as shown in Figure 5-
because of the sine function . of .the. beta angle variation. If larger
Batteries were used.and. the depth of discharge of the batteries was:

with a smaller size for..the..larger output rate. The periodic large
depth of discharge of the batteries could actually help condition the
batteries and would not greacly degrade battery lifetime. The batter-
fes would go through a large depth cycle ratea 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 with 80 percent convertor efficiency and a factor of 1.2 for
array/battery charge efficiency. Or, the.array power needed is:

79 * .o *°1.2 =« 112W ' -
s ' 0.8 ’

. Figuce 5-47 shows solar array cost. vs. array output with an assumed
array cost of $7K per.squares foot. These numbers will vary with the
fihal satellite design and production cost variations, buc the shape of
the curve and the cmmclusions should be valid..: Alsolshown in Figure 5-
47 {s the rats of cost change :vs. array outpuf.’ The item to note is

. that the impact of power output change from 2.5 to 3.5W per sq fct 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 112W array, and a bacctery depch of
discharge of 60 percent, the battery size necessary to replace the
power from the solar arrays can be calculated by integrating the data

.. _in Figura 5-46. Figure 5-48 shows the battery size needed vs. solar

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

deg. The 25 deg tilt, for array output of less than 4.5V per sq fc,
requires the least battery complement. - However, the battery size for

even a 4W/ft"2 output is large: 33 amp/hr. This magnitude of battery

would produce both battery and weight increase costs thac would exceed
the savings of the solar arrays. ‘ :

Coneclusion

The arrsy savings vill be outweighed by the cost of the batteries 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..

allowed to increase during low-beta. angle, the array could be designed .
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5.1.5 POWER SUBSYSTEM CONCtUSION

The power subsystem. is the main cost driver for the satellite bus for
‘the MSSP. This point was stressed: throughout the-Phase. I study. Tie.
Jain cost for the power subsystem was . shown to be the solar array in’’
~rerms of both base cost and additional cost for launcn. The final
“power requirement for the MSSP was concluded to -be 75W. Wich chis
‘power level the final parameter: ~< the power subsystea are: -

Power level '75V B

Array type four-panel Mansard; 55 deg tilt
_#* Array size . 8.1 sq‘fc
A : D;pth of--dischacge ‘5 porcanév
o ~Battery size ' 36 amphr
. Power controller ~ Current limiting ‘f

 Saveral techniques to limit the 'size of the solar array wara analyzed
to reduces the satelliza system cost. Thé MpRsard solar arrdy design,
wirich maxizized the array configuration for pover cutput, vas very
Yeneficial. Trades of battery size and satellite orientation for re-
diziced solar array size were analyzed, but did not preduce cost savings.
However, thess trades may be considered again—if the requirements of

__ the MSSP mission cause future changss in duty factor or attitude

control.

-

- The cost of pover for a 75W MSSP satellite is about $3K per watt for
the pcwer subsystea components. Structure, test, and design ccsc will

“zaise this value to about $3K. Whén latnch of the power—subsystem-is. ..

also cons;dnred. the total cost of power would be about $7¥. per wact.




5.2  SATELLITE ATTITUDE CONTROL

The satellite attitude control subsvszem nust provide a stable platform
to--achieve communication:-which. is.: the main: -mission- requiremenc.

Selaction of the attitude- control subsystem . design is .pivocal in a
auzber of tradeoff studies with other subsyscams (such as ainte.aaa,
povwer, thsraal, and orbit datermiration) in- escablishing the cost
effacziveness of the overall mission- design. Previous MSSP syctam
studies by ESL (Technical Memorandum No. ISL-TM1632, 15 June 1983) have
found gravity gradient stabilizaticn systems to be :0st cost effeccive.

There ars, thowever, a wide vsriety of gravicy gradient systenms
available. The studies presented in this secticn hsalp to quantify che
cost and perforzance of che variops gravity gradient stabilization
srstams,

5.2.} GRAVITY GRADIENT POINTING ERRCR SOURCES

" The Basie gravicy gradicn:'sysceu consists of a2 passive damping device

and an extendable boom that is used to separata two end masses. The
separation cf the end casses c¢ypically produces transverse-to-
longitudinal inerczia ratiosd in the range of 10 to 100. This resules in
gravity gradieut torques that restors tha longichdinal axis .toward the
loca.,vartical. The ¥asic systea does not provida*any’restraint about
the longitudinal axis so that yaw is uncontrolled. ~ _.

Soomgesizn technolegy developed rapidly during tho-19603 in an efforc
“to uﬁximiza thermal bending effects.: Thermal bending <an result in
inscabilicties that degrada pointing performance. This was pa zicularly
2pparent in the early systems when long booms (20m or more) were used.
Tha.- MSSP design should not be subject to thermally induced
instabilities sincs & short (1l0M or 1less) rigid bocm is planned to be
used.

S MS.H.‘“‘;M(;P!'J‘:“ 5o g e

The danping device is required to damp out roll and pitch libraticn
The simplest passive damper (hysteresis rods) consists of a triad of
orthogonal aagnstically permeable rods. Rotation of the triad in the
" Earth’s aagnatic £ield produces hysteresis losses. A magnatic ball
floating inside of & ccndusting sphers 1is the other connonly used

danper (eddy currant damper). ‘The magnet follows the Earzh'’s fileld..

The rotation of ths spherical shell, with respect to the nngnec
produces eddy current losses in the conducting material.

The eddy current damper gives better performance than the hysteresis
bars:but is oore axpensiva, Both types of dampers produce disturbance
torques on the spacscraft due o the changing directions of the
magnetic field in the orbital reference frame as the spacecraft goes
dvcund in orbit. The disturbances vary inversely with the damping time
consant. A typical value for the eddy current damper is one degree of
disturbancs with a one day time constant.
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A wvice vnria:y'of'orhcr-danplngﬁnechangsib’ﬁéfg been prop&géd. §6me of
then wvere buil:t and flown on--early gravicty gradient satellites.. Crne

' dazper that flew on-fcur  APL: satellitas in  cthe early 1960s was the’
lossy spring between the ‘end of -'the- bcom” and-the ip mass. The cize . =~
varying centzipeczal force, resulting from -libration, caused tha.tip
mass to move ip and out, therebv absorbinrg ~he libration energy in .the

mechanical hvsraeresis of <he--spring. The " lossy spring vas usea in
coajunerion with hystaresis rods. - The use of the lossy spring was

disconzinued after Tealizing thar the rods used alone were effective.
All of zhe other dampers. except hysteresis rods and :¢ddy current
daxpers, have also been discontinued and are noc commercially avail-
" able. e - '

Nost gravity gradisnt systeas are designed to operate in nearly
circular orbits. The time -varying orbital Tate in an eliiptic orbit
tends o puxp lidbracion in  the -orbit plane. The orbital eccenzricicy
(e) prodices a once per -orbic sinusoidal rpitch oscillation with an
amplitude of. ' . ‘ - .

$ = 2e (RAD) vhere oy = (Ix - Iz),
3’ y‘l ) . Iy )

For a cyyicaluéihvi:y gradlcntAsicallito;iwtho.rclleix)Aﬁhd pitch (Iy) -

inertias ars approximately equal and at leact ona order cf magnituce

greater than ths yaw (Iz) inertia .y~l. The eccentricicy of MSSP will

be less than 0.0015 to keep a reasonable altitude variation betwean
satellites. This results in a pitch aoplitude_of less than C.1 deg.

Two potential disturbances to the attitude- of a gravicy gradienc-
stabilized spacecraft can be minimized by careful configuration

‘control. Both the aerodynamic drag and solar radiation pressure

. torques are strcngly dependsnt upon configuration. ' The following
. design goals _are given to __help minimize the effect of these

disturbances: 1) The regquirsd booa length is miniaized by equally
dividing the mass of ths spacscraft betwveen the tvo ends. 2) The area-
tc-mass ratios of the two ends shouid be tha same to minizize aerodyna-
mic disrurbance torguas. 3) The. end.. masses should be:of a coavex
cylinarically syumetric design sliminating variations in torque as a
function of yaw attituds. &) The surfacs properties of the two ends
should be similar co ainimize solar. torque.  The ideal configuracionm,
from an attitude contznl viewpoint, would consist of two identical
spheres as end sasses.

B2SD has examined a number of differentvsﬁécictaft configufttiéns with

seak solar radiation snd aerodynamic torques =t 625 ka altitude ranging .

fro: 5 x 10°7 Nm t3> S x .10°® Nm... . These are often the dominant
disturbarce torques for configurations at the high end of this range.
Residual magnetism {s usually the cdominant disturbance for the
cavefully configured spacecraf: at the low end.
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The aerodynaaic torque decreases with atmospheric density ac highet

ize variacions of the disturbance torques may. lead to resonances. The

about 14:00 hr snd minimum d-n:i:y ac 3:00 hr.local solar ctime. The
torqus will appear primarily as...a biased sinusoid at che orbit rate
about the orbic-normal. This carquo can cause .pitch oscillations at

orbit rates that are several . degrees in. amplitude -in.low altitude -

orbits. Howaever, this torque is not the main concern. Szaller. tsrques
may producs much .larger attituds responses {f .they appear at the
resonant frequencies /3wo in pitch or 2vo in.roll. Wo i{s the crbital
fzequency or 2Pi/pnriud or approximately 2P1{/96 minuctes.

The pitch acrodynamic torque {s a function of the yav attitude for
conc.vo configuracions. The deployed solar arrays shadow each other
.and the mzin body by different amounts when viaved from different yaw
angles. The ac*odynaaic rorgue in free molecular flow depends directly
on the arsa projected into ths wiad. Consequently, the pitch torque
will cscillats as the :cpacecraft rotates in yaw. The critical yaw
rotation rats is 3/4 wo for a typical configuration with 4 deployed
-4TTAYS. Thi- yav Tats produces a pitch disturbance torque 2t the
rescorant fraquency {a picch. The propensity - of the satsllits to
2aintain :ho civitiaul yaw rata (about 0.0266 -deg/sec™™ for MSSP) {s
dspendent upon the configuration. - Some configurations result in almost
nc yaw torque. Others, with canted arrays, have yaw torques that vary
wizh pitch actituds. Generalizations on this potsntial pitch resonance
should be avoidad since it is so strongly depencdent upon the details of

' :ha configuracion.

. Roll i{s also subjested tn a naturally occurring forcing function at
rasonant frequency. Solar radiacion pressure has a component at the
secoud haracnic oI orbital frequency for eclipsing orbits. The

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

locaticn of the ascending ncde with raspect to the sun line.

Censequently, the duration of the maximum resonance conditions deéends‘,

vpon inclinaticon &ngle which detaraines the nodal regression rates.

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

prodiced by this resonarce in an engineering nots on pages 743-744 of
the June 1968 Journal of Spacsecraft, Vol. 5, No. 6. Presumably, the
second haraonic of an. aercdynaaic to:quc {n-yaw could couple into roll
througa the yawv rates. : :

, It should be observed that one of the principal reasons for adding a
. constant speed pitch wheel to a gravity -gradient-stabilized spacecraft
. i{s to break up the ressonancas described above. The vheel provides yaw
restraint. This prevents a conscant speed yaw rotation that may
procuce pitch disturbance torques at the pitch axis natural frequency.

=153~

al:icudes, but.-ic will still be significant. at.625 km.altitude.. The

waxiaua aerodynamic torque variation will be - due to the diurnal bulge:
in the atzosphere caused by 'solar. heating.. Maxizum density occurs ac..

&




The wheel also changes the :natural.. frequency {n.:roll’ so:thac the
naturally occurring second harmonic. disturbances will not. be in
resonance. Iz .{s a commenly held . misconception:that.a wheel is added
only to izprove yaw pointing. Significant improvement in pitch and.roll

can be achieved by the addition of a wheeli. Pitch and.roll amplitudes-

can be limized to che order of one degree for a carefully configured
design that includes a pitch wheel, such as GEOSAT-A launched in ilarch
198S. ) e . . S .

The folluwing table gives the documented pointing perforzmances. of four
basic gravicy gradient systems. The data for -OSCAR-1l4 and GEOS.II is
actual flight data as presenced by D.K. “Anand in the Jourmal of che
Bricish Interplanetary- Sociecy, Vol. 26, pages 641-661, 1973. The
TRANSIT SA flight data is from a paper by F. Mobley and R. Fischell ac
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 presented at the 1986 AAS
‘Guidance and Control Conference. -

-

L3
[

1l

B 1

T I

@ - . . T e '.:r:aJ:--t-h-——’—--'.— —iea ¥ P

=154~




Spacecrafc

Boonm

Length

CSCAR-14

30.5

TRANSIT 3A

30.5

- GEOS-1I
8.6

- GEZOSAT
“§

%

AL

Vertical-7 dag 1.208 Re. 0.032

Roll 1 deg 1.125 Re 0.003

Pitch 1 deg
. L

TABLE 5-4
PERFORMANCE OF.BASIC'GRAVIfyiGRADIENT,SYSTE&S '

Pginti;g 5 ffg;ui-ﬁ;j;;.Té;;;ntr;;ic},“ Danﬁer“
Accﬁ;aé} ;5 T rAﬁ1s"4 L - |
Roll 10 deg 1.169 Re 0.004 Hysterasis
Plech 30 deg Bars o
Roii 6 d;g::"A 1.117 Ro  0.003 » Hys:etesis
PicchkéAa;g | Bars and

Lossy spring
- Eddy
Current

Eddy

,Curzent and
"Wheel

=155~

4
[
Tip
;Hass = <
1.3 kg :
1.8 kg - |
3.2 kg L3 - ‘ .
45 kg
B .
|
q
q
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Table 5-5 is copied directly from Anand’s paper mentioned previously. TTTRD aeend
It.shows the percentage of time -that the boom axis of GEOS II was ‘

- within a specified.angle of :nadir. These. entries are bnsed upon 434 B
7 daca points :aken:du: ns two: sepataca cime incervals S ST EeA
“ N . ‘[ABLE_S S s " 7 miiom e T ce LT * it AN
. ' QUANTITAIIVE FLICHT PERSORHANCE OF GEOS II . Co RS S
'} ; _Nuabet,of>m ERR FrsQuency~ Cunulat-ve R DR TEETRES
: vert data:points®-- L 5 frequency. s - -
0 deg-1 deg I 1.6 1.6
1 deg-2 deg 62 14.3 15.9
. 2 deg-3 deg 130 30.0 45.5
3 deg-4 deg 140 - 32.3 ~78.2
- &4 deg-5 deg 78 18.0 _- , 96.2
- --S deg-6 deg .. la 3.2 99.4 .
) 6 deg-7 deg 3 . 0.7 1C0.0 '
*Data points recorded a: one-minute {ntervals on days 135-138, 254 and
‘255 : _ 1968. :
! « - S o LT *-
:t}.' -
/'.’”
%y . 5 -
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5.2.2 GRAVITY GRADIENT SUBSYSTEM.COS1. ESTIMATES. Coiaenios

The: total cos:?fof{ ﬁh:ﬁ aé:i:uAAa s:abiliza:iéﬁ ,subs;sten sin;iudei

plus design, integration, and test costs. The last three items. depend
upon the specific design configuration 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 systems. Table 5-6 gives the estimated.
size, mass, power, and.cost. of various components for gravity gradient
stabilization of MSSP class spacecrafc. The cost figure includes the
estimated price from the vendor plus $3.4 K/kg for launch cost plus
$5.0 K/W for. on-orbit power.

The certainty of the cost: numbers in . this ctable varies greatly. 1In

general, the costs have been adjusted by the potential vendors to

.. reflect purchases of several hundred units in 1930 dollars. The nmost

. notable exception to cthis is the eddy current damper where the

potential vendor cnuld only quote a single unit price. The other

significant exceptions are the hysterasis bars aad torque rods. It .is

anticipated that the extreme simplicity of these elements will permit

* dramatic reductions in. the vendor pricas for these components. If this

assuxption is incorrect, then the price of a torgue rod could be as
zuch as $3CK more thar. that shown in the table.  -—ow=e -- = -

Note that the attitude determination equipment has been included in the
table for the sake 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. -

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

-————nunbers—fotr each -systea' design- are— summed—from-the-component costs— -

given in Table 5-6. Consequently, the system cost numbers given in
Table IV include launch and power cost but do not include design,
integration, and test. - The pointing - performance entries are derived
from digital simulation results presented in the next section. The
four entries under performance are dsviation from the local vertical,
rall, pitch, and yawv, respectively. The deviation of the boom axis of
the satesllite from the local wvertical {s approximately the square root
of. the sum of the squares of roil and pitch. For small angles, roll is
the angle about the velocity wvector, pitch {s the angle about the
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
results ars for the specific parameter values described in the
following section. :
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hardware and launch cost, cost of-providing electrical power on-orbit, .




COMPONENT
Bi-Sren Boom

Hysteresis
sections
Bars

s.lar

.Eddy Current
o ca- sec
_ - Damper
Constant

ébnscanc

épged Wheel
N

Scanwheel

Y

€

Scaavheel
elect onics

. Torquerod
~ " Y24 Sensor

M: znetometer

aa;ndconoc.r

Elactronics

TABLE 5-6 = 0.

ADCS COHPONEHT CHARACTERISTICS

st1ze. ' MASS POWER COST

-158-

“ s
w

COMHENTS

llem x llém x 15ca 1.0 kg - 43K <20  Extended
0.6ca diametsr 1.0 kg - SK. - 8-35ea.
4.4 Total Length ) enbedded {n
arrays

13ca kigh - 3.0kg - 140 K 70,000 Dyne-
15¢cz diamecter Damping
Mounting Flange .
1Scm diamecer 2.5 kg 8.0 125 K 1.0 Nms
10ca length ' ‘ .
D e - e B : W%_ :...é-ami . -y
"17ca diameter 6 8 kg 3 SW 144K 5.7 Vams, 25'th
18ca length 30.0w
15ca x 15ca x 7.5cm 1.6 kg 2.5W__ - Included wich

a Scanwheel
2.1ca dismeter 0.9 kg 0.7W 10K 30Am?
S6ca length -
11.5ca diameter -3 kg - 3W__7SK_ 4% x 4O FOV
25ca length
7ca 2 7ca x llem 0.6 kg 1.4W S1K 3-axis sensor
lécm x licm x Sca 0.8 kg - '« Inciuded with

Magnetometer

7 e s,

.;u.u- Lot




B)

<)

A)

CONFIGURATION

TABLE 5-7 -
ADCS SYSTEM DESIGN CO

PERFORMANCE

- oTi(Deg) s

. Local Vertical,

"“Rell, Pitch, Yaw

Boom, Hys:nresis;w'
Bars

Boca, Eddy
Current Damper

Boom, Hysteresis.

- 3ars, Constant

D)

- Whesl

. Speed Wheel

Boom, Eddy
Current Damper,
Cdanstant Speed

§
* Qost
-
L
. -
— -
i
-

includasfﬁ;‘haxdwage,.

.19.4, 17.8, 7.8,
180.0

5.3, 4.5, 2.8,
180.0

2.3, 1.0, 2.0,
2.5

1.8, 0.2, 1.8,
.0.4 :

.. Mass

ﬁlaunch.

.o

MPARISON

W T, s derie e

COST*

Poame
R T Y

2 kg

4 kg

4.5 kg

6.5 kg

0 $S4.8K "
0o $196.6K

8w $228K

8w $370K

v‘ﬂd?#{’ﬂpotﬁlt * power. .t
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$.2.3 SIMULATION RESULTS

*  BASD has developed a digital computer simulation ' of . the. attitude

dynamics of an MSSP class gravity gradient-stabilized spacecraft. This

: simulation has. been used extensively for preliminary design and -
. performanca prediction. In general, the simulatad res:lts correspond

closely with the wealth of data on gravity gradient.s:stems that has

been published {n. conference -papers; journal.articles. and technical.

reports over the last. 25. years. The. =majority_of: tzis data is of
interast only to detail design engineers -and. will not be recounted
here. Instead, four specific simulation runs will be presented that
support the pointing performance predictions that were made in the
preceding section. ' :

_The orbit used in these . four cases was a circular orbit az 600 km
altitude with an inclinacion of 80 deg. ' The magnetic field mocal used
"in the simulation was the tenth order spherical harmonic expansion
givan in the 1985 IGRF dodol The. atmospheric density model included a
diurnal bulge 2 x 10-1 k,/m Tha peak aerodynamic torques resuiting
from the diurnal hulge wers 7.4 x 10°8 Na and occurred once per orbict.

The ascending node of the orbit and time of year vere selected to
‘provide an orbit with 25 parcent eclipse. tize. ,This resulted in solar

torque components that were nearly sinusoidat‘thﬂpttch ‘and onm-off stap -t

- shaped in roll. This phasing was daliberately selscted to maximize the
ddh:cn: of the second harmonic .of orbit rats in the roll disturbance
:orqus The amplitudes of the pitch sins wave and roll step solar
torques was 0.6 x 10°6  Nm: Nots that the cunditions given above
represent a worst case combination of environmental disturbances.

" The simulated spacocra £t had roll, pitch, and yaw moaents of inertia of
" Ix.= Iy = 198.8 kgn? and Iz = 17.3 kgmz 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

Thad a cross sectional area of. 1M2 ¢ displaced £ ca from the center of
mass of the systenm. The upper body had a cross sectional area of
0.0232 and was displaced 7.3 by the . boom from the system’s mass

centsr. In all four gimulated cases, a residual nagnecic dipola of ~

0.1An2 (100 Pole-ca) along the boom axis was .included.

Figure 5-49 corresponds to configuration A .in -Table $-7 which i{s the
lsast expensive gravity gradient stabilization system. The hystaresis
bar damper in this configuration consists of. threa orthogonal rods of
AEM 4750; each rod is 0.75m long and 2.5mm in diazacer.. Ths saturation
oo magnetization of the rods is Is = 10° *6 Tesla. The primary disturbance
Y to the pitch and roll attitude is due to the induced magnetcism 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.
Yaw {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 nsximum deviation of the boom axis from the local vertical
. is 19.4 deg. It should be noted that this large error is.due to a
' “orst case set of environrental torques. and that. design‘opcimizacion '

may result i{n apyreciably better pointing performance. e b
Figure 5-50 corresponds to configuration B8 {in Table IV 'which uses an
eddy current dazper in place of the hysteresis bars. The eddy currenc -
damper simulated in this case has a damping constant of Kd=0.00l4 Nams
{14,000 Dyne-ca-sec). Tho pitch and roll errors are greatly reduced.
from the preceding case resulting in a maximum pointing error from:
vertical of only 5.3 deg. The yaw attitude is still unconsirained;
however ths average yaw rate {s now reduced to approximately one
revolution per lay. Once again note that some pointing per‘oraancev _
inprovement is possible by opcinizing the system patame.ers . , -

Figu:e 5-51 . corresponds to configuza:ion C in._ Table 5.7. This
configuration uses the same hysteresis bars as configuration A and adds -
a small constant speed pitch whesl. The sizulated angular momentum of
the wheel is 0.25 Nm. The addition of the wheel has coupled the roll
. arid yaw motion with a nutation frequency of approximately 5.2 wo.
Wichout tha wheel, the roll 1libration frequency was 2wo’ vhich was in -
resonnnce vith the second harmonic of the discurbanca torqu-s :

: Fg;p:s 5-52 cotresvonds to confi guracion D in Table 5-7. This
configiracion uses the same eddy current damper as configuration B and
adds a 0.25 Nms pitch vwheel. The pointing performance in roll and yaw
is. app.oxi:a:ely five times more accurate than for configuration C.
However, the pointing performance in pitch is only slightly becter.
Consequently, - the maximum deviation from the vertical is not
significancly bectter for the momentum bias system with the eddy current
dampcr than it is for the momentum bias system with the hysteresis

—-———bars.  —— e

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 systea can be enhanced with the
addition of various components. The performance {s obtained in
discrets steps with 1nc:o¢sos 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 controi. The fmportant
factor to be traded is the cost trades of attitude control vs. pointing
compensation via the spacecraft antenna. .

Analysis by the Phase I antenna team members has shown that the antenna
and natwork processor can compensate for the attitude error (Section
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5.5) at relatively low costs. The final .;éfﬁiﬁg' ;:dﬁp-ﬁégtihg‘ -
estizates for the payload - radio and ancenna'gfs‘SIOOK.:o:§300K. .

- The antenras can compensate for cthe unconctrolled.yaw by thei: requirec

_azizuth scan capability. The antenna designs prasented use tha

. elevation scan capability of the crosslink antenna co provide coxzpiece

. up/dovn link coverage and reduce cthe size of the up/down antenna and
therefores, the-diameter of ‘'the space:raft. ~ These binefits - cost,
perforzance and stize - direct the conciusion that .the attitude controi.
svstem be a gravity gradient boom with.a eddy current daxper.

e

e
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5.3 STACECIATT CCMMAND AND TELIMETRY

A nor=al svacecraft ceommand and telesetr: subsvstem is necessarv 2o
reconiiguze the spacecraf: ind gather inlormaticn on the status ol .che
spacecrafz.  However, the MSSP spacecrafz {s mnot. ctypical. The

sfacecrafts payload is the ancenna, =ridin, and recwork processor. The.
pay’ rad provides the satellite coz=unication. Most commands . or.

telezetsy ini:rmstion.{s resonant within the network processor. Actual
spacecrait reconfiguration commands were not iderntified during the
Fhorse I study buz, if needed, could be simply provided via an interface
with the network processor..  Spacecraft telexzetzy which is mainly
nealczh zmonitoring of the spacecraft and payload can be proviced also
via an interface with tha necwork processor.

5.3.1 SFACZCRAFT TILEIMITRY
S-igecraft telazetry, zainly concermed with voltages and temperatures,

necessary to azonizor the svstem and analyze spacecraft failures.
‘Tha level o telemecry will be dependent upon the state of spacecraf:
;devéloraenc. During the breadboard and. prototype phases, more
talazetry will be required than flight model spacecraft.

Sc';:al factors, such.as cthe magnitude of the telemetry, ir:reasing .the
nutber of chanrels to, be wmonitored, and grouna station capabilities,

w111 increase the cost of th system. The &type of telemectry to be

zongtored will - also affect <he  zost, Texzperature data with
corgitioning céircuits (to develop voltage for_ the thermistors) and
aralog/digital convertors are the most expensive, analeog data (voltage
'or T power zmonitors) requiring arnalog/digitzl convercers are second.
.ard serial digital and bilevel or 1/0 truth data are least expensive.
Texzperature, voltage, arnd signal levels are gererally zore i{zpor:zant
for t:oubleshoo:ing than bilevel data.

;aole 5 8 is a prol.a;nary talemetry data 1list and dependent on
acceptance by radio and antenna personnel.

More telemetry channels zay be desired but linicing the number o 40 or
320 bits (8 bit analogs) vwould enszdDle Jata restriction to one message
packet from che. satellita. Another advantage is that no changes would
be required between the braadboard, prototype, and fll;ht models when
testing in the thermal vacuum chazbers {s dona.

The firal amount of telexzetry will depend upon what is neecded, in
addition to perfor=ance and health telemetry, by the radio and antenna.
The ADACS subsvstea has a ctelezetry 1liszing £or roll, pitch, and yaw
attituda sensor telezetry which is only nreeded on the breadboard ard
prototype unics which have sensors to verify the attitudle control.
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Spicecrafet

Antenna

"TABLE. 5-8 . .

. PRELIMINARY TELEMETKY LIST -

-
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Power. oL - .
e Battery current Analog
- ~:. . Battsry cell balance:’ .. S S e
© ... Battery voltage .- =
-Solar array current .- = o
.. Regulator volctages- - .. s Y
Bactery temperacure .-
Solar array temperatures: v.
Heaters 4 bilevels
Therzal. . (in subsystems) =
Stzucture (in subsystems)
CS3H -
Network processor temperature Analog
Necwork raf bics(?) 8 Bilevels
. .. Network processor injection .Analog
—— S S SO Yo e
AS&CS - -
: "Boca position “Analog
- Wheal cpeed .-
Wheel Power N .-
Wheel Texperature . "~
Roll Attictude ..
Picch Atcitude .
Yaw Atticude o,
- Up/down controllers 8 .bilevels
Tezperature mornitor Analog
Radio AGC .-
RF powar monitor "
PA curcent monitor ..
PA texperature ..
Cscillator temperaturs ..
Antenna tezperaTture 3 Analogs
" Antsnna reference bits § Bilevels




~ The spacecraft telemetry is gathered by an - interface box within the

spacecraft stored. in the network processor memory. .. The process for

reading perforzmance data such as the radio AGC which is onlv +ralid a:.

cértain tizes will have <to be: determined. The analog data will be

converted into an 8-bic, 0 o 5 wvolt by a 0 to 511 count analog-to-

digital converter. The telemecTy can be ctzken by the interlace at a
relatively slow rate and storsd into the:- network processor memory.
“hen a determination has been mads that cthe health of a spacecrafc is
of concern, tha ground station can call the network processor which

-sends data stnred within the processor memory simulating traffic daca.

The network processor could also process the telemetry data. The
health data in the spacecraft will have nominal levels for all of the
data chanrels verified during the breadboard testing phase. Therefors,
lizics +/- will existc for the nominal levels for the performance and
bilavel data and definitely exist for the voltage and temperature
(heﬁ}:h) data. These data ranges could be stored in the network
processor mexory and then verified by the network processor that all
data .read is within sctored nominal lizits. A health bit 1 or O stacing
tnat all checked parameters ars within predetermined limits could then
be {nserted in the overhead of any message. from the satallirte.
”. N . - - ‘-v‘ >

The ?sr:a: fot‘addiﬁgfihforna:ion to the overhead, such as health daca,
will have to be detsrzined; however, incarporating such a format would
gTearly eliminate the amount of ground station - support needed to
zalatain the sysfrea czeating a large control cost saving and more
autondzous system. E ' -

~

5.3.2  SPACECRAFT COMMANDS

Commands external to tha nocwoik~prcé§ssor are not envisioned. .Uplinii
to the spacecraft such as ephemeris dazca, time dacta, or a request for

spucacraft status would be handled i{nternal t> the nectwork processor.
Any external coomands would require an external interface with
telemetry for confirmation and would .degrade system aufoncmy. If
requivred, by the radio or antenna, the comsand function could be
accomplished by the network processor and an interface circuit which
would 4rive latching-type relays.

=

&
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5.4 SPACECRAFT CARRIER CONFIGURATION

This analysis was performed as .a means of generating an approach to
deploy the satellites at the desired altitude and identifying any cost
drivers which would {impact the: satellite design.. -The primarv
conclusion is that as the sactellite size increases: the number of
sacellites per launch decreases and the total system cost increases.

-§.4.1 SPACECRAFT CARRIER CONFIGURATION

The carrier proGidas the means for launching a group of MSSP spacecraft:
on a single structure, thereby eliminating the need for individual
propulsion systeas on each spacecraft. The Orbiter Maneuvering Vehicle -

- (CMV) places the loaded carrier in the proper orbit. The OMV.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 che
systea on orbic. : '

Various corfigurations were considered to tIry-to optimize the packing
.density capability of the carrier. The best configuration uses a

hexagonal-shaped structure rather than square. If, however, the hex:
structure shows by analysis to be marginal .in. capability or ‘teo .’

éifficult to properly manufacture  to - the required tolerance, then the -

1§guare-based concept will have to be reconsidered.

fach of the five :.rrtars shown in Figures'S-SS_;htough'5-57'ocduby"the7

same 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
we tha obvious choice, loads analysis may again dictate one of the
‘smaller versions - concept 2 or 1 - be sed, as their structures employ

— - ———petter—load paths throughout the primary structure. P

The most efficient carrier, the 19-hole hex structure and spacecraft
were initially selected as the spacecraft carrier configuracion

baseline. However, since a 28-inch antenna became a possiyil;;y, a new

carrier was configured and is shown in Figure 5-57.

Launch costs per spacecraft are increased as the nunbet'of?ipicecraft

per carrier are decreased. The .impact that antemnna diameter has on- -

launch cost as a result of carrier volume being consumed by the larger o

antenna follows:

Antenna Diameter Spacecraft per Carrier
18 in. - 26
24 {n. ' 19
28 in 12

o .. ... =170-
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| The:impact of a sf.:e change-.. ofm,;he. HSSP.WLS,M..JO £oldmﬂsesides-..hew--
_possible increase .in.cost due to shuttle bay length or weight increases.
($1500/1b shuctle launch);~a-more-~basic—factor~occurs = TEKe number of ™™™
satellites per carrier on -;tha _shuttls. ;qj,.‘ll.,.,decre,ase.%_Ihe,.‘phenomenon-,-..J
that fewer large diameter- spacecraft can be launched per launch vehicle

will be comzon forrall.;of~~the possible lavnch'metheds. ~Flgures '5-38"~
and . 5-59 present three . point. curves, . based.. upon’ 'th& analysis. of . :he

thue possiblo spacacraft: diane:ats. SoF
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5. S RADIO/ANT*VVA IQTERFACES

: Cmw erhLooa sl anestale nd DleleEo g0, SF REEIn e
Thcﬁanalyses of :hd spacac:aft {nterfaces wicth the radio. and antenna -
sumzarized in chis section were conducted to establish antenna size,
antenna shape, attitude.control vi3. antenna pointing-and the concern of
operation of the - antenna and .radio . at:. high - power-(1l0CW) in‘space.
These analyses wvers performed. easier in.: the. Plase I study effort to -
identify concerns. The analyses provided {inputs. for a satellite
strawman which was:presented at.the early working group. 'meetings. Many
of the trade consideratiuns wers modified : or - the:. performance and
interfaces of the radio and antenra . were refined by those team. members
in the latter stages of the Phase I study.

. --.Ths antenna pointing/attitude control analyses identified ar. 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 antenna teaz members and an early starct
on the configuration analysis of the ' spacecraft -solar arrays. The
"analyses of tha -radio/antenna. high . power operation demonstratad the
capability of the spacecraft ¢to operate with RF peak pover averaging
and identified other concerns of high RF powet operacion.

5.%?1 ANTENNA POIWII)G ERROPS AND AITITUDE CONTROL

s _ ' :
The, objective of this saction {s  to 1doncify ~=h. antenna pointiag -
errors and the resultant antenna. pointing loss. As . the error

paranecers are defined, a. cost ctradeoff of.antenna pointing loss vs.
.~a::icude control can be cstablished : .

. Based on ancenna.cxpetience from other spacecraff;‘we have established
- -———two-raquirements for—-satellite - antenna—pointingi—1l)-state pointing .

errors and 2) show antenna gain, loss vs. arror. The last requirement,
loss vs. ervor, will determine the meac: of :ho Acticuds concrol

Errors associated with poin:ing the antenna havo been dct.rnined as :he>

following: 1. antenna.  mechanical error, 2.. antenna. pointing error
3, pointing calculacion  error, = 4.. attitude control ertot.

spacecraft movement. Tho .eTTOTS can. be dafined as: follovs' wos

'-r-‘ -

1) . The antemna ncchanical c:ror is tho physical ulignnon: of the -
. antenna to the spacecraft attituds zero.. The value +/- l deg was
- chosen because it ‘can. be- obtained. withou: ccscly clignnen: '
. procedures. - . - . .. ‘%r-%nm ;?mﬁvr el ST

A
L)

2)  The antenna poinﬁing’érzaf {s the real. an:enna‘poiﬂ:ing error or
the design capability of the antenna. alonn. I .

3) - The antenna poinciﬂg'{éléulation error is :he-eftor of the:digital
processor to determine where to point ~he antenna beam.

A1 e o
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RS SyH

TLG attitude control. error-is - cho satallico pla:furn s auilitv to

correc:ly orientate.the:antenna:

4)

Sy
e = boas
S S

Thc spacecrafc =o§enanc ctror -s~dependenc upon ‘the  update tize: of‘ﬁ“'
the antenna pointing:error - (especially ‘-a: steppead: beam):
osscntially the grandularicy of - thc an:cnna bcan positions

cae —
qu& Sy L
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The errors do not. add: to & F worsc case.

A tacliscic mechod of"

calculacing the total error: is .to:calculates

errors squared.
¥ -

-~ 2
fe = SQR{ (Ol) + (ﬁ2)

2
+ (#3)

2

the' root of the sum of the
The pointing error equation can be written:- B

2

+ (a&) +:(¢5) }

Qichggareful fabricacion and dcsign chc magni:udes of ‘the mechanical,
the real antenna pointing error, and the czlculation error should be
abouc 1 deg each. Therefcre, the errors which are the main concern for
the gntenna and spacecraft are the attitude cont’ol errors and :He
antegna grandularity errors. - sie T ' -

T R
', e

el . . —n“tm JoF
Thc affec: of an antenna pointing error {s to zeduco _the communication
systea antenna gain. This ervor loss will {ncrease for higher gain
aatensas with narrower beamwidths. Assuming a 60 percent efficient
antemna vich a parabolic. radiation beam shape, Figure 5-60 shows the -
zazizum systea gain vs. the pointing error. For higher antemna gains
uith narvowar beamwidths than those shown 1in ' Figare 5-60, the final
system gain with pointing losses will actually be lower. Figure S5-61
shows the system gain loss (d3) vs. pointing errors from 6 to 16 deg.
Since the MSSP antennas will have gains. of 18 to 20 dB the pointing

--———8TTOT-ust-be less than- 6 deg.

The two important trades for the MSSP are the attitude control and the
antsemna grandularity to obtain system pointing errors less than 6 deg.

-The antemna grandularity is the capability of . the. antenna to point a
beam in a particular direction. The:- MSSP antenna {s an electrically
staered or switchsd antenna rather than.a mechanically sweeped antenna.

The antemna vill therefors point . in: stepped {ncrements. The pointing
loss vill te the valleys between the beaa steps as shown in Figure 5-
62.
steds which ars dependent upen the . physical size of the antemna. Thé -
attitudo control . erxor..is: dzpondont upon : the:: complication - of the -
actitude control system. For the simple gravity gradient boom, the
attitude control would be - uncontrolled in yaw (azimuth) and nadir-
poiating (roll and picch) within 10..:deg (3 sigma). If a momentum-bias
wvneel is added, the attitude would be controlled -in:yaw-and nadir-
printing (roll and pitch) within 2 deg. Thus, the capabilicy of :he

& waw SN 8 PR

The depth of the--vatleys will be-. ‘dependent upon the ‘number- of »-  ?

atzitude pointing is also<grandula:;”‘ Xad S mayTE

-179»-
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- - - 1Invaddition co the trade  of antenna grandularity and attitude. control,
- is the possibility of .using elevation scanning. of the antenna and
processing capability of the network. processor. Analysis by the ocher

‘team members determined that the necwork.processor could determine the::
yaw, roll, and . pitch orientation of the. incoming RF signals. The :
scanning,. elevacion, and azimucth capaktilicy of the.ancenna could then
be:used to.compensate . for ™ the . attitude.. errors less-,:han-lo.deg (3
signa) :011 pitch, and 360 deg. yaw, ‘ '

With the antenna scanning compensating for actitude conirol errors, the

error quacion:can be> rewrittan: = T U ~»'”“““L;
T B 2 2 2 |
| e ga-e | SQROUTGALY 4 (MZ) 4 (#3)e(wS) ) Lewemeee

The. error due.to attitude control (#4) is eliminated. Since the errors
ochar than the-antenna grandularity are approximately 1 deg each, the
- equation would ba: _ -

s de = SQR (3 + (#5)2 ) . ]

: Table 5-9 shows the system pointing error with antenna scanning to Az
S ccmpensate for attitude error. The antenna grandularity is the angle R
® betwsen individual steppad beans. The table shows that when the . ¥

antenna grandularity is g:aaca: than 2 deg, the: etror will be driven by -
the grandularicy. e T
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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 actitude
error and. antenna-:grandularity:-~ However,” analysis- by-vother team. -
members has shown that cthe . attitude error ' can be compensated by the
elevacion and'dzimirh-scanning :of = the -antenna. - “Therefore,  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. 1f the antemna efficiency is less than 60 percent
and narrower beamwidths are. used to obtain the required gain, the
impact of the pointing errnr will increase. :

5.5.2 ANTEMNA SIZE

» The folloving analysis was performed early in the Phase II scudy to

- obtain an estimace of che size of the MSS antenna. T7The 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 . - .- - .

%» of the spacecraft configurativn and possible solar array configuration _
1 ‘could proceed. : )

E To creats. a parametric prisenta:ion of the antenna sizs co determine . '2
o s spacecraft size, two assuzptions wvere mada:. ' i , . . E

i 1. The ancenna is mounted on a cylinder’ and the antanna arrays are
switched in segments around it. The grandularity of the switching -
around the cylinder was assumed to be A/4. :

- 2. As an increasingly wider antenna 1is “used, a phase error occurs
~ - (Figure 5-63) due to the displacemenct _of the end elements off a ®

o flat plane. If the antenna wers a multifaceted surface racher
than cylindrical, sinilar consideratioans would have to be made.
The maximum displacement was assumed to be )\/4.

“laving astablished these aiiﬁnpcions. the equation for the number of
antenna beam steps vs. the antenna radius is shown in Figure 5-64. - ._

Flgure 5-65 shows the antenna step angle or the number of degrees per
L ~ scep of the antenna beam vs. antenna radius. The projected antenna
. .» array length sacenna radius is demonstrated in Figure 5-66.

' .. Becauss of the allowable phase arror of A/4 at the edge of the
.- projected antenna, the antenna 3JdB. beamwidth will be broader than a
classical uniform array. However, with the use of the classical.
exprsssion :

L

BwAL/X = 52
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an- apptoximacioﬁ of cthe:rantenna bcauwtdch.vs"ﬁhc’an:enna radius can:be
obtained and is shown in Figure 5 67 : Pl bR e T

Wo:ed on Flgures S 65 and 5 o7 "are- the .antenna- d!mensxons of 18.. 24 _—

0 e m e

?‘* -spacecrafc analysis. wasi 18 in.. This dimension.was:later-verified dy ‘
=~ .the. team ancenna.,uembers.. The : smaller: dimensions ‘provided a lower

+ satellita launch cost.;
. . an:mL

"§T5.5.3, MSSP RF POVER covcms | ‘ |
.The major topics to bc discusse¢ d-ncludn :he;éffeéc.éf;power i&eragiﬂg
‘ot the satellite,-RF power ‘and. test considerations, receiver/PA turn-on-
conce.mns, and miscellaneous items such as.. the RF limi'er. and PA
-thermal. S ‘ '

3 i . . . < " . tmmasy
i i o

POWER"’ AVERAGING*(?A)/SPAC‘CRAFT POVER o

- - . —————

© : To vary spacecraf:‘;ango. ..... ic:. may... beunnocessaryhto*vary—the duty cycle
. and peak power of  the data packets. This requires that the battery

«¥: . size or the rated depth of. battery discharge be: increased. (The
+5, . battary 1life s .dependent upon gapth Jgfﬁ;gischargem;andw,number of

cycles.) : , :

iflla# P o ”he power sub:ysc.u is dtiven by cvo factors E R 2 P Lo o
. = e e S R T s
' b (a) Solar acray 13 sized so that orbital power input {s equal to

w - orbital pover required. =~ .

a . . "\),“ ) - . e - [ v'::‘_';.i;‘..: i B AT i SR TR T RS A et
_ —~  (b) The batteries ara ~large onough so the .drain during periods of

@ charge below the bus.. requirements does not drain the batteries

- I below the specifind dcpch of _discharge. ... '

B T T

. ____when- the PA power {s lncroasad for short periods of time, and the

~and- 28 in.: for: the- frequency of -3GHz.. The antenaa.. siza,assumsd«iorgche,._'

orbital average bus requirement remains the same, factor (a) above is

not affected, but. factor (b)- will - require -that the:high power tize.
. @ periods be controlled. Either the - high pover periods can be shortened
: B} .~ or tho dpth of discharge of the battory aust be allowed to lncreaso

N S o T N MR AT AN ST S IR eI TT
o R O

Tha pover generated by »:ho ~solar~'attays will bo dapendenc upon the .
solar. array configuration, the. sun angle, and orbit position.. However,
a simplified case of battary discha:gi ‘can  be derived when the Earth
eclipse period is considered.:’ For“ thealt{cude ‘of ‘concern, the orbit
period will be about.96 min vith 32__min of eclipse. The equation for
the- r-quirnd bactoty capacicy bocauso of ncllpso ts. S :

C ey g

Avg pov-rV4 32ﬂuin . ' ’
o * - nCapachy‘* depth of discharge
28v ' 60-n1n/ht‘ : o : :
<190~ g
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The latest power numbers fér MSSP az..

R rxsr“ w3 ;:%fi¢”j~ﬂ‘

e Tl L PA~power'

‘Other power' 64W

744/0.75 - 98;fW»' (73““;eréen£ xébﬁveézor

efficiency) S ST

or-a-36 .amp-hr-=. ba::ery would work and the final depth of discha:ge :
(DoD) would be 5.2 percent. ) e “
~Thé-1l0W PA.is based on:: . ... - . :_,..' - :;f”;. B

.. 10W peak RF 30 percent ducy factor; 30 rercent efficiency." o L
inw .79 pereent -dc-dc.convertor: efficiegcy. P Coee e

¢+ «107x 0. 3’0 3 - 10W cvarage or 13;33W wi:h dc dC'

e ,,.'

,_
O R

¥
W For ;uOW oporation :ka PA povor is' :
i % N .. o L
- ii < o 100“ peuk 10 parcent duty fac:orvw30 percanc efficiency; ' i
ST R 75 percent dc-de efficiency. , T T
& 100 x 0.1/0.3 = 33.33W avg. or 44.%W including ' ‘eonvertor

DL efficiency

s
—-—a
r
]

The bus :cquired powc' during ﬁigh pover ope:iﬁioﬁ“ would be (64 +
. 33'3)/0—?5—- 129—8V~w~'hc—iupacc—oi_highﬁpnne:_gggracion would be to:

1
O s Y RAI I
¥
4

) 1)': allow =h° d'PCh °£ dischsr;e (dOd) to anrease -
129.8 2 1 : _~.£f :
iheed o RSwi Rew . = 6.9 percenc. .

s Ei:het of. :heso “opcions _are. . acceptablo compromises. T impa.c ts .
lower ‘than. first expected becauss the. bus. power has anreased to where

v i:the.percencage affect of . the : PA‘,pOVOt {s ‘lower: ~ This analysis is ..

et fopciaiseic;becauso,chanforbicalu_ ?srsc is - sonowha: "1ike a sine wvave: R
rather than an on/off eclipsn/ck:r;o peticd "The b.riods of solar.' o
array output less - than.. spacscratt . power requireuent wvill be greacter-

than. the eclipse period (depending upon' array- orientation). 1f the--

LT heghs over“operacton~wete~eobs:art* acﬁﬁche endwof~an~eclipso. vhen ’ﬁe“
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bé::eri#s:hﬁvo al:aady‘discharged. during normal eclipse operation, and
che array output has. not. yet increased,  che operation at high power:

could drag che battery dod down to 8-10 percent.

L i LTS RETLONEOERELS RS kL oo T
Transmitting for 24.3 ain with high power will affecc. the amount of 10W
tcansait time.: Dead. time or periods .of ro transmission will be

requirad.
The length of the dead time is given by:
(33.2 - 10) * cime (high power) = 1C * dead time

, 'jtfgiadﬁcimo-- 57 min

" doad time = 2.33 * cimg-higﬁ
power - . - SEECNR o

. Twenty four minuces of high pover operation will shorten low power cize

to only 15 min. - -

ff.bnc:etieg_ﬁith lover allowable dod are used, the problem is worse
because a larger dod is multiplied by the power differencs.- This could
be solved by spending more monsy to.buy larger batteries.

'The impact.of the high pover operatioa vill be dependent updn nany

orbital paramecsrs, but .the dasign ~could proceed in either of two

. methods:

a) stats povers raquired (74W to bus) and high power operation. -
time-limited to 10 min P/A powver = 33W. Dead time = 24 min.

b) state required high powe:
: P/A anytime) and the averags pover 76W. The satellite designer
- will upgrads the power systea to accomplish the desired LoD. Dead

time = TIBD.

!ichof case would define a baseline {nterface and designs so chat
trades could proceed. . : ) - _ .

Another concern of peak power averaging is the sy::-n;:hirunl design.
The low power operation of 10W average pover will dissipate an average
of 7W with 3W average transaitted. The high power operacion will

dissipate 23W and transait 10¥  average. ~ During some periods, the PA ..

will dissipats no power. The thermal design -will be- required to
control the satsllite Cemperature for all of these vwide dissipated

.pover swings. The swvings of ~64W bus-pover to 97W or about 50 percent
‘variation, independent of orbit, may- tequire more sophisticated forns
__of thermal control, such as thermal louvers, wvhich caa be expensive.
‘The final decterminacion is dependent upon the thermal interfaces of the
radio, antenna, and satsllite. ST T :

PRSI SR LTt e v . e e

S e A ket g o bt s, a2 e ST S, S
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~* '+ RF:POWER"AND.TEST, CONCERNS’ L mEER -
LRSI nagRE < 0 . 1@:2u3¢aa;f A@sg; 33 '?&ﬁ&ﬁ;~

The normal” cricettaﬁfor-:hermal vacuunm:es:ing “is® o
be subjected. to - acceptance level- “thermal® vacuum. ccsting in Lieu: o: o
therzal cycling. tests if. they meet _any- of - the chsrmal vacuummces. .

P cti:s:ia deﬁincd*below I ieie s gwu,,.(&"*ufﬁblﬁ”&
: ' T nazyins 52 s ﬁr‘“"“’ 'ﬁ"!‘"z’““'*’ [T ST 10 o

.

=t A

'inals cxposod co vacuﬁn and e

) . z‘k?ia’dﬁ"‘&' WS CTT RIS e e sl

o parts’ oxposod to vacuum, dissipa:ing ‘over 30 percenc of’,heir
1n-n£t"rat1ng “and-'for which a thormn{ gole;ance analysis ‘on :he
component" noun:ing docs not" ' : N

s yiehi N i

) Above 50W RF (actually 3CW with 2:1 VSWR-Voltage S:anding Wave Ratio) .
+ - - the spacecraftiantenra, and radio wmust be :thermal vacuum-tested. ' The
4L, ’F :*ansistot:-ausc~bo-an;l;z-d and tested to ensure that their themmal . A
@ 2% . tiaze constant-is such":ha: the: 100W operacion will noct. exceed :Ho ' :' 2

‘ : theraal rating-in-vacuum.  The transistor-junction temperature must be’ ‘
designed for a MITIF of five years zinisum. " The ‘therral properties of =
hizh power pin dlodo svi:chos and phaso shiftots must bo annlyzed and s

E=3

LN 4 P e A
'

tesced. - T _ A
\ - E T Fakads " DY s S I ?A;:‘;}a. 3 P ' ¥
‘The aF cap.btli'y of SMA connectors is abou: BZU “With“a safety fac:nr SR
T “of 2:1, the saximum power would Le 409, Tﬁo:ofot.. TVC type connectors.
(eirculzous dlelectric {nterface) will be~ required. Also, to-ensurs
= rapiad blood dovn ac varuua. th‘ connectors: aust-be vencod (drilled) ~
A g% B T A S et - it
R ] ou/o"r surrcxzvc rxxzs RN ;‘ T e
°4 . .y = s - . e e T BETREY)
T The discu:slona !or ptococols and routing has assumed time lines with
« zransaission periods and recefve :periods  but no- switching-time in- -
) __between.  Switching time would be- periods of transicion between
transalit and receive. There ars concerns about the :ox;ovrng*ttittwu;‘
' operation vhich would cause switch time: delays. T _ v
9
R o--P/A oporlti‘on e aTEREEE e SE TR R T LT ST e
é - Lo TRk,
: .0 T/R‘svt:c?i:g
REtE & . TS M
s ° An:onnn tvitching e e
' ’ . EaAS .«:-v‘ 1o ‘p:(ihl_-‘:m

P/A op-racion:v The circul: for the -operating PA is shown: in- Flguro § .y T ,
63. The turn on of the PA. will require very lov inductance in the. - "7
bazzsry; regulator;viring and. P/A::  Asisolution .might-be-to place a = {%:
large capacitor as close to the P/A as.possible. However, if“the-P/A R A
on/ofZ switch (s befors the capacitor, the turn on will be sloved due

to charzing of the capacictor. - '

“s\

:
¥
«5
et
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Another soluti&n'wouid be to .turm: :he~P/A‘onic;qtingousLy.<charge;all“
capacitors, and be ready for the ctransmitter on/off. The impact of
this will be_small because. the .P/A.is.class C_ and.should. dtaw ;low:power: -

(=1W). whil “in. scandby bo:weon c:ansnxssions.;“ w3

. Yo g o emdy ‘s
/R svi:ching.w Two posaiblo RF - configu:acions are’ snown inmfiguros 5-;.‘~
69 and 5-70." Ths systea: {s : half duplax traasmitting- and receiving on
the sama 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 svitched beam or : phased array: ‘antennas, . enc.of. 1ife..degradacion
aizht cause VSWRs amuch higher for certain beams and.therefore, the T/R
switch might bo raquirsd to handle highe: powers than 10W.

- The quas:ions ‘to be answerad includ. Jhat will. :he swt::ning tiza of . 4
~~. . % the T/R switch be? _what will . be. the fsolacion cf.the switch? If che 4
;F tecaiver upper dymamic range is .0 dBm, cthe reflected 10W will need 40 = i
" 43 of switch isolation.  Even then, the Teceiver may require time o ' C
recuperats from the 0 dBa signal.. e
2 Antenna swizching: The antenna 1is specified at <lus switching tize.
; This spocifica:ion staces :hn: a lus dead: time must be.apportioned to-- e
3 the protocol. T A a. - I T E B ‘ i

. The svitching speed of & pin-diode switch is dependent upon 1) on: the
. RF power through-put. and. insertion loss - large current to offsec ths
RF power, 2) off: the RF power and isolacion required - high voltage
to shut off dlode and offset RF power, 3) the diods package design and- 4
swvitch packagze design to handle cooling of diode (due to dc and RF B
o loss) in a vacuum, and &) . the switching speed of the switch driver,
- which supplies the voltages to the pin-diode. The lus.swicch time for
MSSP will be the sum of the pin-diode switch and switch driver tine.
" Previous experiencs has shown rapid-on-svitchingof-pin-diodess—but-the—-
off can be longsr Gepending on systsam line capacitance. .

A sumnary of switching concerns can be  ansveresd by the-following

quesctions:
. . - PA on or off continuous usec _ B
' 1f off: on-tinme ' usec R e q
T/R on/off-time - usec . : ' L e

Antenna switch time... . .~ - 1l.useec TR gy L e o F I

Since illfofiég;;c tiﬁ‘i ‘occur.. inﬁAparallo L tﬁ. ‘ongosc :iﬂ‘m“ill be- - ..
the system dead time.- cra oy . Coa A : :
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6.0 Conclusicns and Recommendaticns H -{gv”.MM”W$4H"

S Ta R WL o I ]

2

The MSSP Phase 1 study.is . ‘not.. a presentacion of a- single point sacei-

lite design.buc. a ;conbination -trades: and. analyses leading to the':

prelinminary desizn of a low . cosc sa:ellica communication system.. The -

study was.based upon the: interaction 'between the Phase I team zembers:

effnc:ivo dosign ‘could be ob:ained

R R

' During :his s:udy scveral ~general conclusions were obcained ";'jgz

o - Orbics. Ihohsa:allico orbits should be -at a high inclinacion tor

the view capab‘licy by the Northern Hemisphere whare 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 lowar launch cost and lower radiacion levels. A tachnique

hes also been presented for satallice dispersion using nodal re-

gression which ‘could save considsrable«system cost:

° Ground User: The impact of the- ‘system design ¢ost due to 'He mul-
titude of ground users can be greatc. 1f peak power for high ele-
vation angla satellites is wused, the system cost and complexity
could be. reduced. '

o Satelli:a Communication Range: The, satsllite  desizn.should beA

capabie "of maxirmum communication range... This capabilicy’ iﬁc'eases
cozmunication probability and s;stem 'elxabilxcy

o Power: Satell’ :e power requirements are the largest satellicze
cost drivers. The analyses show —the {impact of cost per wacct
(~3$5000 per watt) and how the solar array configuration was ana-
lyzed to maximize the array orbital average outpuc.

o Attitude Control: The attitude control necessary from the satel-
lite i3 dependent upon the antenna capability apd cost. The pri-

attitude contrel and the antenna pointing requirements. Tha cost
of the dual scan, elevation, and azimuth crosslink antenna esci-
matsd by the anterna team members di-ected the result of the ana-

lysis. The attitude control would be a simple gravity gradient

boom system with a eddy current damper.
:iguto 6-1 fllustrates s flnal conE;;Eﬁai m;a:illita for the MSSP and
Table 6-1 lists features of the..satsllite design. It is not a single
point desizn because {f will depend .upon final trades performed in the

""SP Pnase II scudy
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mary concern addressed— in—the—analysis—{is—the conflict-between—-
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| ‘po.o-mm sarzu.nz ozsxcw ASPEC‘I‘S el

- Power: S ‘7"' 75W system of 6 panels deployed for maximum‘

T 4 . orbizal.power.. 36 amphr batctery for low .
' ' B “  'depth ‘of dilchawgs - anrd. current- lini-‘:~”l'”“‘
power control. .

g "~ Attitude Contzol: iﬂ'crsvity gradient: boon with - eddy curreat:
B ' L * damper for nadi: poin:ing 10 deg Bc mﬁ,awwww@;g

"Structure: ' " Tubular frame, low . CLST. consttuccion, wizh . S e
: thermal blanket walls. o B L

‘Prqferrgd Launch Mode: Shutcle launch with OMV for £inal orbics.;. -

- - o satellites deployed. for nodal dispersicn.

Cozmand ahdlféi;becf;;‘ " . Command and " telemetry provided ‘thfough;“' e
interface with network processor. . L

... Thermal Control: ' ' _ Thermal heater-compensating for no-::ans£i£T ‘ )
- oo periods. Passive thermal . olankets. and R
R o ‘ © radiacors.. : e

: e e
e, e . e, N e

= ==
*y =
. (
-
{
’ -
. A
- {
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Figure 61 MSS Satellite Cancept
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?Tﬁéfﬁésfherig?m .;'T‘i'empefit:‘ﬁfa".; 'D'ehsi‘cy..‘ and.

o Composition: . 'Newr - Models®” ' Saithsonian

Institucion - Astrophysical.. . .Observator: SAO.
375, March 1977 . ‘
"R AR R ORI IR

"’rhe.ory"-‘ of Sa:ellic§r".Orbics@:g_in an.Acmosphere”,

Butterworth & Co. Ltd., London, 1964
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Acronym Lis:

AAS - ~  American’ As:ronaucicalf Socie:y

© ADACS "Attitude Determination and Con:*ﬁ]. Syscﬂm | S
T AGC - ““Automatic Gain Com:tol ' R R
Al - Aluminum - S
AOQ - Atbﬁic Oxygen _
Ap - Geomﬁgnacic Indices N _
APL - _Applied Physics Laboratory
AM. - Area/Mass ratio ‘:;f»»
- BASD - Ball Aerospace Systems Division .
. . cd- - Coefficient of Drag - 4 . R
Y ‘ ca - centimeter
' ; c¥os - Complementary Metallic Oxide Semiconductor
- dacibel )
: é;. deg - degree e s
*ELV - Expendable Laungh Vehicle 3
ERBS - Earth Radiation Budget Satellics
; EIR - Eastern ‘i’es; Range 4 —_—
— fc - feet/foot -
® -~ -.  TFOV - Field of View
', GEOS -  Geodecic Earth Orbiting Satallite
T T T TUGHZT - GigaHertz— -— - )
GSAT - Gravity Satesllite
‘@ = hrs - Hours ‘
: ) 1Cs. - Integrated Circuics
5 IGRF - International Geomagnetic Rsference Fhld e
C xg - Kilogram
Y v Kilomater . | '
LHC - Left Hand Circular
min - minutes , "
MSFC - Marshall Space Flight Center -

) =202~
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2
AW -

RN Ve e i T et T I T
MSS - ;b..Hult:iplo Sacnlliiewsﬂystnn _ m: : w i
MSSP - Mulciple Sacellice s;}sc'em Progr;m R
MTIF - Mean Time to Failure
NASA. - National Aeronautics. and Space Administration , e n
NF .- - Noise Figure , T~ 4 ' EREE
NiCad - Nickel.Cadmbumw — ory =« oo oo FR
om - nautical mila '
not - ‘naucical mile - -
oMV - Orbital Maneuvering Vehicle . T .
rad - radia:ion units — o < o
RF - R;dio Frequency : [ - @
~RMS - Rumote Manipulator System
RCM - Read Only Memory
]SS - Roo: Sum Squared " g . g o -
‘sec. - second o - - @i
SRR - System Engineering Report . N
SHIELDOSE -Radiation Calculation Program —= - - ' :
SMA - RF connector Sub-Minature Type A -- = =~ 777 '
SOFIP - Short Orbit Flux Integration Program ' - L2
SR - Solid Rocket Motor '
SIS - Space Transportation Systea
teop - Temperature h , ‘ i
T3D - To 5. deternined I : - S : @
TIM - Telemetry S V — :
TNC - . RF Commector Type. mc SR 3 .
VSWR - ' Volugc Standing Vavo Ratio ; .
T L L m,..f';'*
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