
Fig. 10 Reconstructed biases in apparent Earth-radius angle.

Fig. 12 Residuals of Earth aspect angles (MSG-2).

Fig. 11 Residuals of half-chord angles (MSG-2).
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Figure 11 shows the evolutions of the residuals of the half-chord
angles �i (i� 1, 2) over a one-day interval. The residuals are
relatively large although they are somewhat smaller than in
CONTOUR’s case shown in Fig. 6.Also in this case, the residuals are
mainly caused by variations in the Earth’s infrared horizon. The
largest deviations correspond to Earth sensor’s scans close to the
Earth’s rim where the half-chord angles are relatively small, that is,
below 5	. The smaller short-period ripples with an amplitude of
0.02–0.05	 are caused by satellite wobbling effects induced by
propellant imbalances between the tanks [5].

Figure 12 shows the residuals of the estimates of the Earth aspect
angles based on the half-chordmeasurements. As before, theBeta-1p
and Beta-2m results refer to the individual solutions ��1 and ��2 and
the Optimal Beta is the minimum-variance � angle obtained by the
weighting technique of the �
i solutions presented in Eqs. (15–21).
Figure 12 does not show the Average Beta estimate �ave, which can
easily be visualized as the average value of the ��1 and ��2 results.

As in the CONTOUR case, the minimum-variance estimate
gradually shifts from the ��1 solution, which has the lower variance

Table 2 Results of attitude determination runs for MSG-2

(all angles are in degrees)

Attitude estimate Residuals

Run RA DE Deviation SAA EAA SEDA

1 83.358 86.522 0.014 0.0067 0.064 0.073
2 83.202 86.521 0.023 0.0065 0.062 0.088
3 83.585 86.529 0.002 0.0064 0.072 0.077
4 84.682 86.549 0.071 0.0065 0.107 0.059
5 84.575 86.551 0.065 0.0076 0.104 0.059
6 83.618 86.533 0.006 0.0070 0.074 0.076
7 83.084 86.525 0.029 0.0076 0.063 0.091
8 82.930 86.519 0.039 0.0067 0.058 0.096
9 83.619 86.524 0.005 0.0076 0.070 0.077
10 84.461 86.539 0.056 0.0073 0.097 0.053
11 84.185 86.535 0.038 0.0071 0.087 0.065

Average 83.754 86.532 0.032 0.0070 0.078 0.074

St. dev. 0.623 0.011 0.024 0.0005 0.018 0.014

Table 3 Effect of unit-vector normalization for CONTOUR (all angles are in degrees)

Method Attitude estimate Residuals

Run EAA Unit vector RA DE Deviation SAA EAA SEDA

1 Optimal Yes 258.593 29.199 —— 0.0061 0.151 0.052
2 Average Yes 258.585 29.190 0.012 0.0043 0.088 0.049
3 Optimal No 258.655 29.232 0.063 0.0015 0.139 0.045
4 Average No 258.630 29.213 0.035 0.0015 0.049 0.045

Table 4 Effect of unit-vector normalization using only measurements #, � for

CONTOUR (all angles are in degrees)

Method Attitude
estimate

Residuals

Run EAA Unit
vector

RA DE Deviation SAA EAA SEDA

1 Optimal Yes 258.685 29.378 0.196 0.0015 0.138 0.154
2 Average Yes 258.650 29.315 0.126 0.0015 0.051 0.109
3 Optimal No 260.302 38.277 9.187 0.0016 0.044 9.878
4 Average No 257.875 25.491 3.763 0.0014 0.013 3.950

Table 5 Effect of unit-vector normalization for MSG-2 (all angles are in degrees)

Method Attitude
Estimate

Residuals

Run EAA Unit vector RA DE Deviation SAA EAA SEDA

1 Optimal Yes 83.561 86.528 —— 0.0064 0.071 0.131
2 Average Yes 82.268 86.507 0.081 0.0067 0.097 0.168
3 Optimal No 83.601 86.530 0.003 0.0064 0.072 0.130
4 Average No 82.957 86.528 0.037 0.0065 0.095 0.148

Table 6 Effect of unit-vector normalization using only measurements #, �
for MSG-2 (all angles are in degrees)

Method Attitude
Estimate

Residuals

Run EAA Unit vector RA DE Deviation SAA EAA SEDA

1 Optimal Yes 81.772 86.493 0.114 0.0066 0.060 0.184
2 Average Yes 81.185 86.481 0.152 0.0066 0.106 0.202
3 Optimal No 82.576 84.124 2.405 0.0065 0.022 0.172
4 Average No 81.905 84.341 2.191 0.0065 0.086 0.191
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during the first half of the interval, to �2, with the lower variance in
the second half. The biases have a considerable effect on the
optimal � with a maximum magnitude of the residual of about
0.15 deg. Nevertheless, the minimum-variance estimate clearly
shows a better performance than the other three estimates in
Fig. 12 by steering clear of the major biases, especially during the
second half of the orbit.

In contrast with the CONTOUR case, the optimal � estimate has
also a lower overall residual than the �ave estimate, namely,��res �
0:071	 versus��ave � 0:096	 on the basis of the definition given in
Eq. (45b).

Attitude Determination Results

The optimal attitude estimate �� in terms of its RA and DE angles
that is established from the full-day sensor measurements is

RA � 83:561	; DE� 86:528	 (47)

This result is only 0.04	 in arc-length distance away from the
European Space Operations Centre result given in [5]. The residuals,
as defined in Eqs. (45), associated with the attitude estimate in
Eq. (47) are

�#res � 0:0064; ��res � 0:071; �	res � 0:078 (48)

We performed a set of 11 attitude determination runs over 4 h
intervals contained within the full day of MSG-2 data. The interval
for each of the runs is shifted by 2 h from the previous run. Thus, the
first run uses the sensor data from 0 to 4 h and the last run uses data
between 20 and 24 h. The results are summarized in Table 2 with the
same definitions as used in Table 1. The fourth column gives the
deviation of the attitude estimate from the best overall estimate in
Eq. (47) and the results of the residuals are based on the full 24 h
interval.

The deviations between the attitude estimates listed in Table 2 and
the overall result in Eq. (47) are relatively small in view of the
significant biases. In particular, the attitude vector corresponding to
the averageRA andDE angles given in the last but one row of Table 2
is only 0.012	 in arc length away from the overall attitude estimate in
Eq. (47). Thevariations in the residuals over the 11 runs in Table 2 are
also relatively small. Furthermore, all of the residuals in Table 2 are
fairly consistent with those of the best attitude estimate in Eq. (48).
When assuming that the deviations shown in Table 2 are normally
distributed, we find with a confidence level of over 99% that the
average attitude result is less than 0.05	 away from the actual attitude
orientation.

The average values and standard deviations of the residuals in the
last two rows of Table 2 aremostly similar to those of theCONTOUR
case in Table 1. However, the average attitude deviation and the
average EAA residual are only about half the values of the values
given in Table 1. This is expected to be due to the difference in size of
the two data sets and the geometrical differences in the orbit and
attitude conditions. Furthermore, the residuals are much more
uniform in the present case and there is no clear trend over the course
of the one-day interval.

Effects of Unit-Vector Normalization

Finally, we discuss the effect of the unit-vector normalization
technique of the T-S algorithm with the help of the in-orbit sensor
data for the two selected satellites.

Results for CONTOUR

Table 3 summarizes the results for the CONTOUR data set
collected on 13 August 2002. The second column refers to the
selection of the EAA, that is, the optimal �� or the average �ave.
The third column specifies whether the unit-vector normalization
was performed or not. The remaining columns are defined as in
Tables 1 and 2 except that the deviation is calculated relative to the
attitude estimate in the first row, which is expected to be the most
precise.

The results of runs 1 and 2 are very close but the results of run 2
have smaller residuals, especially for the Earth aspect angle, which is
consistent with the results shown in Figs. 6 and 7. Runs 3 and 4 do not
use the unit-vector normalization technique but the results remain
fairly close to those in runs 1 and 2, whereas the residuals are even
lower. The latter makes sense because the optimization process is not
restrained by the unit-vector condition.

It should be noted that the four runs in Table 3 use the full set of
three measurement angles, #, �, and 	, which provides some
robustness to the attitude estimates, even in the presence of
significant biases. If the sun–Earth dihedral angle 	 measurement
were not available, the component of the attitude vector normal to the
plane formed by the sun and the Earth vector would have a relatively
large error under the measurement biases.

Table 4 illustrates the benefit of the unit-vector normalization
procedure in the case in which the sun–Earth dihedral angle is not
available. The performances of runs 1 and 2, which use the unit-
vector normalization, are within 0.20	 in arc-length distance from
run 1 in Table 3. On the other hand, runs 3 and 4, which do not use the
normalization technique, have unacceptably large errors of many
degrees.

Results for MSG-2

Table 5 summarizes the results for the MSG-2 data set with the
same definitions as in Table 3. The difference between the optimal
and average estimates of runs 1 and 2 is larger than in the CONTOUR
case but run 1 has the smaller residuals; see also Fig. 12. Runs 3 and 4
do not use the unit-vector normalization technique but the results
remain very close to those in runs 1 and 2 and also the residuals are
similar or somewhat smaller.

Table 6 illustrates the benefit of the unit-vector normalization
procedure in the case in which the sun–Earth dihedral angle is not
available. The performances of runs 1 and 2, which use the unit-
vector normalization, are within 0.16	 in arc-length distance from
run 1 in Table 5. Runs 3 and 4, which do not use the normalization
technique, have very large errors of over 2 deg, whereas their
residuals are lower than those in runs 1 and 2, as expected.

Convergence of Iterations

Finally, we summarize the convergence performances of the
normalization technique for the applicable runs in Table 7. The
numbers shown are the differences of themagnitudes of the estimated
attitude vector compared to unity, that is, jzj � 1. The performances
are excellent for the runs that use all three measurement angles for
bothCONTOURandMSG-2, that is, columns2and4.Wefindvalues
for the deviations from unity of the order of 10�6 after just one
iteration and about 10�9 after two iterations for both satellites. In the
cases in which only twomeasurement angles (# and �) are taken into
account, that is, columns 3 and 5, the convergence performance is
considerably slower, especially in the CONTOUR case.

Conclusions

The Tanygin–Shuster method for spin-axis attitude determination
has been applied to in-orbit sensor data generated by two satellites,

Table 7 Convergence performances of unit-vector

normalization technique

CONTOUR MSG-2

Iteration Three angles Two angles Three angles Two angles

0 �1:2 � 10�3 6:4 � 10�2 5:4 � 10�6 �3:1 � 10�3

1 5:4 � 10�6 1:3 � 10�2 4:4 � 10�7 1:8 � 10�5

2 1:1 � 10�10 6:5 � 10�4 2:4 � 10�9 �3:2 � 10�9

3 7:8 � 10�16 2:3 � 10�6 6:8 � 10�14 �3:8 � 10�9
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