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PROPRIETARY MATERTIAL

In the course of this study and in the
preparation of this report, extensive use
has been made of Spar and vendors' confi-
dential background data and material. In
order to protect the companies' commercial
, position, it is respectfully requested that

the Government of Canada take this into
consideration in the dissemination of this
report. ‘
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SUMMARY

[

This report, prepared for the Department of Communications
(DOC) , Ottawa by Spar Aerospace Products Ltd., Toronto, is
the result of a feasibility study carried out by Spar under
contract to the Department of Supply and Services (DSS),
Ottawa, to evaluate the feasibility of -designing and fab-

o _rlcatlng a General Purpose Spacecraft Bus (GPB) capable of
- carrying five different communications and experlmental

payloads on a Thor Delta 3914 launch vehicle in the 1979 1985
time frame,

The object of a general purpose Bus is to ‘provide a cost

- effective method of operating satellites that have the same

dgeneral mission parameters such as orbit and launch vehicle
and are of similar weight and power. The Bus, which is the
basic "service module", consists of the sPacecraft attitude
control, power, telemetry and command, propulsion, structure
and thermal control subsystems. If a Bus can be designed to

- cater for different payloads with little design changes

needed for each payload, then considerable cost savings can
be effected.

ViIt has been shown, in this study, that such a bus design .is

feasible for the five payload options defined by the DOC in

their S.0.W., and that a spacecraft with this bus and payload

combination can be launched on a 3914 Thor Delta . launch
vehicle in the period 79-80. This repoxrt is submitted in

. four volumes:

Volume I - Technical Report

Volume II - - Specifications and Responses from »

, o o Vendors SR
Volume III - Implémentatlon Plan and Costs ’
Volume IV L= Bus Performance Compar:l.sono

Volume I contains a technical description of the Bus and its
subsystems, coupled with the design/analysis and tradeoffs
that took place during the study phase for selecting the
configurations and subsystem features chosen for the Bus.

In Volume IT are found the subsystem specifications for the

'Bus that were derived from the overall spacecraft Bus re-

quirements supplied by DOC. Some of these have been submit-
ted to vendors for quotation purposes and their responses

are avallable on request,

ii
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‘Volume IIT dlscusses and proposes an - implementation plan and

schedule that could be adopted to deliver a spacecraft for
launch in late 1979, assuming a start date of mid- 1976

Volume IV contains a review of the GP Bus design with exis-
ting satellite arrangements, and highlights the improved
performance achievable with the use of this Bus when comparing

parameters such as payload allowable versus power available

for both normal operation and eclipse. In addition, this
volume discusses, in more detail, further improvements that

- can be made to subsystem weights and overall 1ift off weight;

it also discusses the present Canadian :capability for perfor-

ming the tasks identified in the Implementatlon Plan (Volume III)

The Bus.conflguratlon studied has considerable advantages
over other satellites built in that it has been designed to
meet all known future Canadian satellites synchronous orbit
payload requirements, and has incorporated features noted
from other DOC subsystem and component studies (Sections 5.1
and 5.3) in coming up with the General Purpose arrangement

. contained in this report. Use has been made of. the know-how

developed by Spar during the CTS program,.and includes the

" following technology improvements which w111 be demonstrated
‘and available for a 1979 launch: . Ve

- - Higher Isp RCS thrusters,

- Improved efficiency solar cell performance,

- Reduced natural frequency requirements for the solar
array,

- Hybrid system ACS with magnetic bearlng system.

The resultant baseline Bus described herein does have growth
areas which can be accomplished at reasonable -cost. Some of
the more obvious of these are identified in Volume IV,

- - - -’
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1.0 INTRODUCTION .

‘

Information contained in this study report relates
to a three-axis stabilized sYnchronous orbit -
satellite Bus capable of carrying various com-
munications transponder payloads specified by DOC..

o T

|

'Typlcally, these transponders are:
- UHF + 12 channel 4-6 GHz
- ' UHF + 4 channel 12-14 GHz

- UHF + 7-8 GHz + Experiments

- . UHF 4+ 7-8 GHz + L Band
- 24 channel 4-6 GHz ' ’ .

=  Other Telesat dexrivations, i) 8 channel
12-14 GHz; ii) 4 channel 12 14 plus 12
channel 4-6 GHz.

The payload power requirements for the spacecraft
have been established from dissipations provided
by the Department of Communications (DOC) in their
SOW and attachments A and B. It is in the order
of 800 watts at end of life, and is compatible
with the spacecraft life requirements of six
years., '

The Bus and its subsystems have been designed . to-
be launched on a Thor Delta 3914 launch vehicle,
and for environments associated with a synchronous.
orbit mission. This mission on a Thor Delta
initially places the satellite in transfer orbit,’
which is followed by geosynchronous orbit 1njec—"
tlon using an apogee kick motor.

Initially, various conflguratlons of spacecraft
were examlned these included:

- Conventlonal three~axis stabilized spacecraft
‘earth oriented with the antenna mounted on/ '
the forward face. - :

.7/€D/33

- Three-axis stabilized spacecraft with the -v;‘f.
antenna mounted on the east or west face and '
earth facing. :

1-1
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- Three-axis stablllzed spacecraft sun orlentedv

with despun antenna locked on to earth.

Detail information on the above is contained in
- the text along with detail work done on the Bus
subsystems whose main features are listed below.

1.1 °  Attitude Control Subsystem | o

Incorporates the established spin stabilized
technique for transfer and synchronous drift orbit
using sun and earth sensor signalling for attitude
data. These sensors also provide spacecraft
‘attitude data for apogee motor firing to affect
synchronous orbit 1njectn.on° In synchronous

- orbit, the spacecraft is spun down and a 3-axis
control system using earth sensing and a momentum

. wheel system is adapted for the main stability mode.

1.2  Reaction Control System

. Consisting of high level thrusters for precession -
manoeuvres during the transfer and synchronous
orbit phase, with low level thrusters for momen tum
dumping and spacecraft orientation during the
3=-axis synchronous orbit phase of the mission.

1.3 - Solar Array Subsystem

Consisting of a low power solar cell array pro=
viding the required spacecraft electrical power
during the spin (transfer/drift orbit) phase,

and supplemented with batteries for eclipse opera-
tion. This spin phase array is part of a high
power deployable solar array providing all re-
quired electrical power during the sunlit periods -
in synchronous orbit with, again, batteries pro-
viding power during eclipse operation.

1.4 "Thermal Control Subsystem ' ~

Consisting of passive thermal control materlals
supplemented with thermostatically controlled !
electric resistance heaters'(having ground command
"override) and with a heat pipe system, for main-
talnlng requlred component temperatures durlng

all mission phasesu
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1.5 . ‘Apogee Motor . !

‘Provides sufficient thrust to achieve the required

velocity change to inject the satellite 1nto a
geosynchronous orbit.

Structure Subsystem

Capable of carrying the complete spacecraft

through the launch environment of the Thor Delta
3914 boost vehicle and into transfer and synch-
ronous orbit. This structure will be designed and
qualified to withstand an additional 100 lbs. of
payload, thus catering for any launch vehicle
capability increase which may occur.

Telemetry and Command Subsystem and Power Control
Subsystem : ;

These subsystems usually form part of the Bus;
however, as ‘agreed with DOC the work on these are
being covered separately. It'is assumed that they
will provide: S

a). continuous communications with ground stations o
in the requlred frequency band for all phases
of the mission, Co

b) regulation and control of solar array. and .
battery electrical power.:

Also included in this section of the study are
Launch Vehicle/Mission Analysis details and a Mass
Properties Analysis. The former deals with space-

‘craft V's for RCS Sizing over the operating years

1979 to 1985, and the latter is associated with
ensuring: - h '

= that a favourable moment of ihertia is obw
tained by the Bus, i.e., greater than 1. 1,
and; ,

= that the weight margins associated with a
lift off weight of 1,925 are identified using
transponder battery and telemetry weights
provided by DOC.
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MISSION/LAUNCH VEHICLE

The objective of the General Purpose Bus Satellite
program will be to place a number of satellites |
with different payload configurations, in ' S

-nominally geosynchronous orbits, stationed over

Canada.  The general guidelines for the mission
are llsted below:

a) Orbit Inclination

The satellite design will be such that an
existing network of fixed narrow beam ground
antennas may be employed for 4-6 and

12-14 GHz transmission. ToO accomplish this,
inclination will be controlled to better than
+ 0.05°

b) East/West Errors

To accommodate the fixed-ground anﬂenﬂas,
" east/west error will not exceed + 0.05°.

c) Satellite Location

The coverage requirements will be met for
satellite locations having a longitude
between 90°W and 120°W.

d)  Repositioning in Orbit

Each satellite will be capable of being
transferred from an initial position in orbit
to any other position in order to provide a.
back-up communications coverage in the event
of failure of a prime satellite.

e) Service Duration and Satellite Lifetime

The service duration of each satellite w1ll
be not less than six years with a design
lifetime objectlve for each satellite of
eight years. :

2-1
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£) Launch Period

The satellites will be designed for  launch
between 1979 and 1985. ' Since orbit
inclination perturbatlons are minimum in the
earlier portion of the launch period, off-
loading of orbit adjust fuel will allow

. increased payloads for launches during this
earlier period. N

g) Launch Window

The launch window will be at least 1/2 hour, -

any day of the year.

h) Stationkeeping Cycle

The stationkeeping operatlon will be based on
a 21 day.cycle. - :

)

Mission Phases

The mission may be divided into the follow1ng
distinct operatlonal phases° _ .

a) Launch

b) Transfer Orbit

c) Apogee Injection

d) Attitude Acquisition

e) - Station Acquisition

£) On-Orbit Operation

Each of these phases are described in detail in
the following sections. Calculations of AV
requirements are presented in Appendix A,

Launch Phase

Launcﬁ Vehicle

The General Purpose Bus Satellite will be launched
by a Thor Delta launch vehicle designated

Delta 3914. The Delta 3914 is.a. three-stage
launch vehicle with the first two stages being
inertially guided, whereas the third stage is spin

C2=2

i
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stabmllzed prior to separation from the second

. stage. The payload delivered into a synchronous
transfer orbit will be a maximum for a transfer
orbit inclination of 28.3 deg. (approximately)
with due east launch from ETR. ‘ ' :

‘2,1;1.2 Launch Profile ‘ ' o ‘ )

The mission starts with a lift-off at a time
compatible with the launch window constraints.
The first stage burn and a partial burn of the
second stage will place the spacecraft into a
28.3° inclined 100 nm. circular parking oxbit '
o 8.9 minutes after lift-off. After a 15.5 minute
... - .coast in the parking orbit, the second stage is
: - restarted. The second and third stage burns
inject the spacecraft into an inclined synchronous
transfer orbit 25.8 minutes after lift-off. The
launch phase guidance, timing of events and T&C
planning is the responsmblllty of the launch-
~authority. \ :

'2,1.1.3 Launch Environment

The launch environment defines the spacecraft
vibration, acceleration and acc¢oustical design

‘ constraints. The Delta Critical Flight Environ-
‘ment is summarized in the General Purpose Bus
Specification, Volume II of this report.

A

The allowable spin-up of third stage is a function.

of the spacecraft spin axis (on-orbit yaw axis)
moment of inertia. Torque to the spin table is

imparted by combinations of small solid propellant

rocket motors, which prov1de spln rates from 30 to
100 rpm for spacecraft spin axis momen&s of
" inertia ranging from 20 to 170 slug ft The
lower limit of 30 rpm is dictated by mlnlmum
dynamic stability of the third stage/spacecraft
combination during third stage motor burning. The
upper limit of 100 rpm arises since the third
stage motor is qualifled only up to this spin

rate. A nominal spin rate of 60 rpm at separatlon-

from the thlrd stage w111 be assumed

t
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2.1.1.4

2.1.2

Launch Window

The lift-off time is constrained due to several
considerations. The potential constraints. that
may arise in the mission are listed below:

(a) The angle between spin axis and.sun vector
must be between 60 degrees and 120 degrees
for the perigee injection and apogee firing
attitudes. This constraint arises due to
spacecraft thermal and power design limits.
Further, it ensures that the sun is within
the field-of-view of the 64° FOV spinning sun
sensor used for the attitude determination.

(b) Spacecraft thermal and power design limits
impose a constraint on eclipse times in
transfer orbit.

(c) The separation angle between the spacecraft-
sun line of sight (LOS) and the spacecraft-
earth LOS at apogee must be close to 90°.
This constraint is necessary only if the
attitude in the transfer orbit for apogee
motor firing attitude (AMFA) is determined
using the spinning earth sensor and -sun
sensor data: obtained in the neighbourhood of
the apogee. - This constraint is relaxed if

.~ orbit information is used in conjunction with
earth and sun sensor data obtained during
portions of the orbit which are not in the
‘vicinity of the apogee.

' The launch window calculations are presented in
‘Appendix A, Provided a midnight launch is

chosen, (see Figure A-9) the window is always

greater than 1/2 hour for launch any day of the year.

Transfer Orblt

The 1aunch vehicle will 1nject the spacecraft
spinning a% 60 rpm into an inclined synchronous
attitude transfer orbit. The dispersion assumed
for the 3914 launch vehicle with the General
Purpose Bus Satellite are:

SPAR-R.677
VOLUME I
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300 n.mi.

“Apogee Height -+ 300 1
Perigee Height . + 3.3 n.mi.
Inclination’ + 0. 25 deg.

The spacecraft telemetry and orbit determination

“will be initiated in the transfer orbit as soon as

ground station visibility permits. The spacecraft

-will be reoriented into an approximate apogee

motor firing attitude two hours after injection
and attitude determination based on the spinning
sun and earth sensor data will be started. To

minimize the reaction control fuel required for.

"injection error correction and for final station

acquisition, the apogee motor can be reaimed on -
the basis of orbit determination results to ‘
compensate for the launch vehicle dispersions. At
least two spin axis precessions will be performed
with continuous attitude determination to obtain-

precise apogee motor firing attitude. There is no -

need to keep the spacecraft in an intermediate
attitude prlor to AMFA to satisfy thermal, power

and attitude sensing requirements since these are

satisfied by the proper: selectlon of launch win-
dow. ,

, Spacecfaft Parameters

The nominal transfer orbit spacecraft parameters
used for this study are:

Welght of Spacecraft 1925 1b
Spin Rate : '60 rpm

Transfer Orbit Dlsper81ons and Orblt Determlnatlon

‘The 99% dispersions in the Lransfer orbit

parameters were listed earlier. It is assumed
that extensive use of the NASA tracking statlons‘
will be made and for this purpose, a compatlble
S-band ranging transponder will be carried on- -
board the spacecraft. Within about three hours
from transfer orbit injection, the spacecraft
position can be determined within 1 to 3 nautical
miles (nm). Nearly continuous orbit determination
up to second apogee will result in estimated

3 S uncertainties as follows:.
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- Perigee Altitude + 0.45 nm
- Apagee Altitude + 0.54. nm
- Apogee Velocity -+ 0.9 fps
- Orbital Inclination + 0.003 deg.

The spacecraft will be precessed to the AMFA prior

’ to the second apogee. Past the second apogee,. the
orbit will be monitored with a limited amount of :
orbit determination, and attitude touch up

- manoeuvre performed as required..

2;;.2.3 Attitude Determination . -

The sensor complement used for spin axis attitude
determination during transfer orbit will be
composed of a pair of redundant 64° FOV spinning
sun sensors (SSA) and a pair of spinning earth
sensors (SES). The sensors will provide the
following data to the Transfer Orbit Electronics
" (TOE) for processing and subsequent telemetry: to
the ground:

- - Sun reference pulseo
, -  Sun elevation in spacecraft coord;nates.
- = Lead and trailing earth edge pulses from each
SESD‘ N

- - After processing the data, the TOE Wlll carry out
_the follow1ng

- When a train of high thrust engine firing

pulses are commanded, the sun reference pulse
will be used to reference the 1ndlv1dua1
pulses.

- The sun reference pulse will be transmitted

to ground for spin rate monltorlng.

- Sun=line elevation in spacecraft coordinates
will be telemetered to ground.

- Chord lengths of the earth obtained from each
SES will be telemetered to: the ground.

- R677/76
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The TOE will be a subunit of the Attitude Control

‘Electronics Assembly. With the spinning sensors.

and TOE, if proper separation of sun - S/C LOS and

Earth - LOS is ensured by launch window constraint

at apogee, the attitude of the S/C can be deter-
mined to the follow1ng levels of accuracy, by
suitable processing of data obtained in the
v1cln1ty of the apogee°

Exror in Pitch ) 0.1 ' degs.
Error in Yaw 0.225 degs.

If the LOS separation constraint on the launch
window is too severe, the constraint may be

eliminated by determing the spin axis attitude
with redundant data sets and proper smoothing.

The sun sensor data will be available at all times
(with the exception of eclipse periods) since
appropriate géometry will be ensured by launch
window constraints. The earth sensor data will be
available in the vicinity of perigee and apogee.
The minimum data sets that are sufficient for
attitude determination are: ‘ ‘

= Sun sensor measurements with measurements,
from a 31ngle SES and orbit determlnatlon
results. )

- Measurements from a single earth sensor,
' separated in lee, plus orblt determlnatlon
results.

- Sun sensor, and measurements from~both'earth
‘ sensors.

Spin Axis Reorientation Manoeuvre

A limited calibration of the hydrazine thrusters,
valve operation and the response of the nutation

~damper will be carried out prior to the: spin axis

precession. The preliminary tests will be
finished no later than T + 2 hours and additional
calibration of axial thrusters will be obtained
during spin axis precession manoeuvres.

'SPAR-R.677
VOLUME I
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The spin axis orientation into apogee motor firing
attitude (AMFA) will be initiated at T + 2 hours,
after reaction control system tests are completed.
The manoeuvre will be computed using the nominal
perigee injection 'orientation as the initial con- .
ditions for the attitude and the spinning mode sun
sensor as an inertial and timing reference.

During the manoeuvre, the spin axis sun-line angle-
‘ _ variation will be monitored against a precomputed
o time history to preclude any false precessions.

: Should larger than nominal dispersions be :
observed, the manoeuvre may be deferred until the
earth is visible with the spinning earth sensor
‘and a more detailed monitoring is possible. The
A attained reorientation accuracy w111 depend on the

. following:

- Dispersions in the initial attitude at the-

start of the manoeuvre due to launch vehicle
third stage attitude and payload separation

dispersions (about 2 degrees 3 )

Accuracy of the axial thruster operation.

- Thrust tailoff leading'to a decrease in.thel
' magnitude of the planned pulses (5 to
10 percent)

= Dlsperslons in thruster duty cycle timings,
i.e., in the start and cut-off times,

, resulting in variations in the centroid of

. the pulses. Angular dispersions of

. 4+ 15 deg. for pulse sequences of 50 pulses or.
‘ Tess, and + 1 deg. for pulse Sequences of -
100 pulses or more are typical.

The thruster performance dispersions\will
primarily decrease the magnitude of the angle
through which the spin axis is precessed, whereas
. the precession direction, particularly by careful
- monitoring of the sun angle, will be malntalned
relatively accurately. At the end of the .
‘manoeuvre, the earth will be within the field-of-
view of the spinning earth sensor.

R677/78
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At T + 3 hours preliminary orbit determination
results will be available and a preliminary AMFA
to compensate for the launch vehicle injection
errors will be computed. Based on the attitude
- determination results, a sequence of AMFA
corrections will be carried out. Allowing
30 minutes for collecting attitude sensor data-and
30 minutes for attitude determination
" computations, evaluation of the thruster actual
' performance, thruster firing computations and
manoeuvre execution corrections one hour apart are
feasible. A final AMFA accuracy of 0.225 deg. can
easily be attained one hour prior to the second
apogee° ' . L

A summary of the precession manoeuvre 1is glven
below:

i) All precession manoeuvres performed with the

5 1lb axial thruster in a pulsed node with a

duty cycle of 45 deg. (for 60 rpm, on-time =

125 msec).

. ii) The precession angle from the perigee
attitude to the AMFA is about 129.5°.

iii) Manoeuvre rate 0.15 deg/seco_
iv) 'Prece881on per pulse 0.15 deg.

Smaller values of precession angle/pulse can be
obtained for "touch-up" precession using a duty
cycle of 18 deg. (for 60 rpm on-time = .50 msec,
precession angle/pulse 0.06 degq).

© 2.1.3  Apogee Injection

The follow1ng factors have been taken into con-
sideration in planning the nomlnal apogee injec~
tion manoeuvre.

i) The duration of the station acquisition phase
- will not exceed 15 days.

\

2-9
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iii The payload delivered into~thé synchronous
orbit must be maximized.

~iii) The RCS fuel requirement for station
acquisition must be minimized.

‘An apogee motor firing attitude (AMFA) tolminimiZe
the dispersions in the final orbit inclination due
to launch vehicle injection errors will be used.

2.1.4   Attitude Acquisition

The acquisition phase starts approximately one. day
after apogee motor firing. The spacecraft will be
spinning at 60 rpm about the yaw axis. A sequence
of manoeuvres will be performed during the
acquLSLtlon phase to despln the spacecraft and
orient it such that it is in a three-axis
stabilized state from which the on-orbit
~ controller may take over. The attitude

--acquisition sequence will be carried out by the
on=board attitude acquisition controller. The
~only information required from the ground will be -
a command to initiate the sequence.' The sedquence
may be initiated at any point in the orbit and is
completely compatible with an automated initiation
of a reacquisition in the event of a failure which
causes the earth image to leave- ithe non-spinning
earth sensor FOV during on-orbit operation. The
acquisition sequence will use wide angle FOV sun

. sensors which provide complete 4ﬂ steradlan
coveragen :

-The pltch, roll and yaw Lhrusters w1ll be used for
control along the momentum wheel with its angular
‘momentum vector pOlntlng along the negative pitch .
axis. The acquisition method does not rely on -

" rate gyros.

2.1.5 On=Orbit Operation

The nominal on-orbit operations are as follows:

' R677/80.

a) East/West Stationkeeping
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b) North/South Stationkeeping
c) On=Orbit Three-Axis Attltude Control
d) Momentum Dumping -

In addition, orbit determination is necessary
throughout the mission to provide information for
stationkeeping and spacecraft pointing decisions.’

East/West Stationkeeping

After’ acqulrlng station, the satellite is required
to maintain station to within + 0.05 deg. The
significant perturbations that “affect the E/W

station of the satellite are:

(a) The triaxiality of earth causes an east/west
drift. The fuel required to control this
drift is a function of the longitude.

(b) The solar radiation pressure changes the
orbit eccentricity-and longitude of perigee.
The eccentricity leads to a daily
longitudinal oscillation.

The solar radiation pressure effect dominates
the triaxiality drift. With the chosen
correction procedure (see Appendix A4),

drift correction is obtained as a side effect
of solar pressure- correction.

" Noxrth/South Stationkeeping

While on.station, the satellite is required to

maintain an orbital inclination of + 0.05 deg. As
shown in Appendix A, a launch in 1975 would

‘require a AV of 829 ft/sec for six years whereas

launch in 1979 or 1985 will require a AV of 884
and 999 ft/sec, respectively. Thus, for earlier

- launches, off-loading propellant will provide
~ additional payload capability. - '

On-Orbit. Attitude Control

‘The satellite will be three-axis stabilized during

its on-orbit operation. The on-orbit attitude

i
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controller uses a biased momentum wheel (with its
‘angular momentum vector point north) and a set of
thrusters as actuators. The roll and pitch errors
will be sensed by the non—splnnlng earth sensor
assembly. No yaw sensing is required except
during orbit adjust manoeuvres. The pitch control
is carried out by varying the speed of the | .
momentum wheel. The roll and yaw errors are . \
controlled by using the roll information to fire a
set of offset thrusters which provide a torque
about an axis subtending a small angle with the
roll axis, in the roll-yaw planeo"The coupling
between the roll and yaw axis, due to the presence
of the wheel angular momentum, enables the control
of yaw with no yaw sensing. A nutation damping
- scheme included in the roll-yaw controller
prevents nutation build-up and consequent llmlt
cycle operation.

At the end of the acquisition sequence, the on-
orbit ¢ontroller 'will be activated. The on-orbit
~controller will null the existing attitude errors
and will operate in the earth pointing mode. The
on-orbit controller will maintain the yaw axis
pointed to the subsatellite point to + 0.15°
accuracy in pitch and roll and + 1° accuracy in
yaw, against all disturbance torques. The fuel
required for this function depends on the
disturbance torques.

2.1.5.4  Momentum Dumping

The angular momentum imparted to the satellite in
pitch, by external disturbance torques, will be .
stored in the momentum wheel, leading to either a
decrease or increase of the speed of. the wheel.
from its nominal value. The wheel speed will be
maintained to within + 10% of its nominal value by
periodically dumping momentum using the pitch
thrusters. The fuel required for momentum dumping
will depend on the pitch disturbance torques. The
dumping operation will be carrled out autonomously
on=—board°
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GENERAL PURPOSE BUS

‘Following an initial review of various spacecraft

configurations for the General Purpose Bus, a short
list of three p0551ble emerged for further evaluation.
They were: :

I Conventional configuration (see spacecraft
arrangement Figure 3-1) which is a three-axis
stabilized spacecraft with the antenna moun-
ted on the forward face and earth facing.

I1 Spacecraft arrangement Figure 3-2 which is
similar to the configuration above. It has
the antenna on the spacecraft east or west
face and earth po:.ntlng°

III Spacecraft arrangement Figure 3-3 which is
also three-axis stabilized. It is a sun
oriented spacecraft with fixed solar arrays
and a despun antenna which is earth pointing.

‘These arrangements and their descriptions, including

important features, are discussed in the text that
follows. However, it should be stated here that
having reviewed the pros and cons, the conven-
tional- conflguratlon I was selected for the study.
and all work in this study was concentrated on,
this configuration, in order to evaluate, in the
allotted timeframe the feasibility of a .General
Purpose Bus. Although the design study revealed
the selected configuration to be extremely com-
petitive from welght, power and performance con-
siderations, it is a recommendation of this report

* that further evaluation of the two alternative

configurations described below should take place at .
an opportune time in order to ensure the optimum
configuration is selected for the General Purpose

'BflSo

Spacecfaft Configurations Investigated

‘Conventional Arrangement (See Figure 3-1)

The major features associated with this configuration
. are identified in the attached sketch and‘are:

Ce= The multl beam communlcatlons antenna and

TT&C bi-cone antenna are mounted off the
forward platform which is earth facing. - ,

3-1 o S 1
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" The antenna arrangement will need to make

allowances for cut outs in its configuration
to allow the Attitude Control Subsystem (ACS)

nhon-spinning earth sensor to view earth.

Other components of the ACS used during the
three~axis stabilized phase are mounted on

the north/south panel while sensing components
for the spin stabilized phase, are mounted
from the forward platform and around the 'Z'
(spinning) axis of the spacecraft.

Communications transponder high dissipating'
components such as TWT's and power amplifiers.
are also mounted on the N/S radiating panels.,

The deployed solar arrays, ‘capable of supplying
over 800 watts at EOL, are stowed on the N/S '
panels during the spin phase when part of the
array is providing power for this phase of

the mission. . In the deployed state, the

array is attached to the drive and tracking -
units mounted on the forward platform.

Conventional structure/thrust tube arrange-

ment, consisting of a forward, apogee motor
mount and separation rings, with the apogee
motor mounted at its interface half way up
the thrust tube, and the separation ring
defined by the interface requirements of the
3137A adaptor. .

Acquisition sequence in synchronous orbit
will adopt the CTS procedure which involves
spinning down to less than 2 rpm, activating
three~axis control, acquiring the sun, deploylng'
the arrays, and then locking on to earth.

RCS system with tanks mounted off the thrust
tube in E/W direction and high and low level
thrusters mounted off the structure and
suitably placed for N/S and E/W station-
keeping, and momentum dumping. ‘

The arrangement can achieve a favourable
moment of intertia during the spin phase;
however, the following areas are sensitive

‘and need to be monitored:

. . B . . . - ’ ) .
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- orientation and thus provides the following imp-
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a) Apogee motor location, :

b) Multi-beam antenna, C.G. and weight,
c) RCS tank and fuel,

d) Deployed solar array smze/locatlon.

The only major disadvantage with this arrangement is
the complex acquisition sequence associated with
spinning down from a spinner configuration, and
precessing to acquire sun and earth.

Spacecraft Configuration IT (See Figure 3_25_

This configuration is basically the same as the -
conventional arrangement in terms of the Bus
subsystems, the main difference being the antenna
which is mounted facing east in terms of satellite

\ .
roved features:

- Satellite 1s always locked on to earth, both

in the spin and 3-axis phase of the mission
since both types of earth sensors are mounted
off the east panel

- Slmpler acqu1s1tlon sequence from spin phase
to 3-axis since lock on to.earth can occur
immediately after spin down to 2 rpm and no
re-oriehtation of the spacecraft is required.

- Acquisition and array deployment can occur
R immediately after 1n3ect10n into synchronous
orbit. ' -

- Utilises the length of the fairing for earth
pointing systems, i.e. antenna, non=-spinning
earth sensor and other experlmentso

=  Can accommodate both quad helix design antenna
and a 5 ft. parabolic dish (ANIK antenna)

- Drive and tracklng-unlt 1s.mounted on west
panel with arrays stowed on N/S panel.
Similar to conventional configuration.

However, with all these features its main disad-
vantage is in achieving a favourable MoI ratio

- with the larger parabolic antenna. To achieve a
- favourable Mol ratio one would have to use the

stowed "Donut" configuration produced by Lockheed
with a deployed subreflector. Alternatively, one
would have to consider flying unfavourable during
the transfer orbit phase of the mission.

3-4
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SPACE CRAFT ARRANGEMENT 1.
IN
SYNCHRONOUS ORBIT
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TRANSFER ORBIT SOLAR PANELS (WHEN STOWED)
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AND MECHANISM

NON- SPINNING EARTH SENSOR
ON EAST PANEL

EARTH

|

iy

/

DISSAP‘FIAM PANEL . MULT! BEAM DEPLOYABLE ANTENNA

APOGEE MOTOR THRUST AXIS

PLOYABLE SOLAR ARRAY
o FIGURE 3-2
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Tt should be noted that no rotating joints for the‘
RF waveguide are required with this configuration.,

Spacecraft Configuration III (See Figure 3-3)

This arrangement was considered as a good candi-
date initially since, as a sun sensing satellite

-with a despun antenna mounted from the forward

face of the spacecraft which is earth pointing,
numerous advantages could be seen with this con-

figuration. To summarize, they are:

- No shadowing of solar panels. by communi—
cations antennas even with no separation
of solar panels from spacecraft equlpment
platforms° _ A

oL /

- Attitude control subsystem improved since

a) no flexible jolnts, also, improved
. stiffness, _—
b) solar torques reduced.

- Improvement to thermal subsystem since re-
duced temperature variations on spacecraft;
also, additional radiating area available for .
dissipating components.

- simplified acquisition sequence since the

spin axis and attitude of spacecraft does not
change significantly from spin to 3-axis’
'~ stabilized configuration.

However, again there are areas Whioh cause pro-
blems and, consequently, eliminated this conf1=
guration. They are:

= - Because the antenna is earth pointing one
would need a despun bearing with a rotating
RF joint and a complex co—-ax/signal cable
‘down the middle of the RF joint to provide
"earth position sensing, and UHF signals.
Also, a despun antenna system designed for 1
revolution per day continuous operation over
six yvears is considered a high risk.
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- . Difficult to achieve a favourable MoI ratio. .

However, with a despun system built in, one
could fly unfavourable during transfer orbit
using the "gyrostat" principal successfully
demonsrated by Hughes, (dual spin space-
craft).

Description of the General Purpose Bus

{

The basic elements of the Bus are the space frame
and the major subsystems integrated with it (See
Figures 3-4, 3-5, 3-6). These include thermal,
RCS, attitude control, power subsystem, solar
array, telemetry and command, and the apogee motor
system which are briefly described in the ‘fol-
lowing paragraphs. Greater detail is contained in
the individual subsystem details discussed in
Section 5.0. "

The space frame consists of a thin walled cylin-
drical thrust tube coaxial with the satellite yaw
axis, a conical adaptor attached to the aft end of
the thrust tube which is attached to the third

.stage of the Thor Delta vehicle, and three major

honeycomb sandwich platforms. The thrust tube
which is 31.70 in. diameter and 55.37 in. long
surrounds the apogee motor engine, and supports

all the equipment platform by a system of bulkheads.

To the bulkheads are mounted the reaction control.
system° The forward platform. in synchronous orbit
is earth pointing, and consequently any payload

which is earth oriented such as communications
antennas or attitude control horizon sensors will

be mounted on this forward platformn~

The north and south panels, because of their .
attitude with respect to the sun, are the main
thermal radiating panels and their dimensions are
53,0 in. by 64.0 in. In the configuration shown
the north and south panels house all the high
dissipating power elements for the communications
transponder, attitude control .system, the bat-
teries, the power electronics .and the telemetry
and command system. In addition, the deployed

‘array is stowed on the north and south panels and

i

the drive and tracking system is mounted on the -
forward platform. This latter system is used to
rotate the deployed solar array and keep it poin-
ted towards the sun. : :

~

1
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S3.2.1

- structure Subsystem Description

'The structure subsystem incorporates design fea-

- cture. However, improvements on established

"wherever such improvements are indicated to be.

SPAR-R.677 - |
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The arrays stowed on the north and south panels
are -the main source of power during transfer
orbit, synchronous drift and acquisition, and have
mounted on them sufficient solar cells to provide
required power for the housekeeping subsystems |

during these phases of the mission. The solar ! '
panel substrate is constructed from aluminum ‘

honeycomb with aluminum face sheets. ' In synch- ‘ )
ronous orbit the arrays are deployed from the : o
north and south panels and make available power o

for the entire spacecraft during sunlit periods. ‘

Platform areas available for communications pay-
loads are discussed in Section 3.3.

tures which are intended to achieve the maximum
strength and stiffness characteristics obtainable’
in a minimum structural weight allowance. ' Con-
ventional proven and established fabrication
techniques, together with assembly technlques that
are generally accepted within the aerospace in-
dustry, are adopted for the design of the stru-

methods, particularly in the areas of honeycomb
cylinders and processes, are being considered

cost and weight effective.

Basically, the structure consists of two major

assemblies, namely the prlmary structure and the
peripheral structure. The primary structure is

defined as the main thrust tube along with the aft o
platform and the bulkheads. The perlpheral L
structure is made up Of the remaining panels, ’
namely the forward platform, north and 'south

panels, east and west panels, and the intercon-

necting bulkheads and bracketry connectinag these"
platforms and panels to the primary structure.

w
i

=
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The central thrust tube of the primary structure

is the main load carrying member. The load paths
of all other elements of the spacecraft ultimately
‘terminate in this item. It is a semi-monocoque
structure consisting of a rivetted assembly of
machined rings, rolled cylindrical and conical
skins, assembled on a special fixture and finely
machined to meet the accurate tolerance require-
.ments.. The three main rings in this tube are the
- upper ring, to which is mounted the forward plat-
form; the apogee motor ring, which provides a
mounting face and attachment point for the apogee
motor; and the separation ring which is configured N
- to match the Marmon type separation clamp and the
flange of the Thor Delta third stage adaptor..

The dynamic response of the structure will be
analyzed using computer programs such as STARDYNE.
. This program has also been used extensively for
" predicting spacecraft resonant nodes and frequen-
- cies for the satellite and major. components. :

302;2» ~ Thermal Subsystem Description

. The technical approach taken in formulating the
thermal design has been to use the north and south .
panels as the primary heat rejection radiators o
during geo-synchronous orbit, and to minimize all

- other heat leaks from the spacecraft. During the
spin (transfer and drift orbit) phase, when space-
craft heat must be conserved, the north and south
panel radiators are each thermally protected and
covered by the stowed array. These stowed north

-and south arrays utilize solar cells on their
outer surface to provide electrical power for
central housekeeping systems while in the transfer
and drift orbit. During these phases (with arrays

~ stowed) the spacecraft spin maintains the array

. solar cells at acceptable temperatures. While the
north and south panels provide radiating surfaces
for synchronous orbit, during drift and transfer -
orbit the aft platform is available to provide the.

. necessary heat rejection capability. for operating
spacecraft components if required, i.e. TT&C

- components.

7/CD/47- .
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A crltlcal thermal item in the whole spacecraft is
‘the apogee motor, which must be kept from becoming
too cold (a solid propellant is temperature sensi-
tive) before the motor is fired to’ inject the
spacecraft into synchronous orbit. Protection is
provided in part by mounting the motor case within

. " the upper thrust tube, and by utlizing the aft

N thrust tube and its attached superinsulation cover

S to shield the motor nozzle. Heat leaks are further
prevented by the use of a radiation barrier 1n51de
the nozzle, :

.. The thermal design will basically be passive
maklng extensive use of thermal blankets. However,
due to the high dissipation that occurs within
certain payload options heat pipes are adapted
-and submerged into the upper half of the north,
south panel, specifically in the areas of the
TWTs and preamp.

As mentioned the apogee motor is mounted in the
thrust tube which contains blankets on the inside
attached to the structure, and in the lower por-
tion of the thrust tube where blankets are attached
to the outer thrust tube arrangement. The blanket .
design technique adopted was developed on CTS. All

’ . blankets are grounded and they consist of outer
‘layers of 0.001 inch (0.0025 mm.) Kapton, alumin-
ized one side only, with aluminum faces turned
inward. In between the outer layers of Kapton are
cloth separators and double aluminized 0.00025 in.
mylar layers. For the apogee motor and nozzle
 blankets, aluminized Kapton sheets have been used
instead of the mylar 1ayers°

Other technlques used to maintain temperature

control on this spacecraft include the use of ‘
" second surface mirrors which are mounted to the
" north and south platforms.

Electrical heaters will be used in some instances
within the various spacecraft subsystems to reduce
thermal load variation in the spacecraft.
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Thermal interactions between components and the
spacecraft interior are controlled by using speci-
fied thermal surface finishes and by controlling
the distribution of heat with the aid of thermal
doublers., Thermal surface finishes used cover .
special paints, second surface mirrors, and silvered
Teflon. ' :

The analysis.activity carried out on the space-

. craft includes the prediction of thermal subsystem
performances in both the space flight, and flight
test configurations:. This is achieved by formu-
lating a series of thermal analytical models
(TAMs) which represent the designed system. These
TAMs are analyzed utilizing a variety of computer
programs developed on CTS. Analysis cases include
spacecraft bulk model analysis, aft platform
analysis, south (experiments) analysis, apogee-
motor cool-down, north panel and forward platform .
analysis., .

3.2.3  Attitude Control Subsystem (ACS) f

This system will be analyzed and designed as an
integrated system with the Bus structure RCS and:
DSA. The ACS controls the attltude of the space-
craft during both transfer and synchronous orblt,
together with the transition,' (acquisition) phase.
During the spin stabilized . (transfer/drift orbit)
and three axis stabilized phases, the attitude of
the spacecraft is determined from data obtalned
from earth and sun sensors.

The spacecraft is in a spin stablllzed mode throug'h-==
out the transfer and part of the initial synchronous
drift orbit phase. The .spacecraft is splnnlng

about the yaw (apogee motor thrust tube) axis at a

uses spinning earth and sun sensors to provide the
data necessary to determine the inertial attitude -
of the spin (yaw) axis. This sensor data is
telemetered down for ground processing. Also
included is a passive mechanical damping system
~which is -adequate to damp spacecraft nutations
induced or caused by any manoeuvres such as pre-
cessing of the spin axis during transfer orbit.

7/cp/49
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To complete this precessing manoeuvre, the ACS in
conjunction with the reaction control subsystem A
.provides control of the necessary spin axis pre-

cession prior to and after apogee motor firing.

Inltlally for the study a conventlonal whecon ACS
system was selected as the baseline design. However,
because of the considerable welght improventéfit
gained a hybrid system using microwave attitude
sensing system (MASS) for attitude sensing has
been chosen. '

V-

The system consists of the conventional components
used for spin stabilized phase and reaction wheels
pPlus thruster and MASS for the 3-Axis stabilized
arrangement. The conflguratlons show two wheels,
but with the use of a currently being developed

magnetic bearlng system, this could be reduced to
a single reaction wheel. .

The spin phase components are mounted on the forward
platform on the E/W faces. 3-Axis components

such as MASS plus any back up Earth -sensors are

mounted on the forward platform which is earth N
fa01ng in 3-Axis mode and the reaction wheels with

the’ control electronics are mounted on the north/

south panels along the pitch axis.

. Further details on the control system are given in .
" Section 5.1. These include trade-off studies that
~ led to the selection of a hybrid system plus control
- features such as East/West and North/South station-
" keeping momentum damping, spacecraft disturbances, -
i.e. solar radiation pressure, magnetic effects, and
antenna torquesn

“Also included 1n the ACS electronlcs are the control
features for stopping and slewing the solar array., _
this unit being an integrated system using computer .
process;ng technology. :
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3.2.4 Reaction Control Subsystem (See Figure 3=7)

- The Bus incorporates the reaction control subsys-
tem used to provide control torques during both
the spinning and non-spinning phases of the mission.
‘It is mounted on the thrust tube bulkheads of the
Bus and integrated with the structure.

-The RCS is a dual thrust blow down mass expulsion
propulsion system utilizing terpolymer, surfgce
tension tanks. Propellant, neat hydrazine N
is isolated and directed within the system by
latching _valves. Both high and low thrust cat-
alytic N4H® engines are used for the spinning,
~despin and non-spinning manoeuvres respectively.
~Line filters are installed in this system to
.\ " ensure cleanliness within each component. The
R ~ ‘Electrical Junction Box (EJB) of the RCS inter-
« - . .  faces with the ACS and the TT&C subsystems and
: N " provides drivers and latches for RCS commands and
signal conditioning for the RCS telemetry.

‘Gaseous nitrogen is loaded into -the pressurant
side of the two fuel tanks through respective
pressurant fill and drain valves, and drives
hydrazine through the system. As fuel is used up
~during the mission, the driving pressure decreases

"~ (blow-down) causing a correspondlng reduction in
thrust from the engines.

Hydrazine is loaded into the propellant side of
the ‘two fuel tanks through respective propellant.
- £ill and drain valves. Fuel may be isolated
‘within the tanks by shutting latching valves.
Pressure. transducers monitor individual tank
system pressures. There are two hlgh thrust
engines and twenty low thrust engines which are
isolated into groups by latching valves. These
_groupings are arranged to provide maximum redun-
dancy associated with minimum mass. Heaters are
required on thrust chambers, valves, lines and.
tanks to. ensure adequate performance and to pre-
vent fuel from freezing during spacecraft cool
down periods. These heaters are grouped func-
tionally to minimize command requirements. -

| 7/‘cn/51'_
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3.2.5

" The DSA 1s divided 1nto three basic assemblies:

'A.generalwlayout of the system is shown in Flgure 3-8,

© The solar cell array consists of an assembly of

. the end of life (8 years).

-~ inum honeycomb core/aluminum face sheet panels

- allow the: panels to be folded concertive fashion
~on the spacecraft north and south panels, and ' e

SPAR-R.677 ~.| f
' VOLUME I '

.The 22 thrusters are used for control as described

in the Attitude Control Subsystem. Redundancy
exists to some degree for all thrusters if time
permlts low thrust engines to perform hlgh thrust
engine manoeuvres.

Deployable Solar Array Subsystem (See Figure 3-8) .

The Deployable Solar Array (DSA) subsystem serves

as a source of electrical power that is supplied

to the spacecraft power subsystem for condltlonlng, : :
distribution and battery charglng° Power is required 2
during the spacecraft's spinning (transfer and ‘
drift orbit) phases, as well as during the non—

splnnlng (synchronous orbit) phase.

a) The Solar -Cell Array,
b) The Stowage and Deployment System,
c) - The Orientation and Power Transfer System.

n-on-p silicon solar cells with cover glasses,
interconnected in series and parallel and mounted

on an insulating substrate. Flat conductor cable

wiring transfers power from the solar cell strings _ o
along the ‘array to the diode boards on the stowage i
system. The solar cell array.is bonded to the ‘
stowage system substrate. The array is sized to

provide 835 watts of D.C. power at 40 volts at

The stowage and deployment system consists of alum-=
hinged together with. spring loaded hinges that.
lock in place when the panels are deployed in a
plane normal to the N/S panels and parallel to

the spacecraft pitch axis. Four panels are used
per side. :

3419 e ‘; ]
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When stowed, the four panels will be restrained against
the spacecraft N/S platforms at four tie-down

points. Release will be effected by a central
pyrotechnic actuated system. A pantograph system

with an electric motor controlled mechanism will
‘control deploympent of the array, the deployment
energy being provided by the interpanel hinges.

A g _

A metal yoke structure will place the inboard-most

. panel approx1mately 60 inches away from the N/S

panels to minimize shadowing by the ‘spacecraft's
UHF antenna and provide an adequate viewfactor
for the heat dissipating spacecraft platforms. This

- .will have provision for mounting diode and terminal
-boards to interface with the solar array and flat

conductor cabling to the power transfer system.
Provision is also made for installing an analog sun
sensor to be used by the spacecraft attitude
control system (ACS) to control rotation of the
array. S

When deployed, the system will feature a natural

frequency of greater than 0.15 Hz to avoid inter-
action with the spacecraft ACS. When stowed, the
outer-most panels will provide.an average of. :

greater than 80 Watt of D.C. power at 40V when

~the spacecraft is spinning at 60 rpm. It will

be possible to remove 1 panel per side to provide
625 watt at the end of life in the deployed con-
dition, and still maintain the stowed condition

power capability. /

‘The orientation and power system‘ié installed on

the outside of the spacecraft forward or earth-

- facing platform. It consists of redundant

drive machanisms contalnlng motors, bearings and

.position read-out. Slip ring assemblles are used

for power transfer. A torque tube or through shaft .
connects the north and south arrays. The system

-will be controlled by the spacecraft ACS and will

be capable of turning the arrays . at the two basic
rates of 1 revolution/drag and 15°/minute.

More details of subsystem trade-offs and sizing are
contained in Section 5.3 of Volume I and a prellmlnary
subsystem performance specification is contalned

in Section 1.4 of Volume II of this report.
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.Apogee Kick Motor

“The apogee kick motor is mounted in the thrust

tube and is capable of providing the velocity
increments sufficient for placing a spacecraft

‘welghing 1925 1lbs. into synchronous orbit. The

motor size will be optimized to include recent
improvements in Isp and motor performance which

"have been developed in the last two years.

1

The apogee motor for this satellite will be deve-.

‘loped and supplied by a motor supplier and integ-

rated with the structure at the launch facility.
Interface details and intexrface tooling will be
made available. Consequently no integration
problems are anticipated. Qualification tests on
this motor will be conducted which include sea
level and high altitude firing tests.

The motor,comprises the following major compo-
nents:

- Case and insulation chamber

- Expansion nozzle

= | Ignition system conSisting_of igniter, pyro-

- Motor attachment flange.

technic train, and safe and arm device

1

It should be noted that the motor design can be
overloaded: by 10% additional propellant so without

" any major redesign a 2125 1b. satellite can be

.injected into geo-synchronous orbit with the pro-

posed motox. ;

3=-22
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'3.35  Communications Payload Platforms

The bus studied has‘made available three major
patforms for communication and experiments pay-
1oad. They are:

a) - Forward Platform - for communication' s antenna
and multlplexer. The arrangement allows for
both mounting of a deployed multi-beam antenna
13-14 ft. dia. for UHF, and 4-6 GHz transponder :

. or a quad-helix arrangement for UHF with a ‘
. 5 ft. parabolic dish and feed horn arrange-
ment for the 4-6 GHz transponder. :

_ b) North and South Platforms - for mounting'high§‘

dissipating communication payload components .

such as TWT's, preamps, etc. The study has

adopted the concept wherein individual panels .

‘for UHF,.4-6 GHz, l2-channel, 12-14 GHZ,

4-channel; and S-band plus L-band and experi- :
ments, would be available and interchangeable;v.‘ "
these panels would also be fitted with ACS, R
battery, and other power housekeeplng dlSSl— e
patlng components. : :

 Further details on the above and other fea—‘
tures associated with these panels followap'

Forward Platform (See Flgure 3- 9)

The forward platform is capable of carrying com- -
munication payloads given in weights details in
Section 4.2, The control system static earth-

-sensor is mounted on the forward face of this
- platform; consequently, it is an earth-oriented -

stable platform with a pointing‘accuracy of 0.15
in pitch and roll and 1.0° in vaw. An aperture
for viewing earth must be made available in any
antenna design conSLdered, or alternatively,.

stand-off mounting arrangement will be requlred_

'~ for this unit. It should be noted that high

dissipating components should not be placed on

this platform as they distort the platform. If

this request is met the platform distortion will

fvnot exceed 0.2° in all axes. In addition, a

specific area for the drive and. tracking unlts has

d'vﬂbeen allocated on the panel.

\
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- b) Arranges TWTs and preamps close to the for-
v ward platform thus keeping RF losses to a
minimum.

) Thermally viable in the allowable spacecraft
envelope established.

-~ Other arrangements have been reviewd where the
4-6 GHz, l2-channel or 12-14 GHZ, 4-channel arrange-
ments are mounted on the same platform as the UHF.
The major concern with that type of arrangement
was that for thermal reasons larger panels would
. be required to maintain component temperatures
- using dissipation data provided by DOC and pre- -
‘vious knowledge on component operating limits.
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North-and South Panels (See Figures 3-10, 3- 11, 3 12)

These panels are the main radiating surfaces in

- synchronous orbit; they are thermally isolated

from the inside of the spacecraft, and the panels
have been sized to handle the dissipations pro-
vided by DOC using heat pipe conflguratlons (dis-

‘cussed with Grumman).

Panel details are prov1ded in the attached figures
and in arriving at these sizes and conflguratlons,

. the following assumptions were made:

1 a)f‘ For’the'4—6 GHz, l2-channel. transponder,

5-6 watt TWTs, preamp and multiplexer sizes
" used on ANIK spacecraft were assumed.- '

' b). For the 12-14 GHz, 4- channel'transponder CTS

20 watt TWT and preamp slzes ‘were assumed

Ce) For the UHF transponder, components were

sized based on footprint requirements related
to thermal dissipations provided by DOC.

d) For "S"-band, "L"-band and other Telesat
(late) requirements (other than payload ej),
it has been assumed that the payloads can be
fitted on to the panel sizes configured. If
additional dlsslpatlon surfaces are requlred,
further heat pipe systems can be adapted to
either panel. "

In arriving at the panel schemes.and_arrangements

discussed above, considerable thought was given to

1nterchangeab111ty features for north/south panels.

The main advantages of these are:

a) Ass1sts in proyviding constant spacecraft
balance between configurations and assists in
achieving and maintaining cons1stent moment
of 1nert1a. :

3-26.
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BUS SYSTEM DETAILS .

This section lists the parameters and requirements

ranging from launch vehicle details. to pointing

requirements provided and agreed to by DOC agalnst

-which the baseline bus study was produced.

‘In many cases due to lack of information at the

~ time it became lmperatlve to use assumptions for

. certain components in order to establish spacecraft
" sizes and layouts and complete the study. Generally,

these were associated with communications payload
details. Typically, to establish moment of inertia
information for roll to pitch stablllty criteria,

‘details from a separate antenna survey study

conducted for DOC were used, (Harris Multi-Beam
Antenna). Also, to size panels, TWT's, pre-amps,
multiplexer dissipations and sizes used by ANIK
and CTS sPacecraft were adopted.

It should be noted that power for payloads llsted

in items e, e; and ep were provided by Telesat
fairly late in the study and, in partlcular, e2 does
not form part of the baseline design since its
power requirements are outside the boundary of the
study which listed an End of Life (EOL) power
requirement of 835 watts after six years.

Having made these assumptions the latter part of

_this section discusses the mass properties of the

spacecraft that were derived from the baseline

‘design, conflguratlons and layouts established and ‘
'llsted in Section 3. 0 of this volume.

To summarize the mass properties. sectlon, all

payload options listed by DOC can be launched
using this bus conflguratlon, however, the moment
of inertia criteria is not met by the design
(this is explained in the text).

Further improvements are discussed in Volume -IV.
and if incorporated along-with possible third
stage kick motor improvements (reference Thiokol)

‘then the options listed by Telesat- also become -

viable for a launch on 3914 with. thlS bus arrange—
ment. ° . ;

SPAR
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Parameters and Assumptidns~Used for "Bus" Study

‘Launch Vehicle

Delta 3914

Fairing dynamic envelope = 86" diameter

NASA Delta Restraint Manual
Adaptor 3731A
.Geosynchronous

+.05°

Stationkeeping: N-§ = +
\ - ¥.05°

S
E-W

(|

: Adjﬁstment1period no 1ess\than:21:days

Apogee L -

Perigee -
Inclination =~ = |
Delta V =

. No. of Transfer

Orbits - - 13

‘Transfer orbit:

28.30

Spacecrafﬁ

" Life

6 years

In orbit life time
Storage prior to
launch = 3 years

'Weight

Lift-off weight
' weight) -

Stability

Spin,stabilized
3. axis stabilized .

Transfer/Drift Orbit:
Synchronous Orbits

Power

825 watts E.O.L. (does not include power for
payload e, below) .

19,525 n.mi., .
' 100 nfmia’

16,024 ft./sec. -

1,925 1bs. (excludes adaptor . :w
|
|
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4 1 4 -~ - Payload (See Tables 4.1.4-1 and 4.1.4-2)

4 1 4 1 Options

- a) UHF + 12 channel (4-6 GHz)

b) UHF 4+ 4 channel (12-14 GHz)

¢) UHF + 1 channel (7-8 GHz)

d) UHF + L Band + 1 channel (7-8) + Exp.

e) 24 channel (4-6 GHz) :
e1) . 12 channel (12-14 GHz), 30 W TWT

e2) 8 channel (12-14 GHz), 4-20 W TWT, 4-50 W TWT

Roll to pltch inertia greater than 1.1 durlng spin
phase°

Eclipse Operation

Full eclipse operation

Payload Assumptions Used for Sizing Spacecraft
i) 4-6 GHz (12 Channel)

- 5-6 watt TWIS (HAC)

- No transponder redundancy per channel

- - Same transponder electrical configuration '
as ANIK Mk .I 1nclud1ng EPC multlplexers,
fllters, etc.

- -12 channels powered E.O.L., including
eclipse.

- Dissipations per channel as per ANIK
ii) 12-14 GHz (4 Channel)

- 20 watt TWT

- ‘No redundancy per channel.

- Similar transponder electrical configu-
ration as CTS, including EPC's, etc.

\
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GP_BUS PAYLOAD CHARACTERISTICS . . _TABLE 4.1.4-1

- S o - ANTENNAE o TRANSPONDER . - .
: : : PAYLORD - — — " WEIGHT  DISSIPATION
- OPTIONS TYPE NO. & SIZE WEIGHT __ SIZE - 1bs. watts - ° DC_POWER

a) UHF/4-6 GHz Dep. parabola or 13 ft. dia. or 82" dia. 55 1lbs. TBD 218.4 - S 314.9 S 414.9
Transponder parabola + quad % 100" long i . E 264.3" - . B 339.3
(12 channel) helix
{5-6W TWT) ’

b) UBF/12-14 Dep. parabola or 13 ft. dia. or 82" dia. 55 lbs. TBD 180.5" S 456.6 S 624.6
GHz Trans- parabola + quad % 100" long , E 351.5 E 463.5
-ponder "helix :

(204 TWT)

c) UHF/7-8 GHz Dep. parabola 13 ft. dia. 55 1bs. TBD 221.9 S 404.2 ) S 505.2
Transponder . . E 252.3 . E 305.3
with auxi- . -
lary experi-
mental pay-

L load

dLT SIDNAO¥d ADVASONAV ¥vds -

d) UHF/SHF/L Dep. parabola 13 £t. dia. 56 lbs. TBD 190.4 5 397.2 S 513.2
Band Trans- E . E 305.3 E 373.3
ponder ) -

. e) 24 channels parabolic, shaped - 5 ft. parabolic’or' Ssvlbs. TBD . TBD: 5 400
4-6 GHz beam : equivalent -

el) 12-14 GHz " 55 lbs. TBD TBD ) S 636
Trans— : E 530
ponder (12 -
channels)
20W TWT

e,) 12-14 GHz 55 1bs. TBD TBD : S 239
Transponder ’ : : : ' ; . . R

4-20 watt .. .

TWT , -

4-50 watt : \ )

+ 50% re- - : : . )

dundancy

I HAOIOA
LL9 *u-UYdS
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' POWER REQUIREMENTS
HOUSEKEEPING

POWER REQUIREMENTS .
COMMUNICATIONS
PAYLOAD

a) UHF/4—6 GHz (12 channel
transponder)

S 414.9 watts
E 339.3 watts

b) UHF/12-14 GHz transponder

S 624.6 watts
E 463.5 watts

¢) UHF/7-8 GHz transpondef
-with Exp. payload

S 505.0 watts
E 305.0 watts

d) UHF/SHF/L Band transponder

[
S 513.0 watts
E 373.0 watts

A\

e) 4-6 GHz, 24 channel transponder (5 to 6 waﬁt\TWT)

«

el) 12-14 GHz 12 channel transponder:
(4-20W TWT)
(4-50W TWT)

636.0 watts

éz) 12-14 GHé 8 channel tran3poddér

(4=20W TWT) 732.0 watts
(4~-50W TWT) ' .
TTC - 30 watts
Power ' 15 watts
aCs : 40 watts
' psa 10 watts
Therﬁal . 30 watts :
~ RCS 15' watts
TOTAL A 140 watts 732.0 watts
Maximum Requirement at i) excluding item
End of Life: ' ey, and e "765.0 watts
. ii)includes e3
requirement © 872.0 watts

TABLE 4.1.4-2

4-5
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4.1.5

. 4.1.5.1

iii)

iv)

v)

VOLUME - I

- 4 channels powered E.O.L. including

=  Dissipations per channel as per CTS.
- Dissipation as supplied by DOC

- Panels 3121ng based on thermal doubler
requirements.

I Band and Experiments

-  Assume they will fit on panel Sizes_
derived from a), b) ox ¢) above.

el) Assumptions same as d).

Subsystem Parameters

ACS

(a)

(b)

(c)

(@)

Operation

Not to require correction more than every ,
five days. Stationkeeping cycle to be 21 days. .

3 '‘Axis Accuracy = . .

SPAR-R.677

Specified : Value met (during.
: ©+ Orbit adjust thrustlng)

Roll: +.10° .15°
Pitch: + 10° | .15°,

Yaw: +.3° , 1.0°

Spin Phase Accuracy

+.20° (1nc11nat10n angle for apogee motor
firing). :

Alignment Accuracy
i

Same as CTS and ANIKo ': : ‘
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. 4.1.5.2 RCS

(a) Fuel: Hydrazine S
(b) Life: 6 years, tanks sized for 8 years
(c) Thruster

. size: i) Low thruster 0.1 lb.in,
ii) High thruster 1.0 to 5.0 lb.in.

4.1.5.3 . Solar Array

. (a) Power

o _ " End of Life, 6 years? 835 watts
... - Housekeeping: |, - 140 watts
o ‘ " Payload: 640 watts
(b) .Tracking Accuracy: , ii°- ‘
(c¢) = Transfer Orbit Power: 80-100 watts
| (@) system Voltage: 50V
4.1.5.4 _Structure : . . \:: .
\ (a) Life-Off Weight: 1,925 1bs.
(b) Design for: - 2,120 1lbs.
(c) Launch Loads:: Delta Restraints Manual

4.1.5.5 Thermal

fSystem/Component DlSSlpathnS' as provided by. DOC
~and attachments, S

4.2 ‘ 'Bus Masstropertles

The mass propertles detalls covered in the text
that follows discuss bus subsystem weights and
Inertia Ratio details of the complete spacecraft
using data for payloads provided by DOC at various
- meetings during the study phase and as extracted
from internal subsystem studies conducted for DOC

The bus subsystem weight provided in Table 4.2,1—3

"GP Bus Weight Summary" reviews a bus weight using
- improved 3-Axis satellite ACS, RCS and solar cell

technology weights which will be available for a

- 7/CD/61 -
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1979 launch and whose details are discussed in the _
- ACS section Volume I and RCS section Volume II. S0
The resulting bus welght of 1607 lbs and 1587 lbs -
- (depending on payload option power requlrements)
when coupled with the payload options provided in
the DOC statement of work show that all options
can be launched on 3914 launch vehicle in the
period 1979-1985 the lowest weight margin being .
+19.0 lbs. This does not include the two Telesat
requirements which were submitted later during the
study. Volume IV discusses further improvements
- to other subsystems which with the Thiokol suggested
improvements to TE364~4 third stage motor may make
the Telesat requirements a feasible payload in the
time frame 1979-1985.

With regard to the spacecraft major axis inertias :
details are provided in Table 4.2,2-1 and the resultlnq s
Inertia Ratios show'that a figure of 1.03 is met.,

This is lower than the specified. limit; however,~

as agreed by many specialists a. value greater than _
1.025 for . a spinner is considered acceptable. Cod

\

4.2.1°  Weights (See Tables 4.2.1-3, 4.2.1-4 and 4.2.1-5)

" The following is a brief summary. of the guidelines
used for the determination of the mass propertles
of the General Purpose Bus.,

. 4.2.1.1_ TT&C and Antenna

The telemetry, tracking and command consists of -
. 'six units on the N/S panels with an omni antenna
- mounted on top of the deployable dish antenna.:
The total weight of 35 1lb. is based on- CTS and
other communications satellites, but does not
include security electronics.

4,2.1.2 - ACS

The attitude control subsystem weight of 54 1lb. is
‘based on a Hybrid system using one momentum wheel
and magnetic bearing system. :

a77CD/§1A3faJ:. :f“ff'jﬂja"7?*
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'TABLE 4.2.1-3 GP BUS WEIGHT SUMMARY

R

" WEIGHT IN.LBS.

G=P B CONVENTIONAL
SUBSYSTEM - BASELINE ACS AND RCS
‘ : - ' SUBSYSTEM

TT&C & Ant., no security box | 35 - 35
.~ ACS Hybrid - - 54 76

RCS (Tanks, Pressurant and struts 218 259
(Fuel = 6 years ' : :

Structure (Mag. Thrust Tube) 103 , <103
(including Payload Inserts, excluding : '
RCS Struts and Brackets)

~ Thermal | 21 21

Apogee Motor (Motor Fired 54) 957 ' 957.9
(Propellant & Inserts 903) :

Array (D&TM) Plus Solar Panel) 120 1b 800W.
: 100 1b 600W

Battery & PC (Housekeeping Portion
.22 x 140 + 25) 56 -1

" Harness o - 35 35

'Safe and Arm and Balance Weight N 8 . 8

~ TOTAL BUS | - 800W Array 1,607 1,675

VI

600W Array 1,587 1,651

- 7/CD/66- - .




TABLE 4.2.1-4

UHF BUS PAYLOAD TYPICAL

0T-%

ITEM WT X Y 2 wx2 Wy?2 wz2 Ixp Iyp Izp
or8C  (S) 34 5.67 .1 .22.55 . 18.23 1,093 17,289 11,299 493 - 8,670 8,347 .
TT&C ANT. . 1 0 -0 118.0 0 .0 13,924 494 494 0
UHF/SHF DISH 31.5 0 - 0 88.21 0 0 245,102 17,895 17,895 3,024
A LoAL WIAVE 23.5 0 . 0 62.5 0 0 91,797 979 979 392
PAYLOAD S 107.6 0 22.55 40.00 ) 54,715 172,160 3,667 39,175 35,669
PAYLOAD N 55.8 0 -22,55 40.00 0 28,374 89,280 1,902. 20,316 18,498
BATTERY & PCN . 130.8 0 -22.55 21.4 0 66,512 59,901 1,180 30,261 29,866
M s 20.0 $23.5 22.55 19.5 11,045 10,170 7,605 342 653 342
ACS . MW 34 0 0 52.4 0 0 93,356 7,129 10,245 17,283
BRRAY - D&TM 25 0 0 57.9 0 0 83,810 | _ 885 885 1,667
- SOLAR PANEL 95 0 +30 28.81 0 85,500 78,852 27,345 47,349 20,120
HARNESS ELEC. 35 0 0 30.6 0 .0 32,773 4,713 7,338 11,958
SAFE & ARM & BALLAST 8 0 o} 24.0 0, o} 4,608 , 0 0 0
SECURLTY BOX - 10 0 $22.55 18.23 0 5,085 3,323 0 0 0
THRUST TUBE STRUCT. 36 0 0 20.47 0 0 15,085 13,745 13,745 10,130
NORTH PANEL 14 0 -26 28 0 9,464 10,976 3,277 8,056 4,779
SOUTH PANEL 14 0 26 28 0 - 9,464 10,976 3,277 8,056 4,779
EAST PANEL 5 32 ! 28 5,120 . 0 3,920 2,147 1,105 1,042
WEST PANEL 5 -32 0 28 5,120 0 3,920 2,147 1,105 | . 1,042
FORWARD PLATFORM 10 0 0 54.4 0 0 29,594 | . 2,083 3,413 | .. 5,497
SEP. PLATFORM 5 0 © 0 ol 0 0 5 - 1,707 1,042 2,728 -
E/W PARTITION 5 0 123 28 0 2,645 3,920 1,127 1,220 94
N/S PARTITION: re £20 0 28 1,600 0 3,136 928 - 901 27
RCS STRUCT. 1 0 +26 28 0 676 784 .0 .0 0
MISC. HARDWARE 4 0 0 28 0 3,136 1,717 2,249 2.199
RCS TANK & PRESS 65 %30 +10 43 58,500. 6,500 120,185 2,106 z,1g§ T 2,106
RCS FUEL 153 30 +10 40.8 137,700 15,300 254,690 - 4,957 L 4.3 . 4,957
THERMAL CONTROL 21 0 0 40.0° o |- 0 33,600 +0,307 ; 8,743 11,900
APOGEE MOTOR " 54 0 0 24.0 0 0 31,104 17,150 17,150 6,075
PROPELLANT & INERTS 903 0 0 37.0 0 -0 1236,207 |.. 91,104 | 91,104 | :80,870
TOTAL 1,910.2 0 0 36.36 220,178 311,694 |2,749,025 221,403 .| 349,212 | 285,451

-~ I EWOTOA
LL9°¥-9vas
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TABLE 4.2.1~5.- WEIGHT SUMMARY:

UHF
+
. 4-6
© PAYLOAD GHz
DEFINITION a
POWER 414.95
REQUIREMENTS 339.3E
A) PAYLOAD ~ TRANSPONDER & ANT. 218.4
Antenna -included in A (55)
B) BATTERY TO OPER. 74.8
C) SECURITY BOX MIL. VER. 10
X TOTAL (A + B + C) 303.2
Y TOTAL (BUS) 1587
TOTAL (X + ¥) 1890.2
LIFT OFF WEIGHT ALLOWED . 1925.0
* (CONTINGENCY) +34.8
Note: N
TOTAL ARRAY (INCL. HOUSEKEEPING) 100
‘TOTAL BATTERY & PC (56 + B) : 130.8

UHF
+

12-14

GHz

b

624.65
463.5E

180.5

(55)

102,08
10

. 292.58
1607 ,
1899.58
1825.0
425,42

120

158.08

_ UHF
+
7-8
GHz .
EXPERIMENTS
.
505.0
305.0
221.9
_(55)
67.1
10
299.0
1607
1906
1925.0

419.0

120
123.1

.,*Higher efficiency cells will be required to meet.this.

PAYLOAD OPTION DETAILS

UHF
+

SHF
&L
BAND

d
513.0S8

373.0E .

190.4
(60)
82.06
10
282.46
1607
1889.46
1925.0
+35.54

120

138.06

24-4-6
GHz/
e

4005
350E

. 231

(55)
77
0
308
1587

" 1895
1925.0

+30.0

100
133

v12/12~14
GHz

€1
6365
530E
235
(55)
116
0
351
1607 .
1958
1925.0
-33.0

120
172

217

8/12-14
GHz

ey
7325
7328
235
(55)
161
0
396
16077
2993
1925.0
-78.0

120%*

’

alT S1ONaoyd zovdsQH;EVr«ﬁvas'
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4.2.1.3 RCS

The reaction control subsystem is based on a four ;
tank system that weighs 65 lbs. including tank
pressurant struts and brackets. The fuel weight -
of 153 lbs. is sufficient for six years, using

¢ improved technology RCS engines.

4.2.1.4 Structure Subsystem'

* The weight of 103 lbs. is for a structure consisting
of a magnesium thrust tube and honeycomb panels
for all platforms and partitions. A, thrust tube
made of 1/8" honeycomb panels would save 9 l1lbs. -
Replacing the film adhesive in the panels, platforms
.and partitions with a pre-bonded core materlal
‘'would save an additional 4 lb. .

- Also included in this weight is 4 1lb. for panel
inserts.

4,2.1.5 Thermal Subsystem

The weight of 21 lbs. is for a thermal subsystem
using heat pipes and thermal doublers to dissipate
heat. The use of heat pipes and doublers instead
of just thermal doublers results in a saving of

12 1bs.

4.2.1.6 Apogee Motor

The welght of 957 lbs. (fuél 903'1bs,, motor case -
54 1bs.), is for a spacecraft welghlng 1, 925 1lbs.

v'4.2.1.7 Solar Array Subsystem

- The weight of 120 lbs. includes the drive and
"tracking mechanism and a solar array large enough
to power any one of the proposed communication

‘payloads (except payload Option_;ez)n :

' 4.2.1.8 Battery and Power Control Subsystem

~ The weight of 56 1lbs. listed includes a power

- control subsystem weighinglzs lbs. and that .
portion of the battery that is needed to power the . -
housekeeping load of 140 watts during ecllpse. o
The battery weight has been broken out in the
above manner as battery power requlrement (and
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4.2.1.9

. 4.2.1.10 Safe and Arm and Ballast

. spacecraft balance during the early phase of des;gn,_'

The above weights add up to a total of 1,607 1bs.

~and 1587 1bs. for the Bus (depending on payload :

.. power requirement) to which the payload must be added to
- obtain the total weight of the spacecraft

' SPAR-R.677
' VOLUME I

hence welght) varies significantly with payload ‘ . ‘
and it is considered to be the one component that
could reallstlcally be modified to take advantage
of reduction in eclipse power requirement (due to
its cellular construction).

Harness

The harness weight of 35 lbs. is based on CTS
exper:n.ence°

The weight of 3 lbs. for the safe and arm is based:
on CTS experience, and 5 lbs of ‘ballast is available.
It is also suggested that the S&A be used as ballast
and located in the most optimum location to assist

v

The payload consists. of a transponder, antenna,_~'

battery (that portion used to operate the transponder ,
payload) and a security box for mllltary payloads (UHF

- only)-.

(Weights for payloads are shown on table entltled ‘

WEIGHT SUMMARY.. PAYLOAD OPTION DETAILS) .

. Moment of Inertla Ratio (See Table 4.2, 2 l)

. The mlnlmum moment of inertia. ratlo (lesser of two'.;gf771*»
- ratios Izz/Ixx or Izz/lyy), for the present spacecraft

conflguratlon with payload optlon "a" is 1.03:
This is less than the required mlnlmum of 1. lO,-H

" however still considered by spec1allsts to be within =

stablllty requirements (1.025mm). The changes 11sted below

°f,wou1d improve the moment of inertia ratio. . This

is essentially a listing of sensitive components, -

‘which effect the I.R. significantly and on which - _;f_xffyf"ﬁ s
‘sensitivity studies should be conducted to drlve'

the optimum baseline configuration to the value
specified if considered necessary° : ~
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f”t'§§ g%3311694 + 2749028 221043 - 1910.2 x 136.36

gy = W (x¥ o+ 2%) 4 Iyp - we (§2 + 72y

Tz =?1W'(x2‘+ y2) + Izp - Wt (§2 +\§2)

.. = 817323 1lb.in.

SPAR-R.677
.~ 'VOLUME. I

i;;;M..of I. Ratlo with Antenna Weight at 55 1bs. and’ CG at
L Statlon 77 22 .

‘ -

%fkaﬁiﬁA W (y +2%) + Ixp - We (70 x 70

2

’= 756386 1bo lne 2

”%1220178 + 2749028 + 349212 - 1910.2 x 36.36°

='793039 1b.in.>2

= 220178 + 311694 + 285451 - 0
' 2

M. of I. Ratio = %22 = 817323 _ 4 43
oo T L 1yy 793039

AR BN
W e
l

‘ : : : Sy e e
MOMENT OF INERTIA RATIO ~ Table 4.2.2-1

4-14
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a) Move ‘the dish antenna down by shortenlng the
: - mounting dish base cone. :

b) Move the separatlon plane up.

c) Move the. N2H4 tanks radially toward the N/S
panels. :

d) Shorten the stowed length (Z dlrectlon) of
the solar panels.

e)  Place ballast on'N and S panels.
£) Move -the batteries forward.

g) Shorten the spacecraft by lowering the forward -
- platform which may require a hole in the
forward platform for the apogee motor and
- also requires that the stowed length (Z
dlrectlon) of the solar panels be shortened.

The most effectlve changes from the above llSt are
‘a), ¢) and g), and realistic modifications in '
these three in combination would result in a
moment of inertia ratio of approximately 1.12.

4-15
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5.0 SUBSYSTEM TECHNICAL DETAILS

‘The information provided in this section and
_ _ Volume II, Section 2.1.2 includes the technical
T details of the bus subsystem; trade-off studies
‘ that occurred during the study and resulted in the
- selection of specific subsystem conflguratlons
~and parameter assumptions used in sizing and
configuring the bus.

On certain subsystems it will be noted that the

\ text is not consistent with the final configurations
selected since initially it was decided to use
state of the art technology in sizing subsystems.
.Toward the end of the study it was recognized that
advanced technology would be available for a o :
satellite launched in the period 79/80 with little - ,
risk, and consequently these have been included as ' ‘
part of the baseline design. Subsystems in the
category given above are: ‘ '

(a) ACS baseline will be a hybrld system using
MASS. :

(b) RCS basellne is using super heated electro--‘
thermal engines. :

(c) DSA baseline will utilize violet solar array
' cells. : : _ RN

- 5.1 Attitude Control Subsystem Descrrptlon

.

The Attitude Control Subsystem (ACS) is conflgured
to provide attitude stablization and control
capabilities for the General Purpose Bus Satellite
-durlng the following operatlonal phases of the
mission: : : :

(a) Sp1n Stablized Transfer Orbit
(b) Attitude Acquisition Phase
(c) Three-Axis Stablized Phase
(d)  Orbit Adjust Manoeuvers ‘

The primary objective of the ACS is to maintain
the spacecraft pointing accuracy, during the
three-axis stabilized phase, within + 0.15° in.
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roll and pitch and + 1.0° in yaw. Additional
major design considerations are: :

- (a) Eight year life.

(b) Autonomous Attitude Acquisition.

(c) Stationkeeping accuracy of + 0.05° North=

South and East-West with orbit adjust 1nterva1s

scheduled on a 21 day operational cycle.

(d) Capable of a pitch slew manoeuvre of up to
+ 0.5° to accommodate a change of station’
Tongitude. .

Attitude Control System Trade-Off

For the purposes of a trade-off comparison of
potential Attitude Control Systems, a performance
specification has been prepared with parameters
appropriate for the Multi-Purpose Bus Satellite.
This specification is included in Volume IIXI.

The detailed parameters contained within the

specification may change somewhat without substan-

tially altering the conclus1ons reached herelna

' This trade-off is based on information gathered as
‘a result. of CTS experience and recent vendor :

surveys, and reflects information avallable to
Spar at this time. :

Identification of Major Trade Parameters

In order to arrive at a rational choice of candidate

control systems, it is necessary to quantify and
compare a number of major parameters, including .
the following:

(a) Accuracy

Both angular pointing aécuracy as well as
angular rate accuracy must be considered in
1ight of specification requirements.. '

(b) Power

Power consumptlon durlng the on-orbit phase
requires the provision of suﬁflclent solar

5=-2




_SPAR AEROSPACE PRODUGTS LTD S o ﬁ

SPAR-R.677

I

' R677/85

(c)

(a)

(e)

VOLUME I

array area and battery capacity to service
the attitude control system. Power consump=
tion may be expressed as a "power equivalent
weight" by means of the following factors:

i) Axrray - 0.10 1lb/watt

ii) Battery = = - 0.20 lb/watt

The battery power equivalent weight factor is
based on the latest available information for
space qualified batteries and the solar array
factor is based on a straight line fit between
an 835 watt and 625 watt (end of life) "rigid":
array design. The total power equlvalent
welght factor is 0.3 lb/watt.

Weight

For most: spacecraft, weight is a very impor-
tant factor. For purposes of trade-off, the
total weight should include not only the
control system hardware weight, but also the
RCS fuel weight required by the system, the
weight of additional RCS engines required for
system operation (as, for: example, the offset
engines required by Whecon), the power equiva-
lent weight and any other overall weight
impacts resulting from the system.

Rellablllty

A basic philosophy normally followed for
extended life spacecraft is the elimination
of potential single point failures, regard-
less of the system numerical reliability.
This redundancy philosophy has significant
weight impact, but has been followed for the
candidate systems under consideration.

Cost
Cost is often considered to be as important
as weight for comparison purposes. The
component cost data available for this trade-
off must be considered preliminary since not
all potential component vendors have been
fully exercised. In additiopn, component

costs are quite sen51tlve to program details.
AT
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Baseline Variables

The independent baseline variables used for thlS
trade study are as specified in Attltude Control
Subsystem Spe01f1cat10n. :

Candidate Systems

Three candidate control systems, a momentum bias.
system (Whecon), a reaction wheel system and a
hybrid reaction wheel with thruster system are
considered the most favourable candidate systems.

The momentum bias systems have been specifically
configured such that yaw sensing on a continuous -
basis is not required. Until the introduction of .
the Microwave Attitude Sensing System, continuous
yaw sensing has been difficult to-accomplish for -
long life spacecraft. Of the various momentum
bias schemes, the Whecon or fixed wheel with

- offset thruster system, has been chosen to satisfy

the performance requirements with minimum cost, .
weight and maximum reliability. (Reference SPAR-R. 664,
Technology Survey of Attltude Control Technlques,
April, 1975) ‘ ' .

A flxed wheel with ground command correction (no.
on-=board controller),. though potentially prov1d1ng
the lightest, most reliable system, requires
frequent ground correction and is, therefore, not .
considered suff1c1ently ‘autonomous for an operational
satellite. The remaining momentum bias schemes

with additional reaction wheels or gymbals have

been configured. to provide additional performance
features such as roll and yaw offset pointing and
high resolution control. Such additional features
are not required for the Multi-Purpose Bus Satellite
and, for reasons of economy, weight and rellablllty,
have not been considered as potential candidates.

It is suspected that the Whecon system, as originally
conceived by Lockheed, has been used in classified
missions, though probably of short duration. With
modifications included to limit nutation growth -

and thruster activity, the Whecon system was

chosen for the CTS. Subsequently, Whecon (or
equivalent) systems have been chosen for the i
FLEETSATCOM, RCA SATCOM, OTS and the Hughes three~
axis satellite. _

5-4
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A modification of the Whecon system proposed for
SATCOM includes the use of electromagnets interac=-
ting with the earth's magnetic field, both to A
compensate for secular disturbance torques through
current loops in the solar arrays and to provide
vernier control with pulsed magnets. Independent
trade studies conducted during definition of the
CTS control system, as well as other studies,
(Reference, SPAR-R.666, Technology Survey of
Critical ACS Components for the Multi-Purpose UHF
Satellite Project, April, 1975) would indicate
that any fuel savings using this approach would
marglnally dffect total system weight. In addition,
there is disagreement as to the frequency of
magneto=pause crossings at synchronous altitude
which could adversely effect the magnet system

. utility. Because of the marginal performance

benefit.and increased complexity, the magnet’

“system has not been’ 1ncluded with the candldate

Whecon system°

Low momentum or reaction wheel systems have been
used in the past for various spacecraft missions. -

- General Electric, in particular, has quite an
. extensive background with these systems and is, in’

fact, using a three reaction wheel system for the
Japanese BSE. The major advantages of these _
systems is the very fine pointing and rate accuracy
attainable as well as the ability to perform off~
set pointing or other manoeuvres. A major dlsad—i
Vantage is the requirement for continuous yaw :
sensing, which for the BSE is accomplished with a

. Microwave Attitude Sensor (MASS) plus earth sensor

combination. With the addition of a polarization
angle measurement (POLANG) to the MASS, the earth
sensor may be dispensed with, resulting in a
weight attractive sensor system°

‘The zero momentum system (w1thout wheel), utlllzlng

control thrusters about each of the control . axes,
is not a viable alternative for the. Multi-Purpose
Bus Satellite. The rather large, but purely
periodic pitch disturbance torque and small pitch
inertia, would result in a pitch control fuel
consumption of approximately 60 1lb for six years.:
Since this major inefficiency occurs only about
the pitch axis, the use of a pitch reaction wheel
to absorb the periodic disturbance torques is a

}

5-5
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- possible alternative. Thus, the hybrid zero/low
momentum system using the MASS with POLANG has -
promise as an attractive control system and is

included as one of the prime candidates. |

5.1.1.3.1 Common System Components

Each of the candidate systems include a number of ,
common components, used for the spin phase, acqulsltlon‘
and array tracking. These components, whose major

parameters are listed in Table 5.1.1.3.1-1,

“the following:

- (a) Spinning Horizon Sensor

i

include

This sensor, employing a narrow field-of-view
infrared telescope, scans across the earth

disk as the spacecraft rotates about its spin
axis. The resulting earth. scan signature
provides a measure of the earth chord length.
With two such sensors, one pointing 5° above -
and . the other 5° below the' spacecraft equatorial
plane, a measure of the angle between the:

spin vector and the earth line is obtained

N

from the difference between the two ‘sensor

chord length outputs.

(b) Splnnlng Sun Sensor

The -spinning sun sensor provides two outputs:
R / DN

i) A sun pulse generated as the sun passes
" . through a plane containing the spacecraft
spin axis., , This sun pulse is used to
phase thruster pulses. durlng prece331on

manoeuvres.

ii) Angle between the spin vector and the
o . sun line. This angle and the angle to
- the earth line together determine the

. spacecraft spin axis dlrectlon.-

(c) Array Track Sun Sensor

' Thls sensor, with a relatlvely narrow fan-
shaped field-of-view, is mounted on the solar
array and used to provide automatic array sun
tracking and initialize a clock driven array

tracking. operatlon°
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TABIE 5.1.1.3.1~1

COMMON CONTROL SYSTEM COMPONENTS

_ On-Orbit ROM COST
o .- Weight ' Power Mission Non- Recurring
- Component - - (1b) - - (Watts).. . '~ Reliability Recurring (per S/C)
(a) Spinning Horizon 3.0 - " 0.998" Detail Information
- Sensor ' ' ] Relating to Costs is
Available on Request.
Ut (b)  Spinning Sun 1.84 - 0.998
l, Sensor
(c) Array Track 0.52 0.1 0.996
Sun Sensor :
(d) Acquisition Sun 0.36 - 0.999
Sensor ~ '
(e) Nutation Damper 0.9 - - ' 0.9999
(£) Control 18.0%* 15.0% 0.96*
Electronics )
(9) Bracketry 1.5% - -
26.12 15.1 0.96

TOTALS

(On-Orbit Reliability)
*Estimated Quantities

-
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(d) Acquisition Sun Sensors -

These sensors, consisting of clusters of
analogue "eyes", provide a complete spherical
field-of-view allowing attitude acquisition
to occur from any spacecraft orientation. -

(e) Nutation Damper‘

The nutation damper, consisting of a closed

tube partlally filled with mercury, is allgned
along the spin axis and mounted near the _
periphery of the spacecraft. Passive nutation
damping occurs as a result of energy dlss1pat10n
through surface waves and sloshing of the '
mercury within the tube.

(f) Control Electronics

- The control unit considered here consists of
- redundant programmable computers and an
interface box. The electronics unit is -
‘ included as a common component since the
. candidate control systems will have little.
impact on the major parameters for this unit.

5 1. l 3. 2 The Whecon System

A block diagram of the Whecon system is

shown in Figure 5-1. The p01nt1ng accuracy

of this system will be + 0.14° in roll and pitch

and + 1° in yaw. Rate accuracy would be approximately
+ 0.003 deg/sec. In addition to the common com-
ponents, +the candidate Whecon system includes
components whose major parameters are listed in

Table 5.1.1.3.2-1, as follows:

. {(a) Horizon Sensor

In order to meet the pitch slew requlrement
without accuracy degradatlon, a scanning §
infrared horizon sensor is assumed for measure-
ment of roll and pitch angles. Since the
East/West stationkeeping accuracy is + 0.05°,
-earth chord length changes resulting from
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B TABLE 5.1.1.3.2-1 ,:g
WHECON SYSTEM COMPONENTS | z -
i L
On-Orbit . Cost ($K) o 1%
Weight Power ' On-0Orbit Non—- Cost ($K) | 52
Component (1b) (Watts) Reliability Recurring Recurring g
| ke
(2) Horizon Sensor 12.0 4.5 0.988 . Detail Information 0O
: S Relating to Costs is - g
Available on Regquest g
H
: (b) Momentum Wheel 0 -
E ; i o
‘ ~ Conventional Bearing 34.0 15,0 0.978 g
. - Magnetic Bearing 24.5 - 2.5 0.995
I N
= (c) . Yaw Sun Sensor 4.0 1.0 0.990 )
(@) Common Components © 26.12 15.1 .- 0.960-
Totals:
- Conventional Wheel » 76.12 45,6 ‘ 0.918 , 1,043 - 1,248 _
-~ Magnetic 66.62 - 23.1 . 0.934 1,360 1,236
_ Weight Equivalent Power:
- Conventional Wheel .’ 13.68 -
- Magnetic Wheel , ‘ 6.33 v
‘ ‘ ' < w
RCS Weight: 8 g
A [ L
- Offset Thrusters . 300 5 o
- Fuel (six years) 9.0 : H . O
; o - 9
’ Total Weight : _ = N
S - - Conventional Wheel = 101.8 1b. . : o L o - - ' 1
- Magnetic Wheel. . . 84,95 1b - ' A L -
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altitude variation will be of the order
o+ 0.005° thus allowing the CTS sensor to be
- used without modification. This sensor
employs a single scanning field-of-view with _
chord length comparison to a preset nominal '
chord length providing cross-scan angle
" calculation. Two sensors would be employed
. for redundancy and to eliminate sun inter- .
- ference effects. One sensor would scan 5° . uE
~above the earth equator in an east/west ,
direction and the other would scan 5° below -
- the equator.

5

(b) Momentum Wheel

In order to meet the yaw pointing accuracy
requirement,a wheel of 15 ft.lb.sec capacity
is assumed. With conventional ball bearing"
wheels, redundant units are generally con51dered
‘necessary to meet a six to eight year life .

. requirement. The CTS momentum wheel with a
slightly modified bearing configuration would.
be used. As an alternative, a magnetic
suspension wheel may be considered. Since

‘ the bearing wearout mechanism is eliminated,

~only a single wheel need be used. The levi-

. tation system, electronics and drive motor '
would be completely redundant. :

(c) Yaw Sun Sensor

: Two digital sun sensor heads measuring the -
"vertical" (elevation) and "parallel" (slant

azimuth) components of the sun line will
provide a yaw angle measurement during all
periods during which north/south station-

" keeping must be performed.  The vertical , RN
sensor provides yaw angles within + 30° of .
the sun line. The parallel sensor is an = o
identical head, rotated through 90°, and Wlll
£ill the gap during solstice seasons, (but :
not during equinox seasons), thus ellmlnat;ng
a requirement for a rate integrating gyro.

This sensor complement will allow orbit
‘inclination control to + 0.05

"R677/90 -
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5 l 1, 3 3 The Reactlon Wheel System .

‘ The reactlon wheel system requires yaw sensmng on.
. a continuous basis. The use of sun Sensors with
. rate integrating gyros is not considered sufficien-
tly reliable for a six to eight year mission.
.. Thus, the MASS with earth sensor or MASS with
" 'POLANG are the only alternatives apparent at this

time. In addltlon, the MASS with earth sensor - .

- combination is not considered a weight effective

~ combination. Thus, only the MASS with POLANG will
. be considered. The reaction wheel system will

" include the common components as well as the
‘[follow1ng as shown in Table 5 l.1. 3 3-1:

i

" (a) MASS with POLANG'

Since this sensor is not yet developed, only
>j‘est1mates of weight and power can be considered.
The presently developed non-redundant MASS
. without POLANG weighs 8 lb and requires
"~ 10 watts. It is estimated that a redundant
- MASS with POLANG would weigh 16 8 1lb and
- require 12 watts of power. . \

;f"}-(b)"Reactlon Wheels

- Conventional ball bearing reaction wheels of - .
- 1.5 ft.lb.sec capacity weigh 8 1lb with a .
- power requirement of 4.5 watts each. With
- fOur’skewed wheels, three operational at any
- time, the total reaction wheel assembly
~weight would be 32 1lb and would requlre
. 13.5 watt power. .

: Magnetic bearing reaétiondwheels of 1.5 ft.lb
capacity would weigh 11 1lb each and require
1l watt. Only three wheels would be required.

. A block diagram of the reaction wheel system
is shown in Figure 5-2. . The accuracy :
of this system will be 0.14° in roll and
pitch, and 0.6° in yaw with rate control
probably an order of magnitude better than
the Whecon system although analysis Wlll be
requlred to justify this claim.

5-12 — S .
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g TABLE 5.1.1.3.3-1 . . ,7

REACTION WHEEL SYSTEM COMPOMENTS .

‘ ] ) On-0Orbit . ROM COSTS
’ : , _ . Weight Power Mission Non- . Recurring
Component (1b) - (Watts) Reliability Recurring (per S/C)
(a) MASS (with POLANG) 16.8 . 12.0 0.985 Detail Information

Relating to Costs is
_Available on Request

v

dLT SIDNAO¥d AOVASORAV AvdS | . -

) (b) Reaction Wheels
o - Conventional Bearings 32.0 . 13.5 0.970
= - Magnetic Bearings 33.0 > 3.0 0.985
w : : " ‘
(c) Common Components 26.12 15.1 0.96 ’ ‘ | |
Totals:
- Conventional Wheel 74.92 40.6 0.917 1,410 K 1,491 K |
- Magnetic Wheel 75.92 30.1 0.931 1,710 K 1,491 K - - |
Weight Equivalent Power: , -
~ = Conventional Wheel - 12.18 B
- Magnetic Wheel. - 9.03
RCS Fuel (six years) 4.0 8 =
Total Weight: = 1 :
, | Bl [
- .= Conventional Wheel 91.10 - H R U
o - Magnetic Wheel 88.95 o X}
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A Hybrid System

Due to simplicity and extensive flight background,
an all gas zero momentum system has considerable

~merit. However, for the present configuration,

gas control about pitch would impose a serious
weight penalty due to the small moment of inertia
and large periodic torque. A hybrid system consis-
ting of a pitch reaction wheel and thruster control

_about. roll and yaw is worthy of consideration. In

this case, only two conventional bearing reaction

" wheels or a single magnetlc bearing wheel would be

5.1.1.2.4

required. Attitude sensing would be obtained with
the MASS as in the reaction wheel system,

P01nt1ng accuracy for this system would be + 0.14°

in pitch, + 0.16° in roll and + 0.7° in yaw. Rate

accuracy would be similar to the Whecon system.
The component major parameters for thls system are-
presented in Table 5 1.1.3.4-1.

Trade Study Matrlx ’::

Table 5. 1 1.4-1 is a summary of the major parameters
for each of the candidate systems. The "total
weight" shown in this matrix includes the

subsystem weight plus weight equivalent power,

and RCS weight required for system operation.

It is apparent that the reaction wheel system has
little to offer over the Whecon .or Hybrid systems.
The following salient features may be identified:

(a) The use of magnetic bearing wheels ‘results 'in
~a significant weight saving over conventional

bearing wheels (through elimination of redundant

wheels and power requirement reduction) as well
as an increased system reliability. The ‘
additional cost for a magnetic bearing wheel
has ‘a small effect on total subsystem recurring
costs since non-redundant wheels may be used°

(b). The. development of the Microwave Attltude

Sensing system with POLANG would allow use of
the Hybrid system which is- the lightest of

all the candidate systems.. If, in addition,

the magnetic bearing reaction wheel is con-
sidered, the resulting Hybrid system is very
attractive. This system is worthy of additional
study. In particular, an optimization of. the

B .
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' TABLE 5.1.1.3.4-1

HYBRID SYSTEM COMPONENTS

(a)

(b)

9T-g

(c)

ROM COSTS

- Magnetic Wheels

-

- 74,35

" On-Orbit
Weight Power Mission Non- Recurring
Component . (1b) (Watts) Reliability Recurring (pexr S/C)v
MASS (with POLANG) 16.8 12.0 0.985 Detail Information
' . Relating to Costs is
Available on Request

Reaction Wheels
- Conventional Bearings 16.0 9.0 0.978
- Magnetic Bearings 11.0 1.0 0.995
Common Components 26.12 15.1 0.96
_Totals:

'~ Conventicnal Wheels 58,92 36.1 0.925 1,410 K 1,341 K
- Magnetic Wheels 53.92 28.1 0.941 1,710 K 1,291 K
Welght Equivalent Power: ~
- Conventional Wheels 10.83
- Magnetic Wheels 8.43
RCS Fuel (six years) 12.0 )

Total Weight:
- Conventional Wheels 81.75
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TABLE 5.1.1.4-1

ACS SYSTEM TRADE MATRIX

HYBRID-

System- _ ____WHECON REACTION WHEEL
: ‘Conventional Magnetic Conventional Magnetic- Conventional Magnetic
Bearing Bearing Bearing Bearing Bea_ring Bearing
Major Parameter Wheel Wheel Wheel Wheel | Wheel Wheel
vSubsystem Weight 76.12 66.62 74.92 75.92 58.92 53.92
Total Weight 101.8 84,95 °1.10 88.95 81.75 74.35
On-Orbit Reliability’ .918 .934 0.917. 0.931 0.925 0.941
{six years)
"Component Césts (SK)
- Non-Recurring 1,043 1,360 1,410 1,710 1,410 1,710
~ Recurring 1,248 1,236 1,491 - 1,491 1,341 1,221
(per S/C) : . . ]
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' RCS interface could result in further total

weight reductions.

It has been suggested that the ground beacon
required for MASS, even if redundant, cannot
be considered sufficiently reliable to exclude
a back-up sensing capability. This would
imply not only redundant infrared horizon
sensors would be required, but the yaw sun
sensor’ and integrating rate gyro would also

be necessary to provide a three-axis back-up
sensing system. The additional weight of

20 1b for this back-up capability would

likely exclude a Hybrid system from con- 4
sideration. To overcome this suggested deflclency,
it is considered likely that redundancy and

a preventive maintenance program for the ground
beacon could be devised to assure continuous
operation. !

5-18
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5.1.1.5

5.1.2'
5.1.2.1

Trade Result

The Whecon control system with conventional bearlngs
has been chosen, at this time, for the General
Purpose Bus Satellite primarily because minimum
development is required for this system. 1In
addition, considerable experience has been gained

on a Whecon system through.the CTS program.

However, it should be noted that a total spacecraft
- weight saving of almost 17 1lb may be realized if

necessary, through the use of the magnetic bearing.

‘wheels. Further, a total spacecraft weight saving

of approximately 27 lb could be realized with the.
Hybrid system with a magnetic bearing wheel.

ACS Operation Description

. Three-Axis Stabilized Operation

The Whecon (WHEel CONtrol) employs a single fixed
momentum wheel, a pair of "offset" thrusters and
an earth horizon sensor. Gyrocompassing is used
to transfer yaw errors into roll errors for detec-
tion by the roll horizon sensor. With a wheel
momentum sufficiently large compared with the .
disturbance torque environment, no yaw sensing is
required:. When the horizon sensor detects a roll

error, instead of a pure roll correction, a combined

roll and yaw motion is created by thrusters which
are offset from the vehicle principle axes. The
offset jets reduce the yaw response time to sig-
nificantly less than one quarter of an orbit

- period and introduce yaw damplng.

The roll response is damped by electronically
fllterlng the roll horizon sensor signal to intro-
duce rate compensation. Nutation limiting and
damping logic is incorporated to suppress nutation
growth due to thruster pulses, thus eliminating

' any possible limit cycle motion. This results in -

efficient utilization of RCS fuel. Pitch control
is achieved by varying the momentum wheel spin
rate. - :

SPAR-R.677
VOLUME I
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 Spin Stabilized Operation

During the transfer orbit phase of the mission,
the ACS provides the support necessary for ground
based attitude control. The spinning control
system comprises spinning earth sensors and spin-
ning sun sensors linked to the transfer orbit
electronics, thruster control electronics and a
passive nutation damper. All control is exercised
by ground processing of the sensor telemetry data
and ground commanded thruster generation.

- Attitude Acquisition Operatibn

_The acquisition phase is the transition between

the spin stabilized configuration and the three-
axis stabilized configuration. This phase begins
with the initiation of despin and extends to the

.turn-on of the on-orbit controller.

The acquisition control system is autonomous with
initiation of the sequence commanded from the
ground. A number of ground control overrides are
available for non-standard or back-up operation.

The initiation command may be sent at any point in
the orbit. The sequence is designed such that the
same controller and mode control logic is compatible
with an automated reacquisition in the event of a

- failure during the on-orbit phase.

The only sensors required for acquisition are the
on~-orbit non-spinning earth sensor and a full
spherical field-of-view sun sensor. Roll, pitch
and yaw thrusters are used as well as the on- orblt

Acontroller and momentum wheel.

The acqulsltlon sequence is outlined in ~

Table 5.1.2.3-1 and Figures 5-3a and 5-3b. It
consists of a despin to a low rate, followed by a
sun capture and hold mode during which the sat-
ellite is stabilized to the sun=line while the
solar array is deployed and oriented to the sun.
When the solar array is tracking:the sun, the
aximuth reference is changed to.the angle 4, the
angle between the sun line and eaxth line. This
causes an. azimuth error which is corrected by the

Fd

rd
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TABLE 5.1.2.3-1
ACQUISITION SEQUENCE OUTLINE

'

Allotted Time/

On-orbit
Control

attitude and rates within bounds, enable
OCE2, disable AAREA. ’ .

/ Impulse
Step Description Expenditure
“'Despin - 'Despin satellite to less than 1-2 rpm.: 15 min _
: : 246 lbf-sec
Sun Acquisition ; b
a) X-Z%Z Plane Use roll and yaw thrusters and elevation
- Capture channel of AAEA to capture sun-line in A-Z
plane. -
b) Aximuth When elevation transient has settled, enable 20 min.
Capture azimuth channel and capture to present value 10 lbf-sec
A of azimuth. Partially spin-up wheel. )
3 Sun Hold and Hold sun at the reference point in the sun Time fixed by
S/A Deployment sensor FOV. Deploy solar array and orient to Deployment -
sun. Control reaction torgues with sun-line negligible fuel
controller. ,
4 Pitch Manoeuvre Manoeuvre in pitch to place Z-axis at angle 30 min
and Wheel : o from sun-line. Simultaneously bring wheel 7.5 lbf-sec
Spin-up up to nominal speed. .
5 Precession Precess about the sun-line using sun-line Up to 90 min
. Manoeuvre- controller with bias input. Maintain Z-axis 50 lbf-sec
i - at regquired angle with respect to sun-line.
6 Transfer to When earth image in earth sensor FOV and

s

'
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. .studies. This scheme includes the following steps:

R677/101
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sun-line controller with a rotation about the
pitch axis. Null is attained when the Z-axis of
the satellite is at a known angle from the sun-
line. Simultaneous to the pitch manoeuvre, the
wheel is spun up to nominal speed in preparation
for the final precession manoeuvre.

The final precession, to acquire the earth image
in the non-spinning earth sensor FOV, is accomp-
lished by pulsing the roll and yaw thrusters in
the proper ratio to cause precession about the
sun-line., The Z-axis (earth sensor boresight) is
thus manoeuvred to intersect the earth.. When the
earth image is within the FOV, control' is trans-
ferred to the on-orbit controller which performs
the remainder of the corrections to null attitude
errors and place the satellite in the on-orbit,
three-axis stabilized configuration. When the on-
orbit controller assumes control, the acquisition
controller is deactivated and reset for reactivation
in the event of a failure Wthh would require a
reacquisition.

The above acquisition scheme has been configured to
provide a positive automatic acquisition ox
re-acquisition. Should it be considered possible

to perform any re-acquisition through ground control,
a somewhat simpler initial acquisition scheme may

be considered utilizing the "momentum exchange
principle" identified in early CTS. definition

(a) Despih the spacecraft to low speed.

(b) Precess the spin axis normal to the orbit
plane.

(¢) Enefgize the wheel and allow the dampér to
remove nutational energy.

(d) Deploy arrays and rotate spacecraft 1n pltch
to0 normal on statlon orlentatlon.

(e) Enable the on—orblt control-lers° S
\ ‘
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This scheme is relatively simple and would reduce

the control system complexity with the disadvantages
of possibly stressing the wheel bearings. at the

start of the mission as well as requiring a

slightly heavier fluid ring damper rather than the
light tuned nutation damper, and requlrlng additional
ground control.

5.1.3 Control System Major Parameters

The major control system parameters are:

(a) Pointing Accuracy

: Accuracy During Accuracy
Control Orbit Adjust Design
Axis Thrusting Goal
) Pitch . +0,15° ‘ +0.1°
Roll +0,15° . 10.1°
Yaw i 41,00 | +1,0°

" (b) Subsystem Weight - 76.12 1b
(c) Six year reliability - 0.918 i

(d) The On-Orbit Power Requirement - 45.6 watt ‘

R677/103
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5.2 Reaction Control Subsystem Design Definition
5.2,0 General

This section reports on the project definition for
the Reaction Control Subsystem (RCS) for the

General Purpose Bus ‘Satellite. The work was
performed and is presented in the following sequence:

RCS subsystem requ1rements deflnltlon,

RCS preliminary design based on CTS technology,

. RCS prellmlnary design specification, SPAR-SG. 350,

and preliminary Statement of Work, SPAR-SOW.071
generated to encompass all viable bidders,
except colloid, pulsed plasma and ion engine
(electric propu131on), but based on CTS
technology,

Release of budgetary RFP to viable bidders,

Receipt and evaluation of budgetary estimates
from viable bidders,

RCS present baseline design for GPB,
RCS implementation plan and'schedule,

Comparison of subsystem performance with other
spacecraft designs.

Volume I, Section 4.2, reports on 1tems (a)

" through (¢). Volume II, Section 2.1, reports
on items (d) through (f). Volume III, Section 2.4,
presents item- (g). Item (h) is discussed in Volume IV.

5.2.1 Subsvstem ParameterS'and'Ihterfade Assumptioné

"R.677/48

The RCS has been synthe31zed from spacecrafL and
nmission parameters presented below.

- . . : i .
s ~ R A - - .
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Mission

a)

b)

c)

d)

e)

£)

g)

h)

i)
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Thor Delta 3914 launch vehicle with launch
pad capability of 1925 lbm excluding attach
fitting and launch vehicle telemetry. Ref. 1,
paragraph B.8.3. This yields a spacecraft

mass just after apogee motor firing of 1017 lbm
taking into account pre-apogee precession

fuel usage (AM V = 6023 ft/sec and ISP = 294 1bf
sec/lbm) . ‘ :

Spin stabilized transfer orbit, 3-axis stabilized
synchronous orbit. : :

. ]
© Pre—-apogee precession angle required of |

129.5°. Ref. Appendix A. (Including 2%
inefficiencies). , N

Post=apogeé precession angle required of

 68.3°, Ref. Appendix A. (Including 2%

inefficiencies).

, |
|

Spin axis moment of intertiﬁrprior to apogee |
motor fire is 179.7 slug ft“. (scaled for _ ‘
s/c mass on pad of 19?5 lbm) . : |

: |

Spin axis moment of inertia just after apogee
motor fire is 138 slug ft2 (scaled for s/c a
mass on pad of 1925 lbm).

Spacecraft spin rate in spinning mode is 60+
6 rpm, : o

Attitude acquisition shall be performed
prior to station acquisition.

Attitude acquisition shall be comprised of
the following manoeuvres - momentum wheel
spinup 60 f£t.lbf.sec. at pitch momentum
dumping duty cycles. '

- 3-axis limit cycle 80 ft.lbf.sec. at
very low duty cycle, -

- onboard roll-yaw capture 40 ft.lbf.sec.
at very low duty cycle.

N
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These requirements have been estimated from
CTSs data.

‘Station acquisition delta velocity maximum

requirements, 99% confidence level shall be-
160 feet per second. Ref., 2. Assume that
this requirement is split 80 feet per second
in-plane and 80 feet per second out-of-plane.

On-orbit life requirement shall be hardware.
capable of 8 years operation but with a
present baseline fueled to 6 years operation.
Ref.\ 1 paragraph B.9.

Ground shelf life unfﬁeled of 2 years.

Ref. DOC/Spar meeting held at Spar 26 February,
1975,

Launch dates shall be within time frame

early 1979 until end 1985.

On-orbit roll-yaw solar torques of 2 x 10 6

ft.1bf. secular plus 5 x 10-6 ft.lbf. cyclic"
with season (maximum at solstice) which, with
the recommended "WHECON" attitude control

‘subsystem, requires "offset" thrusters producing

314.2 ft.lbf.sec. per year continuous pulsing
with torque impulse bits less than or equal
to 4.0 x 1073 ft.lbf.sec. (Note: tgrque
impulse bits greater than guo x 10-3 but less
than or equal to 8.0 x 107 ft.lbf.sec would
be allowed but with an associated spacecraft
weight penalty (momentum wheel weight) of

10 1lbm maximum at 8 x 10~3 ft.lbf.sec., 0 lbm

‘at 4 x 10™3 ftalbf,$ec and linear in between).

On-orbit pitchlmomehtum dumping requirement
shall be less than or,equal to 1 ft.lbf.sec.
to be dumped every 21 days. .

As a design goal, east/west stationkeeping

will not be performed more frequently than

every 21 days, Ref. 1 paragraph B.4 Impulsive
delta velocity required shall be 14 feet per
second per yvear. Ref. 2. Each 21 day manoeuvre

i
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shall be pexrformed around 6 a.m. and 6 p.m.
orbit slot throughout the year.

As a design goal, north/south stationkeeping
will not be performed more frequently than

every 21 days, Ref. 1, paragraph B.4. Impulsive
delta velocity required will depend upon year

of launch and mission life as follows:

Year of Launch 6 Year Life 8 Year Lifé

1975 . 829 ft/sec 1124 ft/sec.

1979 885 ft/sec. 1217 ft/sec.

Worst case 999 ft/sec 1320 ft/sec
(1985) (1984)

Ref. 2. Each 21 day manoeuvre shall be
performed around the node(s) of the orbit.
These nodes shall rotate in time of day
occurrence with a period of 1 year such that
at solstice noxrth/south stationkeeping shall
be performed around 12 midnight and/oxr 12
noon orbit slot and at equinox it shall be
performed around 6 a.m. and/or 6 p.m. orblt
slot. »

The RCS shall be designed to minimigze

flight operational complexity and to provide
for straightforward ground serv101ng of
fluids and electrics. -

1

5.2,1.2 Attitude Control

a)

The RCS shall be designed for use with the
"WHECON" Attitude Control Subsystem (ACS).

This ACS is as described in Section 5.1.1.3.2 and
requires pitch thrusters for wheel momentum
dumping and "offset" thrusters approximately

10° offset from roll torque into yaw torque

with opposite roll and yaw polarity to perform
soft limit cycle roll-yaw attitude control.

5-=29
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The RCS shall not be qualification tested to
provide 3-axis hard limit cycle operation in
the event that wheel failure causes the.

spacecraft angular momentum to drop to zero.
Rather, a redundant wheel shall be provided.

- Maximum allowable thrust level for engines

performing station acquisition or keeping .
manoeuvres shall be .3 lbf.

Maximum allowable torque impulse bit and
average torque during pitch wheel spinup and -
momentum dumping shall be 7.5 x 10=-3 ft.lbf,.sec.
and. 6 x 10-3 ft.lbf. respectively. <

East/west and noth/south station achlSltlon
and keeping can be performed with steady
state burns accompanied by periodic off-pulse

" modulation (if necessary) to remove unbalanced

torque impulse. Thrusters performing these
functions should have minimum moment -arms
about spacecraft pr1nc1pal axes.

Roll and offset thrusters shall not be requlred
prior' to solar array deployment.

Mechanical

a)

b)

c)

d)

The RCS shall be designed to allow the spacecraft
an acceptable moment of inertia ratio (>1l.1)
during the spinning mode and to.ensure that
spacecraft centre of mass shifts during life

due to propellant expulsion are kept small

with respect to other unavoidable shifts.

The RCS shall be designed to integrate direcfly
onto the spacecraft primary structure (i.e.
thrust tube and 4 bulkheads).

The allowable dynamic envelope of spacecraft in
the launch vehicle fairinag shall be 86 inches.

A modularized RCS design 1s preferable to one
which is not. :
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e) Because of the need to use the majority of
the north and south panels as mounting area
and thermal dissipators for the payload,
it shall not be possible to locate thrusters
pointing north or south near the spacecraft
centre of mass. Indeed thrusters shall not
be permitted to occupy north or south panel
real estate over their full width and from
the forward platform to approximately 10 1nn
aft of the centre of mass.

f) The stowed solar array’package shall cover
: the north and south panels from forward
i : platform to aft closure perhaps overhanging
at the aft end, and to w1th1n 7 inches of the
east and west panels°

g) The rigid substrate fold out arrays shall
rotate about the north/south axis and shall
be hinged. approximately 3 inches forward of
the front edge of the forward platform. -They
shall each be 220 inches long and 50 inches
wide and their inboard edge shall be 60
inches outboard of the north and south panels.
After deployment, these arrays shall rotate

\ ' at 1 revolution per day with respect to the
spacecraft main body. Figure 5-4 shows this
geometry and defines spacecraft axes.

, - h) Over the life of the mission the uncertainty
in spacecraft centre of mass location shall
be + 1.5 inches along the yaw (2-2) ax1s,

+ 1.0 inches along the roll (X-X) axis and
much less than + .5 inches along the pitch
(Y-Y) axis.

3

5.2.,1.4 Electrical

a) The spacecraft housekeeping voltage rail
shall be 35 volts + .5 VDC during sunlit
array operations and may vary more sigi

' ificantly during eclipse and/or battery
operation, Typically, when part or all of
the load is being provided by the battery the
line voltage will vary according to the
battery state of charge as shown below:
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Battexy DOD Battery Voltage

5% 28.2 VDC

10% 27.6 VDC

15% 27.1 VDC

208 26.7 VDC

30% . 26.4 VDC

40% . 26,2 VDC

50% 26+0 VDC

ref, Telecon with W. Threinen, 23 May, 1975.

RCS shall be provided, if necessary, with
regulated 27.5 VDC +1% power by the ACS, for
powers up to approximately 15 watts on-orbit.

Any power conditioning required other than
that mentioned above shall be the responsibility
of the RCS°

On-orbit RCS power usage (excluding station

racquisition or keeping) shall not exceed
X 15 wattSn a T

Nominal battery capacity, end of life, shall

.be adequate to operate the max. load payload

and housekeeping (800 watts) through the

longest eclipse (72 minutes) and not have the
batteries discharge past 50 percent depth of
discharge (DOD). -There shall be three nominally
equal capacity batteries. Should one battery
become inoperative, the other two shall not
discharge past 66% for the condition mentioned
above. Ref. Telecon W. Threinen 2 May, 1975.

Assume that a constant trickle overcharge
will be put on the batteries during sunlit
operations with the batteries fully charged.
The charge rate for this operation will. be
C/60 and the array power required shall be
approximately 35 watts. If required, during
stationkeeping manoeuvres in sunlight, this
trickle charge could be removed and the power
used by RCS. Additional array power has not
as yet been allocated for battery charging at
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the end of life. RCS must therefore assume
that at the end of life, in addition to the

15 watt allocation, only 35 watts shall be
available from the array for stationkeeping
manoeuvres. = Ref. Telecon W. Threinen 2 May,
1975,

Battery charge controllers shall be capable

of charging all batteries at C/20 and possibly
one or more batteries at C/10. Ref. Telecon
W. Threinen 2 May, 1975. '

' Agssume that the batteries are watt hour and

not watt limited. ‘. For high power requirements,

“the wiring size might have to be increased to

handle the high current. Ref. Telecon W. Threinen
2 May, 1975. -

" The solar array shall provide 835 watts of
- power at the end of life and shall be sized

to account for degradation over the life.

For the rigid substrate array this requires
1160 watts of power at the beginning of life
(BOL = 1.39 x EOL) derived from ref. 3, para.
7.4,

. RCS command and telemetry compléx1ty shall be

minimized consistent with subsystem operatlonal
requirements.

5020105 Therrﬂal

All RCS components other than engine thrust
chambers will be maintained by the spacecraft
thermal control to between 40°F and 130°F

~except for the propellant tanks which will be

maintained between 40°F and 120°F.

RCS thrust chambers shall be designed to
deliver specified performance when exposed to
steady state full solar flux of 450 BTU/hr/ft
and/oxr steady state cold space with no solar
flux,.

2
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5.2.1.6 Environment
a) If shall be assumed that acceleration, vibration

and acoustic levels will be identical to
those used 'in the CTS project for the 2914
Delta launch vehicle with the following.

changes:

Acoustics -

Random -
Vibration -

increase 140 db level in Delta
Restraints Manual to 142 db.

increase axial level of 0. 03g2/Hz in -
Delta gestralnts Manual to
0.05 g“/Hz.

Ref. 1 paragraph B.8.1.

b) It shall be assumed that Electromagnetic
Compatibility requirements will be identical
to those used in the CTS project.

'5.2,1.7 Weight

\ -

a) Every‘effOIt‘shall be made to save RCS weight

because of the
weight problem.
\ ‘with choice of

very significant spacecraft
This effort will be consistent
developed if not flight qualified

hardware. As stated in Ref. 1, paragraph

4,3.4," design

effort should accommodate

improved state of the art" where warranted.

5.2.1.8 Reliability

a) The desigh of the spacecraft subsystems
should avoid catastrophic single point failure

modes. Ref. 1,

paragraph B.9.

b) As a design goal, the overall housekeeping -
\ reliability for 8 year on-orbit life shall be

0 90

(95
1

35 ' : J

|
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5.2.2 RCS Design
5.2.2.1 General

The following paragraph reports on the initial

RCS design work performed at Spar to satisfy the
subsystem requirements. This effort involved
interfacing with the other housekeeping subsystems
to ensure an optimum overall bus design. Spar
wishes to acknowledge the significant contribution
made by Vincent Sansevero of Hamilton Standard
Division, under subcontract to Spar, towards
accomplishing this task. :

The baseline design subsequently chosen and tradeoffs
performed after receipt of candidate RCS vendor

RFP responses are presented in Volume 11, Section 2.},
Also presénted in Volume II, Appendix B is the
Hamilton Standard technical proposal for the CPB RCS.

The initial RCS design has concentrated on maximum
use of CTS qualified technology, see Ref. 4. This
was done for several reasons. Firstly the dual
thrust level catalytic hydrazine, blowdown mass
expulslon subsystem representS the current standard
in the North American technicil community for RCS

- for Thor Delta Class, 3-axis stabilized, communi-
" cations satellites. This subsystem type would

therefore be a leading contender for GPB. Secondly,

before extensive investigation of RCS state-of- .
the-art could be undertaken, it was necessary to

work with the structures design group to size and ,
locate fuel tanks and to locate thrusters. It was - .
timely, therefore, to use readily available CTS o
information., Thirdly, it was expected that the

dual thrust level, catalytic hydrazine subsystem

would produce the heaviest design, of those which

eventually would be considered, resulting in the

largest tank weight and size, etc. and was, therefore,
conservative for initial design work.

From the outset of this study, Spar has been aware
of the possibility of saving weight and other
performance enhancement through the use of bipropel-
lant engines (of greatest interest is the TIROC

-thruster built by Dr. L. Kayser of Technologie-
. forschung, Stuttgart, see Ref. 5, catalytic or

L 5-36 _ : |
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electrothermal plenum with warm gas thrusters,
electrothermal hydrazine thrusters with and without
superheating and/or colloid, pulsed plasma or ion

engines. As a result, the design has evolved so

as not to preclude any of these options (except

colloid, pulsed plasma and ion engines). As will

be discussed in Volume II, Section 2.1.2.6 Spar

does not recommend the use of these electric \
propulsion thrusters for appllcatlon on an operatlonal )
satellite to be launched in 1979.

A discussion of these engine ' types and their
applicability to GPB is presented in Volume IT,

Section 2.1.

The RCS design has been modularized with engines
in rocket engine modules (REMs), etc. to ensure
ease of integration, minimum envelope, minimize
thermal control complexity and to permit efficient

schedule. Emphasis has been placed in the RCS
Preliminary Specification, SPAR-SG.350, on the
desirability of a modularized RCS design.

RCS Performance

The RCS delta velocity and attitude control perform
mance requlrements were derived from the requirements
presented in Section 5.2.1 and are tabulated in

the GPB RCS Preliminary Requirements Specification,
SPAR-SG.350, Table 1, see Section 5.2.3 of this-

~report., It is important to note that vehicle

effective performance has been defined as the
subsystem requirement and that inefficiencies due

to plume impingement, thruster canting, rotatiomnal
losses, etc. would be taken into account by the
candidate RCS suppliexr. These requirements are
1ndependent of location of thrusters. Spar considers
it essential, at this point in the spacecraft
evolution, to design the RCS (8 year tankage and 6
year fuel) to accommodate an increased fuel require-
ment of 5% by weight. This could be considered,.

by some, to be a weight contingency in the design.
Worst case launch date delta velocities have been
used in deriving the requirements for north/south

5-37
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statiohkeeping° Other firing performance requirements
were derived from CTS experience to ensure predlctable

" operation over the life of the mission, to minimize

unwanted mlsallgnment torques and delta ve1001ty
uncertainties and to define ground test margins
with respect to flight life. See Section 5.2,3 of
of this report.: . ~

The high thrust engine (HTE) to be used for spinning
mode precesSsion manoeuvres has been sized at

between 1.0 and 5.5 1lbf steady state thrust to
permit several candidate suppliers to bid flight

~qualified engines. It is not acceptable to thrust

below 1.0 1lbf SS because of the time required for
performing these manoeuvres and it is not acceptable
to thrust above 5.5 1lbf SS because of the lack of
resolution in the precession angle resulting from
delivery of 1 pulse. The duty cycle range chosen

for these manoeuvres is consistent with the spacecraft
spin rate and maximizing of overall manoeuvre
efficiency. ;

‘The low thrust engine (LTE) minimum thrust level

was set at .0l lbm because of the very long burn
times required for north/south station acquisition
and keeping manoeuvres and resulting orbit inefficien-

Vcies if thrust levels are below this value.

Tankage Size And Location

Most of the candidate propulsion subsystems,
including the preliminary design, would employ a

‘blowdown mass expulsion propellant management

design requiring pressurant ullage volume in the.
main tanks and utilizing approximately a 3 to 1
blowdown ratio. This ratio must be tailored to
maximize engine performance in both thrust regimes.

An estimate of approximately 240 lbm was made for
the monopropellant hydrazine fuel required for the
worst case (1984 launch) 8 year mission using CTS
technology catalytic hydrazine thrusters for all
functions. This included a weight penalty for -3
providing offset thruster linear I of 4 x 10
sec. at the beginning of life (consistent with CTS

1bf.
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capabilities) because engine moment arm was reduced
to 1 foot to maintain torque Igyp of 4 x 10-3 ft,
lbf.sec. maximum. The resultant tankage volume
required at 3 to 1 blowdown is approx1mately
10,000 in3. The decision was made to recommend
mounting the RCS directly to . the spacecraft primary
structure only (i.e. thrust tube and bulkheads)
thereby facilitating RCS integration and test, see
Spar drawing 31138J, Sheets 1 & 2, Structure & RCS

’ General Purpose Satellite Bus. The RCS project
implementation plan is presented in Volume III
Section 2. 4 of this report. The basic structure,
described in Sectlon 4,4 has been designed for
minimum weight and maximum payload capacity. A
four spherical RCS -tank de51gn was chosen and the

a tanks are located as shown in Spar 3113837 for the

' following reasons:

a) 4 spherical tanks of-apprdximatelyleGS to
16.8 inches ID could contain the maximum fuel
load including the 5% growth propellant.
16.5" ID elastomeric dlaphragm tank has been.
previously qualified and flown. 16.8" ID
surface tension tank has been qualified for
Thor Delta 3914, geogynchronous communlcatlons

, satellite, SATCOM, to be launched December,

B , 1975. Therefore, for whichever of these two
‘ propellant management device types we would

choose, qualified designs exist in the size
we would require for a 4 tank subsystem.
(Note that forgings are normally the most
significant tank non-recurring cost and, as
long as tank diameter required is the same as
a qualified design, the cost of modlfylng the
forgings for new mountlng arrangements is,
usually less expensive than the cost of a new
- size of tank).

b) The 4 tanks are mounted basically to the east
west bulkheads and are outboard (east/west)
as far as is allowable by shroud dimensions
and mounting and thermal considerations in
order to maximize spinning mode moment of
inertia ratio and to maximize useful payload
area on the inside of the north/south panels.

R677/60
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By placing the geometric centre of the tanks
at station 43.0 inches along Z-2Z axis, the
centre of mass of the fully loaded tanks will
be at a location which maximizes spinning
mode moment of inertia ratio.

The tank mounting proposed is K polar bosses,
forward and aft, with a rigid 4 strut mounting
at the aft boss (one strut connected dlrectly
to the thrust tube at the apogee motor ring,

" the other 3 mounted to the east/west bulkheads)

and a two strut A-frame pin jointed at the
forward boss to provide radial rlgldlty but
allow axial tank growth during pressurization.
This configuration is especially compatible
with the spacecraft structural design and
affords a low weight installation within
minimum envelope, With the propellant port.
at the aft boss, the lowest point on the tank
in the launch configuration|, the ground ;
handling complexity of fluids within the RCS
is minimized. Spacecraft centre of mass
shift along the Z-Z axis (forward and aft)

due to propellant depletion with this spacecraft

axial expulsion configuration would be less
than .3 inches maximum over the life of the
mission. See Figure 5-5. . It does not

appear beneficial to provide radial propellant
feed tankage (propellant expelled radially
outwards from Z-Z, spin axis) in order to

.reduce C of M excursions because the shift to

be expected with the axial feed (<*.15 inches)
is much smaller than the overall Z-Z axis C

of M uncertainty (+1.5 inches) which is due to
solar array bending, ABM residuals uncertainty,
initial balancing uncertalnty, etc. With
surface tension tankage it is expected that
positive axial feed could be provided in the
spinning mode for the 6 or 8 year load .of C
propellant. The diameter of the tanks shown
in Spar drawing 31138J are oversized due to a
conserxvative fuel estimate presented at the

stime the design was being committed to: paper.
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‘hydrazine thrusters is to keep spacecraft surfaces

SPAR-R.677 ]
VOLUME I

Thruster Plume Impingement Analysis

RCS engines should be located to minimize or
eliminate heating and/or thrust deflections and
unwanted torques due to impingement of their

exhaust plumes on spacecraft surfaces. In addition,
it must be ensured that no surface degrading
contaminants, if present in the plume, are deposited
on solar cells, second surface mirrors, attitude
sensor optics, etc. A general rule of thumb for

outside a 40 degree half angle cone about each
nozzle centreline. On GPB, with arrays pointing
north/south, it is a difficult task to position
north/south stationkeeping thrusters (which must
provide the majority of the mission fuel) so that.
they are efficiently performing the manoeuvre
without creating unacceptable external forces and
torques on the spacecraft which would result in a
need for additional fuel expenditure. Figure 5-6-
shows the results of a study of the forces imposed
on the spacecraft by the impingement of the plume

of a .1 to .3 1lbf catalytic hydrazine (CTS technology)
thruster on the GPB array. With reference to the
inset in this figure, the solar array was assumed

to be 50" wide by 220" long, beginning 50" north

of the north panel. For the analysis, the thruster
was positioned a distance % from the array centreline
and the array plane was considered perpendicular

to the line drawn between the thruster and the

array centreline. At first, B=0° was examined for

a thruster pointing directly north/south. Forces

on the array were resolved as normal and tangential
axial (drag loss) and expressed as a percentage of
the non impeded engine steady state thrust. As

can be seen from the figure, over a typical
spacecraft dimension range of 0.<%< 60 inches, tbe
forces are very significant except as § approaches

0 inches. For example, with a 6 year north/south -
stationkeeping nominal fuel requirement of approxi-
mately 132 lbm, if % were chosen to be 40 inches,
the extra fuel requirement due to plume impingement,
and taking into account doing north/south station-
keeping at different times of the day (and therefore
different array aspect angles) throughout the
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year, would be approximately 15 lbm. In addition,
the external torques would exceed .l ft.lbf..
during the manoeuvre (roughly 4 orders of magnitude
higher than solar torques) and attitude would be
very difficult to control.

‘Figure.5-6 implies that the solution would be to

pPlace thrusters as close as possible to & = 0
inches. Unfortunately, this figure does not show
the effect of impingement on the array yoke and
elevation arm assembly if thrusters are located
close to £ = 0 inches. This impingement torque
would be unacceptably high. In addition, all
north/south thrusters cannot be located close to
2 = 0", with the array offset forward of the
spacecraft C of M by 17", because net spacecraft

. torques must be zZero during delta velocity manoeuvres.

A unique solution, which has been adopted in the
RCA SATCOM design, also with offset array, is to
place 4 thrusters pointing directly north clustered
around the C of M and rotate the plane of array at
each north/south stationkeeping manoeuvre to be ‘
perpendicular to the spacecraft forward platform

so that ¢ is effectively brought close to 0 inches
and the yoke and elevator arm assembly are out of
the thruster plume. This imposes an operational
constraint on the mission. This solution is not
feasible for GPB because the north south panel

real estate, especially at the centre of mass and
forward of it, is required exclusively for mounting
high heat dissipating communications equipment.

SATCOM, fortunately, has much lower power dissipation.

The effect of canting the thruster away from the
array, B# 0 degrees, is shown to dramatically
reduce the impingement forces. However, a direct
cosine loss in effective thrust accompanies such a
canting. ,

Spar has now developed a computer program %o
investigate the impingement phenomenum for any
array aspect angle and thruster geometry and with
more than one thruster firing at a time. The
greatest uncertainty . is in modelling the physics
of the exhaust gas - array surface interactions.

SPAR-R.677

T




SPAR AEROSPAGCE PRODUCTS LTD - é |

5,2.2.5

R677/64

SPAR-R. 677
VOLUME I

There will be no detectable heating of the solar
array due to RCS thruster firing because of the 50
inches minimum separation between the two. Plume
impingement analysis would represent a significant
design and systems analysis effort during PDP and
Phase C.- ; :

RCS Thruster Complement and Configuration

The need to perform north/south stationkeeping
efficiently governs the placement of RCS engines.
Figure 4 of Spar Specification SPAR-SG.350 and
Spar Drawing 31138J show the configuration finally
chosen and Table IV of that document explains the
function of each thruster. -Some features of the
design are noted below:?

a) all thrusters are mounted from spacecraft
primary structure.

b) HTEs for spinning mode precession, engines
#17 and #18, are located to maximize their
moment arm with respect to the C of M. They
must be positioned on the west or east bulkhead
and not on the north or south bulkhead in
order to av01d belng covered by the stowed
array.

'c) ' North station acquisition and keeping Engines #1,

#6 and #11 are the fewest possible, consistent
with the need to design for a 2-2 C of M
uncertainty of + 1.5 inches. Engines #l and
#6 are positioned far enough forward of the
nomlnal C of M.(at this p01nt in the design,
1.5 inches) to ensure that when flred together
they will provide zero or negative roll

torque on the spacecraft. They would be - ‘
"off-pulse width" modulated during north
station acquisition and keeping to account

for unwanted yaw (Z-Z) torques they might
produce because of thrust, and/or moment arm
mismatch due to X-X axis C of M shifts.

Engine #11 would be onpulsed as necessary to
counter any negative roll torque build-up due
to the other two engines. - All three engines

© 5-45
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would be canted approximately 15 degrees

(with associated 3.4% cosine loss) to avoid
pPlume impingement with the solar arrays and
the spacecraft main body. Even with this
canting and with the CTS technology LTEs, an
overall impingement loss of approximately

2.5 percent can be expected during north and
south station acquisition and keeping which
must be accounted for in the propellant
budget. Note that if these engines were not
located to enable them to take out the torques
they create due to C of M shifts, plume
impingement, etc., efficiently while performing
the manoeuvre (i.e., if thrusters not pointed
north/south were required for this function)
approximately 10 lbm of extra fuel could be
required for the worst case six year mission.
Similar comments apply for the thrusters per-
forming south stationkeeping, #2, #7 and #12.
By positioning thrusteérs to perform north and
south stationkeeping, we are maintaining the
greatest flexibility in the subsystem.

Should electrothermal LTEs be chosen at a
thrust level of approximately 20 mlbf thrust
and with the design goal of stationkeeping no
more frequently than every 21 days, orbit
inefficiencies for the manoeuvre become non-
negligible and are minimized by thrusting at
both nodes. (i.e. there are two points in

the orbit at which stationkeeping can efficiently
be performed). These thrusters are also used
for yaw and roll control. It was possible to
position Engines #11, #12, #13, #14, #15, and
#16 where they could be partially covered by
the stowed array because none of these engines
are required prior to array deployment.

Thrusters #3 and #8, mounted through the |
nominal C of M, would be the primary west and |
east station acquisition and keeping engines : ;
but could be efficiently backed up by #4
and/or #5 and #9 and/or #10 in off-pulse .
width mode and inefficiently by #1 and #2 or |
#6 and #7. . ' |
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Pitch function would be nominally performed
using Engines #4 and #5 with relatively small
moment arms of 14 inches and would be backed
up by Engines #9 and/or #10.

The "offset" engines for Whecon operation are
mounted in a similar orientation to those on -

- CTS except that no outboard canting to avoid

plume impingement is required in this case.

As with CTS, these engines would provide

back-up roll control in the event of a failure
of Engine #1ll1 or #12. In this case, a tolerable
and correctable unwanted yaw torque would

have to be removed.

Two HTEs (one for back-up) are provided
because the only LTEs capable of performing
the precession manoeuvres, as a back-up,

are engines #4, #5, #9 or #10 which have a
very inefficient moment arm for this function.

Engines #1, #2, #3, #6, #7 and #8 are mounted
on brackets as far outboard (east-west) as is
possible within the shroud dimensions to
avoid plume impingement and to provide as
large a moment arm as possible for despin.

Roll and pitch attitude engines are on axes
and vaw, because of their use for north/south
stationkeeping are slightly offset. As a
result pure couples are not needed, as would
be the case with an off-axis design, to av01d
attitude torque coupllngo

This complement of engines appears to comprlse the
.minimum number of thrusters and optimum location
" for performing the intended manoeuvres with at
least single point failure protection (with minimal
unwanted  torques) and with minimum propellant
expenditure.

~ RCS Mechanical Schematic

For the purpose of expeditiously issuing an RFP
for budgetary estimates to candidate suppliers,
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the mechanical schematic was based on a CTS technology,
blowdown mass expulsion, monopropellant RCS. The
covering letter to that RFP, see Volume II,

Section 1,3, encouraged bidders of pressure regulated
RCS to propose a design to accommodate thelr

hardware. :

Figure 1 of SPAR-SG.350 is the preliminary mechanical
schematic diagram for the RCS for GPB. The tanks
would be diagonally cross-strapped and latched in
pairs, see also Spar Drawing 31138J, to minimize
spacecraft cross products of inertia and/or C of M
shifts in the event of need to close off one side

of the propellant management -system. Because of
severe weight limitations on the spacecraft, it is
not possible to carry enough propellant to enable
completion of the standard mission in the event of
failure of one tank at the beginning of life.
Considering the probability of tank or latching
valve failure to be low, the trade-off was made to
pair the tanks upstream of a common latching valve

to afford some back-up mission in the event of
non-catastrophic failure of one propellant management -
branch, but not to add two extra latching wvalves,
pressure transducers, £ill and drain valves and
liquid filters to provide redundancy for each tank
separately because of the weight implications. ',

Separate pressurant f£ill and vent valves are
required for each tank with a propellant £ill and
drain valve for each pair of tanks to ensure ‘
loading of equal quantities of propellant in each

" tank during loading operations. Since tankage
will undoubtedly be 6Al4V titanium and since
stainless steel tubing is preferable downstream of’
the tanks to maximize thermal conductivity, transi-
tion joints have been called up in the schematic.
A pressure transducer will be placed upstream of
each tank latching valve in order to be able. to
monitor independently each half of the propellant
management system.

Propellant isolation from the engines was proposed
to be accomplished by use of six latching valves
with engines grouped to provide single point
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RCS Electrlcal Schematic
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failure protection for a failed open thruster
while minimizing the effect of such a failure on
the operation of other engines. All of these
latching valves would be fed from a common tubing
manifold. An alternate configuratlon is the half
system approach where the engines are isolated in
two groups only by the tank latchlng valves and
the cross connect manifolding is latched. This
conflguratlon usually employs dual series seat i
engine valves because of the serious implications,
for this design, of a valve open failure. However,

recommended that the increased latching proposed !
here be adopted to increase reliability and opera-
tional flexibility. The use of dual versus single
seats is another questlon to be addressed by the -
candidate suppliers in providing the most reliable,
qualified hardware to meet the requlrements (min-
Ipyp, subsystem weight, etc). It is not felt
worthwhile to latch the manifold between LV5 and
LV6 in order to avoid a catastrophic manifold
failure. This is because of the negligible proba-
bility of such a failure 'and the extra operational
complexity of normally operating one side of the
system at a time with this latching valve closed..
The probability of catastrophlcally clogging a
liquid system filter is also very low and cross
strapping to protect against this failure does not
appear justified. All latching valves will be
provided with positive p051t10n :Lndlcatlon° S

For the purpose of expedltlously issuing an RFP !
for budgetary estimates to candidate suppliers,

the electrical schematic was based on a CTS ‘technology,
blowdown mass expulsion, monopropellant RCS. The
covering -letter to that RFP encouraged bidders of
other acceptable RCS to propose a design to accom-
modate their hardware. Figure 2 of SPAR-SG.350 is

the preliminary electrical schematic diagram for

the RCS for GPB. Command and telemetry requirements.
are presented in Table VI of the same document. -

All electronics would be processed through the RCS
electrical control unit (ECU). Telemetry includes

-

’ . . - .
. . . . . s
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temperature sensors on all thrust chambers (18),
pressure transducers' (2), position indicators for

- all latching valves (8), flags for all heater

groups (if required) and total RCS 27.5 VDC input .
current, ' Valve and heater driver commands were v
assumed to be latched, if necessary, outside the -
ECU. The RCS would be supplied with a 27.5 VDC

+ 0.5 VDC regulation rail by ACS to provide all
RCS functions with power conditioning within the
ECU. for signal condltlonlng voltage. Figure 2 of
SPAR-SG.350 requires that the RCS power switch be
situated within the ECU. All valve drivers and
signal conditioning required for the RCS would be
provided within the ECU. 1In addition, a test
connector would be provided which would enable
ground measurements of all valve currents and
heater group currents if required.’

Since the issuance of this specification, it has
become evident that for the large current draw
required by the superheated electrothermal LTEs,.

"if chosen, see Section 5.2.1.4, it would be benefic1al

to operate these thrusters directly from the
unregulated main spacecraft voltage .rail which, in
sunlight array operatlon, would produce 35 VDC + 1%.

-This would result in two voltage rails 'being

distributed to the RCS.

RCS Thermal Design

RCS has been given Ehéxmal responsibility for only
the engine thrust chambers, from the mounting »
flange outboard, with the remainder of the subsystem

-including closure blankets thermally the responsibility

of the thermal subsystem. This group will guaran-
tee RCS component temperatures of between 40 and
130°F except for tanks where 40 to 120°F will be
maintained. This approach is not necessarily
compatible with engine packaging. techniques employed
by TRW and others. It may be a cleaner interface -
if RCS were to be responsible for valve temperatures
as well as thrust chambers. If this were the

case, valve heaters and perhaps temperature sensors
would become RCS responsibility and the electrical

design would need to be so modified. This is a

50
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most compllcated interface due to the complex
nature of engine geometries and their thermal
sensitivities and the fact that thrusters poke
holes in spacecraft which have to be sealed.
Further work would be necessary to completely
specify this interface prior to contract award,
before and after the RCS contractor has been :
chosen. In any event, the thermal subsystem would.
be responsible for thermal conditioning tanks,
lines and latching valves,

RCS Weight (See Table 5.2.2.9-1)

Initial estimates of fuel and hardware weight bud-
gets required for the six and eight year life for
various types of subsystems were derived based on
preliminary vendor information. This was done to
obtain weight design goals for the specification,
to investigate the viability of the baseline
design, to investigate the potential weight savings
of advanced propulsion designs and to prepare a

“preliminary trade-~off for the April 18, 1975

verbal presentation to the Department of Communica-
tions,; see Reference '3. This information will not
be presented again in this report because it has
been superseded by the information presented in

the vendor budgetary estimates received in May by

' Spar. Instead, the present design status and

trade~off of types of RCS based on these proposals
is contained in Volume. II, Sectlon 2. 1 of thlS
report.

RCS Specification And Statements of Work

Using thé design and interface -information which

‘has been presented. in Sections 5.2.1 and 5.2.2,

SPAR-SG.350, Multi-Purpose Bus Study, Specification,
Requirements, Reaction Control Subsystem, Preliminary,.
For Budgetary Estimates, April 15, 1975 and SPAR-SOW.71,
Multi-Purpose Bus Study, Statenent of Work, Reaction
Control Subsystem, Preliminary, For Budgetary

Estlmates, April 15, 1975 were produced to define

the RCS GPB requirements, preliminary design,

requested deliverables and subsystem test requirements.
These documents are contained 1n Volume II, Section 1.3 !
of this report. ‘

‘ : : 5-51 — : : I
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NOMINAL
NUMBER WEIGHT
COMPONENT REQUIRED  (1lbp)
Propellant Tank 4 22,92
Fill and Drain/Vent 6 0.78
Valve
Filter 2. 0.44
P;essurelsensor 2 0.36
Létching Valve 6 3. 12
HTE - TCA 2 0.76
HTE Valve 2‘ 0,57
HTE Chamber Heater 2 0.22
HTE Thermal Shield 2 0.14
Chamber Temperature 18 1.12
Sensor
LTE -~ TCA’ 16 1.75
LTE Valve 16 2.59
LTE Chamber Heater 16 . 0.29
LTE Thermal Shielq 16 0,20
Electrical Control 1 7.96 -
Unit
Tubing AR 1,93
Wiring AR } 2,85
. Stfucture .AR 11.95
Fasteners and Mis- AR 1.80
cellaneous Harxdware
. Nominal Estimated br? Weight g1.75
4 20,Allowance 2,32
64.07

Catalytic NoH4
System Fuel Weight

Super Heat
* Electrothermal '
System Fuel Weight

Maximum Estimated Dry Weight

Catalytic NpHg4 System Total
Weight Including Hardware

Super Heat Electrothermal

System Total Weight Including

194.64

258,69

\

154

218

Hardware

TABLE 5.2.2,9-1

5=52
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Deployable Solar Array Subsystem

‘Introduction

ThlS section of the report presents the results of

- work carried out during this Feasibility Study in

arriving at a preliminary definition of a deployable
solar array subsystem to meet the requirements of
the General Purpose Satellite Bus.

* The preliminary requirements as defined in the .

D.O.C. specificaton and statement of work are
presented, followed by a section on design alter-
natives and trade-offs considered. These were
either conducted during this study or previously.

A section on sizing of the array concept chosen
includes a prellmlnary cell layout based on solar
cell performance suggested by D.0.C., transfer
orbit considerations, adaptablllty to alternative
payloads and potentlal improvements.

‘A section on the system weight estimate is followed
by conclusions and recommendations.

Requirements

The D.0.C. requirements are summarized in Table 5.3-1.

- As a result of this study, these requirements have

been expanded to form a Performance Specification
which is included in Section 1.4 of Volume II of
this report. The D.0.C. specification was used as
a guldeline along with the power budget established
in conducting the studyo

The power,requlrements for Payloads A to D are
shown in Table 5.3-2. Due to its uncertainty
nothing has been included for payload E. However,
if the initially specified 24 channel 4-6 GHz
communications system is used for this payload,
the total spacecraft ‘power requirement will lie
between Payloads A and C. If the 12 channel 12-
14 GHz communications system is used, the total
power requirement will be slightly more than that
of Payload B (800 watts) and if the 8 channel/lz-




TABLE 5.3-1

REQUIREMENTS - DEPLOYABLE

SOLAR ARRAY SUBSYSTEM - G.P. SAT. BUS

, 1. Provide 500-800 watts, end
- ' of life 6-8 years, 35 to
' . : 4:0 VG

2. Minimum weight, tailor to
particular mission require-
ments.

96-6G

3. Survive Launch Vibration -
Thor Delta 3914.

4, Provide sufficient exposed
. solar cells in launch con-
figuration for 70 watts
transfer and drift orbit
power.

5. Minimized thermal deforma-
tions and fabrication
tolerances to reduce solar

+ torquing effects.

6. Deploy in a controlled
manner to the fully
deployed condition. -

7.

10.

11.

Deployed array stiffness con-
sistent with requirements of
ACS.

Stowed array must provide
thermal protection to the S/C
North and South Panels.

Stowed array must clear those
RCS thrusters which operate in
transfer and drift orbit.

Lower end of array must be
elevated to minimize shadowing
by the antenna and to achieve
the desired thermal field-of-
view.

_Deployed arrays should track .
the sun with an accuracy of
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TABLE 5.3-2 - POWER REQUIREMENTS - G.P. SATELLITE BUS g
' 10
S : 2 1o
Payload Payload Payload Payload Payload |d
A B C D E 13
Subsystem . Synch. . Synch. Synch. Synch. Synchc. v}
’ : Power-w (w) (w) (w) - (w) = g
Communications 415 625 505 513 o
‘ , : e
Telemetry and Command 30 30 30 | 30 "Ui
7' Power 20 20 20 20 |
7} Battery Charging 30 30 ) 30 30°
Harness ‘ 5 , 5 5 5
DSA (Tracking, :anludlng o : ‘ )
. Electronlcs) 10 _ 10 10 : 10
T | acs 25 | 25 25 25
RCS A 15 15 15 - 15 | .
Thermal Heaters 20 20 - ' 20 : 20
L Total | " 570 ' 780 660 668 “u
Contingency 20 20 ‘ 20 - 20 8 ;
Design Total - 590 - 800 680 688 el 172
. . H o O
BN |
~3
L
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14 GHz system using four 20 watt TWPs and four
50 watt TWTs is used the. spacecraft power require-
ment will exceed the maximum spec1f1ed (800w) by.

..over 100 watts.

5.3.3
5.3.3.1
5.3.3.1.1

A review of Table 5.3-2 will show that three basic

solar array sizes are required. These are 600 watts

for Payload A, 700 watts for Payloads C and D and
800 watts for Payload B. Paragraph 5.3.4.3 of
this report shows how the preliminary design can
be adapted to these payloads.

Design Alternatives and Trade-offs

Deployable Array

Alternative Concepts

Table 5.3- 3 shows in a summary form the alternate
concepts that have been considered in the past and
during this study. Generally, deployable solar
array systems can be classed as elther "flexible"
or "rigid".

Flexible arra&s are generally constructed using a
thin plastic substrate - usually Kapton or Kapton
reinforced with flbreglass = on which solar cells

are mounted. The array is deployed and supported .

by deployable structures such as pantograph mecha-
nisms or storable tubular extendible members
(STEMs) . Stiffness of the deployed system is
achieved by placing the flexible array in tension
and the deployable support structure in compres-
sion. Usually such systems have lower natural
frequencies and hence greater potential of inter-
action with the spacecraft's attitude control
system, than do rigid arrays. On the other hand .
such systems offer significant weight advantages
over conventional rigid systems in systems larger
than about 1 kilowatt° .

So far, three basic stowage techniques have been
considered for flexible array systems°

. . ~ i .
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These are:

a) Flat Spindle
b) Flat Pack
c) Roll-Up

Of these, the last two have been developed by
various aerospace companies. The relative advan-
tages and disadvantages of each concept are sum-
marized in Table 5.3-3. The only large flexible
solar array system that has been flown is a roll-
up array -FRUSA- designed and manufactured by
Hughes Aircraft Co. (Ref. 1). This was a low
earth, polar orbit flight. The first flexible
flat pack solar array system that will fly in
earth synchronous orbit will be the CTS Deployable
Solar Array System developed jointly by Spar
Aerospace Products Ltd. and AEG-Telefunken under
;. contracts to the Canadian Government and ESRO
respectively. (Ref. 2 and 3). The CTS is to be
launched in December, 1975.. ‘ _ i

- Other flexible array systems have been developed

by Lockheed Missiles and Space Company, General-

Electric, RAE, Farnborough, U.K. (Ref. 11), AEG-~

’Telefunken, MBB and S.A.T. /Aerospatlale (Ref. 4),

A comparlson of the most promlslng flexible solar
array designs is presented in Reference 5.

Rigid arrays have so far been constructed using
conventional honeycomb substrates to support the
solar cell "arrays. The systems are constructed in
panels which are hinged together and folded for
stowage on the spacecraft and deployed by spring
loaded hinges controlled either by pantographs or
closed cable systems. Other lighter weight "rigid"
systems are now being developed which are weight
competitive with flexible arrays in the 1 to 5
kilowatt range.' These are the rigid frame/flexible
substrate systems and rigid frame/"rlgld“ substrate
systems.

A description of the construction techniques of
such designs is summarized in Table 5.3-4 and the

relatlve advantages and disadvantages of all three
rlgld" concepts in Table 5.3-3.

- " . EE— i
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Amongst new developments of the rigid frame/flexible
substrate design are the MBB, Germany Ultra Light-
weight Panel design (Ref. 6) which has a flexible
substrate tensioned within a carbon fibre composite
framework and the Spar Aerospace Products Ltd.
design (Ref. 7) developed under a D.0.C. contract.
This latter design also uses a flexible substrate
stretched within a carbon fibre composite frame-
work. ‘Deployment is controlled by means of a
pantograph mechanism. A vibration model of this
system has been built and|testing is imminent.

The rigid frame/"rigid" substrate concept has been
developed by TRW Systems (Ref. 8 and 9) using a
Fleet Satcom configuration. The’ adaptablllty of
this design to smaller configurations is ques-
tionable.

In the area of rigid substrates other than conven-
tional aluminum honeycomb core/aluminum or fibre-
glass skin designs some newer designs have been
developed. McDonnell Douglas have experimented
with a machined magnesium iso-grid substrate.

MBB, Germany have developed a carbon fibre compo-
site skin/aluminum honeycomb core system (Ref. 10)
which will be flown on the European Orbital Test
Satellite (0OTS) and the European Maritime Orbital
Test Satellite (MAROTS). Engins MATRA, France,
developed a lightweight aluminum honeycomb core/
fibreglass skin substrate a few years ago (Ref. 12)
but have not carried on their development.

Trade=~QOffs

Under a separate contract with the Department of
Communications, a trade-off study conducted at
Spar (Ref. 7) showed that the MBB ULP carbon
composite frame/tensioned flexible substrate and
the Spar Rigid Panel Solar Array (RPSA) - also of
similar construction are weight competitive with
flexible array systems even up to 5 kllowatt power-
levels.

For purposes of selection of a design concept for
the General Purpose Satellite Bus the following

- guidelines were established:
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a) The chosen concept should be of a reasonably
well-proven type with little new development'
work required.

b): The natural frequency of one wing should
" exceed 0.3 Hz in the deployed state to avoid
~interaction with ACS.

- C) The de51gn should be 1lghtmwe1ght within the
‘above constralnts, _ ) '

Using available CTS information for solar cell
performance (see paragraph 5.3.4 of this report)
and cell packing density and radiation degradation
models provided by the D.0.C., three 800 watt end
of life arrays were sized. These were for the
following concepts:

(i) Rigid honeycomb substrate using aluminum face
sheets and aluminum honeycomb core.

(ii) Rigid frame/flexible subsfrate of the RPSA
type (Ref. 7).

(iii)Rigid frame/semi- rlgld suberate of the TRW
type (Ref. 8 and 9).

The equlvalent 1 MeV electron 'radiation dosage was
doubled for concept (ii) to account for backside
radiation. This produced array sizes shown in
. Table 5.3=5. A detailed sizing for concept (iii).
‘'was not done. It is anticipated: that the higher
calculated operating temperature may be compensated
for by the additional backside radiation protection .
~in comparlson to concept (ii) to eventually produce
- the same size array as in concept (ii).

The structural elements for the three concepts

were sized to produce a greater than 0.3 Hz natural
frequency, allowing for hinge degradation. . It ws
found that concept (i) required a 1 .inch deep

1 1b/cu~£ft. aluminum honeycomb core with a .0035"
face sheet on the solar cell side and .014" face
sheet with: 50% holes on the rear. The weight for
this concept would be 50.2 1lb per side or 100.4 1b

\

. ’ "
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CONSTRUCTION TECHNIQUES - RIGID ARRAYS ’ g
\
. O
- 2) RIGID FRAME/FLEXIBLE ° 3) RIGID FRAME/'RIGID' _ 10
1) RIGID SUBSTRATE SUBSTRATE _ | SUBSTRATE - -G
- : .S
1. Aluminum honeycomb with Kapton or kapton/fibreglass Aluminum honeycomb with kap- n
facesheets of any one of substrate -typically about .003" | ton facesheets typically . |
the following: - (.08 mm) thick, stretched .0015™ (.04 mm) thick on the H
_ - - | between a framework of rectan- solar cell side and .003" o
- - fibreglass gular tubular construction. (.08 mm) thick with 50%
t ~ aluminum The materials used for the holes on the rear, supported
EE - carbon £fibre framework can be any one or a between a framework of rec-
combination of the following: tangular tubular construc-
Depth and density of : tion similar to 2).
honeycomb core can be - aluminum )
varied to achieve desired | -— carbon fibre -
stiffness. Rear face - beryllium This design may not need as
- sheets can have holes to R S . much support within the ' .
reduce operating tempera—- | Depth and thickness of tubes panel as 2) to prevent con-
ture. ' can be varied to achieve tact during vibration.
desired stiffness.
2. Light metal (magnesium or | Substrate/cells on adjacent’
aluminum alloy) milled in j panels are prevented from con-
triangular or rectangular | tacting each other during’
grid with bonded aluminum | stowed vibration by the use of
or kapton skin. short columns termed. buttons
distributed across the panels. 8 %
ETIR.o
B [7)
Ho | B
~
~
L'.-
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TABLE 5.3-5

MAJOR TRADE-OFF PARAMETERS

.~ RIGID ARRAYS

PARAMETER

1) RIGID SUBSTRATE

2) RIGID FRAME/FLEXIBLE
SUBSTRATE

3) RIGID FRAME/'RIGID’
SUBSTRATE

.lﬂ

2.

¥9-9

‘3.

=9

5.
a)

b)

6.

Size - Deployed

Size - Stowed

Weight

Natural

frequency -
deployed

Operating
temperature -

summer solstic

equinox

‘Development
Status

Typically 4 panels per
side, each panel 59.25"
(150.5 cm) long and 50"
(127 cm) wide, for 800
watt EOL, assuming
1x1015 eq. 1 mev elec-
trons total deployed
length including
elevation yoke = 301 25"
(765 cm).

60.5" x 51" x 7" (154
cm-X 130 em x 18cm)

About 50.2. Ib. per side
or 100.4 1b. per space-
craft.

0.31 Hz using 1", 1 1b/
cu.ft. Al. H/C core,

.0035" al. skin - cell
side, .014" al. skin -
rear, 50% holes.
52.2%

'64.,4°C

Honeycomb rigid sub-
strate construction most
commonly used - well:
proven.

Typically 4 panels per
side, each panel 72"
(183 cm) long and 50"
(127 cm) wide,
watt EOL, assuming
2x1015 eq. 1 mev elec-
trons to allow for
backside radiation.

| Total length = 365"

(927 cm).

73" x 51" x 7.75" (185
cem x 130 cm x 20 cm)

About 40.7 1lb. per side
or 81.4 1b.. per space-
craft.

0.46 Hz using beryllium

" tubes; 0.32 Hz using

carbon fib;e tubes.

~529 end panels, 46°C
intermediate

'~ 649C end panels, 57.7°C

intermediate

This concept is in pre-
liminary design stage at
SPAR. Vibration test to
prove the concept is
planhed.

for 800 -

Same as (2).

Increased operating tem—
perature may be
compensated by addition-
al rearside radiation
shielding. Detall study
not done. :

Same as (2).

About 45.3 1lb. per side
or 90.6 lb. per space-
craft.

0.44 Hz using beryliium
tubes, 0.30 Hz using
carbon fibre tubes,

~61.4°C end panels,
55.39C intermediate

~75.79C end panels,
68.29C intermediate

Preliminary static load
and acoustic noise tests
have been carried out by
TRW of this concept.
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- Concepts. (ii) /and (iii) would weigh 40.7 1lb per

. equi-weight carbon compos1te frame structure.

SPAR-R. 677 |
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per spacecraft. (Note: These weights do not

include the Orientation and Power Transfer System, '
but do lnclude the solar cells and elevatlon

yoke) . .

side and 45.3 lb per side respectively with natural
frequencies of 0.46 Hz and 0.44 Hz using beryllium
frames and 0.32 Hz and 0.30 Hz respectively for 'an

Each concept assumed uSLng a beryllium yoke.

The above trade-off indicated that(des1gns could
be produced with all three concepts to meet con-
servative natural frequency requirements. However,
the development status of concepts (ii) and (iii)
is not regarded as sufficiently advanced to recom-
mend them for this application. Subsequent to . .
this trade-off it was learned that concept (iii)
may be limited in its applicability to smaller
frame sizes than those used on the TRW Fleet
Satcom spacecraft and also in a concertina design,
due to large substrate vibration amplltudes anti-
01pated,

Also a cost analysis performed durlng the previous
trade-off study mentioned above showed a signifi-

cant cost increase with the use of carbon fibre

composites and beryllium. : . '

Description of Design

On the basis of the dbove, it was decided to’
pursue the conventional honeycomb substrate design
as the baseline design concept for the General
Purpose Satellite Bus DSA. A layout of this
concept is shown in drawing 31138J2 - Layout =

- Solar Array General Purpose Bus = Figure 3-5.

The system basically consists of four panels on
each side of the spacecraft - North and South,
plus an elevation yoke. The elevation yoke is
hinged down at the interface with the forward deck
mounted orientation and power transfer system. A
deployment drive will be mounted at this joint.
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This drive w111 control rotation of the elevatlon

- yoke and by means of a belt drive the rotation of ‘

the pantograph which starts at the mid-point of
the yoke. There will be three inter-panel hinges
which will feature deployment. springs and locks
with an anti-backlash feature. The pantographs
links will be pivoted at mid-panel points and will
interface with each other at the same line as the
inter-panel hinges. The pantograph/deployment
mechanism will merely control deployment, the
deployment energy itself being prov1ded by the
hinge sprlngsa

For stowage, it is antlcipated, that a four-point

~hold down system will be used. ~Release will be by

a central redundant pyrotechnlcally actuated
system.

Details of the tie-down/release system and a more
detailed tradeoff between a pantograph and a-

closed cable deployment control system yet need to

be carried out. These, it is. anticipated could be
done during a preliminary design phase. .

In order to provide the versatility required of a
General Purpose Bus, it is anticipated that a
special hinge/lock design will be required that-
will allow the use of either 4 or 3 panels per
side and still retain the transfer orbit power
feature. Also the provision of zero backlash will
require innovative design.

Array Orientation and Power Transfer

Table 5.3-6 shows three basic alternate configura-
tions that the array orientation and power transfer
might take. These are:

a) The through shaft configuration i.e. both
arrays driven together.

1

b) The half shaft, or split cenfiguratien, i.e.
‘ each array driven independently.
c) The half shaft with flexible connector.
5-06 AJ




TABLE 5.3-6

ARRAY ORIENTATION & POWER TRANSFER ~ ALTERNATE CONF{CURATIONS

CONF ICURATION .

~

B S
@ THRU_ SHAFT

Z :
e Sl e —— ~—

@ HALE SHAFTS '

®  [Ooma Fiex conmlzeTor
: \

ADVANTAGES

© COMPLETE SYNCHRONIZ ATION

OF A RRAYS

o ERNTIRE DEVICE Can BE
BULT & TESTED AS Am ASSY.
o BEARIC FRELOAD CAN 3-’:’,‘
AKUEATELY ADTUSTED AT AsSY.
. Gives BEST ARPAY. RooT

STIFENESS
v FERMITS  MAX. PoueR TRAN-
Fek- voLvhag

o PROPATIY mMosT RILIAZLE

o TEMPERATOLE  CotiPERSATION

hninv
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DUE o
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o PRIZAELY H&?vwef T
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Flox sle <. OF.8  chuss SoLAR
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° EIveS ALsS ARZrY ResT

STFENISS  quan O -
o fAY LEQUIRE YAn2eD
CONFICORATIONS -

o EACH meDorE YAS SIFILAR
REUASILITY To O zuT svERpALL
FELUREILITY fiay §& LewER .

o P98dR qRANSFIR SI12€ LHTED.
v LESS ARRAY Roo7v JT1FFmESS
TURA @ -

¢ MAY BruvikE HANDED
CONFIep KATiels

o SLIEHTLY HERUWR Tupn
© QIR ILITY SINAR To @D
¢ OFFSET Cenlle 0F RiiilTtoes
- SIMILAR To @
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In previous trade-off studies carried out at Spar
(Ref. 13 and 14), the through shaft configuration
was chosen as the preferred one for reasons of

SPAR-R.

677
I

reliability, stiffness and power transfer capablllty°

Arguments forwarded in this trade-off are sum-
marized in Table 5.3-6.

On the basis of these arguments, a through shaft
configuration has been chosen as the preferred
approach for the General Purpose Satellite Bus.

 No detailed weight trade-off has been made.

In a separate study contract ‘with the Department
- of Communications, a survey of ex1st1ng orienta-

tion and power transfer systems was carried out
(ref. 15). This survey showed a variety of design
philosophies used by manufacturers of such systems.
The report recommends the conduct of a detail
trade-off study to select between direct drive
brushless torquer and geared stepper motor drive
systems. However, in the absence of a detail
trade-off, on the basis of information available,

a recommendatlon for a geared stepper motor driven
mechanism is made. -

. For the baseline design concept of the GPB DSA an

existing design of such a device has been assumed.
The space available allows the use of many of the:

surveyed devices or adaptations thereof. A detailed

selection will have to be made at a later stage.

It has been assumed that control of the GPB orien-
tation system will be carried out by the elect-
ronics within the bus attitude control system.
The mechanism will be capable of providing two
basic rates - 1 revolution per day and 15 degrees/
minute. An analog sun sensor - also part of the
ACS = will be mounted on the array.

The orientation and*power transfer system is shown
conceptually blocked in draw1ng ‘number 31138J2 -
Figure 3 5.
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5.3.4° Array Sizing
5.3.4.1 Solar Cell Layout and Sizing
5.3.4.1.1 Solar Cell Performénce Ty

Based on the experience of the. Communications
Research Centre during the design and fabrication
of the Communications Technology Satellite, a
recommendation was made to use solar cell perfor-
mance parameters typical of the AEG-Telefunken

- cells used on the CTS DSA Housekeeping Section.’

These cells were subjected to selection and perfor-
mance matching and produced an average of ‘65 milli-
watts per cell at 25°C, A.M.O.- The following
open=c1rcu1t voltage, short-circuit current and

. maximum power point voltage and current characterl—

stics were suggested for B.O.L. at 25°C.

Voc = 0,5981V
Ige = 0.1377A
Vmp = 0.4993V
Imp = 0.1288A

The following models were suggested for calculatlng
radiation degradation:

-9

=25 = 1.0 - 2.147 x 1077 (Dose) ‘2334
sc@
I
TEQ=‘= 1.0 - 2.277 x 10~ (Dose) -5334
mpgd o
Voc 10 . .5855
3 = 1.0 - 1.552 x 10 . (Dose) "™
ocg
Y Lo
7B = 1.0 - 2.871 x 1077 (Dose) *>003
mpg
The suffix ¢ stands for original or beginning of
life. "Dose" stands for the equivalent 1 MeV.

electron flux. : For a rigid substrate design, with
adequate rear-side shielding (equivalent to the
front 6 mil cover glass) this is 1 x 1015 electrons
per cm? of 1 MeV electrons and for a flexible
substrate design, this 1s 2 x 1015 electrons/cm2

of 1 Mev electrons.

5-69
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The following models were suggested for the cell
temperature coefficient:

Ise

Imp
Voo

 Vimp

0.815 x 10~
0.074 x 10™4 per °c

-2.137 x 10~3 per °C
-1.944 x 10~3 per °C

-4 per °C

The following additional degradation factors other
than radiation and temperature were suggested for

array sizing:

Cell Mismatch - 0.98
Cover Glass Darkening 0.99
Cell Breakage - 0.98

Calibration Uncertainty 0.99
Summer Solstice sun
intensity

Solstice Angle effect

0.96.
0.917 or 8.3% (cos 23 5°)

or
or
oxr
oxr

oxr

2%
1%
2%
1%

4%

Using the above models and factors the performance
of the typical AEG.cell was derived for end-of-

life for both the rigid substrate design and

flexible substrate design, using calculated summer
solstice operating temperature based on the CTS
AEG array thermo-optical properties.

are summarized in Table 5.3-7.°

The results

This shows a cell

performance, taking into account radiation degrada-
tion and summer solstice operating temperature, of
40,37 mw for the rigid substrate and 34.07 mw for

the flexible substrate.

factors are applied, the normalized cell perfor-
mance for sizing purposes becomes 33.45 mw and
28.23 mw respectively.

Array Sizing

When the other degradation

Using the end of life cell performance calculated
above, the minimum number of solar cells required

Table 5‘0 3=8e

preliminary sizing.

+ for an 800 W E.O.L.

array can be obtained - see

- The CTS flexible solar cell array is
a good example of solar cell layout and has been
used to arrive at a packing density factor for

A typical CTS Solar Panel

Assembly (SPA) is of 1756 sq. inch area and has

1944 cells.

This gives a factor of 0.9 sq.

inch
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. TABLE 5.3-7

TYPICAL AEG - CTS TYPE SOLAR CELL PERFORMANCE

- mW/Cell -
FOR RIGID | FOR FLEXIBLE - \
NO. STATUS SUBSTRATE | SUBSTRATE REMARKS
1 Beginning of Life @ 25°¢, 65.00 65.00 Based on CTS Housekeeping Array = Cell’
. A.M.0O, Max. Power Point : ‘ selection used
"2 | After radiation dosage 45.48 37.90 1 x 1015 eg. 1 MeV electrons for rigid
: 2 x_1015 eg. 1 MeV electrons for flex.
3 | At summer solstice 20.37 34.07 520C for rigid substrate
temperature o ° 480C average for flexible -
"4 | cell mismatch 39.56 33.39 2 % loss
5 - | Cover glass darkening 38.17 33.05 1 ¢ loss
6 |cell bréakage 38.38 32.39 " 2 % loss
7 | calibration uncertainty 38.00 32.07 1 % loss
. 8 Summer solstice sun intensity | 36.48 30.79 4 % loss
9 |solstice angle effect 33.45 28.23 8.3% loss (cos 23.5 = 0.917)
I End of Life power/cell - : Max. power point occurs at aﬁprox.-
normalized due to effects 33.45 W 28.23 mW 0.401v, for rigid at E.0.L. and at
4 to 9 ) approx. 0.390 V for flex, E.C.L.

(This applies at Status 3)
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per cell. Using a 10% factor above this to allow
for tie-down points and hinges for the rigid
substrate design and '12,5% to allow for frames for
the rigid frame design the total requlred area has
been calculated

This typically glves, for a 50" wide array (a
practical width considering the launch vehicle
fairing envelope, spacecraft size and substrate
depth), 4 panels per side of lengths shown in
Table 5.3-8.

Assuming an average solar cell string wiring
length per wing of 220 inches and limiting the
current density to 4 Amps/mm2 a voltage drop due
to wiring of 0.4V is calculated per wing. Voltage
drop across blocking diodes will typically-be
0.8V, In order to operate the array at 40V, the

~string voltage at the cells will need to be 4l. 2V.
In order to operate the array on the stable ‘side
of the solar cell maximum power. point at all times
(Vmp = 0.401V), the minimum number of solar cells
pexr serles string

- 41,2 _ - ' . ‘
= 40T — 103 cells .

. for the rigid subetrate and

a1.2_
0.390

flexible substrate (Vmp = 0.390V)

= 106 cells for the

5.3.4.1.3 Cell Layout

A preliminary solar cell layout for the rigid
_substrate design is shown in Table 5.3-9. Con-
necting 9 modules of cells - a module comprising
12 cells in series, ‘3 in parallel - in series
provides 1arger than the minimum. required number
of cells in series. Connectlng 10 of these mat-
_ : rices in parallel as shown gives a panel that will
TN ' produce 108.4 Watts at 43,3 Volts, end of life.

The central ground return feature gives a zero
- magnetic movement.
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TABLE 5.3~8

PRELIMINARY ARRAY SIZING

NO. FACTOR RIGID SUBSTRATE .FLEXIBLE SUBSTRATE
1l Minimum No. of cells required for ’ -
800 W end of life _ : 23,917 cells 28,339 cells
2 Area required - using
1.1 x CTS packing factor for rigid ' . .
1.125 x CTS packing factor for rigid - 23,678 sq.in. 28,693 sq.in.
frame/flex. substrate to allow for
frames - _; -
3 Length of each panel for a 4 panel . o . : o e
' per side, 50" wide' array : : 59.2 in. 71.7 in.
4 .Minimum No. of cells required per- 2990 cells‘i : 3 543 cells
’ panel ’ o :
5 For 40 volt array operation, minimum

No. of cells in a series string '
(allowing for average 0.4V drop in . 103 cells . 106 cells
wiring and 0.8V drop in diodes) -
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TABLE 5.3-9

.

PRELIMINARY CELL LAVOUT -

RIGID SUBSTFATE
. \
MODULE _ MATRIX _ M B I I )T PROVIDES . 108
12 CELes v 9 MODULES CELLS N SERIES ,
SERIES | — 10 SERIES 10-84 WATTS AT
S CELLS [N ’ 43-3 vorrs AT KoL
PARALLEL
— - + - -+ - R '
. 1 T ¥ 4
Pansl EEATURES -
' ° 1084 wATTS AT 433 vows, Loy
1o MATRICES [} o - o CENTRAL GRND RETUEN FLEATOLE
10 PARALLEL, v | BIVES  ZERD MAGNETIE MOMEAT -
o ALLows &Y widTw pFor  Fec
i . H o AMLOWS {7 v wEmGTH DIRECTION
| EIn | FoR TIE Zopw POIRTS, HINGES .
- ° 8 PANELS PER SPACECPAFT., PAaraAuc
+ COMNECTED PROIVIDE B&T WATTS AT
i 43-3 vorTs AT CEL. STRInGS ,
OR 835 WATTS AT 40 VLTS
H e e L OB SPACLCRAFT SIDE ogF DIoDES
: -~ X © TO0 ComPLETELY AvVo1D PARABOLIC
UHF  ANTZUPA  SYADOWING, INTSARD =
HOST STRING CAb 85 18, 6x3 HoD~—
ULES N SERIES , ¢Ivime 1.25 Y, PowiR
h 2ezyuction or 825 WATTS AT 40 voirs)

2
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" Eight of these panels per spacecraft connected in
parallel will produce 867 Watts at 43.3 Volts at
the cell strings or 835 watts at 40 volts on the
spacecraft side of the diodes, allowing for wiring
and diode losses.

This layout allows 6 inches in the width direction
for flat conductor cable wiring and 6 inches per
panel in the length direction for tie-down points
and hinges.

With a 61.25 inch elevation as shown in the layout
31138J2, the bottom 4.75 inch of the inboard panel
will temporarily be shadowed by the UHF antenna
" around midnight during solstice seasons.
This shadowing will tend to reduce the array power
by two strings or 20 watts intermittently. If
'this is not acceptable the bottom most string can
be made of 18, 6 x 3 modules connected in series
across the width of panel giving a constant reduc-
tion of 10 watts.

5.3.4.2 Transfer_Orbit Consideranions

Table 5.3-10 shows how the array sized above will
meet the transfer orbit requirement of 80 watts.

The 65mW, B.0.L. at 25°C cell will operate at

; 45,75mW after 10 transfer orbits and other degra-
dation factors applied as shown. The reason for
the low performance is that the array will be
operated considerably below its maximum power
point with the power subsystem being regulated at
40 Volts. .

The peak power per panel will be‘148W, varying in
a cosine fashion as shown. The average power
output will be 94W at 40V. :

5.3.4.3 Adaptability to Payloads

R677/93

Table 5.3-~11 shows how the desmgn arrived at can
be adapted for payloads A to D°

Utilizing all 8 panels will provide 835 Watt and -
satisfy Payload B. ,
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TABLE 5.3-10 .

- TRANSFER ORBIT CoMS!DERA?leS~

\

BASED ON) Cc7$. THE OPERATING TEMPERATURE  RANMGE Wit BE

3°C To 24°C  TAKING INTO ACcoumT SEASONAL VARIATIONS AND
ANGLE 70  WORMAL (oF Sfc SPin Axis) OF + Rs°

PowER OUTPUT oF TuE 65 wmw] 8.0L criL @ I wmirL BE AFFECTED AS Forlows:

Svar

PARA METER PECRADATION

' ' L ‘FacToR POwER PER cLl. = 5475 omi) @ mE -MAX-
HISHATeH L ASSEMBLY _ 0.48 PIHER Py, A?r 6. 491 errs [53V.EsmEIwC)]
BeARALE & U-V DECLAZATIEN 0-98 7o ofERATE AT A VOLTACE eF 4o v
CALISPATIon VAKCERTAIRT Y 044 PrugR Pt etl  m 524 mu, B.OL
sox.swéé wrensITY 016 ' 2 4575 ), Lo
RATIATION @;:&A’/JAT/ou 0477 NOMBER OF CELS = 3240 reR PANEL

, g
(25 x10" £ £ +ev ceernzng) PEAx PomZRffAneL - |48 W

s Aneee  cpreet (woas?) 0406 - - PoER  PPEFILE fER REVOLUTIFA 3a
TEMPERATHE EFFeeT (2°¢) {-088" ‘
o veRaLL DECLADETIOR 0873 - --
AREA DNDER FACH cuRvE ;/% tes@ A8 =2 ‘ AVERACE
S % . , d
Avéﬂ’A;E HEIGH™ = 2% ' T o +7‘/1. 7% 3%

94 W @ 40V

=

< AVERRCE  PowER _ 148 x2
o 7 r
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TABLE 5.3-11

4

ADAPTABILITY T0 PAYLOADS

J:
-
7
835w ® 40V
- 626w @40V E-OL.
£.0.L " " For ‘PA‘ILOAD‘gl
FoR. PAYLOAD A ) .
AN
4
4

FoR PAYLOADS C & D -

)
opTiom 1. UTILIZE OnLY 372

paneLs [ sivE  Givivg:-
731 W £ 0.4

oPTION 2 _ REDUCE  FPANEM LEWCTK
By 12: S‘% 7o
$2" gacH. wew
CELL LAYIVT & CELL
feDuLeS  LERUIRED .
“TRAVSFER 6REIT Povek
wile BE REDVCED T

82 A:ATTs .

N
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5.3.4.4

Using only 6 panels will provide 626 Watts to
satisfy payload A. This will require the hinges
to be of such a design that panels can be inverted
to retain a cell covered side facing outward in
the stowed condition to provide transfer orbit
power,

For payloads C&D (700W), two options exist, One

is to not provide a full complement of solar cells
on the inboard most panels and the other is to
produce a new design with 12.5% less area. The
latter approach is not economical.

Potent1al Improvements

There is an indication now that Violet Cells in
the U.S. and High Efficiency Blue Cells in Europe
are becoming viable on a production basis.

Both S.A.T. in France and AEG Telefunken in Germany

are in the process of having their production

cells qualified by ESTEC. These cells glll produce
50 mW at 25°C after a dosage of 1 x 10l l MeV ‘
electrons/cmz°

This compares with the 45.48 mW/cell for the .
baseline cell assumed in this tudy - a 10% improve-
ment. Also, the begnning of life power is lower -
61mW compared to 65mW for the baseline cell -
giving a-smaller variation in power, B.O.L. to

‘E.0.Lo.

Although a cell layout and preliminary design has
not been preformed, using these, hlgh efficiency

. cells, at least a 5% reduction in size and welght
of the system can be expected.

Further, another 5% weight reduction may be achieved
by using the rigid frame/flex1ble substrate array
if sufficient development work is done.

5-78
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System Weight

Although the original trade-offs were carried out
assuming the need for a natural frequency of

0.3 Hz, this requirement has subsequently been
reduced to 0.15 Hz by the ACS. It is estimated,
therefore, that a weight saving can be affected in
the stowage system. On this basis, the following -
weight estimate is made of the General Purpose

Bus, DSA subsystem:

Solar Cell Array and Substrate
using violet cells (including

hinges, pantographs) : . 91.0 1lbs

Deployment Mechanism C 2,0 1b.

Wiring, Tie-Down/Release System

Miscellaneous Hardware . 5.0 1lb.

"Orientation & Power Transfer: ~

System 22.0 1lb. S
120.0 1b.

Conclusions and Recommendations J

A preliminary design concept for the General

Purpose Satellite Bus Deployable Solar Array .

subsystem has been created. This has been based

on an evaluation of presently available alternate

concepts of stowage and deployment. Use has been

made of available literature, past trade-offs and

trade-off conducted during this- study to arrlve at :

a’ recommended design approach :
J
\
|

Prellmlnary sizing and performance parameters of
this concept have been arrlved at.

Areas of potentlal 1mprovement'are pointed out.
It is recommended that more work, if possible, be.
done in the following areas:

a) Establishing confidence in violet or Blue
Cells and sizing a system for this improved
performance. - :

frame/flex1ble substrate design to establlsh

b) Conducting vibration tests on the rigid L
confidence in its v1ab111ty
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c)

- d) .

e)

SPAR-R.677
VOLUME I

i

Conducting a detailed trade-off on pantograph
versus closed cable deployment systems.

Establishing a tie-down/release system ‘approach
based on stowage' system parameters and space-

" craft interaction.

Conducting a detail trade~-off study between
brushless torquer and geared stepper motor
drive systems.
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Structure Subsystem

Structure Description (See Figuref5f7f

Foxr this study the General Purpose Satellite Bus
structure has been desxgned to comply with the
requirements of minimum weight, maximum payload
mounting areas and’ compatlblllty with the 3914
launch vehicle, utilizing in the main conventional
materials and fabrication techniques. In addition,
consideration has been given to those requirements
peculiar to this application, i.e., ready adapta-
bility to varying payload arrangements and freedom
to locate IMU's within the payload areas to achieve

- balance with'a minimum of impedance by structural

bracing or support members.

The central thrust member consists of a thin wall
tube, partly a cylinder, and partly a frustum,
large enough to accommodate and mount the apogee
motor and insulation within. It is fabricated
from three machined rings; an aluminum separation
ring at the aft end, an aluminum intermediate ring
at the cylinder/frustum interface used also to
mount the apogee motor, and a magnesium ring at
the forward termination. The rings are connected
by overlapped monoply half-shells of magnesium and
fastened by close-pitched rivetting. An alternate
and lighter structure would be to connect the
rings with bonded aluminum honeycomb substrate as

- illustrated on Drawing No. 31138J1, Flgure 5=7",

This method, as yet untried, would require a
development program to. establish technlques and
integrity.

Fastened directly to the thrust tube and running
almost its entire length are four bulkhead panels
lying external and on the plane of the spacecraft's
east/west and north/south axes. These bulkheads,
in cruciform arrangement, act as the main load
servers into the thrust tube, and are utilized to
support the reaction control system and peripheral
external panels of the spacecraft. They are
fabricated from aluminum honeycomb core and face-
sheets and considerably welght relieved by a sys-
tematic removal of panel in areas of neutral
stress.
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~ by an aft lateral restraint panel and a forward

. east/west bulkheads and the thrust tube. The
-primary structure could be further abbreviated by

honeycomb and are the principal. payload carriers

SPAR-R.677 |
VOLUME I

The bulkheads are supported in a radial attitude

platform. The aft restraint panel is designed
similarly to the bulkheads, with extensive weight
removal, and serves to convey lateral forces from
per1phera1 panels directly into the separation
ring of the thrust tube. The forward platform is
fabricated from 1.0 inch thick aluminum honeycomb
panel, and in addition to bulkhead constraint,
serves as a major payload mounting facility.

The structure thus far may be considered as a
primary or basic¢ assembly, at which time all RCS
components can be lntegrated. As can be noted on
Drawing No. 31138J1, all REM's are mounted via
bracketry directly to the bulkheads and hydrazine
fuel tanks are mounted via support struts to the

applying. an interim constraint fixture to the
bulkheads instead of the forward platform at and
durlng the period immediately followmng RCS integ-
ration. All peripheral panels are designed to be
attachable and removeable without disturbing the.
RCS assemblyn

Peripheral panels form the exterlor of the Space- )
craft body, and lie in planes normal to the.north/

south and east/west axes. The north and south

panels -are constructed of 1.5 inch thick aluminum

of the vehicle, affording a large internal surface.
for the mounting of electronic equipment and a
large uninterrupted surface externally for launch
stowage of the deployable solar arrays. East/west .
panels are 0.5 inch thick aluminum honeycomb,
weight relieved, and are designed as support

- members for north/south panels. .  In addition to
+ this function, they are considered to be the -last

on/first off access panels to the spacecraft
interior.  These panels could also provide mounting
locations for light-weight mlscellaneOus items of

5 payloado

5-85
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All bulkheads, panels and platforms are designed

to include integrally a contoured and thinly

machined edging which is bonded to both core and

facesheets. These edge members provide a facility

for frequent attachment of panel to panel, panel

to thrust tube, etc., utilizing small machine

screws and replaceable locking inserts. By this

method, load paths are diffused over many points,

thus aVOiding concentrated areas of stress which

would require localized reinforcement in the form

of core densification and facesheet doubling. |
This form of structural coupling also affords a l
complete absence of payload obstruction right up ‘ l

to the field limits of the panels, and allows for
continuous placement of second surface mirrors,
etc- : ) \

The structure, while staying within the realm of
established manufacturing methods and processes,
offers a versatile light-weight general purpose
enclosure for the conveyance and environmental

protection of ‘payloads assuming wide differences |
in configuration,

- 5.4.2 - Structural Analysis

The structure was optimized for strength and S |
stiffness using the constraints and criteria given
in Section 5.4.2.1. B

-

Design assumptions were used as stated in Section 5.4.2.3. o

The major spacecraft v1bration modes and associated
frequenCies are given in Section 5.4.2.4, the computer
model used to derive these is brieflyrdescribed in

a footnote. ‘ ' .

-

A light-weight design has'been achieved while
‘meeting all strength and stiffness criteria. The
‘Structure Summary Table 5.4-1 gives the pertinent
details. .

During this study the honeycomb type~thrust tube was
optimized from strength, stiffness and weight point
of view., It is considered that the .006 inch thick
facesheet version meets both the strength and the
natural frequency requirements as indicated in

Para. 5.4.2.4.2, .

Cb/102
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TABLE 5.4-1 g
SUMVARY TABLE - STRUCTURE ) : . . o) 4
. A ~
First Type of ) g
- Natural  Critical Critical Ultimate _Allowabie M.S. a
: Structural _ Weight Structural Frequency Loading Loading Stress Strass {Interaction
Item Characteristics {1b) Function (Hz) Case * or Stress or Load \ or Load Formula) =
Forward Eoneyccwd Cylinder 5.3 To resist Fwd. Not Case 1 Intra-Cell Pg = 12,460 #in. Pa1low * 34,000 2.1 - E -
Thrust Face Sheets t = .004 in, ) Platform ver- Applicable Buckling ¥o = 14,200 #in. # in. o)
. Tuke . - Al Alloy, ' _ . tical & lateral L : ’ : .
" Core: 2 1b/ft3 1 loads. {(own,or Intra-Cell P, = Small Maliow = 270,000 1.2 g
Alloy, Core Depth induced by N&S . Case 3 Buckling Mo = 120,000 # in. a
= ,125 in. panels). Combined . # in. . Q.
axial load, and _ _ : 3
bending, & shear . , n
Alternate: Mag. Alloy 7.0 Local ’ ’ 7o S
Sheet, t = .040 in. Buckling ) g -
Forwazd Magnesiﬁm Alloy” 1.0 To transfer fwd. Not Case 1 Local loads Satisfactory by comparison with corresponding
Platform to . platform loads Applicable on flange CTS spacecraft ring
Thrust Tuke, ) into thrust tube . :
-Ping )
2pogee : 5.8 To transfer Not Case 1 Local loads Satisfactory Ly comparisca with-CTS space-
Motor - . : apogee motor Applicable on flanges craft ring
Ping loads to . . N
. Al Alloy thrust tube . ) -
afe . Honeycomb, Conical .. 8.9 . To transfer Not. Case 1 Face .plate Pg = 44,000 #in. Pallow = 65,C00 0.21
Thrust. . ' Section. Face p ’ axial, shear ' - Applicable . wrinkling ¥ =-90,000 #in. : # in.
Tube Sheets t = .006 AL ~ & bending loads ) '
Alloy, Core: 3.1 from the space~- Face plate Pg = Small Mallow = 600,000 0.85
15/£¢3 Al Alloy craft into the Case 3 wrinkling Mo = 328,000 # in.
Core Depth: 1/8 in. adapter . # in.
Alternate: g ’ o Local 7o
Mag. Alloy Sheet, . ’ . . Buckling
t = .080 in, 14.2 ) . -
Separation . ; Co 8.0 * To 'car,ry the + Not By comparison with CTS, also' designed by GSFC ’
Ring, ) : structuxal Applicable ) - stiffness criteria ..
’ loads into the . ' . 8 t'g N
adapter
B
o7
- =0
~ R
Ho | B0
N ~
~
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TABLE 5.4-1 Cont'd

- . Page 2
First Type of .
- . Natural = Critical Critical Ultimate ‘Allowable M.S.
Structural Weight . Structural Frequency - Loading Loading Stress Stress {Interaction
Iten Chax:cteristics ° (1b) Function (Hz) Case or_Stress or Load or Load Fermula)
Forward Al Alloy Honeycomb To carry loads . Satisfactory by cqmparison with North and
Piatiom Face Skeets t = .0067 from the equip=- South Panels
Core: 2 1b/f:3 ment on platform B
Core Depth = 1 inch into the thrust -
. - 5 tube -
North al Alley Honeycomb ; 13 To carry the 35 Hz 1st N/S Plate bending 30 XSI 39.7 KSIT 0.32
Panel Face Sheets t = ,0057 equipment loads  Panel assumed (Face plate '
Core: 2.0 1lb/%t3 ‘into the thrust Bending panel wrinkling)
Core Depth = 1.5 in. via the shear lateral . .
. web and forward vibration
and aft plat- response
form Levels ! )
30g Peak
20g Mean
(Qual.)
South Same as North Panel 13 Same as North Same as Same as North Panel
Panel ’ _ Panel North )
Panel - N
East/wWest Al Alloy Honeycorb 9 Edge support Not Case 1 Local bending 9.0 KSI 39.7 ¥ST 1.0
Panels .FTace Sheets ¢ = 006" of N/S panels, Applicable and direct
Ccre: 2,0 1b/£t3 . and box Lo N/S ~ stresses 25.3 XSI Face Plate Wrin- 0.57
" Core Depth = .50 closure panel kling
thick ‘ Lateral .
Response
Nozth/ Al Alloy Hcneycomb 4 To carry N/S Yot | Case 1 Local bend. 7.2 XSI 39.7 XSI Hich
South (see E/W Panels) : panel loads Applicable and direct
®ib into thrust N/S panel stresses 5.6 XsSI Face Plate Wrin- High
* tube Lateral : kling .
Recponse
Zist/Fest Al Alloy Honeycomb 5 To carxzy axial Not Case 1 ° Ileocal bending 11.1 KSI 39.7 KST
Rib (see E/W Panels) hydrazine tank Applicable and direct . Satis~
- loads anéd to ’ - stresses Face Plate Wrin- factory

suppor# the E/W
panels " .

kling
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TABLE 5.4-1 Cont'd

. ‘ Page 3
First Type of -
Natural Critical Critical Ultimate .Allowzble X.S.
Structural Weight Structural Freguency Loading Loading Stress | Stress {Interaction
Iten Characteristics {1b) Function {Hz) Case or Stress or Load or load Fermula)
. I'I . . -

Hydrazine 5/8 ria .035 Alum, 4 To carry axial Not Assumed Strut Com- 640 # 1,100 4 .72

Tank Alloy Round Tubes : loads and N/S Calculated 50g Ult. pression X \ ’ .

urzort Lo and EAT vib~ Lateral Loads 480 & 800 # .67

Struts ratory response 2 E
loads into
structure Case 1

Miscellaneous Structural 4 This weight does not include hardware :equiréd

Eardware Attachments oanly to attach payload cr aany non-structure item-and

: the associated inserts

Aft Al Alloy Honeycomb s To .provide As per East/West Panels

Closure (see E/W Panels) closure panel, -

~Panel . and also to

. ‘ provide support .
for N/S panels
at aft edge —

Complete - 83 To provide 16.1 Hz" 1st S/C Lateral This ;.'ei.ght is based on using:

Structure stable plat- 50.9 Hz 1st S/C Axial - i) Pre-bonded core instead of FM123 bond on panels
form -for all . ii) Horneycord sandwich construction thrust tube
equipment '

----- 5 9‘7 As Zbove This weight is based on using:
. ' i) FM123 face sheet-to-core bond on panels
- ii) Honeycomd sandwich construction thrust tube
102 25.5 Hz 1st 5/C Lateral This weight is based on using: .
63.9 Hz lst S/C Axial i) Pre-bonded core instead of F}123 bond on panels
- ii) Magnesium skin thrust tube
106 This weight is based on using:

i) FM123 face sheet-to-core bond on par.els'

.1i) Magnesium skin thrust tube

I HWQTOA
LL9°¥-9Yds
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Further discussions with the NASA Delta Office will be
required to confirm that these requirements are still
acceptable for the 3914 launch vehicle. ‘

A trade-off study will be required to identify the
most cost/weight effective version of the structure.

5.4.2,1 Major Design Constraints for Spacecraft Structure

5.4.2.1.1 Launch Environment

a)

b)

Quasi~Static Loads

POGO .+ MECO

Maximum Lift-Off

Sinusoidal Vibration lLoads

16 g qual. axial (thrust)

+ 1. g qual. lateral
TX or Y axis)

3.9 g qual. axial (thrust) .

+ 2.8 g qual. laterial

TX or Y axis)

Qualification level inputs at base of space- (

craft adapter:

_ . Frequency
Input Axis (Hz)
5 - 10
10 - 15
Thrust 15 - 21
| 21 - 250
250 - 400
400 - 2000
5 - 10
10 - 14
5-90

Input
Acceleration
(g's)

293
283
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) Lateral 14 = 250 1.5
(X or Y) ; _ o |
250 - 400 2 © 4.5
400 - 2000 ; " 7.5

- Notching to Quasi-Static levels allowed
ats C

lst spacecraft laterial mode (3 g at
Centre of Mass) , ‘
lst spacecraft axial mode (16 g maximum
response) S ’

- The above must be overall spacecraft
modes : '

5.4.2.1.2 Stiffness Requirements

‘When spacecraft hard-mounted (no adapter):
lst spacecraft lateral resonance - 15 Hz
1st spacecfaft axial resonance - 35 Hz

The above restraints are for overall spacecraft
modes

5.4.2.1.3 Total Spacecraft Weight

_ Structure designed for 2,200 1b total spacecraft
weight, excluding spacecraft adapter

5.4.2.2 Design Requirements for Structure

5.4,2.2.1 Safety Factors

' 1.10 for yield
1.25 for failure (ultimate level loads)

5.4.2,2.2 Margins of Safety (MS)

Must be positive

MS = Allowable Load or Stress
Applied Load or Stress

5=91




~

. . - A . - . ..

Cb/105

SPAR AEROSPACE PRODUCTS LTD . u - &

SPAR-R.677
VOLUME I

"5.4.2.3 Major Assumptions made for Stress Analysis of

"Structure

For lateral spacecraft sinusoidal response,
the design case was taken as:

3 . g qual. at the spacecraft centre of mass

0.5 g qual. at the base of the spacecraft
adapter linear distribution of accelera-
tion over the length of the spacecraft

A uniform distribution of equipment was
assumed for the North and South panels

No moment transfer assumed between connected
panels; all joints have been treated as
simple supports

A maximum North-South panel vibration respohse
of 30 g qual. has been assumed in a normal to
panel direction

The aft thrust tube was analyzed as a cylinder'
with its diameter equal to the thrust tube
diameter near the separation ring

The axial load and bending moment in the
thrust tube near the separation ring were
conservatively used to evaluate the Margin of
Safety with respect to aft thrust tube buck-
ling . v
A total apogee motor weight of 1,065 1lb was
assumed with its Centre of Mass 36.3 inches
above the separation plane . . ‘

5.4,2.4 Major Spacecraft Vibration Modes®

*A11 modes without spacecraft adapter; modes and frequencies
were obtained using a multi-mass computer model of the .
spacecraft; the thrust tube was represented by beam-elements,
whereas panels were modelled using plate-elements.
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5.4.2.4.1 Magnesium Alloy Thrust Tubes
. 040 inch thick forward thrust tube
. 080 inch .thick aft thrust tube
1st spacecraft lateral mode s 25.5 Hz
1st spacecraft axial mode - : 63.9 Hz
'5.4.2.4.2 Honeycomb Thrust Tubes
1/8 inch thick Al Alloy core, density of 3.1 -
1b/ft3
a) .006 Inch Thick Facesheets (Al Alloy)
1st spacecraft lateral mode : 16.1 Hz
1st spacecraft axial mode : 50.9 Hz
b) .008 Inch Thick Facesheets on Forward )
. Thrust Tube . ) :
) Al Alloy
. 010 Inch Thick Facesheets on Aft. ) '
Theust Tube )
lst spacecraft lateral mode 19.0 Hé
1st spacecraft axial mode : 56.0 Hz
5.4.2.5 Loading Cases = Qualification Levels
) s/c s/c
' Axial Lateral
Case Type G=Level G=Level
1 Quasi-Static 16g - uniform 1g - uniform
2 Quasi=Static 3.99 - uniform 2.8g = uniform
-3 Vibration lg - uniform 3g - 1lst S/C
: Bending' -
Mode
{
5=93 AJ
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Thermal Subsystem

" Design Requirements

Design requirements for the General Purpose Bus
thermal subsystem are identified in the study
contract Statement Of Work Issue 2, March 1975
(Section 4.0 and Attachment B).

Where information on thermal parameters of payload,
power and/or telemetry tacking and command sub-
systems is not contained in the statement of work,
assumptions have been made based on CTS payload

' datao

Table 535-1‘Summarizes the power and weight require-

ments of the five payload options. Table 5.5-2
presents a breakdown of the power dissiﬁations and
assumed temperature limits for the various trans-

' ponder options. and for the critical housekeeping

components. \

Major Thermal Design Features

The following are the main design features of the
general purpose bus thermal subsystem, arrived at
after detailed examination of component require-
ments (radiating area, temperature limits) and
spacecraft structural configuration.

Transponder high power dissipation components
mounted directly on the internal face of the north
and south panels. These are the most favourable
locations as far as radlatlng area requirements
are concerned (and hence minimum thermal subsystem
weight) .

Solar arrays, in the deployed conflguratlon,
separated from the north and south panels such
that the minimum new factor to space from the
north/south panel is greater than .93,

Batteries mounted on the north panel and separated
from the power dissipating components by at least

8 inches (in order to maintain battery temperature
below 10°C) .

-~G4 .
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TABLE 5.5-1

GP BUS PAYLOAD CHARACTERISTICS

) ANTENNAE TRANSPONDER .
PAYLOAD OPTION : , —— ) DC POWER
- - mirnt - wges e WZIGET DISSIPATION
: TYPE NO. & SIZE WB;.G_:{T LSIZE 1bs. watts
a) UHF/4=6 Gliz " 'Dep. parabola 13 'ft. dia. or 3% 55 1bs, TBD 218.4 S 314.9 $ 414.9
Transponder or 82" dxa. x 100" long g . E 264.3 E 3:9.2
{12 channel) parabola + guad
(5=-6W TWT) helix
b) UHF/l2-14 GHz Cep. paratola . 13 £t. dia. or =~ 55 lbs. TBD 180.5 S 456.6 S 624.6
Transponder or |- 82" dia. x 100" long : E 351.5 E 46x.5
(20% THT) parabola + gquad .
nelix
c) tnr/7-23 Gliz Dep. parabola 13 £t. dia. = 55 1bs. 8D 221.9 s 404.2 S 505.2
Transponder t E 252.3 E 305.3
with auxilary
experimental
payload ’
d) UHF/SHF/L Band Dep. parabola 13 £t. dia. =z 60 1bs. TBD 150.4 s 397.2 S 512.2
Transpondéer L . : : . : Co . E 305.3 E 373.3
ey) 12-14 Giz . .
Transpencer - s 6.36
(12 channcls) : :
30W TWT. ;
. ey} 12-14 Guz
Transponder s
: 4-20 watt TWT 2 = 732
.4~50 watt TIT S
+ 50%- redundancy ’

i
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GENERAL PURPOSE BUS - COMPONENT THERMAL‘DATA

1. TRANSPONDER OPTIONS

dlT SIDNAOY¥d AOVASO¥Av uvds | . .

Componenﬁ:" Pwr Dissipn, {watts) | Temp Limits (°cC) # Wt | Dimensions Reqd. Thermal
Max =~ Min Operating Non-Op. ! Read | (1bs) (Ins) Mounting Area(Ins )
(1) UHF TRANSPONDER (PAYLOADS (&), (B), (C),]1 (D))
_ ERC S 291 ‘ 45 =5 —40 | 1 150
UHF Driver 69.6 . 70 ~-5- -\ =40 1l 244
o UHF HPA Module 75.0 70 -5 =40 1 263
1 Isolator =5.7 - 45 -5 (1)s-40 1 29
g UHF Switch _ 4.4 45 -5 -40 1 23
- UHF 0O/P Filter 9.8 ) 45 =511 -40 1 50
Cabling to Ant 8.2 C 45 -5 -40 1 42
: (2) SHF 4-6 ghz'TRANSPONDER (PAYLOAD (A))
' . 5 watt TWT .| 14.25  9.25 |55  -15| . -40 12 ; 1 63
- - - EPC . 3.7 T 45 -5 =30 12 1e
| Comm. Recvr 9.0 . 35 20 1 :
(3) SHF 12-Hcghz TRANSPONDER (PAYLOAD (6))
20 watt TWE | 49 70 -5 -40 | 4 172 -
EPC . 10.5 ) 45 -5 . =40 4 . 54 N
PWR Adaptor 2.35 - 45 =5 -40 4 12
Receiver 3.4 40 0 -40 1 18

(7))

I EWQTOA
LL9*9-¥VdS




TABLE 5.5~2 Cont'd

2. HOUSEKEEPING COMPONBNTSl4

- . . . \

| Component Pwr Dissipn. (watts)| Temp Limits (°C) $ Wt Dimensions | Reqd. Thermal-

Max Min Operating Non-Op. |Read | {1bs) (Ins) Mounting Area
- - {(sg.ins)

POWER SUBSYSTEM

"dIT SLONAO¥d AOVASOUAV AvdS

- Battery 8.3 0 10(2) ¢ 3 -
Power Supply 21 - 0 50 5 -20 1
Electronics : ’
ACS Sec Con- . . :
verter 55 0- -20 1
DSA Sec. Con-
verter _ 55 0 - =20 1
Ul RCS Sec. Con- : .
é verter . 55 - 0 -20 1
3 .

" TT&C SUBSYSTEM

Typical Compo- ' .
nent 5 » - 50 5 =20 6 6.7 ’
ATTITUDE CONTROL SUBSYSTEM '
Momentum Wheel 55 . 10 =10 2
ACEA 50 5 ~25 1
Earth Sensor(¥/s) 40 5 . =25 2
Earth Sensor Elec. 45 o - =25 1
Earth Sensor (Spin) ’ 45 0 o -25 2
- 8Sun Sensor {Spin) : 65 -501 . -65 2
Sun Sensor Elect.. 50 -5 =20 2
Sun Sensor (N/SW 1 65 ~50 -65 4w
- ' ’ ow
REACTION CONTROL SUBSYSTEM g :;
. ' i . . - =30
EJB ‘ : : 50 5 N/A 1 =R (7))
- Latching Valve Modul , 50 5 N/A 1 ' - o )
I ' 3
~
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5.5.2.4

5.5.2'5

' 5.5.2.6

5.5:2.7

5.5.2.8

5.5.2.9.

5.5.3

- TT&C components and the momentum wheels 1ocatéd on

remaining available mounting locations on the-

"north and south panels, again because of radlatlhg

area requlrements°

UHF and/or SHF antennas have, of necessity, to be
mounted on the forward or earth facing platform.
To minimize alignment errors between antennas and
attitude control sensors, caused by thermal dis-
tortion of the spacecraft structure, the latter
are also mounted on the forward platform.

No restriction has been placed on the location of
the RCS tanks. Multi-layer insulation and minimal
heater power provide adequate thermal protectlon
for these.

Location of the shunt regulator resistors is .
dependent on the amount of power to be dissipated

and the allowable temperature limits of the resis-

tors. For minimum design temperature limits less
than -100°C location on the exterior of the east/
west panels is acceptable. For maximum total
power dissipation of less than 100 ‘watts location
on the forward thrust tube is acceptable.

All non-radiating areas of the spacecraft are
covered with multi-layer 1nsulatlon of various -

thicknesses. _ i

During the spin phase, all radiating areas of the
spacecraft are thermally insulated to maximize
spacecraft internal temperatures during this low
power phase. The minimum internal power dissipa-
tion requirement during this phase, to maintain
adequate spacecraft temperatures, is 80 watts.

" Detailed Design

Figures 3-5a, b, ¢, detail; as shown in Section 3.3.

a) The spacecraft configuratidn°

b) The equipment platform layout for:
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-Thé above three are‘considered the most critical

C - component design temperature limits

-panel, the radiating area requirements and hence
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- the UHF transponder for payload option
models a, b, ¢ or d (Figure 3-5).
- the 4-6 GHz transponder for payload
option model a (Figure 3-=5).
- the 12-=14 GHz transponder for payload
' option model a (Figure 3-5).

from volume/thermal control requirements.

Payload options, models el and e2, (Telesat require-
ments see Table 5.5-1) were not considered as their
characteristics were not identified until late in
the study program and inclusion of them would have
meant resizing the thermal subsystem. .

The above configurations/layouts have evolved.
based mainly on thermal considerations regarding.
radiating area requirements.

These radiating requirements depend on:

- component dissipation |,
- view factor from radiator (north/south panels)
to space° B
A detailed analysis was performed to establish the
latter. It was found that with the present separa-
tion of deployed solar array from the north/south
panels the mininum view factor to space from any
point on the north/south panels is greater than
0.93.

Hence, w1th the above 1nformatlon and using gquartz
second surface mirrors on the exterior of the

payload locatiOnS'were established.

UHF Transponder Layout (Models a), b), <), d))

The UHF transponder layout is shown in Figure 3-5
for the maximum power, and hence maximum thermal

" hardware weight, payload model b). Due to lack of

definition of size/shape of each component the
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mounting area of each has been assumed to be equal

"to its radiating area requirements. (With the

exception of the backhaul 20 watt TWT). This
assumption is not unrealistic in light of the

- multiplcity of dissipating elements in'each UHF.

component, which can be ‘used to achieve an essen-
tially isothermal baseplate with optimum packaging.

The three batteries are located on the same equip='

ment platform and are located as far aft as mass
balancing requirements will allow. Separation
between batteries and other components is required
because of the vastly different design temperature
limits of batteries and typical transponder. or
housekeeping components. In the present location
the temperature limits of 0 to 10°C can be met,

with use of heater power in non-battery dissipa-

tion and/or non-solar load cases.

4-6 GHz SHF Transponder Layout (Model a))

The above is shown in Figure 3-5. No attempt has
been made to electrically optimize this layout,
but merely to show that volume/thermal radiating
area requirements can be met. The housekeeping -
components allocated to this platform have been
located as far forward as possible for mass balan-
cing considerations.

12-14 GHz Transponder Layout (Moael b))

The above is shown in Figure '3-5. Initially, in
determining the weight of thermal control hardware
for payload model b) (maximum power and maximum
weight of thermal subsystem hardware) material
required for laterally distributing the dissipated
power away from the maximum power density locations
(eg. TWT collectors, etc.) was assumed to be
conventional thermal doubler material (6061-T6Al).
However, the weight penalty associated with this
technique was excessive (approximately 17 pounds).
Hence, .it was felt that although the SOW called
for a passive thermal design, if possible without
the use of heat pipes, the potential weight savings
of the latter, together with the relatively simple
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construction and space worthiness of this type of
pipe required for the above application, necesi-
tated their use.  The payload configuration in

vFlgure 3=5, hence reflects the presence of heat
pipes.- : . \

General Spacecraft Configuration

The generai spacecraft configuration is shown in
Figure 3-5 and thermal hardware used summarized in .

the welght breakdown Table 5.5-3. Almost all 1nternal'

surfaces will be anodized to achieve a high IR
emittance and maximum thermal radiative coupling
between them. :

'; Radiating areas on the north/south panels will
~have second surface mirrors to minimize solar heat

input. A five layer insulation blanket will cover
non«radlatlng surfaces on the north/south panels.

The five layer blanket will cover the external

“surface of the east/west panels except for the

area occupied by the shunt regulator resistors.

To minimize heat loss from two platforms not
irradiated with.solar energy during the spin
phase, namely the forward and aft platforms,. a 20
layer blanket will cover the external surfaces of
both of these panels. An additional two layers of
1/2 mil crinkled stainless steel foil will be used
to provide thermal protection for the aft.platform

- blanket (and hence spacecraft) durlng apogee motor -

firing.

The apogee motor case andrnozzle;exteriors will be
covered with seven layer insulation blankets,

" (five layers kapton; two layers of crinkled stain-

less next to the motor), to minimize heat loss

-from the motor prior to firing and to protect the

spacecraft from apogee motor "soakback" heating.
The apogee motor case will be mounted to the

- spacecraft structure via a thermal insulating

material, again to minimize soakback effects.

SPAR-R.677
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TABLE 5.5=3 GENERAL PURPOSE BUS
THERMAL SUBSYSTEM WEIGHT BREAKDOWN
Multilayer Insulation Blankets
Forward Platform - 20 layer ©1.96 1bs.
Aft Face - 22 layer 2.55 1lbs.
East & West Panels - . 5 layer 1.04 1lbs.
North & South Panels - 5 layer . 0.34 1bs.
Apogee Motor - 7 layer 2.26 lbs.
8.15 l1lbs.
Panel Surface Finishes _
External Face of N/S Panels - S.S.M. 4.42 1bs.
Internal Face of Equipment :
Platforms ; ‘ - Anodized -
Thermal Conductors ,
Heat Pipes and Doublers 6.50 lbs.
(Thermal Doublers alone as alternative 17.50 1lbs.)
10% for Miscellaneous 1.91 1lbs.
20.98 lbs.

VOLUME I

- 5-102
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The antenna farm w111 be thermally decoupled from
the forward platform as much as.possible and will
require its own thermal control system to maintain
-antenna temperatures within des1gn absolute tem-
perature limits and to minimize antenna thermal
gradients.

Electric resistance heaters (thermostatically
controlled with ground command override) will be
located in critical areas of the spacecraft to:.

a) compensate for "component-off" condltlons,
(i.e. act as substitute heaters).

- b) compensate for 1nadequete'diss1patlon levels
(low component temperatues) in various reglons
of the spacecraft. ; :

Use of space-proven thermostatically controlled

heaters eliminates the sensitivity of the space-

craft to heater nominal power levels, eliminates
complex ground monitoring/control of heaters, and

does not significantly affect system reliability.‘* '

Only ‘certain RCS heaters will be required durlng
eclipse.

N For the spin phase configuration, the stowed solar

- . arrays will provide thermal protection for the

spacecraft by covering the radiating areas of the
north/south panels during this low power phase.
Areas of - the north/south panels not covered by the
arrays will require either permanent multi-layer _
insulation or a deployable or jettisonable cover ‘
(deployed or jettisoned with deployment of the
arrays) .

The welght breakdown of the {thermal system hard—
ware is given in Table 5.5.~3. ..

5/CGL/6
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5.6 Apogee Kick Motor \

: Descriptioh (See Figure 5-8)

The apogee motor will be capable of providing the

- velocity increments sufficient for placing the

spacecraft weighing 1925 to 2125 1lb into synchronous
orbit. The motor size had been optlmlzed for an
orbit 1ncllnat10n plane of 28.3°

The apogee motor for this satellite will be selec-
ted from motor specialists (Bristol, Thiokol,

United Technology or Aerojet General), and integ-
rated with the structure at the launch facility.:
Interface details and interface tooling are available,
consequently no integration problems are antici-
pated. Sea level qualification tests on this

motor will be conducted, followed with high altitude
firing tests. These detalls are discussed in -

Volume III Implementation Plan.

The moto::comprisés the‘following-major_components:

Case. and insulation chamber

Expansion Nozzle

Ignition system con31st1ng of 1gn1ter, PYYO-
technic train and safe arm device"

Motor attachment flange . :

It should be noted that motors currently designed

‘can be overloaded by 10% additional propellant so
without any major redesign a 2125 1b satellite can-

be injected into geosynchronous orblt w1th this
motor. '

The data-that follows is what has been provided by
Thiokol for the study and has been used to esta- ‘
blish the Bus baseline design. .Overall dimensions
are glven in the attached conflguratlone

5-104 _ . )
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31.31 -

300 ¥V
MAX. [
§

"APOGEE KICK MOTOR

56.48

5-105 FIGURE 5-8 ____ |
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 5.6.2
5.6.2.1

5.6.2.2

 5.6.2.3

5 6.2.4

~ Typical Apogee Motor Performance

‘Charactéristics at 65°F

Total Impulse

Average Thrust

Maximum Thrust

Burn Time

Propellant Specific Impulse

‘Effective Specific Impulse

Weight Summary

Item

Propellant -
Inerts

Loaded Motor

‘Fired Motor

Design Conditions

‘ExternalfTemperature ‘

‘ Operatioﬁal Temperature

Storage Temperature‘

Aging

Spin Rate

Nozzlé'Details

SPAR-R.677
VOLUME T

301,200 lbf-sec
5,930 1lbf

7,000 lbf

50.2 sec

297 1bf-sec/lbm .
295 1bf-sec/lbm

Nominal Wt.
lbs

895.3
62.6
957.9
56.4

Case~-700°F Max Soak
Nozzle-1,000°F Max Soak

+20°F to +110°F

+ﬁO°F to +80°F

Five year shelf

- life goal

60 - 110 rmp

Design: Carbon-Carbon Exit Cone :
o Carbon Felt External Insulation
6Al-4V Titanium Closure
G-90 Graphite Throat

5-106
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Experience:

Attributes:

5.6.2.5 Temperature

Operating

Flange Satellite Interface

During Burn

Motor Casing (after burn)

5.6.2.6 Alignment

Perpendicﬁlarity of

SPAR~-R.677
VOLUME I

l

Carbon-Carbon - 6 static firings

Closure - 8. star motors :

o (Star 27 - Star 37)
G-90 - All Star Motors
Lighﬁweight

Symmetrical Erosion
Excellent Alignment !

20°F to 100°F

150°F maximum

500°F maximum

Thrust ©0.002"

Veptor to a Mounting Flange

Concentricity of Nozzle Throat 0.020"

to Mounting Flange

Flatness of Mountiﬁg Flange . 0.003"

Mounting Flange 0/D

'5.6.2.7 Electrlcal (Squib Data)

No Fire Current

All Fire CUrrent

5-107

1 amp DC.

4.5 ampsvat
28 VDC
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- The following is a rough outline of a baseline
sequence for achieving geostationary orbit. It
has been generated only as a framework for Multi-
Purpose Bus studles.

‘Elapsed Time Event/Task o _ "\Duration
-00h 00m ' Liftoff o ‘
004 26 - » Injection into trahsfer orbit

OO 30 ' - "Preliminary NASA Orbit Data

R received : '

01l 05 EasLern Hemisphere Tracking.

Station acquires

"02 00 o ;E_Prellmlnary Orbit of Attltude
Determination )
05 40 | First Apogee ’
10 00 . Loss of signal at Easﬁern
Hemisphere station
~"11lh 50m - Western.Hemiéphere,Tracking
- Station acquires
16 00 First half of reorientation _
maneuver - 45 min
16 10 Second Apogee
"17 115 Second half of reorientation
' maneuver o ' 45 min
20 55 ‘ | - Loss of signal at Western

Hemisphere Statlon

' SPAR AEROSPACE PRODUCTS LTD ~ ' o J |
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'A.1.0 - PRE-STATIONKEEPING SEQUENCE AND FUEL BUDGET .
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During succeeding passes,
attitude and orbit determlnatlons
' C are performed and spacecraft
‘ health is monitored. Attitude
touch up maneuvers are performed
as required - :

3rd Orbit visible from Eastern
Hemisphere Station
4th Orbit visible from Western
Hemisphere Station
5th Orbit visible for Eastern .
. Hemisphere Station
" 6th Orbit - poor visibility
7th Orbit visible from Western
Hemisphere Station

68 40 At Seventh Apogee - Apogee Motor .
-Firing. o o -1 min
.73 00 | . Determine Orbit‘and‘AEtitude |
, 80. 00 ' Drift Orbit Correctlon Maneuver 1/2 toil hour
| AMF + 1 day* Drift Orbit Correctlon Maneuver . 1/2 toll hbﬁr
‘r(éee-Att.‘Acq.)*' Attitude Acquisition Sequence
AMF +10 days* Drift ﬁate Reduction

AMF +10-1/2 days* " " "
AMF +15 days* oo

+15-1/2 days* u n "

CFrJ/2

AMF +18-1/2 days¥ Station Rate Acquisition
. AMF +19ldays* Initial Station Acquisition

*These times are subject to large varlatlons due to launch
_vehlcle and Apogee Motor 1njectlon errors. .
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‘The reorientation to AMF attitude is through an
‘angle of 129.5 degrees.

Fuel is requlred for the attltude acqulsltlon
sequence (see ACS sectlon) a

An allowance of 160 ft/sec is required to correct
(at 99% level), the launch vehicle, apogee motor,

. orbit determination, attitude determination and:
. RCS maneuver errors, and to allow for drift reversal

and station acquisition maneuvers.

The errors assumed for the 3914 launch vehlcle
with Multi-Purpose Bus are:

- Apogee Height + 300 n.nij
- | Perigee.Height + 3.3 n;mi _ - _ S
- Inclination =~ + 0:25;degrees |
For the apogee motor firin?: !
- iTotal impulse' o + 0.5 percent
- :-Mean Thrust Direction

- (Including Attitude ST
A’Determination Errors) . 0.4 degrees

‘The drlft reversal and statlon acqulsltlon allowances

are 1 degree per day drift, , !

4

BASELINE STATIONKEEPING PLAN

' The following is a rough cut at a statlcnkeeplng
»cycle for maintaining +0.05° or +0.1° latitude and

longitude. The purpose is to determine numbers
for the fuel budget, and to examine compatibility

- of the'satellite system des1gn with the speclfled

statlonkeeplng requirements.

ment of Telesat Canada). The reference starting
point is the east-west correction manoeuvre.
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. Approximate Time '
. of Manoeuvre . ' Type of Manoeuvre
1. 0.0 days - ' East-West manoeuvre (first burn) to
E R correct the orbit for effects of -
triaxiality, solar pressure and
coupllng, of inclination manoeuvres
in the east-west direction
- 2. 0.5 days =~ : Second burn of the east-west manoeuvre
3. 0.5 days - Optional'eaétmwest touch up
(very approximate) correction manoeuvre to correct
o errors in (1) and (2). This manoeuvre
may also be performed in two parts
4. 18 days - Inclination (North~South) manoeuvre
5, '21 days -~ End of cycle, manoeuvre (l) beglns«
. again
This'manoéuvreAcyclevappears to'Be.feaSible for
stationkeeping the multi-purpose satellite, based
upon the prellmlnary design information. "Further
optimization is possible although this is more
. appropriately performed after satellite system
- ‘design information and station longitude are
better defined. .
A.2.1 Solar Radiation Pressure

The preliminary estimate of solar radiation' pres-. . , .
sure force was 1.0 x 10~° pounds, and ‘a later

estimate was 2.0 x 107° pounds. The spacecraft,

near end of life is assumed to weigh approximately

800 pounds. The resulting acceleration on the

satellite is then:

4.02 x 1077 >

ft/sec (1.0 x 10 > 1lbs force)

Case 1 -a

Case 2 'a = 8.04 x 10”7 £t/sec (2.0 x 10*5

1bs force)
A geostatlonary orblt which is 1n1t1ally 01rcular,
will become slightly elliptical due to the solar
radiation pressure force. The change in mean




CFI/5

" SPAR AEROSPACE F\’RODUCTS:‘LTD

- SPAR
——

A02c2‘\.

SPAR-R.677

. VOLUME I

APPENDIX A

eccentricity is approx1mately 0.52 x 10 /day :
(Case 1) or 1.04 x 10-5/day (Case 2). This eccen-
tricity in turn causes a buildup in the ‘diurnal
east-west motion of the satellite (but does not
significantly effect drift rate). If the mean
eccentricity must be minimized over the station-
keeping cycle, the cost in fuel is calculated to
be about 9.6 ft/sec per year (Case 1) or 19. 2

- ft/sec per year (Case 2).

If however, over the:.2l day cycle, the mean eccen-
tricity is always maintained below some specgified
value without an attempt at minimization, some
fuel can be saved. The specified maximum eccen-
tricity represents some acceptable portion of the
east-west stationkeeping error budget. Figure A-1
shows the fuel cost per year for various eccen- -

. tricity allowances in the east-west budget (Note

that for a 21 day cycle, there will always be a

- minimum of + 0.0063; east-west variation (Case 1)
or *+ 0.0126 (case 2) at the beginning or end of
each cycle)

As well as reducing the fuel budget for solar
radiation pressure corrections, ‘the size of each
of- these manoeuvres is reduced, Simplifying the
east—west manoeuvre cycleo' :

| TriaXiality Effect

For the purposes of this study, it is assumed that
the satellite station will be anywhere in the

" range of 90°W to 120°W longitude. For triaxiality

corrections the largest accelerations are at the.
ends of the allowable range. As .a worst case,

' therefore, a stationkeeping longitude of 90°W.was

chosen, at which the longitudinal acceleration is
+0.0007 deg/day/day. A satellite at rest (no
change in mean longitude) will be drifting at

'+0.00735 deg/day (Westward) after 10-1/2 days (one
- half of the stationkeeping cycle).. Therefore to

start the east-~west cycle (assuming only triaziality
perturbations), a drift rate of =0.00735 deg/day
is initiated. Figure A-2 shows the nominal mean
longitude :versus mean longitude drift rate. The

’
"\
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ECCENTRICITY .
ALLoWANCE
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Sorar RKapiation Pressure
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satellite remains within + 0.02 degrees of nominal

(n.b. the east-west manoeuvre was shown here, for

simplicity as a single burn) .

The AV requlred for trlax1allty is that required .

-to change the drift rate from +0.00735 deg/day to
~0.00735 deg/day or about 0.14 ft/sec every 21 days

(total of 2.4 ft/sec per year) Normally however,
if solar radiation pressure is large and the
stationkeeping box is small, the corrections for

‘'solar radiation pressure can be arranged to correct

the triaxiality effects "for free" (see section
A.2.4). : : '

;Inclipation (North—South)

The inclination manoeuvres will be’planned'fdr-the

B purposes of this analysis, to take out only the

secular inclination drift due to solar and lunar
gravity. Figure A-3 shows the total AV required
for 6, 8, and 10 years as a function of launch

date. The peak requlrements for -6 years: is for a
launch in 1985, and the fuel required is 999 ft/sec.
For 8 years, the peak.is 1320 ft/sec for a 1984 '
launch, and for 10 years, the peak is 1630 ft/sec
for a 1983 launch,

' In addition, as a comparison with the RCA Domsat .
“launch, a-launch in 1975 requires 829 ft/sec for 6
- years, 1124 ft/sec for 8 years, and 1440 ft/sec

for 10 years.
A 21 day cycle, correctlng only luni-solar secular

drift w1ll have a maximum drlft during the cycle
of

—-~£i—ww x 0.96 deg/yr = 0.055 degrees, . or
365.2425 , ) ‘ o

+ O 028 degrees latltude varlatlon

The AV requlred for thlS manoeuvre is 9.7 ft/sec
maximum.

. . . . - .

SPAR-R.677
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Typically, if the engine is 0.1 pounds thrust and
four are used to perform the manoceuvre, and if the.
spacecraft mass is-31.5 slugs, then the manoeuvre

is 12.7 minutes long. If only two engines are

used, the manoeuvre will take 25.4 minutes typically.
Durlng this time the satellite varies + 1.6 degrees

- (4 engines) in its orbit from the desired flrlng

point for an impulsive manoeuvreo

- For a two englne manoeuvre, the corresponding

variation is +3.2 degrees. The inefficiency of
this manoeuvre is therefore very slight, even for
the two thruster case, amounting to a loss of
about 0.05% or 1/2 ft/sec over a six year lifetime.

Since it is assumed here that only the secular
inclination drift is corrected, the actual varia-
tion in lncllnatlon will be slightly larger than
0.028 degrees, but well within the 0.05 degrees
specified. The inclination deviation can be
reduced sllghtly in practlce w1th negllglble
increase in fuel.

Comblned-Manoeuvres

North«South, East West Tradeoff . ' T

{

N Slnce the north~south excurslons can probably be

kept down to approximately + 0.03° compared to the .

+ 0.05° and + 0.1° requirements, -the east-west
variation.may be extended sllghtly while still
remaining:within the same maximum angular error

from nominal station location (total angular error
allowed is: J 2 x 0.05° = 0.0707° or V2 x 0.1° = 0, l4l4°)
If the north-south excursion is contained to

within 0.03° then the allowable east-west variation

is + (0.07072 =~ 0.032)1/2 = + 0.064° or +(0.14142 - 0.032)1/2
= #0.138°. | i ; - _ :

Combining Triaxiality and Solar Radiation
Pressure Corrections

As mentioned previously, triaxiaiity corrections

‘can be given a "free ride" on solar radiation

pressure corrections. In this case, if say + 0.02°

‘

A-10 . _ S \‘-J
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of the east-west budget is allotted to solar

'radiation pressure incuded eccgentricity varia

the mean eccentricity can be maintained at ab
0.000175 and the manoeuvres required every cy

tions,
out
cle .

for this maintenance are two - each one being.

0.121 ft/sec (Case 1) or 0.417 ft/sec (Case 2
maximum. The first manoeuvre is performed in
direction opposite to the velocity vector. T
second is performed in the same direction as

velocity vector (Flgure A-4a)., The drift (tri
ax1a11ty) correction is also broken into two

parts, each 0.069 ft/sec, in a direction oppo

- to the veloc1ty vector, (and each simultaneou
. with the eccentricity corrections (Figure ‘A-4b}) .

The result of the combination is (Figure A-dc
one manoeuvre equal to the sum of the velocit
magnitudes - 0.190 ft/sec (Case 1), 0.486 (Ca

and another equal to the difference - 0.052 £

(Case 1), 0.348 ft/sec (Case 2). The total m

' is the same as for the solar radiation pressu
‘manoeuvres alone*. A plot of longitude versu

drift rate for Case 1 is shown in Figure A-5,
satellite  always remains well within limits.
fuel required is 4.2 ft/sec per year or 25.2

- for six years. Figure/A-8 shows a comparison
between drift patterns for Case 1 and Case 2.
‘Case 2, the satellite also remains well withi

bounds, although the margin has been reduced,
there is a period of time after the first eas
west. manoeuvre of the cycle when the satellit
drifting very rapidly. If the second manoeuv
cannot be. performed as scheduled, the satelli
will be rapldly approaching the other side of
stationkeeping box, and a new twenty—one day

nust be set up.

Effect of4Inclination Manoeuvre .Coupling

)

a
he
the

lu:

site
sly

)
v A
se 2)
t/sec
agnitude
re
s

The
The
ft/sec

For
n.
and
t_
e is
re
te.
the
cycle

Assuming:a maximum manoeuvre si?e of 9.7 ft/sec
and a deviation ‘of 0.2° in the mean thrust vector
from nominal, the AV coupllng can be 0.034 ft/sec.

;*Because of the twelve hour drlft between east-west
manoeuvres, the manoeuvre magn;tudes will not be

exactly ‘as stated above (see drift pattern figures).
'The total delta velocity will however be very close

to the total glven above.

, A-11 .
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- This can result in a change in the drift rate of

up to + 0.0036 deg/day if colinear with the satellite
velocity vector. Figure A~6 shows the result of
this drift change for Case 1. The satellite

' remains well within bounds. Figure A-8 shows the

end point of the drift pattern for Case 2 if the
same adverse 0.2° coupling occurs. The margin for
further error is-now fairly small (less than
0.01°). It may be desirable in this case to begin
the next manoeuvre cycle one day early. If the,
inclination coupling 'is entirely in the radial
direction, the result is a negligible change in
mean longltude of 0.0004 degrees°

Effect of East-West Errors

Assuming a worst case 5% undershoot or overshoot
on an east-west manoeuvre, the drift rate of the
first manoeuvre could vary by + 0.001 deg/day
(Case 1). This overly severe error results ;n the-
drift pattern shown in Figure A=7. The limit is

- not exceeded for either undershoot or overshoot,

although for + 0.05° stationkeeping, the mean
longitude comes close to.the limit allowing little:
room for other error sources such as those resulting
from other manoeuvres or from orbit determination. -
In this case the optional mid cycle manoeuvre

could be used to reduce excursions. These manoeuvres
are small relative to -the main east-west manoeuvres.
The total AV requirement over one year would

probably not exceed 0.3 ft/sec per year, making
the total east-west fuel budget .about 4 1/2 ft/sec

.per year or 27 ft/sec for a six year mission. A

more realistic error, after on-station calibration

- of the reaction control system, would be one to

two percent. Applying this error to the more
realistic Case 2 'solar radiation pressure model
drift pattern results in the end points .shown in
Figure A-8. The two percent undershoot manoeuvre’
definitely results in the satellite going out of
bounds and a mid cycle manoeuvre -is definitely -

required.

A-15
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An error in the direction of the manoeuvre delta
velocity of up to five degrees results in a neg-
ligible shift in mean longitude on the same order
of magnitude as the inclinatigQn manoeuvre coupling
error. : :

A.2,4.5 Stationkeeping Summary

A three week stationkeeping cycle appears to be .
feasible for the UHF multi-purpose bus satellite.
As more parameters such as solar pressure and
station longitude are better defined, the actual
strategy may be developed. The feasibility of
this cycle for the +0.05° stationkeeping box goal
is particularly sensitive to the assumptions for _
solar radiation pressure, as is the east-~west fuel
budget. The nominal + 0.1° stationkeeping box
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