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ABSTRACT

This paper describes the SIRIC maneuver system which
consists of the on—-board Attitude and Orbit Control system ({A0C)
and the set of computer programs known as the Flight Dynamics
Systes (FDS). The ground antenna, the telemetry and conrmand
subsystems also constitute an important part of the maneuver
system, but they are not dealt with here tLtecause their
functioning does not influence maneuver execution logic.

A brief outline is given of the AOC hardware involved with
manpeuver execution.

The basic wmaneuver planning logic, i.e. orbital, attitade
and spin rate «corrections, is described. The description is
limited to problems concerning the geostationary phase of the
mission although considerations and data relative tc the station
acquisition maneuvers are given, vwherever they are felt to be
useful for a deeper understanding of the maneuver systen. ,

There 1is also a description and an evaluation of the
programming tools wused in planming and controlling maneuver
egxecution.

Tables containing data relative to all <the wmaneuvers
executed on SIRIO are presented and commented.
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1s SIRBIO hardware involved in maneuver ezxecution

A1l the hardware units which play a decisive role in
maneuvering the satellite are elements in the Attitude and Orbit
Control {AOC) subsystem:; a detailed description is given in the
SIRI3 Spacecraft Operational Manual (see reference 1) . Some
basic concepts are presented here in order to helg the reader,
unfamiliar with SIRIO, understand the logic behind maneuver
planning and execution.

The units considered are:

the tanks

the jets

the sun and earth sensors

the attitude control logic
the nutation damper

the inertial measurement unit

O U & ) DN et

1.1 The tanks

The SIRIO auxiliary propulsion System uses. hydrazine (N284)
as its propellant. Four spheric tanks constitute tsc inderendent
subsysteams, which are separated by a valve. The fuel in the
tanks is pressurized with nitrogen (§2) « The following table
gives the after fueling nominal values and the otserved values
concerning tank status.

ROMINAL AT LAUNCH
Total tank volume 45485 cm?
Tank pressure system A 21.09 Kg/cn 2044 Kg/cma

Tank pressure system B 21.09 Kg./cu® 21.14 Rgscm?
Fuel load systenm A 15 Kg 15 Kg
Fuel load systenm B 15 Kg 15 Kq
Temperature system A 20 C 21.2 ¢
Temperature system B 20 C 2.8 ¢

Tab. 1

It can be seen that the at lauach system A tank pressure vas
lower tham the nominal value although the fuel loaded was
verified as having the nominal weight; this fact may be explained
by a loss of gas presssre during fuel loading. These data are
very important as the weight of the fuel contained in the tanks
is evaluated, at any time in the mission, on the tasis of tank
Status telemetry data. Applying Boyle's 1law, the nitrogen and
hydrazine volumes are computed from the pressure and temperature
data; by multiplying the fuel volune by the density, the fuel
veight is obtained. Thus, in order to evaluate correctly fuel
consumption, fuel weight, temperature and pressure guyst be kanown
with precision at least once during mission; this is possible
only at launch.

%ge nominal tank pressure after total fuel consuaption is 7
Kg-/cme®™. This pressure ensures that, at the end of fyel Leserve,
maneuvers can be performed with the jet thrust level only
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slightly below half maximum pressare thrust level. However, as,
at the end of fuel reserve, there is a ''fuel sloshing??! effect
which means that the fuel is no longer being supplied evenly to
the jets, this thrust level may be much lover.

1.2 The jets

The two tank subsystems are each connected to ome axial and
one radial thruster. Thruster Radial A (TRA) and Thruster Axial
A {TAd) are connected to system A; TRB and TAB are connected to
systzm B. All the thrusters deliver the same nominal thrust of 22
Newtons with a nominal dispersion of # 10 percent amnd a
repeatability of ¢+ 5 percent after initial wara up. :

Axial thrusters may be fired in comtinuous and in pulsed
mode; radial thrusters may be fired only in pulsed mode. Firing
in continuous mode means  firiag from a given start time to a
given stop time for the entire revolutions. Piring in pulsed mode
means firing during a guarter of revolution only, for a given
number of revolutions. b :

Fig. 1 shows the position of the thrusters on - the S/C frame
relative to the position of the attitude seasors. 1t can Le seen
that the axial thrusters are mounted along the spin axis
direction with an wuseful moment-arm for spin axis precession
movements of 650 nmm. The radial thrusters are mounted in radial
direction, in the spin glane. e o

a®es aq’

PLANES

SENSOR OPTiCAL

]A&YRA
0, "

312744

Fig. 1
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It <can also be seen that all the Jets are pmounted in a
vertical plane, with an inclination of 31° 25°' 4491 relative to
the optical plane of the PSA-PSB sensor packages or 58% 341 1g01
relative to the CSA-CSB optical plane. This gounting angle is
justified by the pulsed firing logic, with particular reference
to the attitude precession maneuvers which are rerformed by
firing the axial jets in pulsed mode. The mounting angle has been
designed in order to allow the spin axis to precede toward or
away from the sun or the earth or in am orthogoral direction,
depending on the synchronization type and quadrant selected.
{see paragraph 1.4). The ideal thrust centroid value should be
exactly 45 degrees, corresponding to one half of revolution
firing quarter. The effects due to electronic delays and thrust
lags cause the start and stop firing to be delayed by a tine
interval which moves the centroid from the ideal position by
about 13.5 degrees. The mounting angle has Dbeesn desiqgped in
order to compensate for such a delay.

In real flight, the torgque centroid points iz a different
direction because of the effects of a number of factors such as
fuel prassure, spin rate and the mounting angle tiases of the
jets and the sensors. The comstructor of the jets provided
tables <containing the centroid values for differert Lressure,
spin rate and firing duration values as the final result of the
pre-flight tests. At mean values of these variables the centroid
shift from the ideal is about 20 degrees.

The impulse obtained by firing the jets derends on the
folloving factors:

pressure 7
firing duration
spin rate
S/C mass

The pressure influences the thrust obtained directly. The
firing duration influences the impulse obtained because the .
thermic transitory of the jets reduces the efficiency of the
first pulses or seconds.

Pige 2 shows the thrust profile for continuous mode firing at
maxisam and minimum pressure. Fig 3 shows the impulse reduction
for pulsed mode firing at maximum and mininum pressure.

‘The spin rate only affects pulsed firing .as the firiag
duration per revolution is directly proportional to its
Bmagnituie.

The S/C mass has one major change which strongly influences’
the impulse obtained. On firing of the apogee motcr, 177.82 Kg.
of propell®nt are consumed, about one half of the §/C weight at
launch. The S/C mass decreases during each maneuver by the
apount of fuel consumed; this decrease has a relatively slight
effect on the impulse obtained.

%2 will nov examine the effects of jet firing. In order to
give an idea of these effects, we will refer to two hypothetical
examples. Both cases have in common the folloving:

5/C mass - after apogee motor firing
spin rate = 90 rounds per minute
duration of fire - no warm up effects considered

CASE 1 1is characterized by the nmaximum fuel pressure value (21
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For large orbit corrections, axial jets are normally fired
together in continuous mode; thus the resultant ¢f the forces
applied to the 5/C lies along the spin axis. The velocity charge
obtained in both the above mentioned examples (both axial jets
active) is:

CASE 1 -205 m/sec. per sec. of firing
CASE 2 <110 m/sec. per sec. of firing

The axial jets are used in pulsed mode to correct the s/C
attitude; the force applied produces an effect on toth orbkit and
attitudes Results obtained in the case of the two examples are:

CASE 1 precession : .225 deg. per pulse
velocity change : 0.013 m/sec. per pulse
CASE 2 precession : .12 deg. per pulse
- velocity change : 0.006 m/sec. per rfulse
It can be observed that effects on the orbit are relatively small
compared with the effects on the attitude.
In osorder to obtain a spinning effect, each of "the two axial
t hrusters has an offset angle of .75 deqgrees in the plane
tangential to the S/C body; TAA spins up the S/C while TAB spins
it down. The spinning effect is thus obtained as a side effect of
other @maneuvers. In our two examples we have the following
spinning effects:

CASE 1 pulsed : -0055 rounds per pulse
continuous: .03 rounds per second

CASE 2 pulsed : »003 rounds per pulse
continuous: .017 rounds per second

Radial thrusters are mounted on the spin plane which is very
close to the S5/C center of gravity. The center of gravity mowes
along the spin axis in velation to the fuel weight contained in

the tanks; the radial thrusters thus have a slight effect on..the

attitude in addition to their main effect on the orbit. The -

computer programs nmentioned in paragraph 3 make allowances for
this effect in planning the maneuvers. The effects on the orbit
caused by radial jet firing im the two examples given are:

CASE 1 0.013m/sec. per pulse
CASE 2 0-.006 nm/sec. per pulse

Radial jets have been mounted in the spin gflane with an
offset of 3.0 degrees relative to the true radial direction in
order to obtain a spinning effect. TRR produces a spin up effect
vhile TRA gives a spin down effect. In the case of the two
examples, we have the following spinning effects:

CASE 1 -02 rounds per pulse
CASE 2 .012 rounds per pulse

It can Dbe seen that the spinning effect of the radial dets is
considerably larger than the effect of the axial jets, due to the
larger offset angle.
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1.3 The attfitude sensors

The attitnde sensors are mounted 1in four packages arcund the
S/C spin plane as shows in fig.1. Two different packages, CSA
{Colatitude Sensor A) and PSA (Plane Sensor A), fuinish data to
determine the spin axis orientation, the spin rate and provide
the man2uver synchronization pulses.

The redundant packages CSB  and PSB have the same
characteristics as CSA and PSh. '

Fach Plane Sensor package consists of:

- one Solar Plane Field sensor (SPP) which provides a
synchronization pulse to the Auxiliary Propulsion System {APS)
for maneuver control and measures the spin rate,

- one Infrared Large Field earth sensor (ILF), which is used
to provide maneuver control synchronization pulses and to measure
the sun-to-earth-in and sun-to-earth-out Adihedral angles in
conjunction with the SPF sensor. Each colatitude Sensor pankage
consists of :

-one solar V-Beam sensor (SVB), which is used to measure the
sun angle (angle between the direction of the spin axis and the
S/C-sun direction) :

~tvo Infrared Narrow Field earth sensors (INF) ‘which provide
tvo separate earth width measurements.

For SIRIO attitude determination see refs. 3 and 9.

1.4 The attitude control logic

Two electronic circuits, ACL1 (Attitude Contol Legic 1) and
ACL2 {Attitude Control Logic 2), may be choosen to rreset firing
fors

-firing modes (continuous or pulsed)

-quadrant selection (1,2,3 or 4)

-pulse synchronization selection{earth or sun)
-jet selection (TAA,TAB,TRA,TRB or TAA+TAB)

ACL1 activates TAA and TRA jets while ACL2 activates TAE and TRR
jets.

Yhen firing in continuous mode, a start and a stop firiag
time are specified. When firing in pulsed mode the number of
pulses is specified, and the firing quadrant is selected, i.e.
the revolution quarter during which the jet has to te fired. To
fire in a gquadrant means that firing is initiated by a pulse
generated by a sensor and terminated by a pulse generated by the
next sensor im sequence. Either the sun sensors fror both
packages or earth sensors from both packages will Le used. By
definition, the quadrants are identified by the sequence of the
sensor packages on the frame following the spin motion. This
sequence is :

PSA,CSA,PSB,(CSB

Firing in the first quadrant means that the FSA sends the
start impulse wvhen the seasor field of view is cicssing either
the sun or the earth, depeading on the type of synchronization:
CSA sends the stop impulse. Firing in the seccnd cvadrant means
firing 90 degrees ahead in spin direction ; therefore, CSA starts
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the firing and PSB stops it. The four quadrant Adefinitions are:

ACL1
Quadrant Start Stop
1 PSa CSa
2 CSa D SB
3 PSB CsSB
4 CSB 55a

There are two possibilities for generating the quadrants:
sun synchronization and earth synchronization. With sun
synchronization, when firing in the first gquadrant, the resultant
torque produced by axial Jjets firing is directed away from ot
towvards the sun depending upon the chosen Jjet:; the resultant
force produced by radial Jjets is normal to the =sup directiomn.
Each next guadrant selected causes the force applied to be
rotated 90 degrees ahead in the direction of the spir.

With earth synchronization start and stop firing is generated
by the earth sensors wmounted on the four sensor tackages. The
quadrants are defined in the same way as for sun synchronization
while the firing direction is shifted by an angle‘egqual to the
earth right ascension (angle between earth and sun in an
equatorial plane) relative to the firing direction chtained with
sun synchronization,

Piring duration with earth synchronization 1is pot axactly 90
degrees because of the differences between the earth horizon
detector of the sensor which initiates the pulse and cf the
sensor which terminates it. Each pulse 1is initiated (or
terminated) by the earth-in crossing of a PS package whichk takes
place wvhen the ILF field of view is tangent to the earth equator
and is terminated (or initiated) by the earth in cressing of a CS
package vhich takes place wvhen the field of view of the TINF
sensor crosses a parallel of the earth surface. Therefore, when a
PS package starts the pulse and a CS package stops it, the pulse
will be larger than 90 degrees while, when a CS package starts
the pulse and a PS package stops it, the duration will be
shorter,

The magnitude of the variation depends on the S/C spin axis
direction which determines the parallel circle intersected on the
earth surface by the INF seasors and consequently determines the
time delay relative to the CS sensors equator crossing. In the
geostationary position, with the applied constraints on spin axis
direction, the wvariation of the gquadrant duration is abocut 2-3
degrees. The computer program for maneuver planning takes into
account the gquadrant duration variation and the inmplied
variations of the torque centroid.

The ACL 1is also used to preset the jets for firing. As we
have already 'said, radial jets may be fired only in pulsed mode;
horeover only the two axial jets may be fired together. It must
be noted that, wvhen the two axial jets are fired together, they
are commanded by separate logic circuits ({ACL1 and ACL2) and the
start and the stop firing are given at different +times for each
jet so that, at the beginning and at the end of firing, a single
jet is operating. The time delay normally used in real operations
is two seconds. The criteria used in selectimg the jets to
pecform a specific maneuver are explained in paraqraph 2.
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.5 The nutation damper

Irpulsive jet thrusts originate S/C vibraticns which, because
of the spinning motion, generate a nutational motion.

The on-board nutation damper reduces the magnitude of the
nutational wmotion by <converting the kinetic emnergy into heat
generated by the viscosity of the damping fluid (mercury). ‘

A saall portion of the nutational energy is transformed into

spin motion. See paragraph U.

1.6 The inertial measurement unit

The on-board inertial measurement ynit @easures the
acceleration component in the direction of the spin axis. The
magnitude and period of the nutational motion are ccrputed, using
this measurement.
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2. Hansyvers

This section briefly describes the different types of
maneuvers which are performed to control S/C othit, attitude and
spin rate; the description is limited to the geostationary phase
maneuvers, but, iam paragraph 4, tables shoving 3ll the maneuvers
executed are presented.

2.1 Orbit control

During its operational life, SIRIO orbit must bhe cirtcular,
equatorial and geosynchronous, and the subsatellite Feiat amust be
located at a longitude of 15 deqrees %est. The following
tollerances havye been imposed on these constraiets, and the
satellite is thus constrained within a 0.6x2 degrees wide 'box?':

- inclination of orbital plane + 0.3 degrees,
- S/C longitude t 1 degree from nominal value.

For operational reasons {s=e ref.8), these tollerances have
been reduced to + 0.20 degrees for the inclinaticn and #0.5
degrees for the S/C longitude,

Hhenever the satellite reaches one of these irposed linmits,
A maneuwver is necessary for position correction.

The S/C, positioned in orbit, 1is subject to several forces.,
The most important of these are: soli-lunar attraction, which
causes a ‘'wobbling' of the orbital plane and considerably
perturbs the inclination and node, and tesseral acceleration
caused by earth oblateness, which modifies the S/C d1ift rate and
attracts the satellite westward.

Stuiies on the behaviour of the inclination of
near-equatorial circular orbits (see ref. 10) , have realized
analytical methods which can be used to determine the initial
node position pecessary in order to maximize the time during
which an orbit can be kept within a given iaclinaticr value. For
SIRIJ, assuming inclipatiom to be constrained below 0.3 degrees,
the optimal initial node value is 270 deqgrees, and this paintains
the satellite orbit within the imposed limits for approximately
300 days. It should be emphasized that the study 1s tinme
dependent, within a «cycle of about 18 years, and the abcve node
value has been computed assuming August 1977 as epoch time.

The inclination and node correcticn is perforeed by firing
the axial jets in continuous node while the satellite is crossing
the relative node line {intersection between the current and the
target orbital plane). This 1is the most expensive maneuver in
terms of fuel; «consuming about 1.5 kg of hydrazine for a firing
time of 100-150 seconds, under normal conditions.

In planmifig an orbit inclination correction the spin axis
alignmeat is critical; if this is not properly scrmal to the
medium value between the initial and the target inclination, a
component in the plane is produced which considetably perturbs
the S/C drift rate. The direction of the in-plane component will
affect the east-west drift rate. Por wmaneuver rlanning
optimization, this direction should be opposite to the S/C
velocity vector in order to delay the S/C exit from the box.

\ Because of the accuracy of the attitude determination
system, when the S/C spin axis declination is withir 0.2 degrees
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from the 90 degrees declination, the <tright ascension ({the
direction of the spin axis projection on the orbital plane) is
known t> about * 35 degrees; therefore, the computation of the
drift rate variation has 15-20% uncertainty. 1In addition, for
operational reasons, the axial jets are not fired siepultaneously,
but with a ? seconds time-gap. At the beginninrg ard at the end
of the =maneuver, an unpredictable spin-axis [recession is
produced (see paragraph 4) and the effects of this perturbation
increase this 15-20% uncertainty.

The tesseral acceleration causes the S/C to rncve westward
with a constant acceleration of about 0,0002 decreeysday, at
nominal longitude. Jhen the S3/C is approaching its west
boundary, a maneunver must be executed in order tc¢ reverse the
drift rate and to give the S/C an eastward acceleration that
maximizes the time spent within the tolerance limits, or causes
the S/T position and drift rate have specified values at a
certain date for maneuver strategy ootimization. This time is
generally about 4-5 months.

East-west maneuvers are performed by firinrg a radial jet at
the moment that the thrust resultant is tangent to the orktit and
in the opposite direction to the S/C velocity vector.

An element which must be taken into consideration when
executing an FEast-West correction 1is the spip axis precession
direction during maneuver (see the next paragraph).

2.2 Attitude control

The mission coanstraint for spin axis orientatior is to have a
maximum deviation frow orbit normal of .5 degrees. Since the S/C
orbit inclination is maintained at very low values (below .2
degrees), the controlled parameter in real f1light is the spin
axis declination. The value of this parameter has been constantly
maintained above 89.5 degrees; generally it has beer around 89.8
degrees. Deviation from the S/C orbit normal depends on the spin
axis right ascension vwhich may <conmpensate or ircrease the
effects of the orbit inclination.

The actual spin axis position is perturbed by:

-the solar pressure.

The resultant of solar pressure varies with the sun angle in
intensity and direction. Generally it does not npass through the
gravity center of the S/C. A moment is thus generated causing a

spin axis precession.
Several zonths generally pass before the spin axis drifts outside
the tolerance limit for this effect.

- radial jet firing. ‘

These perturbations are caused by the fact that the S/C
center of gravity does not lie on the jet mounting plame but is
situated at a distance which varies as the fyel <reserve
decreases. The direction and the amount of +these perturtations
acte computed in order to make it possible, when firirg the radial
jets in east-wvest maneuvers, to move the spin axis in a desired
direction. In addition, since east-west maneuvers are generally
made up of a small number of pulses, the perturbations on the
attitude are very small.
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= axial jet firing in continuous mode.

This perturbation is caused by impulsive thrusts at the
beginning and at the end of firing. The two effects may or may
not be in phase, therefore the final effect is practically
unpredictable. The amount of the perturbation may te relatively
large if compared with the tolerance limit. Data concerning these
perturbations are given in paragraph 4.

If one of the above mentioned effects should tring the spin
axis close to the +tolerance limit or if the spin axis has to be
directel in a direction which allows the optimization of the
in-plane effects when performing an orbital plane correction (see
paragraph 2.1), an ideal target position is identified ir order
to plan the maneuver. Paragraph 3.2 describes how it is possible
to achiesve this target in practice and hov to contrcl it after
naneiver execution.

Tvo basic logics are available for pRoving the £,C spin axis:
sun synchronization and earth synchronization. Fith sun
synchronization, as described in paragraph 1.4, it js rossible to
realize a spin axis movement toward or away from the sun or inm an
orthogonal direction, depending on the quadrant selected. The
four directions change by one degree per day folldéwing the sun
motion; in order to realize a precession in the ideal target
direction, unless this direction coincides with one of the four
quadrant directions at maneunver time, 1t wvill be npecessary to
perform the maneuver in two legs , in different quadrants so that
the resultant motion will be in the desired direction. Another
vay is to accept an effective target which can be Teached with a
single leg maneuver vwhich is 1ot the ideal cne but is still
satisfactory.

Hith earth synchromization, for each orbit, it is possible to
fire in any direction by choosing a firing time in which one of
the four quadrant directions coincides with the desired direction
of precession.

2.3 Spin rate control

The SIRIO spacecraft is stabilized by means ¢f a spin rate
vhich has a nominal value of 90 revolutions per minute.

The satellite has been designed to operate correctly if this
spin rate is controlled within +10% of nominal value.

The control of the S/C spin rate depends on the following
factors:

= the S/C angular momentum variation as fuel is expended
firing the on-board jets: _

= the spin up or spin down effect caused by the jet thrusts.
- the spin rate change caused by the nutation damper systen.

The first of these effects is always present during
maneuver execution and, if the thrust effect |is igsored, causes
the spin rate to decrease (due to SIRIO tank and jet geometry).

The spin rate change caused by the jet firing effect is a
direct comsequence of the torque vector produced ty the thrust
component in the spin plane when this component dces not cross
the spin axis {see paragraph 1.2).




PAGE 15

#hen the SIRIO propulsion system is activated for maneuver
execution, a nutation movement of the 5/C spin axis is geperally
induced as a side effect of the jet firing. The nutation damper
progressively reduces this movement by transformirg a part of
the kinetic enerqy into heat, the remaining part increases the
spin rate. As the nutation is a very unpredictable phkenomena, the

value of the spin rate produced by the nutation damper is not
computed in advance. 1In paragraph 84 scme ohserved data for the
nutation damper effect on the 5/¢C dynamic Etehaviour are
reportei.

At the nmoment, the 5/C spin rate is controlled by 1sing
radial jet B , which spins the satellite up, during East-West
maneuvers, and by allowing for the spin rate increase due to the
nutation damper effects; the spin up correction i necessary to
nullify the spin Jdown effect produced by the Horth-South
maneuvers, which decrease the S/C spin rate by abcut 0.5 r.p.n.
each tinme.
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3. Prograsiing tools for maneuver planning and verification

The software used to support the SIRIO S/C flight is the
SIRIO Flight Dynamics System [FDS) (see ref. 2) and has been
designed mainly to perform:

= orbit determination
- attitude determination
~ attitode and orbit maneuver computaticn.

3.1 The Orbit Maneuver Prograa

The FDS prograam used to support the maneuver ccrputation is
the Orbit Haneuver Program {[0HP).

The basic program inputs are the orbital elements and the
S/C attitude and spin rate; these data are previously computed by
other PDS programs and then passed to the OME. Other S/C
dependent data used in the program are the ©physical and
functional characteristics of the subsystems involved in the S/C
control, '

The thrust models, +the attitude and spin rat& perturbation
models and the functioning of the ACL are included in the OHD.

There are two alternative ways of using the GOEP; the first
is to define the maneuver objectives in terms of the desired
variation of the orbital elements. The jets firing sequence to
modify the S/C orbit is computed by the program ard a coanand
sheet containing complete information on the maneuver execution
is produced. 1In addition, the progranm gives infotrsation on the
computed perturbations following the maneuver with reference to
the orbit and S/C status {spin rate, attitude, tank pressure and
fuel weight).

The second choice is to compute the effects, ir terms of $/C
orbit and status perturbations, during and following a user
determined firing sequence. In this <case, the user enters, as
input data, the Jjet(s) selected, the firing time, node,
synchronization and duration and the dynamic elements (orbital
elements, S/C attitude and spin rate). The output will be a set
of tables <containing the maneuver parameters as they change
during @aneuver. The user can obtain a detailed rprinted
"scepario' of the given maneuver with a resolution of a single
pulse for pulsed firiag and of a second for coéntiruous firing.
The prograam thus functions as a maneuver simulator.

To compare the differences between the S/C [erformances as
computed using the S/C models contained in the program, and those
really observed during operations, some parameters have been
defined as additional program inputs. The user is, thus, able to
imtroduce corrective factors deduced from previous eiperiences.

The most importamt of these parameters ate thke thrust aad
the centroid calibration factors. The first makes it possible to
adjust the theoretical thrust maganitude computed at a particular
instant, to obtain a value closer to the effective one. The
centroid calibration factor is introduced to specify pessible
misalignments of the thrust or torque directions when compared

22 4 ~ 3 3 F-I, & 3 .
¥ith the theoretical directions.

3.2 Target and maneuver planning
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It should be noted that, although the GHP optimizes
maneuvers, it has not been designed +to allow for many other
essential parameters, e.g. operational requirements for ground
station management or SHY experimentation. Since @aneuver side
effects can be used as an aid in general station keeping strategy
(see ref. 8), a maneuver is normally planned by using the OMP
scenarios.

Only three typical station-keepimg corrections are needed to
control the spacecraft within the mission constraints:

-East-West maneuvers (S/C drift-rate change) ~-North-South
maneuvers (orbit inclination and node change)
-Attitude maneuvers.

East-vest corrections.

For this maneuver, the thrust must be tangent to the orbit
and in the opposite direction to the current S/C velccity vector,
To realize this situation, four elements nmust te defined :
syachronization {earth or sum), radial jet (A or B), quadrant for
jet firing and maneuver tinme.

The radial jet B 1is generally used owing ¢ its spin up
effect. The sun synchronization is normally preferred. Under this
conditions , it is possible to have the thrust direction exactly
tangent to the orbit only once, for each of the fcur quadrants,
during a complete orbit. In performing this maneuver, the spin
axis precession should be generally directed toward the best
position with —respect of the mission requirements. This fact
further 1limits the <quadrant choice to that one vwhich best
approaches the desired attitude. The last parameter to be
defined is the pulse number which is estimated on the basis of
the desired drift rate change and that produced in firing a
single pulse. The pulse number so determined is increased by few
units in order to take into account the lower efficiency of the
first pulses.

These data are given as input to the OMP which then ccmputes
orbit aad S/C status perturbations simulating these firing
conditions. Thus a set of data is available to determine the
stoppingy time of the firing sequence and, therefore, to allow a
more precise maneuver goal achievement.

Generally, several OMP runs are made with sligbtly different
input data, in order to verify, analyzing the obtained printed
scenarios, the initial condition which m@must be chosen to achieve
the best results in the maneuver execution.

Rorth-south corrections.

In geostationary conditions, if the initial node is
positioned ar6und 270 degrees and the inclinaticn is 0.2 degrees,
this node decreases to 90 degrees in about 5 months: at the same
time, the inclination imitially decreases to almost 0O and than
arises again up to 0.20 degrees; at this point, a correction is
required to set the situation at the initial conditions. Since
the ipitial value which maximizes the time spent belcw 0.2
degrees is time dependent, when a correction must te performed,
different maneuvers are computed by the OMP assumirg the target
nodes slightly different to the theoretical cnes. The
post-maneuver orbits obtained are successively propagated for
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more than 5 months and the target node relative to +the orbit
which has a maximum time with inclination belecy .2 degrees, is
assumed as the defipnitive target node.

Coessidering the in-plane effects of the north=-south
maneuver, if the S/C spin axis position is such ttrat the thrust
in plane component is approximately in the Arift rate direction,
an attitude trim correction wmust be planned to reverse the
spin-axis right ascension.

Attitude corrections.

Relatively small attitude changes are normally required in
the spin axis control. When the desired «corrections are not
obtainel as a side effect of orbital maneuvers, apprcrriate
actions are taken to modify the S/C attitude.

In firing the SIRIO auxiliary propulsion systes, the rimimun
thrust is obtained with a single pulse and for short inpulsive

firing sequences (less than 3 pulses),and cnder normal
conditions, this causes a S5/C spin axis precession of alout 0.1
degrees per pulse. Sus synchronization 1s generally selected

(see paragraph 1.4) which enables the S/C spiv azxis precession
from or toward the sun or in the orthoqgonal directitrs, derending
on the quadrant selected; under these coaditions, it is extrealy
difficult to reach exactly the 1ideal target. Therefore, the
pulse number and the direction which permit the best apprcach to
the desired attitude are chosen; the so-detetmined firing
sequence is given as input to the OﬂD vhich comrutes the maneuver
results. Then the post maneuver computed attitude itc assumed to
be the effective target of the attitude correction.

3.3 Evaluation of maneuver results
After a maneuver has been executed, the mest isportant data

to be analyzed are the new S/C orbital elements and the attitude
and spin rdate because these elements confirm whether the

correction has been executed as predicted. To achieve " an
accurate attitude determination, telemetry data must be ccllected
for a complete orbit (see ref. 9). Thus, the post-maneuver

attitude 1is generally available on the day fcllowing the
maneuver. A different procedure must be followed to obtain the
nev orbital data; with the method adopted, a cComplete week of
azimuth and elevation data must be collected to reach the desired
precision. Because of the SIBIO nmission constraints and the
strategy adopted for <controlling the 5/C, these time delays are
not critical, but represent a technical delay in the S/C
performance evalupation. It should be remembered that a rough
idea of the maneuver effects can be obtained by vetzfylng the S/C
attitude immediately after maneuver completion, using a program
vhich provides a first attitude estimation after 30 minutes of
telemetry data acquisition and gives successive imxprovements as
more data are acquired.

Th2 possibility of estimating the S/C performance by
amalyzing 1its attitude 1is 1epend9nt on the fact that each
maneuver produces a perturbation in the 5/C spin axis position; a
post-firing attitude close to that predicted usually indicates a
maneuver coppleted as predicted.

As soon as the final orbit and attitude determinatiocns are
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available, a more detailed analysis of the correcticr effects can
be made. TIf the mneasured data are sufficiently close to those
predicted, an adjustment of the initial data used tso compute the
executed maneuver is wmade to obtain, in successive OHP ruas,
predicted results which more nearly coincide with tlocse measured.
This adjustment 1is made in order +to achieve spore precise
calibration factors and a better evaluation of the orbital and
attitude determination accuracy.

If the post-maneuver results should be quite different from
t hose expected, a deeper analysis nmust be made. The printed
scenario produced by the orbit control ©progras can be very
helpful. The analysis results, exanmined +together with the 5/C
status data, can enable more precise hypotheses on the causes of
different-from-predicted 5/C behkaviour.
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4, ﬁanéﬁvér tables

In tables 2, 3 and 8 +the complete maneuver scenario up to
the present is shown. 1In the tables, pressure asd temperatare
values are not given since we have found no correlation letween
these values and calibration factors.

" In the following part some considerations altout maneuvers
most significant parameters are given.

4.1 Calipration factors

The calibration factors are the input variables of the OHP
that consent fine tuning of the entire attitude anmd orbit control
system  with respect to the auxiliary propulsion systenm
performances; they make allowance for all hardware and scftware
nodel misalignments. Two variables (A and B ) are used by the
OHP to define calibration factors { C ) as follows:

C = An ¢+ B

vhere n is the daration of the maneuver ({(number cf pulses or
seconds) . These calibration factors are relative to thrust
efficiency for jets fired in continuous and in rulsed mode and to
the centroid for jets fired in pulsed mode only. These factors
are evaluated by introducing the two variables (A and B) into the
O#BP; by choosing the most sensitive convergence rarameter with
respect to the thruster to be calibrated; by perforsing a number
of =map2uver simulations. PFor each nRaneuver sizulatien, the
calibration variables must be modified by the ratio Letween the
determined and the new obtained convergence parameter until this
falls within a reasonable tollerance. In order to determine % and
B the results of at least two maneuvers of different duration
rust be considered.

In order to obtain the calibratiom factor variables A and B
necessary as input for the OHP, we examine the behaviour of the
thrusters shown in the tables reported above. The calibration
factors data reported in these tables are vrelative to C
coefficients.

From table 2 we see that thrust efficiency values of 0.95
anmd 0 respectively for B and A can be assumed (for TAA and TAB
jets used together and in continuous mode). It can be seen that
the only exception is the value 0.939 for +the first station
acquisition maneuver. This can be explained by the fact that
this vas the first time that fuel system B vas used.

#e used the semi major azis (SHMA) as the convergence
parameter for in-plame maneuvers and the inclinaticn and node
parameters for out of plane maneuvers. It was not possible to
evaluate calibration factors for the 3 Harch 1978 N/S maneuver
because, for the node position corresponding to the nmaneuver
ignition time, A V magnitnde is greatly iafluenced ty the initial
and final values of the R.A. of the ascending node. This canaot
be determined without considerable error owing to the 1low
inclination of the orbit plane.
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| S }“_m’ R :
; Spin Convergence parameters Thrust
H A te . . .
Date ! Igtime | Dura- Spin rate axis Semimajor axis efficiency Fuel
- {vear, | . . i B expen-
Maneuver description .1 {h, min, tion ! preces- i calibra-
month, | X j \ : ’ . N ded
dav) s) (s} |Predic-| Obser-| sion Initial | Final Final tion (k)
ay) 1 ted ved i (deg) “ i predicted determined factor N
Station acquisition 1 77. 829 1 13.49.25 59 —0.18 | —0.07 | 0.08 41 809.33 42 090.47 42 089.22 0.939 1.047
Station acquisition 2 77, 8.31 1.38.10 90 - 0.25 | — 0.0 0.64 42 088.81 41 644.79 41 646,92 0.956 1.536
Station acquisition 3 77.9. V] 123227 160 2.67 2831 N.C. 41 646.35 41 862.26 N.C. 0.948 0.789
{second phase )
TAA ouly) f
Station acquisition 3 77.9. 1 12.54.07 53 —0.16 |~ 0.07 | 0.45 41 862.26 ;" 4209499 42 093.28 0.948 0.834
(second phase :
TAA + TAB)
Station acquisition 4 77.9.3 0.42.56 56 —0.0% | —0.13 | N.C. 42 092.88 ¢ 41 846.38 41 846.11 0.953 0.864
Station acquisition § 77.9. 4 | 12.13.14 395 | —008 v — 008 | NC. 41 846.00 T 42096.70 42 096.39 0.953 0.588
Station. acquisition 6 77.9. 6 | 12.06.04 17 — 002 —004 N.C. 42 096.61 42 165.15 42 165.02 0.952 0.250
Convergence parameters
orbit inclination and node
Initial Final Final
predicted determined
Inc. { Node ' Ine. J Node | Inc. | Node
N/S station keeping 78. 3.30 7.45.49 1095 | — 037 | — 025 0.23 0.144 | 132,17 | 0.180 | 269.94 | 0.169 | 272.23 N.C. 1.534
N/S slaﬁon keeping 78.10.31 16.12.33 163 — 039 | —0.35] 0.06 0.254 86.24 | 0.187 | 270.70 | 0.185 | 273.09 0.946 2.208
TaBLE 3. - Spin axis reorientation maneuvers performed by TAA jet in pulsed mode.
Attitude A spin rate Calibration
Date . (r.p.m.) factor Fuel
Maneuver (vear, | lgtime Dura- Final Final expen-
o " { (h, min, | Sync tion . ina ina
description month, 5) (pulses) Initial predicted determined | Predic- | Obser- Thfx;\'xst Cen- | ded
day) ted | ved | " | troid | (k®)
R.A.| Dec. R.A. Dec. | R.A. Dec. .| ciency
INJA to ANFA ‘

Leg. | 71.8.26 5.20.00 Sun 34 160901 — 4.70] 66.80 |— 3.79| 66.78 |— 373} 0.12 0.15 0.81 0.920 0.048
INJA to ANFA )

Leg. 2 77.8.26 | 53523 | Sun 113 |66.78 {— 3.73| 61.9 20.89] 61.84 20.95 0.49 0.64 094 | 0.94 0.192
ANFA to TRIM 71.8.27 0.50.00 Sun 7 161.84 20.95) 61.67 22.031 61.88 22031 0.02 0.03 0.88 0.87 0.010
ANFA to SAA '

Leg. 1 77.8.28 | 14.00.00 | Sun 31 | 61.69 22.52) 3471 21.060 3450 21300 0.13 0.18 0.963 | 0.94 0.050
ANFA to SAA

Leg. 2 77.8.28 | 14.15.23 Sun 90 | 65.30 21301 359.09 0.93; 359.10 0.901 041 0.54 0.963 | 0.94 0.148
SAA to INTA 779.7 ] 173949 | Sun 475 159.26 1.25] 4202 |~ 77.47| 41.32 |~ T77.41] 1.67 2.20 0.975 | 0.918 0.588
INTA to NONA

Leg. 1 77.9. 8 | 18.00.00 Sun 47 141321 T741] 7397 |~ 79250 73.79 1—79.25] 0.14 0.19 0.970 | 0.94 0.055
INTA 10 NONA

Leg. 2 77.9. 8 | 18.25.39 Sun 73 {7379 |—79.25] 256.11 |~ 89.53] 235.11 |- 79.25] 0.24 0.01 0.974 | 0.94 0.088
TRIM to MA

Leg. 1 77.9.15 ¢ 130000 [ Sun 3 -~ 89411 28490 | 8933 / / 0.01 8.33 0.88 G.94 §.002
TRIM 10 MA

Leg. 2 77.9.15 | 18.15.02 Sun 4 / / 3110 |- 89.64] 3120 |- 89.64! 0.01 0.01 0.88 0.94 0.004
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TasLe 2. . Orbital maneuvers performed with TAA -+ TAB jets in continuous mode.

N ! . Soin Convergence parameters Thrust
Y rate N L s
Date Igtime | Dura- | spin axis semimajor axis efficiency Fuel
o (year, . . | . . expen-
Maneuver description {h, min, tion i preces- calibra-
month, , . ) , . L ded
da) s) {s) |Predic-| Obser-{ sion Initial Final Final tion (ka)
ax) ted ved {deg) “ predicted determined factor €
Station acquisition | 77. 8.29 1 13.49.23 59 —0.18 | —0071 008 41 809.33 42 090.47 42 089.22 0.939 1.647
Station acquisition 2 71, 8.31 1.38.10 90 —0.25 | —0.0 0.64 42 088.81 41 644.79 41 646.92 0.956 1.53%
Station acquisition 3 71. 9. 1 12.52.27 100 2.67 283} N.C. 41 646.35 41 862.26 N.C. 0.948 0.789
(second phase |
TAA only) .
Station acquisition 3 77.9. 1 12.54.07 53 —0.16 | — 007 045 41 862.26 ;’ 42 (94.99 42 093.28 0.948 0.833
(second phase :
TAA + TAB) !
Station acquisition 4 71. 9. 3 0.42.36 56 —0.09 | —0.13 ] N.C. 42 092.88 to41 846.38 41 846.11 0.953 0.864
Station acquisition 5 77. 9.4 | 121314 595 | —0.08 1— 008 ] N.C. 41 846.00 T 42096.70 42 096.39 0.953 0.888
Station acquisition 6 77.9.6 | 12.06.04 17 —0.02 { - 004 | N.C. 42 096.61 42 165.15 42 165.02 0.952 0.250
Convergence parameters
orbit vinclination and node
Initial Final Final
predicted determined
Inc. | Node ’ Inc. I Node | Inc. | Node
N/S station keeping 78. 3.30 7.45.49 1095 | —037 | 0251 0.23 0.144 | 132,17 | 0.180 | 269.94 | 0.169 | 272.23 N.C. 1.534
N/S station keeping 78.10.31 16.12.33 163 — 039 |—035] 0.06 | 0.25¢ 86.24 | 0.187 | 270.70 | 0.185 | 273.09 0.946 2.208
TaBLe 3. - Spin axis reorientation maneuvers performed by TAA jet in pulsed mode.
Attitude A spin rate Calibration
Date . (r.p.m.) factor Fuel
Maneuver (year, (;g(;?f‘ Sync Dtﬁ,r: . Final Final expen-
description month, ,s) ' (pulses) Initial predicted determined | Predic- | Obser- ’I‘hrfx}st Cen- | ded
day) ted | ved | S | yroid | (ke)
R.A.| Dec. R.A. Dec. | R.A. Dec. .| clency
INJA to ANFA

Leg. 1 71.8.26 5.20.00 Sun 34 16090 (— 470 65.80 |~ 3.79) 6678 |— 3.73| 0.12 0.15 0.81 0.920 0.048
INJA to ANFA -

Leg. 2 77.8.26 5.35.23 Sun 113 16678 1— 3.73] 61.9 2089 61.84 20.95) 0.49 0.64 0.94 0.94 0.192
ANFA to TRIM 71.8.27 0.50.00 Sun 7 |61.84 2095 8l.67 22031 51.88 22,031 0.02 0.03 0.88 0.87 6.010
ANFA to SAA '

leg. 1 77828 | 14.00.00 | Sun 31 6169 22.52] 3471 21.06] 34.50 21300 0.13 0.18 0.963 | 0.94 0.050
ANFA to SAA

Leg. 2 71828 | 14.13.23 Sun 50 65550 21.30) 59.09 093] - 59.10 0.90 041 0.54 0.963 | 0.94 0.146
SAA to INTA 779.7 | 1759.49 Sun 475 1 59.26 125} 42,02 |~ 7747 4132 |—77.41] 1.67 2.20 0.975 | 0.918 0.588
INTA to NONA

Leg. 1 77.9.8 | 18.00.00 Sun 47 14032177410 7377 | —79.25) 7319 | —79.251 0.14 0.19 0.970 | 0.94 0.055
INTA 1o NONA

Leg, 2 719. 8 18.23.39 Sun 75 {7379 {—79.25] 256.11 |~ 89.53] 255.11 {— 79.25] 0.24 0.01 0974 1 0.9 0.088
TRIM to MA

Leg, 1 77.9.15 | 13.60.00 Sun 2 270, 189411 2840 18938 / / .01 233 0.88 0.94 8.602
TRIM 10 MA

Leg, 2 77.9.15 | 18.15.02 Sun 4 / / 3110 | 89.641 3120 |- 39.641 0.01 0.01 0.88 0.94 0.004
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The behaviour of the TAA Jjet fired 1isp pulsed - mode is
described in table 3. %e think that it is reasonatle to assume
values >f 0.97 for B and zero for A, for thruster efficiency in
maneuvers with duration higher than approximately 1% pulses. For
shorter manmeuvers, the TAA behaviour can be assumed equal to that
of TRB. Values of 0.86 for B and 0.008 for A give a gcod fitting
of the results.

The «calibration value of 1.03 for +the first maneuver
performed with the TRB Jjet might not be reliaktle for the
folloving reasons:

-the maneuver was performed in ''pulse train'? and in such a
way the number of fired pulses has a one pulse incertainty;
- there are no other similar maneuvers to ccnfires this

result;
- the maneuver was performed in earth synchrompization mode,
so earth sensor instead of sun sensor errors vere
introduced, thus lacking in homogeneity respect to all other
maneuvers.

The <centroid calibration factor for the TAA jet can be
assumed equal to 0.94 for maneuvers of any duration. Thus,
assuming for the nominal centroid the value of 65 ' degrees. (for
average spin rate and pressure), the centroid results shifted
backywards by approximately 4 degrees. :

#e used spin axis precession and SMA respectively to evaluate
the thrust efficiency of TAR and TRB and in order to obtain
centroid calibration factors reported in table 3, we proceeded
by nullifying the angle between the predicted and determined spin
axis precession paths. In evaluating the calibration factors
values shown in table 3, it is necessary to make an evaluvatiom of
the attitude determination precision. In the best conditions
{that is wvhen data from a consistent part of an orbit is
available) the estimated uncertainty is 0.1 degrees ( 3 €value ')
that can increase up to two or three times when telesmetry data is
available for only a few minutes. This haprens in the
determinations between maneuvers very close in tire like the two
legs of a single attitude maneuver.

TaBLE 4. - Orbital maneuvers performed with TRB jet in pulsed mode.
(Centroid calibration factor is assumed to be 0.94) -

Predicted| A spin rate Semimajor axis (km) Thrust
(D'ate Igtime Dura- |spin axis (r.p.m.) ! efficiency] Fuel
Maneuver description “warh’ (h, min, | Sync. tion preces- calibra- |expended
monF ! s) (pulses)] siop Predic- | Obser- Initial Final Final tion (kg)
day) (deg) ted ved predicted| observed | factor
Station acquisition .. .
orbit trim ’ 77.9.14 | 18.00.00 | Earth 23 0.21 0.34 0.33 142 158.57 |42 165.21 | 42 165.19 1.03 0.032
E/W station keeping 77.12. 1] 11.20.00 | Sun 12 0.11 0.16 0.15 |42 166.81 | 42 164.02 | 42 164.02 0.97 0.016
/W station keeping 78. 5.2 19.11.00 | Sun 1 0.10 0.13 0.1 |42 166.47 | 42 163.91 | 42 163.92 0.96 0.014
E/W station keeping 78.12.12 | 12.40.00 | Sun 6 0.05 0.06 0.06 142167.15 |42 166.04 | 42 166.05 0.89 0.0056

Consequently the calibration factors computed for short




Raneuvers are of low reliability. PFurthermore it 1is impcssible
to calibrate the thruster centroid for TRB jet scince attitude
precession induced by TRB are of the same magnitude cf the %
precision. The centroid value for TRB jet was then assumed to be
equal to that of the TAA jet. :

There were three maneuvers performed using the TAE jet in
pulsed nmode,of 2, 3 and % pulses. Because of the shcrt nuamber and
the short duration of this type of maneuvers, we 4id not give any
values for TAB calibration factors as they have rractically no
significance.

4.2 Fuel weight

Tables 2,3, and 4 contain fuel consumption values cecmputed
by the OHP program for each maneuver. Table 5 compares the sum of
the fuel consumption computed by the O0OHP for all the maneuvers
vith the consumption computed by applying Boyle's law using the
actunal temperature and pressure values for two nmission ephochs:
at the end of the fourth station acquisition raneuver {STACO 4)
and at the end of the east west station keeping maneuver of Dec.
12,1978, :

TaBLE 5
o o Fuel remaining (per tank)
Pressure Temperature (kg)
(atm) («C)

Epoch OMP calculation Boyle's low calculation

A system | B system { A system | B system | A system | B system | A system | B system

After fourth station acquisition maneuver
September 3, 1977 14.14 15.82 15.2 19.6 5.910 6.405 5.846 6.300

After second N/S station keeping maneuvers ”
October 31, 1978 11.34 12.60 20.0 26.8 4.281 5.118 4.343 4.819

From table £, it appears that there is better agreenent
betveen computed data and Boyle's law data in system A; the
higher discrepancies reported for system B may be explained by
the existence of errors in the system B pressure arnd temperature
EBeasurements.

4.3 Spin rate

The spin effects predicted for naneuvers performed using
one (TAA) or both axial jets were constantly lower tham the
actual effects measured after maneuver executicn. If an attenpt
to obtain a better agreement between predicted and okbtained spin
effects, the TAA jet mounting angle has been modified from the
nominal value of 0.75 degrees out of axial direction, to a value
of 0.85 degrees. The spin effects computed by the- OMP shown in
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‘table 2 and 3 are based on this modified mounting angle value.
Hovever a discrepancy for continuous node maneuvers still exists
and is higly variable; for pulsed mode maneuvers the cbserved
spin values are constantly higher than the predicted ones by a
factor of about 1.3. Sinmce it is evident that the fcunting angle
has a fixed value, we thus deduced the difference in the higly
variable discrepancies found for the spin effects ir pulsed mode
Raneuvers, compared with the much nmore comsistent discrepancy
obtained with continuous mode Baneuvers, is not caused by a
geometric factor but by the nutation darper effects.

As mentioned in paragrapf 1.5, part of the energy dissipated
by the dumping fluid sloshing is converted into kinetic energy
wvhich produces an increase im the spin rate. The different
characteristics of the nutation motion caused by the pulsed node
firing, compared with that caused by continuous mode firing, can
explain the different effects om the spin rate. In fact pulsed
sode firimng should produce regular ispulsive moticrs, and than
nutation, on the S/C.

In table # it can be seen that observed and predicted spin
effects are always found in good agreement for the radial jet
{(TBB) ; this fact reinforces our hypothesis that radial jet firing
should not induce relevant nutation effects on the $,C,

4.4 Spin axis precession in continuous mode firing.

Looking at table 2, which contaiss crbital maneuvers
performed by firing the axial jets in continuous mode, we cbserve
that the spin axis induced precession have a wide range of
variability and that some of them have not been cceputed. The
reason of the variability may be explained by the following
considerations.

TAA and TAB jets are not started and stopped simultaneously
but start and stop firing are shifted two seconds afpact for the
tvo jets. We Bmay represeamt the Jlobal perturbation produced by
the two jets start firing wvith a precession vector having a
certain intemsity and direction. At the end of firing a similar
phenomena causes another precession vector having another
intensity and direction. The two phenomena pratically cannot be
correlated together. Inm fact, being the mean duraticn of firing
several tenths of seconds, the spin rate not comstant during the
firing and the time of the actual opening and clcsing of the
valves affected by an uncertainty comparable with the duration of
a revolution, the phase relation of the two precessicn vectors is:
unpredictable. Therefore, if the two perturbations result ¢to be
in phase, the final precession of the spin axis will rise to the
higher values; if they are in opposition, the. final perturbation
on the attitude will result the smallest. He can see that some
attitude perturbations resulted to be almost zero; we may thus
deduce that in those cases the two precession vecters were in
opposition an that generally the amplitude of precession vector
at the start and the stop firing is about the sasme. The largest
perturbation wvas 0.64 degrees: that Beans, supposing that the
start firing and the stop firing perturbations were in phase,
that 0.32 degrees is the amplitude of the single perturbation
vector.
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