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ESTIMATES OF SPACECRAFT ATTITUDE AND SENSOR PARAMETERS USING ADAPTIVE FILTERING:
METEOSAT-I TRANSFER ORBIT APPLICATION

G. Moek

National Aerospace Laboratory NLR
Amsterdam, The Netherlands

ABSTRACT

In practical applications of Kalman filtering
theory often inconsistencies between real estim-
ation errors and computed errorvariances occur due
to modelling errors. An adaptive filtering tech-
nique has been developed at NLR to deal with this
filter divergence problem. Special attention is
paid to divergence detection. When divergence is
detected, adaptation is applied with an intensity
governed directly by the intensity of the diverg-
ence detected.

This technigue has been applied to METEOSAT-I
transfer orbit flight data. Modelling errors are
due to simple modelling of spacecraft dynamics and
sensors. Spacecraft attitude and earth sensor de-
lays have been estimated. Results, based on differ-
ent combinations of sun aspect angle, earth chord
and midscan rotation angle measurements show that
in all these cases reliable estimates can be found.

Keywords: Adaptive filtering, Filter divergence,
Modelling errors, Attitude, Sensors, Measurements.

1. INTRODUCTION

The Kalman filter approach to spacecraft attitude
and parameter estimation is by now well established,
It yields in least squares sense, the best linear
estimate of the system state from noisy measure-
ments. The estimate is computed recursively by pro-
cessing a new measurement as it comes available.
The main advantages of such a recursive approach
are, generally, a reduction of the computational
burden as compared with a batch processing method
and the possibility to monitor the course of the
estimation proces in real time. The Kalman filter
explicitly yields a measure for the estimation
errors in the form of the error covariance matrix.

Inputs for the Kalman approach are models of the
system dynamics, the measurements and the noise
statistics as well as a priori knowledge about the
state. Errors in these inputs may lead to filter
divergence. Roughly speaking this means that the
error variances, computed as part of the filter,
become unrealistically small in comparison with the
real estimation errors. Therefore, what is needed
in practice is not the plain Kalman filter, but a
filter supplied with a mechanism that accounts for
the effect of possible modelling errors. Various
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techniques, ranging from simple (periodic) restarts
of the filter to very complicated estimation algo-
rithms have been used in specific practical appli-
cations. Research in digital filtering techniques

at the National Aerospace Laboratory NLR has led to
an attractive generally applicable approach. It con-
sists of an on line filter divergence detection and
adaptation algorithm. The amount of adaptation is
governed directly by the intensity of the divergence
detected. To provide the filter with an accurate
measurement noise statistic, a recursive measure-
ment noise variance estimator is also available,

In this paper some results are presented of an ap-
plication to in-flight measurements produced by the
METEOSAT-I spacecraft in its transfer orbit. Very
simple spacecraft- and sensormodels are used. The
object is to show that for a well-observable

system the adaptive filter can cope with the re-
sulting modelling errors. Compared with previous
work, observability is improved by using more
flexible but still simple earth sensormodels.
Estimation results based on different combinations
of sun aspect angle,infra-red earth chord and mid-
scan rotation angle measurements are compared.

The paper is built up as follows. In section 2 an
outline of the modelling is given. In section 3 the
measurements are described in detailed mathematical
terms. Sections 4 and 5 contain a description of the
filter and some filtering results. Section 6 con-
tains conclusions.

2. OUTLINE OF SPACECRAFT AND ATTITUDE SENSOR
MODELLING

For the purpose of filtering the ESA meteorolo-

gical spacecraft METEOSAT-I is modelled here as

a rigid spinner without nutation. External tor-

ques, possibly acting on the spacecraft are not

modelled. With this model the spinaxis direction
and the spin velocity are constants.

The spacecraft attitude is described by the orien-
tation of the Body Reference Frame X with

respect to the Celestial Reference Frame X . Both
frames are orthogonal coordinate systems. The

Body Reference Frame X is a principal axis frame
with the Z_-axis choseh to coincide nominally
with the spinvector and the X -axis passing
through some fixed point in tge spacecraft equa-
torial plane. The Celestial Reference Frame X is
an earth centered equatorial inertially oriented

coordinate system, with the X -axis in the direc-
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tion of the vernal equinox of 1950, Jan 1.0.

The mutual orientation between the body- and ce-
lestial reference frames is described by three
angles Y, 6 and v. Starting with the X, system,
turning an angle ¢ around the X -axis yields an
intermediate reference frame X.. Another inter-
mediate reference frame X, is }bund by turning
an angle 6 around the Y -axis. Finally, the Body
Reference Frame is arrived at by turning an
angle | around the Zguaxis. The rotation matrix
T ., defined by

CB
)_[C = TCB (w.e.w) %

is then given through
cecy -cosy s6
1., = | SoSecy+cosy  -sesesysopcy  -Sece
~CSBCY+s05Y OPS BSY+SPCY opch

where C8 = cos(6), S0 = sin(®) etc.

It follows from the spacecraft dynamic model that
the spinaxis attitude is completely defined by
the attitude angles ¢ and 6 and that the phase
angle  is not relevant for the present study.

The attitude measurement system of METEOSAT-I
consists of two V-slit sun sensors and four pen-
cil-beam infra-red earth sensors. Measurements of
these sensors have been used in a preprocessed
form. Thus, for the V-slit sun sensors, slit
passage times preprocessed to angular velocity
and to solar aspect angle (Fig. 1) have been
used. A pencil-beam earth sensor measures times
of earth horizon passage. Of each earth sensor

the times of space/earth and earth/space passage,
converted to earth chord and sun-earth midscan
rotation angle (Figs. 2 and 3) have been used. In
table 1 the mounting angles with respect to the
spacecraft equator plane are given for the four
infra-red sensors.

For each of the infra-red earth sensors it is as-
sumed that both S/E and E/S passage times are af-
fected by unknown delays. The magnitude of the
delays depends in a complicated way on the geome-
trical configuration of sensor and earth, When an
adaptive filtering technique is used, this rela-
tionship can be modelled rather simply because

the purpose of the adaptation is to mask the re-
sulting modelling errors. It was assumed in re-
ference 2, therefore, that except in case of short
chord lengths, the resulting delay of an earth
chord measurement could be approximated by a con-
stant. However, it was found that such modelling
was not flexible enough to yield completely
satisfactory results. It was also found from plots
of earth chord measurement residuals based on an
ESOC attitude estimate that the delays varied ap-

proximately linearly in time (See figures 7 and 8).

In the present paper, therefore, the delay of any
earth horizon passage time is modelled as a linear
function of time. The earth itself is considered

to be a sphere with radius Rp = 6420.0 km (Ref.5).

3. MEASUREMENT RELATIONS

The measurements depend non-linearly on the at-
titude angles © and 6. Thus, linearized measure-
ment equations are derived to be used by the (ex-
tended) Kalman filter of section k.

3.1 The measurement data file

METEOSAT-I transfer orbit flight data were ob-
tained from an ESOC archive file. Specifically,
this file contained the following data: spacecraft
position in X, coordinates, unit vector from space-
craft towards sun in X, coordinates, solar aspect
angle, sun-S/E and sun-E/5 rotation angle and
earth chord per active infra-red earth sensor.

3.2 Sun sensor measurements

The sun sensor measurements are solar aspect angle
measurements (Fig. 1). The solar aspect angle

is related geometrically to the attitude angles

@ and ® through

cosXg=ig s1n8—1s 31npcosﬁ+1s cospcosd (1)
1 2 3
where i, , i, and i_, are the components of the
31 82 53
unit vector from the spacecraft to thesun ex-
pressed in EC' (3sun}c = (131.152,133) .

Linearization of equation (1) yields the measure-
ment equation (2) which is to be used in the
filter:

_(A B ﬁw)
st"(c c)(ée (2)
with
A= i_ cosweosB + i, sinpcos
S S
2 3
B=-i_ cosbB-i_ sinwsin® + i_ coswsin® (3)
81 32 53

(o]
1

sinXS

3.3 Earth sensor measurements

3.3.1 Infra-red earth chord measurements

Figure 2 shows one half of the trajectory traced
by an infra-red sensor over the earth, The fol-
lowing geometrical relation exists between the
earth chord y_ , the earth aspect angle s the
angular semi-Biameter of the earth & and the off-
set angle of sensor with respect to spacecraft
equatorial plane 6:

i . . 1
cos o cosXEs1n6 - 51nXEcosdcossYg (&)

The earth aspect angle X is related to the atti-
tude angles @ and © throu%h

1 : 5
cosXy = T (—xss1n8+2551n0c058—zsc090cose) (5)

where, X_,¥ ,ZS are the position coordinates of
the spacgerart®in the X, frame and r_ is the
distance between spacecFaft and centfe of the
earth. Equations (4) and (5) describe the relation
between the earth chord Y_ and the angles ¥ and 6.
The angle o is found fr

sin a = REfrs (6)

where RE is the earth radius.

Linearization of the equations (L) and (5) gives
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ovg = Cohy i) 59) (7)

where

Ag

(IB cos © + Z_ sinp) cosb

n

r_ sinxg

X, cos B+ (Ys sinp - Zs cos®) sin @

B, = = (8)
E rs s1in XE

ECOSXE cosﬁcos%Yg - sin XE sin §

C_= 0 :
[
E 31an cos 31n5Yg

The actually measured chord length y differs from
the geometric chord length y _ due to a delay of
an infra-red sensor. Denotinf delays of the S/E
and E/S passages by d., and 4, (radians) respec-
tively, it follows that

T=Y8+(d2—d1) (9)

For each infra-red sensor the delays d, and d2
are modelled as linear functions of time, i.e.

&, = u, + b, 88 5 @ "a,
where a,, b,, &, and b, are constants and At de-
notes the time gifference At = Al e When
solar aspect angle and earth chord measuréments
are used in the filter, the difference c=a+bAt

of the delays d, and d, may be estimated per sen-
sor. The delays can be estimated individually
when also the midsean rotation angle measurements
(see below) are used. Taking the delays into
account, the measurement equation (7) for a parti-
cular infra-red sensor becomes for both cases

+h2ﬁt (10)

ﬁyg=(CEAE CeBp 1 At) gug (11)
Sa
&b
and
675=ECEAE CgBp -1 -4t 1 L\t) g(g (12)
58.1
&b,
6&5_
bz

3.3.2 Sun-earth midscan rotation angle measure-
ments

In figure 3 the sun-earth midscan rotation angle
p_is defined. From spherical geometry it fol-
18ws that

os X = cosXg cosXy + sinXg 31an cospg (13)
where
1 4 y .
cos X= - (1s X, #ig ¥ kg ZS} (1k)
s 1 2 3
and the soclar- and earth aspect angles and

Xg 8re defined by equations (1) and (5). Thus,
equations (1), (5), (13) and (14) describe the
relation between the midscan rotation angle p
and the attitude angles ¢ and 6. g

Linearization of equation (13) yields

= g+ Beky M E+ B () O

where
-sin Xg COSXp * cospg cosxg sian
AM n sinX. sin)X_ sinp
0 B & (16)
-cosyg sian + cosp, sinxs cosyp
By sinyg siny, sinp,

end A,B,A; and By are defined by (3) and (8).

E
As for the earth chord measurement, the measured
midscan rotation angle p consists of a geometri-
cal part and a delay. Because the preprocessed
measurement is the average of two rotation
angles, it follows that

h= pg + {d1 + da}/2

where d, and d, refer to the delay of the S/E

and E/S passages respectively. When solar aspect
angle- and midscan rotation angle measurements

are used in the filter, the average delay

¢ = a + bAt per sensor can be estimated. Using
also the earth chord measurements the delays d
and d, can be estimated individually. The measure-
ment €quation for a specific earth sensor becomes
for these two cases

= A B
8py = (A T* By Ay * Byfp 1 At) g‘g
(17) i
and
& A B
o, = (AT * By AT+ BB
P it 3 3At) gtg (18)
69.1
&by
Sa,
8ba

4. THE ADAPTIVE FILTER

In this section the adaptive Kalman filter and a
recursive measurement noise variance estimator
are described. The emphasis in the description
is on the features that are different from the
plain Kalman filter.

4.1 Basic time- and measurement update

In the previous section different combinations of

measurements have already been mentioned. The

combinations actually considered in this paper

are

1. sun aspect angle and earth chord

2. sun aspect angle and earth chord and midscan
rotation angle.



120 G. MOEK & C.R. TRAAS

In both cases the attitude angles @ and 0 are
estimated. The remaining parameters depend on the
combination of measurements used. For combination
1. the earth chord delay parameters a. and b.,
i =1,...,4 defining the delay c, = a; + b, A%
are estimated, For combination 2. the earth hori-
zon passage delay parameters a.. and b..,
1= 1,00.44, j = 1,2 defining the S/E afd E/S
passage delays d.. = a,. + b,. At are estimated.
Thus, the dimensin of the sthte vector X is 10
or 18:

= T
X= (90 a b &, by a; by 8, bh)

or

X=(p8 a b a

1 1 12 b

12 %1 P21 8

T
Yo B3y by By By, 8, by
Because the state vector elements are modelled
as constants, the time update of the filter is
trivial in the absence of adaptation, The mea-
surement update itself does not differ from the
usual one in the extended Kalman filter, There-
fore, a detailed description of the basic time
update and the measurement update can be omitted
here. It suffices to remark that the actual
filter computations are done in square root form
because this gives better numerical performance.

L.2 Divergence, detection and adaptation

The simple modelling proposedin section 2 can lead
to filter divergence when no special measures such
as adaptation are taken. The filter divergence
problem may be sketched as follows, Between mea-
surement updates, state estimates are propagated
through the system dynamics model. Any errors in
this model as well as in the "input" estimates
will lead to errors in the propagated estimates,
The measurements, containing information about
the actual state are to correct such errors (in

a least squares sense). However, the weight on
the new measurements in the measurement update is
determined by the ratio of the uncertainty in the
measurements themselves (measurement noise va-
riance) to the uncertainty in the predicted esti-
mates at the time of the measurement as charac-
terized by the predicted error covariance matrix.
As the filter is unaware of modelling errors, the
error covariance matrix decreases monotonically
(at least in the absence of system noise) as more
and more measurements are processed. This results
in the measurements getting too low a weight in
the measurement update, i.e. the measurements
lose their corrective power. The estimation pro-
cess then gets governed largely by the system
dynamics. Thus, in case of modelling errors the
consistency between the actual estimation errors
and the computed error variances tends to get
lost. As modelling errors are virtually always
present (whether intentional or unknown), a mecha-
nism is needed to monitor filter performance. In
fact, any such a mechanism must be based on the
available measurement residuals.

The following algorithm is used to detect im-
proper filter performance or filter divergence.
Let z and 2" be the actual and predicted measure-
ment at the same time t. The difference r=z-2
is called the measurement residual at time t.
Writing

-~
r = M(X -X) +w

exact
where w represents measurement noise, it follows
immediately that

2

B{r?} = MAMT + o,

E{r} =0,
where2ﬁ is the predicted error covariance matrix
and g the measurement noise variance, When the
filteg does not operate properly for some reason,
the above statistics will generally not be satis-
fied. Therefore, two succeeding tests, based on
the measurement residuals are performed before
the measurement update.

The first test is whether

372 2 o 1 2

Bl + 1) >3 M R M kaL (19)
If this holds, then a switching paremeter c is
given the value 1, otherwise the value 0. This
stepwise variable parameter c¢ is used as input
into a second order low pass filter:

2
dy R
22 tepgrtP y=cp (20)

y(0) = ay/at(o) =0

The variable T is a normalised time variable such
that 0T T, = 1 for all k, whereas the para-
meter p is a %ilter constant. Discretizing eq.
(20), the output sequence ¥, 1is found. For

p = .223 the time constant of the filter (20) is
L.5 measurements which experimentally has been
found to be suitable (Ref. 2). For ¢, = 0, the
solution of equation (20) tends to zero, where-
as for ¢, = 1 it tends to 1. Experimentally a-
gain, itkhas been found that a second test on the
output sequence Yy, achieves much better discri-
mination between divergence and non-divergence
than the test (19) on the measurement residuals
direectly.

The second test is whether

Yisq > 015 (21)

If this test is satisfied, the filter is said to
diverge and an on-line adaptive action is per-
formed to restore proper filter performance,

When the second test is not satisfied, no special
action is taken.

When the filter is found to diverge, it is con-
cluded that modelling errors are present. These
are accounted for by introducing noise into the
system dynamic model. Thus, uncertainty is added
to the predicted state estimate which indirectly
increases the weight on the measurements in the
measurement update. In many cases a direct phy-
sical interpretation of the additional system
noise is possible, For the present application
this approach yields

X =T§g
where £ is a noise vector with statisties

E(E} =0, EEET) = he

and where the matrix ' distributes the elements
of £ suitably over the elements of X. The values

of the elements of A are controlled by the di-
vergence monitoring parameter y, . The time up-



ADAPTIVE FILTERING APPLIED TO METEOSAT-1 121

date which preceeds the measurement update is no
longer trivial for a diverging filter. The pre-
diction of the state vector itself remains un-
changed, but the covariance matrix prediction is
modified. Although the actual computations are

done in square root form, the result is described here
directly for the predicted covariance matrix.'Assuming
that T is a constant matrix and that £ is a step-
wise constant random variable between any two
successive measurements, it is found thab

o~ T
Kxﬂ T G nE By
A A
where G, , = (tk+1.- t, )T.A . is the basic pre-

dicted error coVariance matrix at time tk+1 e-
fore divergence detection and adaptation,
is the predicted error covariance matrix after
the divergence detection tests. It is equal to
when no divergence is detected and equal to
the above expression when divergence has been
detected indeed. For Ar a diagonal matrix is
chosen. Its form is dependent on the measurement
being processed, because only those elements of
are adapted that correspond with the state
vector elements involved in the measurement. Thus,
for solar measurements
2 At 0

For infra-red earth measurements (regardless of
the type) of semsor i (i=1, ..., 4)

c2
Ebi2

At o (:)
o At | 2
O] ©
At o o S -
(:) o At o
o o At
o o o At

row 2+ (i-1) = b + 1

o o o

Notice that here all matrices are defined for
the case of an 18-dimensional statevector, thus
when all three types of measurements are used,

For each type of measurement and each sensor a
separate monitgring parameter y is used and the
value of any or is determined by the y-parameter

corresponding xith the measurement under consi-
deration., Let O, be any (trivially) predicted
variance which §s to be adapted and let y . de-
note the divergence monitoring parameter involved,
Then the following algorithm is applied:

2 2 Az x

o, = o (y,,.-0.15) ify . > 0.15
2 - g

o = 0 if ¥y 4q 20415

Thus, in case of divergence (numerically defined
by Vieyq 2 0.15) the adapted predicted variances
become
~2 Az

™ {1+2(yk+] - 0,15)}

=0
k+1

It follows that 8> is multiplied by a factor

ranging from 1.0 ko 2.7, depending on the amount
of divergence as determined by yk+1—0.15.

4.3 Measurement noise estimation

The measurement noise variance of the infra-red
earth measurements is estimated on line using
the following set of equations (per sensor and
per type of measurement):

Aty g = B +0.05 {[t, -t | -4t}
N oge1 ™ Zead T %
e L
k+1 . 1

£ et 5
g k+1" k' (F
ey = & * 005 b & - &

2 Sy >
(8p)yer = (Sl t0.0ML{n, ~(, -t JEL 37 +
2
N
2 = el
(0, a1 = *‘{Sn)kn

The meaning of the symbols in these expressions
is

: time at which k-th measurement is avail-

ot

x able

z, k-th measurement
n : local measurement increment

§ : local rough slope ) of measurements as
£, ¢ local mean slope ) function of time
Sn : sample variance of n

2 5
cz : variance of z

The above algorithm is based on the assumptions
that the measurement -time function z(t) is a
linear function and that the variance of the
measurement increment is copstant. Under these
conditions the estimates (0 ), ,, can be shown to
converge to the actual measiurement noise vari-
ance. However, the algorithm has been found use-
ful also under moderate deviations cf these as-
sumptions and is therefore used in the present
paper.
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For sun sensor measurements the following ap-
proach is used. A number of n sun measurements

z; is averaged and processed as a single measure-
ment Z :

1 1

4“3

2]
]
=3 B

hE

The value of n ( £ 17) is determined from the
structure of the datafile. The variance of the
averaged measurement is estimated by

< T SR LI 2
L BE SRR )
By (1 +vV2/(n-1))

where the factor 1 + V 2/in—1) is used as a
correction factor to account for the fact that
the random sample on which the estimated vari-
ance is based is finite,

5. FILTERING RESULTS

In this section results of the adaptive filter
applied to METEOSAT-I transfer orbit data are
presented. In figure U4 the projection of the
transfer orbit onto the X -Y coordinate plane
is given. During 16 hours £hetransfer orbit has
been passed through about one and a half times
by the spacecraft. In the figure the various
manoeuvres and free-drift periods are shown.
Table 2 contains the spin axis attitude as esti-
mated by ESOC for the various free-drift periods,
Results are given for free-drift periods L and
2. To see what may be expected of the adaptive
filter under fully controlled conditions a simu-
lation of free-drift period U is discussed first.

5.1 Simulation of free-drift period k

For this simulation, earth chord and solar as-
pect angle measurements have been generated.
They are shown in figures 5 and 6. The following
truth model data apply to this case:

-spin axis right ascension
RA = 353.176°
- spin axis declination
DECL = -22.6L6°
- sun sensor noise
o_(sun) = 0.00024 rad
- earth sensor noise
cw(earth chord) = 0.0011 rad

The geometrical configuration is such that near-
collinearity (175 ) occurs at t = 5000 sec and
coplanarity around t = 4500 sec.

The simulated earth chord delays are shown in
figure 17, whereas their numerical values are
(time t in days, measured from the start of the
simulation):

- delay of first earth chord, c,=0,040-0,230 t
- delay of second earth chord, c¢,=0.029+0.276 t

- delay of third earth chord, c3=0.016—0.300 t

They are based on plots of earth chord measure-
ment residuals computed for real free-drift
period 4 using the ESOC spin axis attitude esti-
mate: RA = 353.2° and DECL = -22.6°. See figures
T and 8.

The filter was initialized with the following
values:

& =00 '&’a = 0.02 rad (i=1,...,4)
i
%'i = 0.0 &, = 0.10 rad/day (i=1,...,4)
i
Ra  =353.20° §, =1.15°
DEcL = -22.60° ¥ . = 1.15°
: DECL ;

Results are presented in figures 9 through 19.
Almost throughout, the actual estimation errors
are less than two computed standard deviations.
During the initial period the maximum error is
less than three computed standard deviations,
but the a priori error in the slope of the delay-
time function is also of this magnitude. Filter
divergence is virtually absent due to the fact
that no modelling errors were introduced. There-
fore, state variance adaptation is activated
rarely as can be seen from the plots of the
standard deviations.

During the time that only the first earth sensor
is active, the spin axis attitude estimates are
almost fixed. As the attitude is already fairly
well known there, the information from the
measurements is mainly used to update the delay
parameters.

This simulation shows that it is possible to
estimate in addition to the spacecraft attitude
both parameters in the earth chord delay models
of the sensors involved. Near collinearity and
coplanarity do not introduce any particular cb-
servability problems in this example.

5.2 Real free-drift period k4

The measurements available for real free-drift
period 4 are plotted in figures 20, 21, and 22.
The following combinations of measurements are
used in the filter. The number of each type
used is indicated between parentheses:

case 1. solar aspect angle (225)
+ earth chord (1030)

case 2. solaraspect angle ( 225) + earth chord
(870 ) +midscan rotation angle (870)

Based on a post-AMF orbit matching procedure
ESOC provides the following attitude estimates:

RA = 353.2°, DECL = -22.6°

with an accuracy of 0.1 degree.

Case 1

The filter was initialized with the same values
as used in the simulation of free-drift period

4. The results are presented in figures 23
through 30. Figures 23 and 24 suggest that an
average value for the constant spin axis attitude
is

RA = 353.1°, DECL = -22,6°

with an accuracy

o

= 0.05°, 0.10°,

%ga pEcL =
The difference between the estimated instanta-
neous spin axis attitude and the ESOC estimates
is consistently less than four computed stand-
ard deviations. For the spin axis declination
this difference is even less than 2 standard
deviations from about t = 5000 sec onwards.
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Near collinearity and coplanarity around t =
5000 and 3500 sec respectively do not seem to
cause special problems. However, a considerable
peak in the estimation errors occurs when the
third earth sensor loses earth coverage and at
the seme time the first earth sensor starts
operating. Due to the adaptation mechanism the
computed standard deviations are increased ac-
cordingly.

The estimated earth chord delays are shown in
fig.27. The on-line estimated earth chordmeasure-
ment noise standard deviations were found to con-
verge to approximately 0,0005 and 0,0006 rad for
the third and first earth sensor respectively.

Case 2

Results for free-drift period 4 when also the
midscan rotation angle is used in the filter

are shown in figures 31 through 39. The filter
was initialized with the same values as before,
except for the delay parameters. There were ini-
tialized as

‘?a"i.=0.0 & =0.02 red )

J ij ) i=1,...,4
P..=0.0 ¥ = 0.02 rad/day ) J=1,2

1) bij )

Recall that with the additional measurement
for each earth sensor four delay parameters are
estimated.

The estimation errors as compared with the ESOC
attitude are less than 3 to 4 computed standard
deviations. The magnitude of the divergence mo-
nitoring parameters of the sun and earth chord
measurements is similar to that for case 1. In
addition, the monitoring parameter of the mid-
scan rotation angle measurements of the first
earth sensor indicates rather strong divergence
around the change over from the third to the
first earth sensor. As a consequence, the esti-
mation process changes rather drastically as
compared with the previous case. The cause of the
modelling errors at this point is not yet clear.

The measurement noise standard deviation of the
midscan rotation angle measurements as computed
in open loop with the algorithm described in
section 4.3 is approximately 0,0003 rad for the
third and first earth sensor.

The computed standard deviation of the estimated
earth chord delays is of the order 0.0006 and
0.0008 rad for both sensors. For the estimated
delay of the midscan rotation angle measurements
these numbers are 0.0003 and 0.0005 respectively.

5.3 Real free-drift period 2

During free-drift period 2 only the third earth
sensor and the sun sensor were active. The fol-
lowing combinations and numbers (between paren-
theses) of measurements were used in the filter:

case 1. solar aspect angle ( 80 ) + earth chord
(310)

case 2, solar aspect angle ( 80 ) + earth chord
(280) + midscan rotation angle (280)

ES0C provides the following attitude estimates
RA = 4.0°, DECL = -25.9°

with an accuracy of 7,07 degree.
Near-collinearity occurs around t = 2500 sec.

Case ]
The filter was initialized with the following

~

a’i = 0,0 G, =0,02 red i=1,...k
~ Nl s

by = 0.0 0, = 0.10 rad/day i=1,..,,4
Lt ~ i o

RA =1h.0 ] = 1,15

~ MRA 0

DECL = -25.9 Gpp. = 1.15

Results are shown in figures 40 through Lk,
Figures L0 and L2 suggest as an average spin
axis attitude estimate for free-drift period 2

RA = 4.95°, DECL = -25.25
with an accuracy

= o L o
Bpq = 0-107, UDECL = 0.15
The difference between the peak values of the
right ascension and declination is about 0.25
and 0.35 degree.

As can be seen from the plots of the standard
deviations the adaptation mechanism is acti-
vated for a period of time around t = L00O sec.

Case 2

Results for real free-drift period 2 based on
the use of all three types of measurements in
the filter are shown in figures 45 through 50.
The filter was initialized with the same at-
titude data as for case 1. For the delay para-
meters the following data were used

~ ~
a;; = 0.0 Ga'i.) = 0.02 rad ; 1,0
s
Niow B0 = nd el ) TR
1] bij

As an average estimate may be taken here

M = 4.97°, DECL = -25.25°
with an accuracy of

3 o - . o
Gp = 0:90%, T =06:92

These attitude estimates as well as the esti-
mated earth chord delay of figure L9 are in
good agreement with the results of case 1.

6. CONCLUSIONS

Application of an adaptive recursive filtering
technique to METEOSAT-I transfer orbit flight

data has been described. Results were obtained
for free-drift periods 2 and k.

Delays of infra-red earth sensors have been
modelled as linear functions of time and were
estimated in addition to the spacecraft attitude.
Different combinations of sun aspect angle, earth
chord and midscan rotation angle measurements
have been used. For the first part of free-drift
period 4, during which successively coplanarity
and near-collinearity occurred, slightly better
results have been obtained using all three types
of measurements in the filter.
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Comparison of the estimated spin axis attitude
with a reference attitude for free-drift period
) based on a post-AMF analysis shows that the
maximum estimation errors are bounded by 3 to L
computed standard deviations.

Thus, it is concluded that the adaptive filter
can cope with the modelling errors caused by the
use of relatively simple models. With that, its
usefulness in practical filtering problems is
shown.
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TABLE 1

declination of IR sensors with respect
to geometric spacecraft equator

IR sensor declination
1 ¥ 3.75%
2 = R69°
3 + 22.60°
L - 49.88°

TABLE 2

Manoeuvres and free-drift periods.
Spin axis right ascension (RA) and
declination (DECL) during free-drift periods.

Phase RA . DECL Accuracy
Nutation damping

Free-drift 1 174.8°| -23.2° | 1.0 ®
Course manoeuvre

Free-drift 2 b.0°| -25.9 © | 1.0°
Fine manoeuvre

Free-drift 3 352.4° | 22,2 © | 0.15°
Hyperfine manoeuvre

Free-drift b 353.2%| 226 ® | 0.1 °
|IApogee motor firing

Free-drift 5§ 353.2%] <226 @ | 0.1 ©
Spin axis erection

Free-drift 6 115.9°| 88.86° | 0.3 °
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