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ABSTRACT accuracy requirement in the determination

Bhaskara is a near-earth orbiting spin
stabilised earth observation satellite
with two TV cameras and microwave radio-
meters at two frequencies as primary pay=-
load, Orbit and attitude determination
software has been developed in house to
meet the position accuracy requirement
of # 4 Km and attitude accuracy require-
ments of 3 deg. for control purposes and
better than 1 deg. for post facto data
processing.

The software has been validated against
actual and simulated tracking data and
simulated attitude sensor data. Evalua=-
tion of orbit determination software has
been carried out using interferometer
data from CNES stations during the ini-
tial phase of the mission. The standard
deviation in position by orbit determi-
nation using this data is around 500 m.
Details of orbit determination using
Indian tracking data are presented in
this paper. Attitude accuracy requirements
are met during the mission phase. Repre-
sentative plots of attitude history of
the satellite are also presented,

Keywords:s Orbit and attitude determina-
tion, Software validation, Satellite ope-
rations, Emergency operations.

1, INTRODUCTION

Bhaskara, the first Indian experimental
satellite for earth observations was
launched on June 7, 1979 from the USSR,
in a near circular orbit inclined at
50,67 deg. to the earth's equatorial
plane at an altitude of 530 Km, The spin
stabilised satellite weighed 444 Kg at
launch. Its equivalent diameter is 1.59m.
The primary objectives of the mission are
to conduct earth observations using two
camera systems capable of yielding a
?round resolution of 1 Km and Ocean sur-
ace studies using Satellite Microwave
%adiometers (SAMIR) at two different
requencies with ground resolution of
125 Km and 200 Km respectively. In order
to achieve the above objectives, the

of the spacecraft position is # 4 Km. Any
relaxation in this leads to increased com-
putational efforts for picture strip ge-
neration.

The spin rate of the satellite requires
to be maintained within 6-11 rpm and the
spin axis perpendicular to the orbital
plane within 3 deg. The lower and the up-
per limits of spin rate are chosen to have
sufficient picture overlap and to minimise
smear effect during exposure period res=-
pectively. The spin axis orientation re-
quirement is governed by the distortion
caused to the photographic image. The
spin axis orientation is to be corrected
periodically mainly because of the orbit
regression which is 4,8 deg/day. This
was planned to be carried out automati-
cally by the onboard control system using
horizon sensors within an error of % 3deg.
Alternatively, this is done by generat-
ing ground commands which are to be exe-
cuted in a magnual mode. A Magnetic Bias
Control (MBC) coil is used 3s a passIbe
attitude control device. Apart from the
"Normal mode" of spin axis orientation
eerpendicular to the orbital plane an
alternate mode", wherein the spin axis
is kept in the orbital plane was planned,
as it yields a wider coverage for SAMIR,

In order to achieve the above mission de-
mands extensive support from orbit and
attitude determination software was re-
quired. The software packages developed
in-house, had to be put to quality con-
trol and other tests and validated be-
fore the start of the mission. The en-
suing sections delineate the software
requirements for the mission, the test-
in% procedures adopted for validating the
software and operational experience
during the mission.

2. SOFTVWARE REWUIREMENTS

The accuracy requirement for orbit deter-
mination is # 4 Km in position for TV
data processing. Network operations re-
quirement is that the satellite position
be predicted within 2 deg. of the beam
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centre of VHF zntenna. Orbit determina-
tion was planned to be done on a weekly
basis using 3 or 4 days of tracking data
on either side of the epoch. The observa-
tion types are tone range and doppler and
the epecified errors including iongspheric
effect are:

Tone range : bias + 300m (1¢)
random : 150m (1¢)
Two way doppler : bias : 3m/sec 2142
random : 1lm/sec (1€

The program for orbit determination SOIP
(Satellite Orbit Improvement Program)

uses cifferential correction procedure
for orbit determination. The orbit model
used is based on R.H.Merson's (Ref,l) ana-
lytical approach. The program is designed
to handle optical data, range, range rate
direction cosines and any combination of
the se,

The main accuracy requirement for attitude
determination is for TV experiment and
needs to be better than 1 deg. The near
real time mode accuracy requirement is

3 deg. The above accuracies are to be
achieved usino attitude data from horizon
sensors, magnetometers and sun sensors.
The followina are the error specifications
for zttitude determination:

Sensor errors : horizon sensor : 0.2
degree in earth
pulse width

Magnetometer : 1.5 deg. (3%)
Sun sensor : C.5 deg. (36)
Orbit error ¢ 50 Km in position (3¢)
Time error : 0,06 deg.

The attitude determination of Bhaskara is
carried out in two phases. One, in near
real time between consecutive visible
passes, for satellite control; the other,
post-facto for data mapping with a turn
around time of seven days using accurate
orbital data. Attitude determination in
near real time mode is a critical program
segment, and is designed to provide suffi-
ciently accurate attitude information even
with limited sensor data and alsc in sen-
soT contingency modes. This is an impor-
tant area where the software support
should have enough redundancy to increase
the confidence of the operation., NRTATD
is the primary program which uses an 'Ex-
tended Ealman Filter' algorithm for at-
titude refinement in near real time and
NRTLIM is the back up program which em-
ploys direct search method to find the
unique solution of the spin axis vector.
PFTATD, the post-facto attitude computa-
tion Brogram, is a modified version of
NRTATD, to give more accurate results, as
it uses large sensor data and also accura-
te orbit data. Both NRTATD and PFTATD
use a geometrical method for initial at-
titude estimation.

3. TESTING PROCEDURE

The software packages have been mission

qualified by subjecting them to selected
representative tests, checking boundary
conditions etc, The critical conditions
for the orbit determination software were
identified to be those which are related
to its capability to handle cases like
near circular orbits, large deviations

in the initial estimates of the orbit, the
minimum data availability situations and
varied observation types. In the case

of attitude determination,contingencies
could arise due to large nutation
angle, different types of sensor failures,
partial loss of telemetry data and large
orbit errors. For testing purposes,
wherever it was possible input data has
been taken from a real case, else simula-
ted input data is used.

The orbit determination program is tested
for its two parts, orbit prediction test-
ing for its maethematical modelling of
equations of motion and orbit improvement
part for its convergence aspects. Final
quality assurance checks before the soft-
ware use in operations have been carried
out subjecting the programs to the tests
summarised in Table 1,

Table 1.
Set Test Test orbit Evaluation
No. considered criteria

1 Orbit pre- GEQS-~1 Comparison

diction Apogee height with SAO op-
accuracy = 2278 Km tical track-
check Perigee ing data at
height=1113Km the end of
six days.

2 Orbit pre- ALPHA-1 Comparison
diction Apogee height with SAO op-
accuracy = 3321 Km tical track-
check Perigee ing data at

height=558 Km the end of
six days.

3 Orbit de- SIGNE-3 near Comparison
termina- circular 500 with orbit
tion Km altitude determination

inclination  with CNES
= 51 deg. program re-
sults.,

4 Orbit de-~ Simulated Comparison
termina- tracking data with nominal
tion with random  values

and bias er-
TOTS.

Test set No,l was considered because

of high perigee and apogee heights to
check the accuracy of the program for
the earth's oblateness effect, isolating
drag effect, The absolute difference in
position as compared to SAO results are
1.84 Km in X component, 0,237 Km in Y
component and 2,209 Km in Z component.
The model accuracy mainly due to earth's
oblateness effect is acceptable to the
mission requirement,
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Test set No.2 was considered because it
gave a testing opportunity for the ac-
curacy of the model as a whole, consider-
ing drag as well. The prediction error
upto six days is less than 3 Km in
position,

The orbit determination part is then exa-
mined using real tracking data of SIGNE-3,
a satellite similar to Bhaskara, Inter-
ferometer data over a week from CNES track-
ing stations was considered and orbit de.-
termination results at an epoch in the
centre of the tracki interval were ob-
tained from CNES., SOIP was run with the
above tracking data and the orbital ele-
ments were determined, The residual ob-
servation was very small (of the order of
4' of an arc) and the converged value of
the satellite position is within 0.77 Km
of the CNES results. The difference along
the track is 0.61 Km and across the track
is 0.46 Km. Since CNES software is opera-
tionally used for a number of missions

and is guaranteed to have an along track
error not exceeding * 5 Km and across
track error not exceeding # 1 Km it can be
presumed that SOIP also gives the same
order of accuracy. When the initial

guess of satellite position was perturbed
by 30-40 Km, convergence was still achiev-
ed.

Test set No.4 has been considered to test
the software for all types of observation.
The program has been checked by generating
simulated tracking data for the nominal
orbit of Bhaskara, corrupting these data
by the addition of random and bias errors
and recomputing the orbit. The results
are quite satisfactory. Specimen results
of these tests are presented in Table 2.

In testing the near real time attitude
determination programs, the emphasis has
been on the reliability of this segment
of the program even under adverse condi-
tions of lgmited data and sensor contin-
gency modes as this has been identified
as mission critical. While testing the
program PFTATD the emphasis has been on
the program meeting the accuracy require-
ment as specified by the mission. Test-
ing of the program was done in two stages.
In the first stage, mathematical formula-
tion, flow chart and coding of the source
program were reviewed. In the second
stage appropriate test runs were selected
and after execution, these test results
were analysed.

In the mathematical formulation modelli

of geomagnetic field vector, sun ephemeris
generation and validity of all assumptions
made were examined. The entire structure
of the program was analysed for the dif-
ferent functional segmenis of the program
and the interfaces joining them. Since

it was not possible to get a spacecraft
with both orbit and sensor configuration
similar to Bhaskara, extensive testing of
the prooram was carried out vith simula-
ted data. The basic dynamics assumed for
the spacecraft is that of the spinning
satellite with nutation. When the nuta-
tion angle is madeegqual to zero, pure
spinning spacecraft motion results., A
nutation damper is provided in the space-
craft and so the resicual nutation angle
of 0.25 deg., is considered for simulation.
Sensor data is simulated over a spin cycle
and over this bias and random errors are
introduced., Cases of attitude commands
resulting in abrupt changes in attitude
can also be handled by this program.

Table 2., Sample results of orbit determination with simulated tracking data.
Range Range rate Direction cosines
(m) (m/sec) (minutes of an arc)
Random error 150 6
Bias 300 | 6
X Y z X Y z AX AY &z
(Km) (Km) (Km) (Km/sec)(Km/sec) (Km/sec) (Km) (Km) (Km)
Nominal parameters 1968.31 6623.49 22,87 -4,584 1,348 5.904 - - -
SOIP input 1990.67 6616.87 4,37 -4,574 1.379 5,904 22,36 6.62 18,50
Orbit determination with tracking data:
Range 1968.03 6623.85 23,06 -4,583 1.348 5.904 0.28 0.36 0,18
Range rate 1968,02 6623.51 23.11 -4,584 1.348 5.904 0.30 0,02 0.24
Direction cosines 1964,73 6624,09 22,66 -4.5794 1,345 5.209 3.58 0,60 0.21
gggggtgﬂfgnsm“ 1969.62 6622.45 21,22 -4,583 1,350 5,905 1.3l 1,04 1.65
Range & Range rate 1968.66 6623.42 22,66 -4,583 1,349 5.904 0.35 0,07 0,22
from single station
Range rate from  j96g,16 6623,22 23,56 -4.858 1.348  5.903 0.16 0,27 0.69

single station
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Telemetry transmission errors are consi-
dered introducing parity, occasional
wrong reading of onboard clock, and frame
synchronisation unlocking.

wWith these simulated data many test sets
were generated and attitude determinaticn
programs were tested with them. Four ty-
ical tests considered are shown in

able 3.

Table 2.

Set Program

Ne. “tagtéd Test condition

1 NRTATD  Various combinations of sen-
sors and 100 Km error in
subsatellite point as input,
2 NRTATD Commands at spin cycles 20
and 30 after the spacecraft
is visible. Attitude deter-
mination before the first
command and after the se-
cond command,

3 PFTATD Unfavourable attitude geo-
metry with sun-satellite ve-
ctor and earth-satellite ve-
ctor being nearly parallel.

4  PFTATD  Spacecraft spinning with

nutation.

Test set No,]l was considered to study the
sensitivity of the final accuracy of

NRTATD for subsatellite point error. The
results showed that even when the sub-sate-
llite point error is twice the nominal
value the maximum error of spin axis
orientation was 2.15 deg. with a maximum

of 2 minutes of data needed for satis-
factory convergence,

Test set No,.2 considered the case of two
SAOC commands in a single pass, attitude
determination before the first command
and also after the second command., This
is to confirm SAQOC execution and also to
compare the attitude change due to given
commands.

Test set No,3 has been considered becsuse
it corresponds to an unfavourable geo-
metry of reference vectors. The telemetry
data here have been generated for a pass
over Sriharikota (SHAR) around noon, so
that the sun sensor and horizon sensor
combination form an unfavourable geometry
of parallel reference vectors, From suf-
ficient amount of data the program screens
them until a favourable geometry is
reached to compute the initial estimate.

Test set No.4 has been considered as it
determines the attitude in presence of
nutation which is a critical condition
for the mission., The maximum error is
less than 0.3 deg. for a constant nuta-
tion of 0.25 deg.

A summary of the results of some of the
above test cases are presented in table 4,
The satisfactory results of all these
test cases increased the confidence in
the programs, thus validating the soft-
ware capabilities.

4, OPERATIONAL EXPERIENCE

Interferometer tracking data from two
CNES stations was available for a period
of 45 days since the launch to assess

the orbit determination software capabi-
lities and to evaluate the quality of
Indian tracking data. Orbit determina-
tion with SOIP was carried out at 8 epochs
using the CNES interferometer data. The
standard deviation in position of orbit
determination was around 500 meters. Tone
range data during the period of CNES
tracki support was analysed to assess
the performance of the orbit determina-
tion system. Orbit determination with
tone range data from single station was
carried out for four data sets, For the
best orbit determination set the differen-
ce in position, when compared with resuits
using CNES data was around 4 Km, How-
ever, orbit determination using the

other sets showed larger deviation from
the results of CNES data, mainly because
of poor quality of data. A comparison

of orbital elements and their standard
deviations obtained during the initial
phase of the Mission for a good specimen
of tone ranging data with CNES interfero-
meter data 1s given in table 5. For the
subsequent period successful orbit deter-
mination using tone range data was notalways
possible either because of poor tracking
data or operational difficulties. Orbit
determination using Tone range data was
good enough to meet tracking requirement,
but the accuracies achieved did not meet
the data processing requirements.

Orbit determination with the other main
tracking source, two way doppler could
not be carried out because of poor
quality of data. However, orbit deter-
mination was carried out successfully on
a routine basis using one way doppler
data. Prediction accuracies were evalua-
ted from the difference in Time of
Closest Approach (TCA) as measured by one
way doppler system and the predicted value
which is directly related to the posi-
tional error. Of the 34 sets of one way
doppler data processed since launch

(as on March 2, 1981) for orbit determi-
nation, in 17 cases, prediction at the
end of 7 days from the ewoch were accurate
to 2 seconds or less which corresponds

to a positional accuracy of nearly 14 Km
or less. Only on 3 occasions prediction
accuracy at the end of a week from the
epoch was greater than 5 seconds in TCA
error. Orbit determination using one way
doppler data was carried out once in the
initial mission phase and compared with
CNES tracking data results. For this
case the cifference in position is around
12 Km, when compared to orbit determina-
tion using CNES data,
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Table 4. Sample results of simulation studies of attitude determination programs.
Attitude Data_
Tequl=
Test  pooch and simu- Sen= Initial Final Error  red.
et lated attitude ore (min)
. use ol s w ot S w Ak ds mi
Deg. Deg rpm Deg Deg rpm Deg Deg
1l 4,10.1978 DSS 151.63 125,81 3 152.67 127,05 3 1.60 2.09 2
6 m _s MAG
30 0
e = 150,98 deg. TWSLT
6§ = 124,96 deg. MAG 117.63 125,81 3 152,67 127.06 3 1,69 2,10 2
W=3 rpm
2 4.10.1978 HSS 171.44 135.48 4 171,39 135.5 4 0.43 0.17 1.5
10" 20" 0.1°% SS 183.21 105,76 4 183,21 105.77 4 0.3 0.1 2
o= 170.96
8 = 135,67
W =4 rpm
After second command
= H5S 171.44 135,46 4 171.45 135.61 4 0.49 0,06 1
® = 182,91 sS
$ = 105,95 NAG 183.77 105,76 4 183.24 105.83 4 0.33 0.12 2
W= 4 rpm
e D HSS 284,27 131.23 6 284.34 131.44 6 0.15 0.11 4.7
6 30 TWLST
e o HSS
=131 .3 o
W= 4 rpm DSS 284,25 131,08 6 284,33 131,47 6 0,16 0,14 4.7
Nutation
angle = 0,25 deg.
HSS - Horizon sensors; TWSLT - Twinslit Sun sensors; MAG - Magnetometer
DSS - Digital Sun sensor; SS - Twinslit & Digital Sun sensor
& -~ Right ascension - Co=declination W - cpin rate,

Table 5.
Epoch: 1.7.1979

Comparison of Orbit determination using CNES and Indian tracking data

Data Orbital elements and their standard deviation

ggidim- o.(6a) acse) L (o]) wioy) N(sa) Mo(oy) M, (5ne,) My 0(6m,)

provement Km Deg Deg Deg Deg Deg/day Deg/day?

CNES 6906, 322 0.00214 50,667 119,825 234,38 164,021 5443,903 0,0136
(1.2x1073)  (1.7x10"°) (0.00176) (0.311) (0.00106) (0.312) (0.0008) (0.003)

SHAR 6907 ,292 0.00193 50,667 104,807 234.414 179,041 5443,938 0,0044

Tones (4.6x107°)  (2.7x107°) (0.0109) (2.235) (0.0073) (2.234) (0.00309) (0.00042)

A contingency method of orbit determina-
tion using time of closest approach measu-
rements only has been evolved to meet the
operational needs, when successful and
accurate orbit determination with any
tracking data is not possible. Orbit per-
turbations for low earth satellites are
essentially due to drag, and earth's
oblateness, Earth's oblateness effect is
properly accounted for in the mathematical
modelling, Using the difference in predi=-
cted and observed TCA times from one way
doppler system, appropriate corrections

coulc be applied to the orbital para-
meters affected by drag i.e. Mean anomaly
(Mg) , mean motion (M]) and rate of mean
motion (M2). Constructing a difference
table on TCA errors, correcticns for
these parameters are applied iteratively
as:
Mg = 2; x 360 deg,
f x 360 deg/day
e
i

x 360 deg/day?

(1)
(2)
(3)

Ml =
Mo
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Where 'T' is the period of the satellite
orbit, T is the TCA error, &T is its
first difference and a*7 is the second
difference at the correction epoch, In
many cases, position accuracy of the or-
der of 10 Km was obtained after a couple
of iterations. A set of results for up-
dating orbital elements by this method
are rresented in table 6,

Orbital elements of Bhaskara since launch
are presented in table 7., It is interest-
ing to note the semi-annual variation

in drag parameter Mo, presented in Figure 1.
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have been more consistent, Attitude com-
putation was possible with NRTLIM, even
when horizon sensor data was not available
whereas NRTATD did not converge in such

a Case,

The attitude control system has three in-
dependent mechanical systems having two
gas bottles each, which are used for SAOC
or Spin Rate Control (SRC) operation. An
emergency situation arose during November
1980, when gas in one of the mechanical
systems leaked out. The attitude had to
be managed with the gas left over in the
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28 £ £ 353 3 882 & ®BE F 3
Figure 1 Mean half-acceleration of Bhaskara

Attitude management of the satellite in
near real time was <arried out by the
manual mode of issuing Spin Axis Orienta-
tion Control (SAOC) commands from the
ground, whenever there is an attitude de=~
viation., Though automode of attitude
correction was successfully tested in the
initial phase, attitude correction could
not be carvied out in this mode on a rou-
tine basis, because of onboard switching
interferance changing the threshold in the
Horizon Crossing Indicator (HCI), MBC was
used effectively as a passive attitude con-
trol device to correct for attitude changes
due to orbit regression. The attitude

of the satellite is maintained fairly ac-
curately to meet the mission goals, The
attitude evolution of Bhaskara during
August 1980 is presented in Figure 2 and
Figure 3 as a representative sample of

good attitude maintenance. It can be seen
that the angle between the spin axis and
the orbit normal is maintained within 5
degrees, and the spin rate between 6-8 rpm.
A relaxation has been made on the attitude
angle maintenance to be within 5 degree,
instead of the planned 3 degree to con-
serve gas because of operational cons-

ints. Though both NRTATD and NRTLIM
batTeas Tiough both N ety and NiTh%:

other two mechanical systems, which have
been used up almost fully, This called
fer strict watch on the attitude of the
satellite and the requirement for MBC
correction became critical, MBC has
been effectively used to manage the atti-
tude by current manipulation correcting
for the right ascension and issuing SAOC
commands for declination correction. The
attitude is maintained within 10 degrees
and a case history of attitude angle
during March 1981 i< given in figure 4,

Post facto attitude computation was
carried out to an accuracy of 0.5 deg.

5, CONCLUDING REMARKS

Bhaskara is an experimental earth obser-
vation satellite with two TV cameras
and Microwave radiometers at two frequen-
cies as primary anload. The mission re-
quirement im post-facto orbit and atti-
tude accuracies for ima?e processing are
+ 4 Km in position and 1 deg., in attitude.
e near resl time mode accuracy require-
ment for spacecraft control is 3 deg.
Bhaskara is the first Indian Satellite
mission with such requirements. Orbit



Table 6. Orbit refinement by time correction

Satellite:

Orbit: 9554

Bhaskara

ORBIT AND ATTITUDE SOFTWARE OF BHASKARA

Epoch: 1981 02 26 00 00 00

Before cor-

After cor-

Element rection rection
e 0.0007 355 0.0007 355
i 50.667852 50.667852
338.87067 338.87067
199.97071 199.97071

Mo 141.49301 141.49301

My 5476.4415 5476.5681

Mo 0.0245 0.043
Prediction accuracy:

TCA error
Date Orbit Before cor- After cor-
rection. rection.

81.02.26 9567 2 (o]
81.,02.27 a582 G 1
81.02.28 9597 9 0
81.03,01 9604 10 -1
81,03.02 9627 19 1
81.03,02 9642 20 -2
81,.03,04 9649 24 -1
81.03,05 9672 26 =3
81,02,06 9687 40 -3
81,03,07 9702 48 -1
81.03.08 9717 56 -2
81.,03.10 9747 77 -3
81,03,11 9762 87 -2
81.,03,12 9769 91 1
81,03,13 9784 104 3

and attitude determinaticon software pack-
ages have been developed in-house to meet
these demands, with sufficient redundancy
to meet contingencies. The computer pro-
grams have been subjected to extensive
tests with real and simulated data and
validated for their capabilities before
the mission. These programs have also
been used successfully meeting the re-
quired specifications in the mission
phase. Contingency demandsboth planned
and unplanned have been successfully met,
The operational experience has given con-
fidence in the software area to meet
similar demands in the future missions.

ATTITUDE ANGLE (DEG)

SPIN RATE (RPM)

5.41

BHRASKARA
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ATTITUDE ANGLE (DEG)
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BHASKARA

ATTLTUDE ANGLE VARIATIBN DURING

THE MONTH @F MAR, 1981

DATE

Figure 4.
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