SIRIO IN-=-ORBIT CONTROL
A. Foni

E. Letico
G. Pasquinelli

Nota interna C80-4




1. - The SIRIO program and its objectives.

1.1 Organization,
1.2 SIRIO spacecraft and mission.
1.3 The NASA-CNR phase,

2. = SIRIO spacecraft and ground support. systems.,

The Auxiliary Propulsion Svstem,
The Attitude Control System.

The Sirio Italian Operations Control Center.
Software tools for S/C flight control.
Operational planning criteria.

B R DD O B
s o o a s
(LB L FURS W RS

3. Attitude/Orbit determination and control.

3.1 Orbit detrmination.
3,2 Attitude determination.
3,3 Station-keeping strategy.

4. On-board subsystems performance.

5. Conclusions.



‘I,VThe SIRIO program and its objectives.

The SIRIO project represents a decision by the TItalian
National Research Council ( CNR ) to promote and coordinate
experiments on the Super High Freauency narrowhand/wicdeband
communications field. The objectives of the project can be
summarized as follows:

- to develop advanced technologies in space
telecommunications:

- to design and realize a satellite bus for
geostationary missions;:

- to perform experiments in earth-to-space and
space-to-earth links at 12 and 18 GHz to determine the
transmission medium characteristics at these
frequencies,

1.1 Organization.

In order to accomplish the project objectives, the
most qualified Italian space and electronics industries were
encharged with the spacecraft design and development under
the sponsorship and responsibhility of CNR.

CNR has given the prime responsibility for the §/C
design and development to CIA SpA in Rome (Compagnia
Industriale Aerospaziale), now CNA SpA, and the ground
support system desian and development to Telespazio SpA in
Rome and to CNUCE in Pisa. CNUCE is a computing center and
research institute of CNR,

. The Space Telecommunications Research Center (CSTS) of
the Technoloqgy Institute in ™Milan coordinates the SHF
experiments during the mission lifetime.

NASA was requested to provide launch and ground
support to launch and position the §&/C in its assigned
station point. The vehicle provided was a three-stage Delta
2313 augmented by three strap-on solid fuel rocket motors.

The launch site was the Fastern Test Range, Kennedy
Space Center, Florida. The launch occurred on August 25,
1977 at 23 hours 50 minutes GMT,

1.2 SIRIO spacecraft and mission.

SIRIO stands for Satellite Italiano Ricerca
Industriale Orientata (Industrial Research Oriented Italian
Satellite) is a spin stabilized cylindrically-shaped
geostationary spacecraft.

The main dimensions of the spacecraft are:

Diameter : 1.438 m,
Height 1.999 m,
§/C mass at launch 398 kg. (202 kg. AB™M mass)
§/C mass in-orbit 218 kq.




In fig., 1, an exploded view of the S/C, showing its
principal components, is given.
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Other SIRIO characteristics are:
Reliability 73% for two years
Designed life-time 2 vyears

For the SHF experiment, SIRIO's orhit during the
operational phase must be circular, geosynchronous and
equatorial. By positioning the &/C in such a orbit at 15
degrees West long., with the spin axis normal to the orbit
plane, a continuous line-of~sight trasmission to
experimental stations in Europe and on the East . coast of
North-America, is established ( Fig. 2 ). The on-board SHF
antenna is despun in the opposite direction to the rotation
speed of satellite, the antenna reflector thus points toward
the earth in a fixed direction.
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Because of the SIRIO S/C and SHF pavload desian, in
order to cover the above mentioned areas, the followinc
constraints must be imposed on the $/C in orbhit position:

S/C longitude + 1 deg. from the nominal
value (15 degrees Vest)

orbital plane inclination + 0.3 deqrees

S/C spin axis alignment + 0.5 deg. from the orhit
normal

1.3 = The NASA-CNR phase,

The first part of the SIRIO mission, up until the
spacecraft on-station positioning, was supported by NASA
personnel and facilities under complete CNR resnonulhjllty

The nominal mission time-line was:

- launch from ETR on August 25, 1977 with a launch
window of 70 minutes, starting at 23 50 GM7,

- injection into the parking orbit, 28.7 dearees
inclined on the equatorial plane, after 8' 54'!',

- injection into a high-elliptical transfer orhit, 23
degrees inclined, after 24' 35'!,

- ABM firing at the fourth apogee of the transfer
orbit, 39 hours after launch,

- 5/C on-station positining about fourteen days after
liftoff,

A pictorial view of the most significant events from
liftoff to on-station spin-axis erection is given in Fia. 3.

Flight dynamics support for the SIRIO mission from
launch to on-station was provided by the Goddard Space
Flight Center, The active support period svanned 21 days
and encompassed 13 auxiliary propulsion system maneuvers in
‘addition to the apogee motor firing,

Flight dynamics support for SIRIO was nominal in all
respects, Both the ground and spacecraft systems verformed
satisfactorily; no difficulties were experienced with either
of the systems which impacted flight dynamics operations.
The preflight nominal maneuver plan was followed throuaghout
with in-flight adjustments only as the results of normal,
expected dispersions.

The total hydrazine propellant loaded was 30 Xg., a
maximum consumption of 18 Kg. was foreseen for the station
acquisition phase however, as a result of the on-bhoard and
ground systems nominal functioning, only 7.6 kg, of
hydrazine had been consumed up to hand-over thus leaving
22,4 kg. of Hydrazine on-board, sufficient for over five
years of active station-keeping. ”
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2. SIRIO spacecraft and ground support systems.

As reported above, SIRIO is a spin-stabilized
geosynchronous satellite; its structure and hardware,
therefore have the common characteristics of this kind of
satellite. These are mainly a cylindrical body, an Auxiliary
Propulsion System based on the use of radial and axial
liquid propelled jets for active attitude and orbit control,
and a Sun~Farth detector system to provide spacecraft spin
rate, position data and jet firing control.

Some basic concepts are presented here in order to
help the reader, unfamiliar with SIRIO, to understand the
logic behind maneuver planning and execution.

2.1 The Auxiliary Propulsion System (APS).

The SIRIO Auxiliary Propulsion System uses hydrazine

(N2HU) as its propellant. Four spheric tanks constitute two
independent subsystems, which are separated by a valve,
. The tank pressure after total fuel consumption ensures
that, at the end of fuel reserve, maneuvers can be performed
with the jet thrust level only slightly below half maximunm
pressure thrust level,

The two tank subsystems are each connected to one
axial and one radial thruster, Thruster Radial A (TRA) and
Thruster Axial A (TAA) are connected to system A; TRB and
TAR are connected to system B, All the thrusters deliver the
same nominal thrust of 22 Newtons with a nominal dispersion
of + 10 percent and a repeatability of + 5 percent after
initial warm up. -

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

Fig. U shows the position of the thrusters on the §/C
frame relative to the position of the attitude sensors.
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In order to obtain a sv»inning effect, each of the two
axial thrusters has an offset angle of .75 degrees in the
plane tangential to the §/C hody: TAA spins up the $/C while
TAB spins it down. The spinning effect is thus obtained as a
side effect of other mancuvers, The spinning effect of the
radial jets is considerahly larger than the effect of the
axial jets, due to the laraer offset angle.

2.2 The Attitude Control System

The attitude sensors are mounted in four packages
around the S/C spin plane, as shown in Fig.lU. Two different
packages, CSA (Colatitude Sensor A) and PSA (Plane Sensor
A), furnish data to determine the spin axis orientation, the
spin rate and provide the maneuver synchronization pulses.

The redundant packages CSR and PSR have the same
characteristics as CSA and PSa,

Each Plane Senscor package consists of:

- one Solar Plane Field sensor (SPF) which provides a
synchronization pulse to the Auxiliary Provulsion
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 dihedral angles in conjunction with

the SPF sensor, Fach colatitude Sensor package
consists of:
= a solar V-Beam sensor (SVB), which is used to

measure the sun angle (anagle between the direction of
the spin axis and the $/C-sun direction)

= two Infrared Narrow Field earth sensors (INF) which
provide two separate earth width measurements.

2,3 - The SIRIO Italian Operations Control Center.

The ground support built up to control the SIRIO
mission and the SHF experiments, is mainly constituted by
two SHF stations located in different areas of Italy and a
VHF station for telemetry and command data handling. Local
computing facilities at the stations permit the real-time
data communication and processing, while a large computing
Center, <eonnected to the VHF station, performs’
attitude-orbit determinations and maneuver computations.

in Fig, 5, the SIRIO ground equipment is presented.
One SHF station is 1located at Lario, Northern Italy, the
other SHF station and the VHF station are located at Fucino,
80 miles east of Rome, together with the STRIO Ttalian
Operations Control Center (SInNCC). The computing center
CNUCE 1is located in Pisa, 50 miles west of Florence.
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From the telemetry data, SIOCC evaluates the
" spacecraft status and collects the SHF experiment data.

SIOCC receives the telemetry data from both the VHP
and SHF antennas. The VHF link is used mainly during periods
of eclipse or during attitude and orbit maneuvers. The VHF
link is also used to up-link commands to the satellite in
. the GSFC tone digital standard command system. The attitude
and ranging data are transmitted by dedicated data lines to
the CNUCE computing center. Some telemetry data are also
transmitted to the SHF ground station at Lario to monitor
the operational status of the satellite while performing the
. SHF experiments,

2.4 - software tools for S/C flight control.

The SIRIO flight control system has been designed to
cover all the needs of the mission. ,

The philosophy adopted has been the development of
several ;stand-alone working modules for the specific needs
of the 8/C control. These modules are grouped in a system
which allows the management of common data files and data
flow from one module to another, making it easier the user
to perform the S/C control fjdnctions, speeding up such
operations and increasing the reliability of the results
obtained, This system is the SIRIO Flight Dynamics System
(FDS) .

The main areas of operations covered by the FDS
software are: :
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- orbit determination

- attitude determination
= orbit control

= attitude control

For each of these main tasks, a computer program has
been developed in accordance with the FDS orime requirements
i.e. flexibility in hardware support and simplicity in its
use (Faconti, Trumpy, 1977).

2.5 Operational planning criteria.

The SIRIO in-orbit operational planning is divided
into:

= long term operations (six months)

- medium term operations (one month)

- short term operations (one week)

Long term operations.

When planning the long term operations the criteria
for the difference telecommunications experiments (i.e.
propagation or communications) are established.

This criteria are based on the agreements reached with
national and international experimenters during the meetings
held every six months,

Other activities such as : orbital and attitude
maneuvers, on-board commutations of redundant subsystems and
eclipses are also taken into account even if the details are
established when the medium term operations are planned,

Medium term operations.

. In the medium term planning all the activities to he
carried out during each day of the next month are scheduled.
These activities include orbital and attitude maneuvers,
eclipsis, on-board commutations, in-orbit check-outs and
other activities such as the around system maintenance, All
the medium term operations are described in a monthly
program.,

Short term operations.

In the shoft term operational plan, the activities -
mentioned in the monthly program are set forth in detail.
The weekly plan will therefore include the details of each
operation to be carried out by the ground stations.

The information necessary to prepare the detailed
daily procedure for the control center and the 1list of all
the commands to be up-linked are derived also from this
weekly plan.
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3, SIRIO Attitude/Orbit determination and control

The SIRIO satellite, positioned in its orbit, is
subject to several forces which tend to move it from the
initial position. These forces are mainly: ,

= the tesseral acceleration which attracts the

spacecraft westwards;

- the soli-lunar attraction which produces a

‘wobbling' of the orbital plane:

- the solar radiation pressure which causes a

precession movement of the S/C svin axis.

The spacecraft position must therefore be continuously
checked and corrected if necessary, maneuvering the
satellite by means of the on-board Auxiliary Propulsion
System.

3.1 Orbit determination.

SIRIO orbit is determined every 30 days, on the basis
of the angular pointing data measured at the Fuecino and
Lario stations. To achieve the required accuracy in orbit
estimation, the tracking data at a sampling rate of two
angles per hour (azimuth and elevation), are collected for a
time period of ten days.

A comparison between NASA and Telespazio orbit
determination for the early phase of the §IRIO operational
mission is presented (Tab. 1). It should be emphasized that
the NASA determinations were performed with data acquired
from two stations (Santiago and Ascension); therefore even
though the data and the ground geometry were considerably
different from those handled by Telespazio, the results are
in good agreement.

3.2 Attitude determination.

Currently, the S/C attitude is computed weekly by
collecting 250 telemetry frames spread over an entire orbhit,
avoiding the data transmitted when the angle, as seen from
the satellite, bhetween the Sun and Earth line-of-sight is
close to 0 or 180 degrees. During such an occurrence, the
geometry is not suitable for the models used in the Attitude
Determination Program (ADP).

An analysis* of the on-hoard sensor performances and .
the accuracy of the assumptions made in defining the
relative mathematical models used in ADP has been made by
studyng the most significant phases of the mission. This
analysis was necessary because some observed Farth width
values were slightly different from the simulated ones, and
the difference could not be eliminated by modifing the S/C
state vector (the attitude vector and the sensor biases).
The analysis proved that some simplified assumptions in
defining the model of the SIRIO Attitude Control System were
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not completely correct; this analysis qgave a better
evaluation of the attitude determination uncertainty,
calculated at approximately 0.03 degrees (16 value).

3.3 Station-keeping strateqy.

In Tab. 2 the maneuvers performed to control the
SIRIO flight during its first vyear of operations are
presented., The 8/C longitude and the orbit inclination
history for the same period is shown in Fig. 6.
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Fig. 6

It can be seen that maneuvers were performed to
correct the §/C orbit when certain orbital elements moved
close to the imposed 1limits, and no attempt was made to
optimize the station-keeping maneuvers, to couple the
North-South and West-East corrections, or to maximize the
time spent by the satellite in its box, owing to the
following reasons :

- at handover, the orbit inclination and node were

such as to remain at least eight months within the
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imposed limits;

- the drift rate at that moment was such as to move

the 8/C out of the box in three months:

- improved acquaintance with APS performances was

necessary.

In addition, longer experimentation of the attitude
and orbit determination systems was desirable in order to
be able to refine the methods used and to set up standard
operative procedures to guarantee the full reliability and
repeatability of the obtained results.

The analysis of the §/C performances during these
maneuvers enabled the computation of the calibration factors
(input variables to the maneuver computation program) which
permit the fine tuning of the entire attitude and orbit
control system performances, makina allowance for any
hardware and software model misalignments, .

At the end of 1978, it was decided to perform, for the
first time, the North/South-East/West combined maneuver; the
mechanism of this maneuver is based on the following
considerations. '

To change the orbital plane inclination, when the &/C
crosses the line of the relative nodes (the intersection of
the initial and final orbit planes), a AV must be applied to
the 8/C velocity vector to obtain the desired inclination
variation, see Fig., 7.

Fig, 7

S/C velocity vector before maneuver execution
thrust delivered velocity vector

S/C velocity vector after maneuver execution
‘orbit inclination variation

initial orbit inclination,
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If the AV magnitude 1is such as to reverse the
inclination of the orbital plane with respect to the
reference plane, a 180 deq, node rotation will be obtained.

The V' - V magnitude determines a variation in the S/C
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drift rate after maneuver., The relationship between the
drift rate variation and the |V =|v|( for near circular and
geosynchronous orbits, such as the SIRIO orbit), can be
assumed

dp= - 351,3 (v - |v])

where dD represents the drift rate variation in deg/day and
V and V' are measured in Km/sec.

Furthermore, as § (the 8/C spin-axis codeclination), i
and Ai are very small angles, the AV alignment can bhe
computed by( A.Cardillo, N.Celandroni, A.Foni, S.Trumpy,
1980)

Cors br V-1V

2 Vac

i
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To maximize the time during which the STIRIO orbit
inclination can be kept below the imposed wvalues, the
North/South maneuver is performed rotatinag the nodes line by
approximately a 180 degrees angle, to the optimum value
which is around the 270 degrees (A.Kamel,R,Tihbits, 1977).
The results obtained by maneuvering the satellite during
1878 (Tab. 3.), have confirmed that the confidence reached
in the §/C performances, together with the hiqgh reliability
of the SIRIO FDS and the ground stations, enable the
satellite to be controlled well within the mission imposed
tollerances.

The §/C longitude and the orbit inclination history
for the 1979, is presented in fig. 8,
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5. Conclusions.

After more than two and an half vyears of SIRIO
operational life, the following conclusions can be drawn,

Even though the mission constraints are not very
restrictive, the granularity of the control and the
repeatability of the maneuvers are well within satisfactory
limits.

The acquaintance with the Attitude and 0nNrbit Control
System acquired during the first year of operations has
allowed the optimization of the station-keeping maneuvers as
described in this paper. In particular, the jet calibration
factors (M.Celandroni, A.Foni, S.Trumpy, 1979) wused in
mnaneuver computation have been found to give a very exact
modelling of the on-board Auxiliary Prooulsion Systen,
enabling the achievement of the maneuver goals with a
dispersion below 1%,

The role played by the S/C on-bhoard hardwape, VHF link
and ground station equipment in achieving these results must
be remembered., In fact, the nominal functioninag of all
these systems has been the basis on which we have been able
to succesfully achieve the results herein described.

At present, the extension of the operational phase up
until September 1980 is foreseen,
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- Comparison between NASA and Telespazio orbit deierminations during the first months of the

mission.
Sept. 13, 1977 1800 GMT Oct. 27, 1977 . £0.00 GMT Dec. 2, 1977 - 00.00 GMT
Epoch ; e -
H X ’
NASA | Telespazio NASA Telespazio NASA | Telespazio
: L] i
o i i |
§L‘mlma;o:‘ axis (km) 42 165220 ! 42 165,438 42 168.584 42 168.216 12 164.359 : 42 164.117
Freentricity 0348 » H? 0321 » 10-3 0.261 x 10-3 0.259 x 10-3 0213 x 10-3 i 0.202 x 10-3
Ir.:linstion (deg) ! 0.308 0.309 0.233 0.244 g6t | 0.134
Ascepding node 0 (dog) | 250.728 ; 251.140 250,752 249371 1 249.363 j 247.986
Avgum. of perigec w | ! 1
{deg) ( 23¢9.11¢9 § 239.937 237.262 239.34 RSN ! 239.734
Mean snomaly M (deg i 120,112 i 118.883 231.875 231,496 299,80 ] 287.3%
Sun of 0, w, M {deg) 3 2499359 ! 249.930 20.189 20.201 55.081 ‘ 35.096
| .
Tab. 1

. Orbital and attitude maneuvers performed on SIRIO from Septen:iber 1977 to December 1978

Fuel
- . | Noof pulses | __ . . . N
Epoch Purpose Jet Firing mode or burntine u),.azxknguon , Syncronism Quadrant
Dec. 1, 1977 |Eoast-West station keeping Radial B pulsed 12 pulses 0.015 sun H
11:20: 00
Dee. 1, 1977 [Attitude trim to orbit normal Axial B pulsed 4 pulses 0.00% sun 3
11:50:00
Mar, 30, 1978 |North-South station keeping Axial A + continuous 110 3 1.535 sun not applicable
7:45:49 Axial B
Mav 2, 1978 | East-West station keeping Radial B pulscd 11 pulses 0.013 sun 4
19:11:00
May 2, 1578 lAtiitude trim 1o orbit normal Axial B pulsed 2 pulses 0.002 sun 3
19:41:00
Oct. 31, 1978 [Attitude trim to orbit normal] Axial B pulsed 3 pulses 0.004 sun 3
9:00:00 s
Oct. 31, 1978 INorth-South station keeping Axial A+ continuous 165 2.107 sun not applicable
16:12:33 Axial B
Dec. 12,1978 | East-West station keeping Radial B pulsed 6 pulses 0.008 sun i
12:40:00
Tab., 2
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