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Abstract determine the spacecraft’s attitude
Shuster’s algorithm for spin-axis accurately before and after the maneuvers.

determination is extended to include sensor bias
and mounting angle as its solve-for parameters.
The relation between. direct and derived
measurements bias is obtained by linearizing
their Kinematic equations. A one-step
least-square estimation technique referred to as
the 'closed form’ and the
solution provides a more refined and decent

initial

solution is used,
guess for the subsequent
within the
The modified algorithm is
attitude determination of a GEO
communication satellite in transfer orbit, and

filtering

process contained differential
correction module,

applied for

its results are presented.

Introduction

Many satellites are
all of their
Koreasat will be
during its

during part or mission. For

example, spin-stabilized
transfer 3-axis
orbit.[1]
Shown in Fig. 1 is the mission sequence of a
typical GEO commnunication satellite. While
orbit, the orbit and
attitude of the spacecraft are determined as
accurately as possible and the spacecraft
performs several attitude maneuvers such as

spin-rate

orbit and

stabilized during its mission

in the transfer

adjustment or spin-axis
reorientation upon ground commands for the
orbit Earth acquisition

In order to plan or evaluate its

insertion and
maneuver,

attitude maneuver,

spin-stabilized

it becomes necessary to

Also hardware-related parameters such as
sensor bias and mounting angle need to be
correctly determined to maKe sure that they
endured the launch environment and are
performing as expected.

The well-established

estimation

least-square
technique has been extensively
used for this purpose.[2],[3]. One of its
implementations is a differential correction
scheme, which will iteratively determine the
final attitude if it converges to the right
differential

solution. However, most

correction scheme require a gocd initial

guess which is sufficiently close to the
solution. This is because the algorithm is

inherently based upon the assumption of

linearization. Wertz has developed several
deterministic methods which use the right

number of measurements.{4] Shuster used

"derived’ measurements and obtained a

one-step differential correction algorithm
which does not need any initial guess. [5]

In case of Koreasat, one runs the
attitude determination S/W module to process
Sun sensor and Horizon sensor telemetry data
which are downlinked to the ground station.
(cp)”

which is based on Shuster’s algorithm, is

First “Closed Form Solution module,

run to obtain a decent initial guess for the

following full-scale "Differential
Correction (DC)” module. Although the CF
module vyields quite good results in the
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presence of a relatively small sensor bias,
it is still possible that the CF module
provides totally wrong information to the DC
module because the CF algorithm does not
include the sensor bias as its solve-for
parameters,

Therefore the purpose of the present

paper is to extend and improve Shuster’'s
algorithm for the attitude and sensor bias
determination of the spin-stabilized
gpacecraft, and verify it through extensive

numerical simulation,

Measurements and Shuster’s algorithm
Assuming that Sun and horizon sensors are
measuring devices and assuming a torque-free
motion, Fig. 2 describes the geometry of a
typical measurement set wused for the

determination of spin-axis orientation as

defined in Fig. 3. In Fig. 2, p, %},and ®

denote direct measurements which are,
respectively, Sun angle, half of Earth
width, and Sun-Earth rotation angle. If we

use s, e, andg to represent sun, nadir, and

attitude (spin-axis) unit vectors, the
following measuremet eguations are obtained

by wusing the spherical trigonometry. That

is,
B =cos Ms+a) + Bp (1)
Q ‘ —
R e PR
- -1 a-n
P =tan [ T e (s e g ]+¢n (3)
where p= Earth radius angle, cosN=ga- e,

n=sxe, Y= Horizon sensor mounting angle,
and the subscript B denotes corresponding

measurement bias. The orientation of

attitude vector T

a=(ay,azua3)’ is related to

angles a(right ascension) and 3{(declination)
as can be noted from Fig.3,

a1= Cosacosd

az= sindcosd (4)
a3=sind
In Ref.[3], direct measurements as defined

in Egs. (1)-(3), are used to determine

x=(a, S,Bn,QB,fbn,nT iteratively,

Shuster’s algorithm assumes no bias and

uses “derived” measurement equations as
follows.

cn= Si*d

Cw= €i° Qa (5)

co= ni'ga

where cp,= cosPBi. cv,= cosTi, ce,= sinBisinn;sind;,

and i denotes the i'™ measurement set. Then

one may find g (insetad of « and 3) such

that it minimizes the cost function,

N
J= ,;{ (co- si- @ op}? +
(cn- €i * @)% 002+ (co- ni * @) 0a2} (6)

subject to the constraint Igdl=1, Readers are
referred to Ref,[5] for further development,

the beauty of the
method lies in the fact that it
attitude

although a slight complication

Among other things,
above
requires no initial guess for
vector g,
variances

aries for the calculation of

( 0p2, 0472, 002) of “derived” measurements from

those of direct ones. Also nadir angle n
needs to be determined by combining direct
measurements, There are several methods for

this purpose.[4]

Extension of Shuster’'s algorithm
With small biases,
yields a

Shuster’s algorithm

decent initial guess for the

subsequent least square differential
which will eventually
determine the attitude and bias. However, if

relatively

correction module,

large measurement bias are
present, Shuster’'s algorithm may result in
poor estimates. Then it will take more
computing time and iteration to converge to
the right solution,

One remedy to this problem is to include
the measurement bias as a solve-for
parameter, With bias correction, Eq. (5) may
be written as

cos(Pi-Bs)= si-a
cos(Mi-Np)= gi- a o (7
sin(Bi-PBp)sin(ni-np)sin($;-¢p)= n; - g

Assuming that the bias is small enough, Eq.
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(7) may be rewritten as

o= Si+a - PBpsinh;
Cw= et g - Tpsin; - (8)
ce,= nica + BpeosBisintlisind;

+ NpsinBicosnisin®; + dpsinb;sint;cosd;
In Eg. (8) 6p and ®p are bias for direct
measurements as can be seen from Egs.
(1)-(3), but np is not,
Referring to ‘Fig. 2, one uses spherical
trigonometry to write

. . ) Q
CcosSP= cosYCcosT + sinTsinTeos ( ._)‘) (9)

cost= cosbeosn + sinBsinncos® (10)
One may solve for nadir angle n using either
Eq. (9) or (10) with the constraint,

cosn® + sinm® = 1 (11)

However this . approach will result in
multiple soiutions and the signr ambiguity
should be resolved. Shuster suggested that
Egs. (9) and (10) be simultaneously solved
for sinm and cosn to give

sinm )

= {¢ -1
N =tan ( cos N

cosWcosY = -cospcosh

= tan ! B)
- cos¥sinYcos TZ‘*‘Sh]BCOS¢COSD
(12)

However Egs. (9) and (10) may not be

satisfied due to measurement errors
Therefore, if sinn and cosn obtained from Egs.
(9) and (10)
(11), that particular data set

should be discarded.

violate the constraint, Eg.
too nmuch,

With the bias-corrected measurements {if
any), such a data set is more
likely to statisfy Egs. (9) and (10), and
Eq. (12) may be modified to

tan(n-ng)=
cosWcosY~cospcos (B-Pp)

there are

- cosUsinycos( 4%‘*Qu)+Shl(B‘Bu)COS(¢~¢n)COSD
(13)

Similar to bias-corrected measurement
equations, one may linearize Eq. (13) using
the assumption of small bias and assert that
error contributed from bias on both sides be

equal.- This will result in,
N = kiBa+kofln+ksbg (14)

. . Q
where ky=-(cospsinBcostsinycos =5
I+
+ cosfeosveosbeosteosp - cos 2peos /A’
- . Qe
k2==(cosWcos Y- cospcosP)cosysinysin 5 /A%,
. 2
ka=(cosVcosY-cospcosB)sinBsin®cosp/A”,
. Q . ,
A=(- cos¥sinycos j§'+su1ﬁcos¢cosﬂ)/Cusﬂ

Tf Eq. (14) is substituted into Eq. (8)
and the
rewrite Eq. (6), then we obtain

resulting equation is used@ to

N .
J = 20y H) Wil vi~Hix) (15)
where vi={cp cnco), x = | gT Bp Qs op)7
§iT -sinB; 0 O
H; = Eir fiog hos hos
ni’ hu has hs
ho@a+py = —-sinmik; , j=1,2,3
has = cosBisinngsin®;+k1sinB;cosnisind;,

his =" kasinBicosnisingd;

hi = sinB;sinnNicos®i+kasinBicosn;sind;

1 .
00.'2 O O
V. = 1
Wi 0 P 0
1
0 0 P

Note that the solve-for state vector x is

extended to include ‘sensor bias and any

reference to or initial guess of the
solve~for state vector x is not required to

evaluate the matrix H;. To this parameter

estimation problem one may apply the 'usual’
batch estimation algorithm. More details may
be found in Ref. [5].

Simulation and numerical example

To show and validate the usefulness of
the current extension to Shuster’s original
algorithm,

extensive simulation has been

performed. A simulated measurement data set
has been generated using a Kknown solution

and Gaussian noise with various 1levels of
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measurement bias. The attitude and orbit are

assumed to be torque-free and two-body
Table 1 shows the

true solution and noise characteristics,

Keplerian, respectively.

Shown in Table 2 is a typical example
from which one may notice that the extended
algortihm yields good estimates of sensor
bias, (4)-(6), the z-axis denotes
attitude

In Figs.

error in estimates

[V (d-dyue) + (D=01ue)] and the x- and y-axes

are the corresponding sensor bias used for
the simulated data set. And the upper and
lower surfaces, respectively, correspond to
Shuster’'s and the

algorithms, It is

results from extended
apparent from Figs.
(4)-(6) that the extended algorithm tends to
result in more accurate estimates of the
attitude than Shuster’'s in the presence of a
moderate range of sensor bias. However, both
algorithms

yield poor estimates for the

extreme situation.

Conclusion

Shuster's algorithm is further developed
so that it can be used to obtain estimates
of spin-axis
well., Numerical simulation shows that the
extended

attitude .and sensor bias as

algorithm yields more accurate
estimates of attitude than Shuster’s. The
results may be used as a more decent initial
guess to the subsequent estimation program

such as differential correction.
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Table 1. Characteristics of simulated

data set
True are = 105,48 deg.,
attitude Sie = —8.39 deg.
semi-major = 24947.5 Km
Transfer Eccentricity = 0.6901
. Right ascension of ascensding
orbit node = 149 deg
elements :

Argument of perigee = 358 deg.
Inclination = 20,39 deg.

No. of measurement I 778
Mean(deg. ) Variance
Noise p | -8 x 107 0.32
statistics| o | 2 x 107 0.34
o | 2x 107 0.29

Table 2. Example of sensor bias

estimation
Solve for | True | Shuster |Extended
variables | value |algorithm|algorithm
a(deg. ) |105.48| 110.11 104,88
s{deg.) | -8.39 | -5.09 -7.88
pa(deg.) | 5.0 N/A 5.58
2,(deg.) | -5.0 N/A -6.59
tn(deg.) | 5.0 N/A 5.86
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: Launch
: Injection into GTO
Separatlon from upper stage
wnh 50 RPM sB‘ln)
espinlo S RP
Precess to PON (Apoges 1)
: Precess to AKM firing attitude
Spin up to 50 RPM (Apogee 3)
: AKM firing (Apogee 6)
: Despin to 5 RPM
: Precess to PON
: Despin to 3 RPM
10: Dual spin turn , Earth lock and
Solar array deploymenl
11: Station acquisttion
12: GEO operational mode
- Stalion-keeping
- Orbital mansuver
- Station repositioning
- Attitude control
13: Final orbit rasing

lOG)\ICD uusco N—'O

Fig 1. Launch Sequence of a Typical GEO
Satellite

Fig. 4 Simulation results

. (x=PBp, y=Qp, 9p=3 deg.)
Notations

: Attitude unit vector

: S/C to Sun unit vector

: §/C to Earth unit vector
: Sun angle

: Nadir angle

: Earth width angle

: Sun to Earth rotation

angle
. Horizon sensor mounting

angle N 5
p : Earth radius angle
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Fig 2. Measurement geometry 5

Fig. 5 Simulation results
(x=pg, y=0p, Q=3 deg.)

b_ :Angular momentum unit vector
EXYZ: Inertial system

‘Transfer orbit

X

Fig. 3 Spin-axis attitude vector

Fig. 6 Simulation results
(x=Qp, y=®n, p=3 deg. )
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