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EFFICIENT ESTIMATION SCHEME FOR SPIN-AXIS ATTITUDE DRIFT IN THE KEEPING PHASE

K Kaku & M Horii
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National Space Development Agency of Japan
Ibaraki, Japan

ABSTRACT

This paper presents an efficient estimation scheme
for the attitude determination of spin-stabilized
geostationary satellites in the keeping phase. We
derive an estimation scheme based on an attitude
drift model. In this model, parameters (i.e.,
attitudes of epochs, attitude drift rate and
direction, and biases of measurements) are
estimated by the least square method from the
measurements of nadir angles. Furthermore, the
results of the verification of this scheme by the
telemetry data of the satellite on orbit is
explained. Also a future application plan of this
scheme will be explained.
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1. INTRODUCTION

An attitude of geostaticnary satellite suffers a
torque due to solar radiation pressure, which is
caused by the electromagnetic waves emitted by the
Sun from X-ray to radio waves. This torque causes
an attitude drift to a spin-stabilized
geostationary satellite (Ref. 1).

On the other hand, the attitude of a geostationary
satellite in the keeping phase has to be kept in a
required region in order Lo achieve the mission
reguirement. Then, we must estimate the attitude
drift and control the attitude with a certain
period. The accuracy with which the spin-axis
attitude can be determined is one of the key
elements that specify the period of the attitude
control manoeuvres.

Provided that the required region of attitude
keeping is sufficiently wide, attitude
determination may be done without considering the
attitude drift, i.e., using the attitude
determined by the constant attitude model in which
the attitide is constant with respect to time.
This is the reason why few discussions have been
made so far about the attitude determination in
the keeping phase in contrast with many

discussions about that in the transfer orbit phase
(Refs. 2-4). In fact, to date, all the attitudes
of the spin-stabilized geostationary satellites
launched by National Space Development Agency of
Japan (NASDA) were successfully kept in a required
region by means of the constant attitude model.
For example, the attitude of Geostationary
Meteorological Satellite-3 (CMS-3), which was
launched in 1984 and is now in operation, is kept
within the tolerance of 0.5 degree from the anti-
orbit-normal direction, and that of Communications
Satellite-2 (CS-2a and CS-2b) launched in 1983
were kept within 0.08 degree in the initial phase.

Provided that the required region of attitude
keeping becomes narrower, however, the attitude
drift has to be considered in order to improve the
attitude determination accuracy. The benefits of
considering the attitude drift are not only to
make the interval of attitude controls longer, but
also to make a precise attitude control possible,
which has been difficult by the constant attitude
model.

2. ALGORITHM

2.1 Attitude drift model

2.1.1 Basic equations. In modeling the attitude
drift, the following assumptions are made:

1) Geostationary spin-stabilized satellites in the
keeping phase are considered. Then, the
attitude is assumed to be almost perpendicular
to both the equatorial plane and the orbital
plane.

2) Spin-axis attitude equals to the angular
momentum vector of a satellite. Torque due to
solar radiation pressure, the only force that
we concern, acts on a point on the spin-axis of
the satellite.

3) Spin-axis attitude drifts with a constant drift
rate along a fixed drift direction measured
from the Sun direction over the time interval
concerned.

4) In order to treat the estimation time span in
which attitude control manoceuvres are
contained, we set attitude jumps, i.e., the
instantaneous attitude changes which correspond
to attitude control manceuvres. Here, it is
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Figure 1. Illustration of the system

assumed that the attitude drift parameters do
not change through the whole time span.

Let [ts,te] be the estimation time span. We divide
[ts,te)as follows. Let Iy=[tyi,tyiet) (i=0,1,... ,n),
where tyo =ts, tyami=te . Here, tyz (i=1,2,...,n)
represents the attitude jump time. Then, the
attitude drift equations may be written as

‘%@=wﬁuﬂﬂ+¢xuifﬂ (3
= I (8 T UN.

where li(t) is a unit attitude vector in the time
span Ij, ¢) is a constant that shows attitude
drift rate, ﬁvstt)+¢ is a unit vector defined by
the Sun right ascension {s(t) with a constant
bias ¢:

cos (ols(t) +¢p )
ﬁots(t)+¢ = |sin (ols{t) +9 ) (2)
o]

and X means a vector product. The attitude drift
is specified thoroughly by the attitude drift rate
e and the attituide drift direction ¢ measured
from the Sun direction through the whole span as
shown in Figure 1.

2.1.2 Attitude propagation. By integrating Eq.l
with an integration step AT, the following
solutions are obtained. Here, we assume that the
Sun right ascension Q&(t) is a constant ofs.t

in the interval [t,t+AT].

Qi(t+AT) = Q4(t) + wAT E«;«:Hﬂxﬂi(t)

= A(t+AT;t) Qilt) (3)
CHedDE T 5 L= 041y sn om0
where
1 0
A(t+AT;t) = 0 1

- WAT sin(dlsz+® ) @AT cos(okst+P )
W AT sin(ckt+ P
~WAT coslofgy+P ) (%)

1

Thus, the attitude propagation from @Oj(t) to
Qi(t+AT) is represented by the matrix A(t+AT;t).
The overall attitude propagation matrix is defined
as

= _obhitt)

PiE PltsE z =

(t,tor ,m.?ﬁ) 30 &€ 50(3) (5)
tel; , = 0l L., A

where the time toi is the epoch for the interval
Ii, and Qil(ter) is the initial attitude of the
attitude @i(t). Then, P is obtained as follows.
Let

B(t;tor) = A(t;tos +LAT)A(tos + LA T;tog +(0-1)AT)

. Altoy +2AT ;toi +AT )A( tor +AT ;toi ) (6)

where
[t- (tor+0AT)| < AT (7)

If t<{ topin Eq.6, AT must be replaced by -AT in
Eqs.4,6,7. Matrix B(t;tei) defined by Eq.6 is not
orthogonal, however, because of the calculation
scheme. Then, we transform B(t;tet) to an
orthogonal matrix by the Schmidt's
orthogonalization method.

P = P(t,tp,w, ) = orthogonalized B(t;ty;) (8)

Then, the attitude at an arbitrary time t€ Ij is
given by

Qi(t) = P(t,tor, 0,9 ) Gjltoy) (9)

te1; , T=0ds vy an
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2.2 Estimation model

The attitude drift is specified thoroughly by the
parameters o0 and(f.) . It should be recognized,
however, that this representation has a
singularity at @ =0, i.e., if @ =0, then ¢ can
not be specified. Thus, we introduce the following
variables in the process of computation to avoid
this singularity.

£
7

If the attitude jumps are set at time ty,tyz2,.--,
tyn in the estimation time span [ts,te], the
parameters to be estimated are represented by the
vector:

m

@ cos
? (10)

m

) sin?

L= ((Qof too) I (O tor) )T (Ol tan) )Y

gl?l b1|i)li b!."h!)-t (11]

which consists of the initial attitude Qli(toi) in
the interval I3, the attitudg drift ?arameter.-s g .
Z, and the data biases by, by, by, bp. Here, the
nitial attitudes @Oi(tod (i=0,1, ,n) are
always estimated and other six parameters can be
estimated or be fixed separately.

Estimation is carried out by the least square
method as follows. Let the observed data be

{%(th); J=1,2; k=12, ,N}, then the parameters
are estimated from the criterion

M o 2
328 7 {50t0)- (@(tw) @ (1) by~ by (te-tei))]
=1 =1
; ——> minimum (12)
with
Ot) = Qalt)

For BE T .. L5 0L, e 0 (13)

where the subsecript j denotes the j-th attitude
sensor and @(ty) is the unit nadir vector at time
te. The estimated parameters 3¢ is given by

~ e
X = lim XP
Preo
W= KP o Q) ) G fy(tn)- (Cte) @ () (14)

j=1 k=
- '%?-i%?(th-w )}

with
(15)

where the subscript p denotes the value of the

estimation parameters of the p-th iteration in the
estimation process. Here, some calculation
techniques are used. Since Zﬂ'}}:hﬂ:jh is singular, Q
has to be calculated as

Q ={§Ii‘@i@)h (16)

2 =
€L (0, oo (@alta) ... 050, ., (@4 t) E .. ,0)]
€500, .. (@it 5 oo 0O, oo, (O3t E oe. ,0)

L‘

And, when some parameters should be fixed, the
corresponding components have to be dropped from

%P, Crr and TCHCon -

2.3 Observation model

Nadir angles are measured by two Earth horizon
sensors mounted on the satellite. Then, the
observation equations are given by

Z; = coa"(&-e) + bj + i:lj[t—toi,} N S 5 R = 1

with

@ = BQalt) = P(t,tor, @, P ) Oiltod (18)

for: RETE 5 - P= 015 v on

where z; is the nadir angle measured by the j-th
attitude sensor, bj is the initial value of the
nadir angle bias, bjis the change rate of bjwith
respect to time, and € is the unit nadir vector
at time t.

For easiness of computation we transform Eq.17 as
follows. In the keeping phase it is reasonably
assumed that the nadir angle is approximately 90
degrees and the nadir angle bias bj 41')J~ (t-toi)

is sufficiently small, i.e.,

cos' (O-€) ¥ 90°
(19)

b; + imj(t-to: YSha,

5 i=1,2

Using Eq.19, the following transformed observation
equations can be obtained.

ut

YJ- cos z;

Y; =0-€ - b- bj(t-tei) ,

(20)
=g

where i is defined by Eq.13. In the estimation
process of the previous section, y; and ypare
regarded as the measurements.

For further calculations, the first-order
derivatives of the observation equations
€C; =%/ are necessary. Let the time t of data
bie in Iy =[tyg,tyi+1), then they are calculated as

3, D)/
£j=%=(o'-‘.'o'm’o'-"’()' 3;'3? 4
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S ‘,.JQ , 20

3b2” ap, + J=182 (21)
The components of C;j are
2% D
30u(Eed) ~ 3 aftor) {Ptt.tor, 2.7) Qactor)- €}

~ etpt(t,tai,,g,?)
DY ar 3 s
3@ = € 5Pt ter,8.7) @y (tor)
(22)

H=-dn

fﬁ- = —(t-ta)$j0 o

1,2

where 55! is the Kronecker's delta. The matrices
aP/a(g,?) are numerically calculated as

35 =(82Y' Pt toi, 3+43,7)— Plt tor, 5,7)}
(23)

_?% = (A1) {P(t tor, 5, 7480)-PUE tor. 5, 7))

For the interpretation of the derivativesaééniﬂbg.
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see Appendix.

3. VERIFICATION OF THE SCHEME

We carried out the verification of the scheme
using the telemetry data of Communications
Satellite-2b (C5-2b) which was launched in 1983.
The results of the verification are summarized as
follows.

3.1 Data span

Data span necessary for the estimation is
examined. From the standpoint of the estimation
theory the longer the span, the better. Provided
that we use the long data span, however, there is
a possibility that our assumption of constant
drift parameters is no longer satisfied. The
results are shown in Table 1. Judging from the
converged value, it may be concluded that data
span necessary for the estimation is at least
three days and appropriately five days.

3.2 Accuracy

For the purpose of examining the estimation
accuracy, we set a dummy attitude jump at time tj
in the estimation span [ts,te]. Let @o(t) and Q(t)
be the attitude in the time span [ts,ty)and

[ty ,te) , respectively. Then, the attitude jump
AB(ty) is defined by

AB(ty) = |Qy(ty)- Qolty )] (24)

Table 1. Estimated attitude drift parameters (CS5-2b, 1983)

Used data span Drift rate

Drift direction

Drift rate c) (degree/day)

@) (degree/day) ¢ (degree) for fixed ¢ =0
One day
Aug. 27 0.0699 349.92 0.0589
28 0.0386 333.54 0.0216
29 0.0271 354 .49 0.0250
30 0.0265 61.63 0.0302
31 0.0313 32.76 0.0391
Two days

Aug. 27,28 0.0298 34.41 0.0192
28,29 0.0182 340.11 0.0163
29,30 0.0142 9.90 0.0143
30,31 0.0173 §.17 0.0174

Three days
Aug. 27-29 0.0168 9.41 0.0168
28-30 0.0145 348.53 0.0141
29-31 0.0141 359.35 0.0141

Four days
Aug. 27-30 0.0151 3.77 0.0152
28-31 0.0142 349.56 0.0138

Five days
Aug. 27-31 0.0141 359.68 0.0144
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In principle AB(ty) is 0, since the attitude jump
at time ty is dummy. If AB(ty) is not 0, it may /be
attributed to the error of this scheme.
Consequently, we obtained AB(ty)< 0.01 degree.
Then, it should be concluded that the attitude
determination accuracy of this scheme is about
0.01 degree.

3.3 Comparison with other results

Estimation result is showen in Figure 2 with two
other results obtained by different methods.
Estimated attitude by our model, which is marked
by 'Q' in Figure 2, has an uncertainty of #0.01
degree from the above discussions. On the other
hand, estimated attitude by the constant attitude
model, which is marked by 'A' in Figure 2, has an
uncertainty in determining an attitude epoch. If
the middle time of the used data span, i.e.,
12:00:00(UT), is considered to be the epoch of the
attitude as is usually done in operation, the
difference between two estimated attitudes seems
to be large. If the beginning of the used data
span, however, is the epoch, the difference
becomes smaller.

An attitude history obtained by another method is
also presented in Figure 2, which is marked as
'@'. In this method the attitude drift rate,
represented as Fourier series of the Sun right

ascension, is estimated by the least square method
using the attitudes determined by the constant
attitude model. Apart from the epoch, an attitude
drift locus of our model is in good agreement with
that of this method. The epoch is different almost
one day, which seems to be caused by the
uncertainty of the constant attitude model in
determining the attitude epoch.

4. APPLICATION TO OPERATIONS

Using our scheme, we can improve attitude keeping
operations in the keeping phase. A standard
attitude keeping procedure is shown in Figure 3.
In this procedure attitudes are determined by the
constant attitude model using one day data. Errors
due to the attitude determination model are
absorbed by shortening the operation rest period.
On the other hand, new procedure using the
attitude drift model, which is shown in Figure 4,
can bring us much operation rest period and
simplify the operation procedure. In particular,
the new procedure is efficient in the case that
the required region of attitude keeping is narrow.

This new procedure is planned to be applied to the
future Communications Satellite-3 (C5-3a and
CS-3b), which are scheduled to be launched in 1988

A : attitude determined by the
constant attitude model using one
day data

Q : attitude history from 8/27
12:00:00(UT) to 8/31 12:00:00(UT)
by the attitude drift model

@ : attitude history from 8/27
12:00:00(UT) to 8/31 12:00:00(UT)
obtained from the estimated drift

rate by using the attitudes, from
8/12 to 10/31, determined by the
constant attitude model
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Figure 2. Comparison with other results
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by the H-I launch vehicle of NASDA. The attitude
of C5-3 has to be kept within the tolerance of

0.055 degree from the anti-orbit-normal direction
in order to achieve the mission requirement. This
severe requirement has never been experienced by
NASDA so far, and our estimation scheme will much

help the satellite operation in the keeping phase.

5. CONCLUDING REMARKS

An attitude determination scheme in the keeping

n-th
attitude control
manoeuvre

attitude control
manoeuvre interval

phase based on the attitude drift model has been
presented. Besides our drift model, many other
drift models may be assumed. For example, the
model with periodically changing drift rate and
data biases with respect to time can be
considered. Furthermore, the earth widths can be
used as measurements in the estimation process.
These were examined by Mr. Tohchi and Mrs. Aocki of
Fujitsu Ltd. Noticeable results, however, can not
be obtained compared with our model.

(n+1)-th
attitude control
manoeuvre

PN

one half one half
day L day | day a day
| 1 } i >
sensor data attitude operation sensor data "T' time
acquisition determination rest period acquisition @ttitude
determination
start time
ﬂ of next D
operation

* confirmation of manoeuvre

* estimation of manceuvre

manoceuvre L
> planning j—di

reflection of
manoeuvre

efficiency

Figure 3. Standard attitude keeping procedure

n-th
(n+1)-th
attitude control attitude control
manoeuvre manoeuvre
r ‘N
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- manceuvre interval
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days a day
1 1
T P T 1 L% >
sensor data attitude operation foe
acquisition  determination rest period

Il

L]

e confirmation of manoeuvre
estimation of manoeuvre
= next manceuvre time

manoeuvre planning

Figure 4. Attitude keeping procedure by the constant attitude model
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APPENDIX: GLOBAL ANALYSIS PROCEDURE
FOR SPIN-AXIS ATTITUDE

Usually the necessity of derivatives occurs in a
'local' analysis. Then any local coordinates,
e.g., the pair of right ascension and declination,
have been sufficient for the application. However,
the reference or centering point QL itself is of
'global' concern. In this mean, if possible, a
'global' analysis procedure is most desirable.
Here we show a simple and efficient representation

L

: sun direction

: earth center direction

: earth disk half view angle
: earth sensor mounting angle

of derivatives for functions on S* with some
examples (Ref. 5).

Let f(@ ) be functions of class C' defined on
{an area of) Sz={|ﬂe R3; Q- @ = 1}. Then, the
efirst-order derivative of f(fl), Vf(M@), is
defined as

Q) = F(Qo) +WI(QoMA -Qo)+ of |O-To|)  (A-1)

Here, Wf({lo) is a three-dimensicnal vector
tangential to S% at @ =M, and Vf(Qo)-(Q -Qb) is
the inner product of two vectors. Derivatives of
this definition as vectors are successfully
applicable to attitude analysis.

The calculation procedure for Vf({l,) is as
follows. A function f((&) on $2 is smoothly
extended to a function § of Ra. i.e.,

£(Q) = T(a1,02,03)

(A-2)

T(o-i,0.§,0%)

Then, the derivative Wf({L) is calculated by the
chain rule.

vHO) = ‘-}%v@- B+ gg}zv(a- 1) +;"—£vta—ih) (A-3)

Thus, it is sufficient to show a calculation of
V(D-W), where || is a constant vector, as

Figure 5. Geometry of spin-axis attitude observations
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ViD-Ww) =W - (- (A-4)

An efficient abbreviation notation is as follows.
A derivative Wf(QL) is known to be tangential to
s2 at @& S%. Then, VI(Q)+EQ with any scalor £
can represent Wf(@ ), and the notation '~' is

introduced on behalf of '="'., Then, we can write

VIO ~ W (A-5)

Some examples are shown. Let the notations be as
Figure 5. The following observation equations are
given.

sun angle

%= sin' (&-S)

nadir angle
ec: cos-l(ﬂ'f.)

(A-6)
earth width

o = 2 cog‘{(cosﬁ -sinf@-@)/(cos¥y 1-(Q-& > J}

dihedral angle

P - tan {0 ($x@)/(S-€-(0:5 ) (Q-€))}

Then, the derivatives of these functions are
calculated as

-1
V5 ~ (cosPs ) S
Ve~ -(sin@e) €

g =1 (A-T)
v¢e~ 2(tank sin“Be) &

V\va (si anB:i.n&)—I {sin\P (cosBeS+cosfs® ) +cos\Y SKG!}

When the vector nature, i.e., row or column, of
the derivative should be specified, it is
understood as a row vector.



