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Science Platform and Attitude Subsystem In-Flight Calibration
for the Galileo Spacecraft

Samad A. Hayati* and John Y. Lait
Jet Propulsion Laboratory, California Institute of Technology, Pasadena, California

This paper presents a design methodology and the results of an in-flight calibration simulation study for a
combined star scanner/gyro/scan platform for the dual-spin Galileo spacecraft. The design process involves
three separate steps: the construction of an error model, the development of the calibration model, and the
selection of the appropriate estimation technique. A major innovation is the development of these models, which
are unique to the Galileo design. A unified procedure was developed to allow simultaneous calibration of the
three subsystems. However, provisions were also made in the software to calibrate each subsystem separately

whenever the necessary a priori information is available.

I. Introduction

HE dual-spin configured Galileo spacecraft, scheduled to

be launched in 1986, will orbit Jupiter to conduct
scientific investigations of the planet and its satellites. A
probe, which will be released prior to Jupiter orbit insertion,
is programmed to follow an impact trajectory for atmospheric
investigations. For attitude determination (AD), the
spacecraft is equipped with a star scanner that can detect stars
and their locations with respect to the spacecraft body frame.
In addition, two dual-axis gyros are employed for inertial AD
whenever the star scanner is inoperative during certain phases
of the mission (e.g., maneuvers). The gyros are also used to
stabilize the science platform for inertial pointing of the
various instruments mounted on it.

To satisfy the stringent requirements for attitude deter-
mination and control and the science platform pointing,' it is
necessary to calibrate the attitude sensors as well as their
mounting and structural misalignments. To assess these
errors, both ground and in-flight calibrations are required.
For in-flight calibration, the basic approach is to compare the
celestial sensor data, which is obtained from the star scanner
or platform-mounted imaging subsystem, with inertial sensor
data from the gyros. Any discrepancy in these measurements
is assumed to be caused by various subsystem error sources,
which can be estimated. The error estimates are subsequently
uplinked to the spacecraft for improved AD.

In Secs. II and IIl the spacecraft configuration and the
sensors are described. In Sec. IV, modeling of the various
error sources is defined. The calibration algorithm is
described in Secs. V and VI and the simulation results are
presented in Sec. VII. Section VIII provides a summary and
conclusion.

I. Spacecraft Configuration

Figure 1 depicts the deployed Galileo spacecraft. It is
comprised of three major parts: the spun section, the despun
section, and the entry probe.

The spun section, or rotor, carries an unfurlable high-gain
antenna, which is normally Earth pointed with an accuracy of
3.1 mrad (accuracy figures correspond to 99.73%
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probability), a V-slit star scanner, a retropropulsion module
composed of a single 400 N engine, two clusters of 10 N
thruster pods and fuel tanks, the radioisotope thermoelectric
generators located on two booms, and the science boom that
carries the fields and particles instruments. When operating in
dual-spin configuration, the rotor spins at 3.15 rpm to induce
a large angular momentum for attitude stabilization.

The despun section, or stator, carries the scan platform, the
despun electronics, the probe, and the probe relay antenna. In
the dual-spin mode, the stator provides pointing capability for
the scan platform. Two actuators articulate the scan plat-
form. The first, the clock actuator, rotates the stator about
the rotor Z axis and the second, the cone actuator, slews the
scan platform about the stator Y axis. The rotations are
sensed by 16 bit optical encoders with 20 arcsec resolution.

III. Sensors

The rotor-mounted star scanner is employed as a celestial
sensor for the Galileo spacecraft. It consists of a set of
refractive optics that project the star field images onto V-slit
reticles. One of the slits, called the clock slit, will provide the
clock positions of the stars detected on the spacecraft body
frame. The other, termed the cone slit, is slanted with respect
to the former to provide the cone positions of the stars. To
evaluate the star cone and clock position requires that spin
rate information be available. In general, spin rate can be
determined from the repetitive star pattern over several
revolutions. However, an a priori spin rate estimate from a
different sensor, e.g., sun sensor and gyro, is still required for
initialization.

Accurate determination of the spacecraft inertial attitude is
accomplished with a pair of position sensing two-axis gyros
mounted directly on the scan platform. The two gyros and
their pick-off preamps are housed in the gyro sensor
subassembly (GSS). The input axes of the gyros are oriented
to measure spacecraft motion in three orthogonal directions.

The imaging science requirements impose scan platform
pointing accuracies of 3.4 mrad for a single frame and 0.125
mrad for frame-to-frame imaging. The SSI camera has an
800 x 800 element charge-coupled device (CCD) image sensor
array (8 x8 mrad field of view) composed of solid-state
silicon detectors. The camera, in addition to obtaining high-
resolution images of the Jovian system, is used for optical
navigation.

IV. Error Sources and Modeling

The error sources are represented by small angle rotations
about each of the axes of 2 nominal coordinate cuctam lictad
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Table 1 Coordinate system definitions

1) Earth mean equator and equinox, epoch
of 1950, £

An inertially fixed
coordinate system
(Ref. 2)

Computed from the
onboard estimate
of the initial
attitude; see Fig. 1.

Rot*(~46,,3) from S

, =clock encoder
reading

Rot (x,1) Rot ({,2)

Rot (7,3) from R

x, {, and y constant
angles

5) Star scanner slit coordinate system, x=1: Rot (Av,3)

Li,i=1.2 from 3
1i=2:Rot(B,1)
from

Nominally identical
toS

Rot (m+¢,, 2)
from C

¢, = cone encoder
reading

Rot (—7/2,3) Rot
(37/4, 1) from P

9) Solid-state imaging camera coordinate Nominally identical
system, / to P
10) Line and pixel coordinate system, LP See Fig. 2

2) Stator coordinate system, S

3) Rotor coordinate system, R

4) Star scanner bore sight coordinate
system, B

6) Cone gimbal coordinate system, C

7) Scan platform coordinate, P

8) Gyro system subassembly coordinate

4Rot (a,i) =rotation by an angle « about the ith axis. The order of rotation is
from right to left.

in Table 1. When there exists an a priori estimate from either
ground or previous in-flight calibration, the error vector can
be divided into two parts

e=e+0 ¢}

Here, e represents the a priori estimate and 4 is the variation
about e to be estimated.

Most likely, the axis of rotation will not be one of the
reference axes. The general direction cosine matrix relating
two coordinate systems is given by

27 =Icosy + (1 —cosy)ddT — (dx)siny )

Coordinate system 2 is obtained by rotating coordinate system
1 at an angle y about a unit vector d.

The x operator for vector d= (d,,d,,d,) T is defined by

0 -d, d,
| 4. 0 -—d, 3)
—-d, d, 0

When v is small, the orthogonal transformation T/ is ap-
proximated by

2 =]— (Yd)x )

Since vector additions apply to small-angle rotations, ¥d can
be represented by three rotations about the coordinate system
axes; thus,

P =J—ex )

Three separate coordinate systems are defined for each
subsystem: nominal, predicted, and true coordinate systems.
A predicted coordinate system is obtained by e rotation of a
nominal coordinate system. Similarly, a true coordinate
system is arrived at by rotating the predicted coordinate
system by 6. The following relations exist between these three
coordinate systems:

2T! =nominal transformation from 1 to 2
2T! = (I—ex)?T! =predicted transformation from 1 to 2
211 = (I—-6x)? T! =true transformation from 1 to 2

When there are several error rotations in a sequence of
transformations, they all may be mapped to a desired
coordinate system. If e; is defined in the ith coordinate
system, the true transformation relating the coordinate system
0 to coordinate system # is

n—1

nfl\o: H (I_en_’_x)n—iTn—i—l

i=0

If e is the resultant of all the error vectors defined in the
coordinate system #, we have

0 = (J—ex)"T? (©6)

where
n—1

nTO = H n—iTn—i—I

i=0
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and e is given by n=1i
e=e,+ Y, "Tie oM
i=1

Since the onboard AD requires only the orientations of the
slit normal vectors in the rotor coordinate,® the scanner
misalignment errors are lumped into two error rotations
about the X and Z axes of each slit coordinate system. The
true slit normal can then be expressed as

0 1 clock slit
n,=(/+e;;x) 1 , i= &)
0 2 cone cone

where e, ; are the slit misalignment error vectors.

Misalignments for each gyro input axis are modeled by two
small angle rotations about the two orthogonal axes per-
pendicular to its nominal orientation in the G coordinate
system. The true rates in G are given by

ws =Ew &)

where E is an error matrix defined by

1 -€, —€
E= €4 1 e
—es e —1

and wis the body rate along the three-gyro input axes.
To account for the scale factor, drift, and random
measurement error, the following gyro model is assumed:

w= (I+K) (0 +v5) +d (10

where K is a diagonal scale factor matrix, w,, the measured
rate vector, »s the random measurement error vector, and d
the gyro drift vector.

By expanding Egs. (9) and (10) to the first order, w; can be
written as

W =Q+Dbg+Frs =0+ o, (a1
where

Q=E[(I+K)wy+d], F=E(I+K),

o
b= o4
68
and
Whg; 0 0 1 0 0 —wyy —wup
D= 0 W 0 0 1 0 0
0 0 — Wys3 0 0 -1 0

In the above equations, K is the predicted scale factor matrix
and 6 the variational vector of the scale factors obtained by
subtracting the diagonal elements of K and K,

b,=d—d, 6,=1{¢e,—e,,...,es—es]7

To evaluate the predicted transformation ¢ 7% from €, the
differential equation

%(GTGm:—mx)Gm (12)

10 e . ~
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Due to the presence of the unknown w, in Eq. (11), the true
transformation ¢T% can be defined as

G100 = (I—ex) @ TG0 (13)

By differentiating Eq. (13), a differential equation can be
obtained for the error vector e as

é= — () e+ w, (14)

Note that the product term between w, and e is assumed to be
small and negligible. Equation (11) indicates that w, contains
both systematic é; and random » elements. Therefore, € can
be considered separately by virtue of superposition of a linear
system. Let

€e=¢€g+¢€p
then
ég=— (Qx) €5+ Dbg, €s(0)=0 (15)
and
ér=—(MWX)er + Frg, € (0)=0 (16)

8, can be assumed to be time invariant during the calibration
period; therefore,

e=Gbg + ¢ amn

where the partial matrix G is obtained by solving the matrix
differential equation
G=-(2)G+D, G(0)=0

All the error sources affecting stator to scan platform trans-
formations are modeled by rotational error vectors e. about
the nominal cone gimbal coordinate system (see Table 1 for
definitions). A small angle rotation about the Z, axis
represents the clock encoder null offset plus the clock
misalignment of the cone gimbal. The cone gimbal nonor-
thogonality with respect to the spacecraft Z axis (or the stator
Z axis) is accounted for by an error rotation about the X,
axis,

The cone encoder error is modeled by a rotation about the
scan platform Y axis. Due to hysteresis errors in the cone
encoder readings, the error magnitude depends on the
direction of the last slewing of the scan platform

0=0,,—eysgn (Al) —ey (18)
where 4 is the true cone angle, 8,, the cone encoder reading,

ey the hysteresis error, ey the cone encoder null offset, and Af
the last cone angle change.

0 0 0 0
W3 @ 0 0
0 0 — Wayy Waga

These error rotations are defined by e as
eC=(eCX,—eN—eHsgn(AO),eCZ)T (19)

and hence the transformation between the S and C frames is
given by
CPS = (1-e,x) TS

Three small angle rotations model the SSI camera boresight
misalignments and are designated by e;. In addition to these
misalignments, an error model for the optics must be con-
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Fig. 3 Star scanner misalignment errors.

pressed in the I coordinate system to its image line and pixel
coordinate (Fig. 2), is

HEMEAN
= +— (20)
P Po ulz u[y

where (L,,P,) are the line and pixel coordinates of the center
of the image plane, k the scale factor, and f the focal length.
The errors associated with the camera optics are e, and e;.

To initialize the gyro attitude at time ¢=0, the onboard
rotor attitude is utilized. The corresponding initialization
error is denoted by e 4, and hence

RoTE=(J—e, x)Ro TE @en

V. Calibration

In general, in-flight calibration is the process of estimating
error parameters by using data received from the spacecraft.
The calibration model is a set of observation equations that
relate the error model parameters described in Sec. IV to the
quantities measured by the actual system. Since, in general,
the star crossing times for the star scanner do not coincide
with the imaging times, two scts of observation equations are
derived by considering two paths: the star scanner/gyro path
and the SSI camera/gyro path.

To define an observation model for the star scanner/gyro
path, the orthogonality condition of the star vector (s) and the

" slit normal vector n; is utilized. To express these two vectors
in the same coordinate system, a series of transformations are
required to map n; to the E frame using the gyro information
as

ERyg RypSpy SpCp CoPy PyGy GyG GP
sT T T T T T T 7T

PC CS SR RL;

T T T T n=0 (22)
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Equation (22) may be written as
EL; EL;
sT T ;=87 T (I+6x)n,=0 23)

Using the error models developed in the previous section, the
equivalent error vector (9;) can be obtained from Eq. (23) to
the first order as

6i=CiEB’ i:I,2 (24)
where
L; Ry LICy Lic LI G LiG
C,=[ T T Ny— T N, T GU0;5,; T]
L2Ry L2Cy L2cC L2G 12G
C=[T T Ny— T N, T GO0 U T

1 0 0

!
M1 0 0 0
N,=1 0 -—sgn{af(s)] -1 O
L0 0 0 1
€ =18}, (8¢x:01,0n,00,),05.07 1,85, ¢k 1 = Leh, ekl (25)

By expanding Eq. (23) and substituting from Eq. (24), an
observation equation can be established.

ELi ELi
sT T nj=s7 T (n;x)Cieg 26)
o ni=Hep

The error vector ez consists of a total of 26 error sources, of
which the first 23 errors (¢p) can be assumed to be time in-
variant during the calibration period. In addition, there are
other error sources, such as the star scanner transit time errors
and the clock/cone encoder resolutions, which are random in
nature. However, they can all be lumped together as a single-
measurement noise (rgz) with covariance R to give

pi=Hieg+vp 27

At each star transit, the scalar u; and the vector H; can be
evaluated from telemetry data for estimate updates.

With €, assumed to be time invariant, and using Eq. (16),
the system equation can be defined as

2 -

X + By (28)

1
™| lal
= T
[

I

S
I
-

Since the observation equation is valid only at discrete time
points (star transits), it is necessary to discretize the system
equation in order that the Kalman estimator can be applied.
So,

Xk+D)=¢(k+1LKYX(kY+F(k+1) 29)
where .
b(6,t)) =A(D)B(4,Ly), b (Lg,ty) =1 (30)
and
k+1
I‘(k+1):gk ¢ (k+1,7YBrvgdr 3n
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It can be shown

E{T'(k+1)}=0
k+1
E(T(k+1)TT(k+1)} =Sk ¢ (k+1,7)BOBT¢T (k+1,7)d7

=Vp(k+1) (32)

where
E("G(TI)VZ(Tz) }=Q6(1; —715)

To improve numerical efficiency, it is desirable to express
the covariance marix Vy(k+1) as a differential equation
rather than as an integral equation. By differentiating Eq.
(32), it can be shown that Vr(k+1) can be obtained by
solving the Riccati equation for § as

S=AS+SAT+BOBT

Since A is time varying, S(k+1) can be obtained by
numerical integration from k to (k+ 1) with S(k) =0 as the
initial condition. Then V7 (k+ 1) is equal to S(k+ 1). Having
defined the system noise covariance matrix, a standard
Kalman estimator can be applied as

X(k+1y=¢(k+ Lk)X(k) +K(k+1) [u(k+1)
—H(k+1)¢(k+ Lk) X (k)1
P,(k+1)=d(k+ LK)Pp(k)dT (k+1k) + Vi (k+1)
K(k+1)=P,(k+ )HT (k+1) [H(k+1)P,(k+1)
xHT (k+1)+R(k+1)]17
Pr(k+1)=[I-K(k+1)H(k+1) 1P, (k+1)

for error parameter estimation.

The observables for the SSI camera/gyro path are obtained
by comparing the coordinates of the measured star images to
the computed (or predicted) star image locations. The latter
are determined by reconstructing the spacecraft (or camera)
attitude by propagating the telemetered initial spacecraft
attitude through gyro information. The observation equation
is derived by mapping the known star vector onto the camera
image plane. This is done by incorporating the error
rotational matrices in the relevant transformations and
considering the fact that the measured star coordinates differ
from the true image locations only by the measurement noise.

SSI CAMERA MISALIGNMENTS (mrad)

TIME (sec)

Fig. 4 Solid-state imaging camera errors.
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A unit vector ug, defined in E, of a star can be represented
in the true 7 coordinate system by

w=T ug 33)

When all the error vectors are mapped onto the SSI coor-
dinate system, Eq. (33) reduces to
IE
w,=(I-06x) Tug 34)

where 6 is the net generalized error vector. The predicted star
vector is computed from

IE
U= T Ug (35)

and thus
W, —u;=(u;x)é (36)

The true transformation for the SSI camera is written as [see
Eq. (20)]

L L .
a{ }{ ’ }+ kf { e } 37)
P PO ulz u,),

k=k+35,,

where
f=f+0o, (38)

The above notations are consistent with those defined for the
error vectors. If a,, is defined as the vector of measured line
and pixel for the image of a star, a,, and a differ only by the
measurement noise which is the result of image resolution (10
urad) and some possible unmodeled error sources. Thus we
have

ay=a+vy, (39)

The measurement noise »; is assumed to be zero mean
Gaussian white noise process with the covariance matrix R;.

The observable for this path is defined by a two-vector « as
the difference between a,, and predicted line and pixel vector
a,

a=ay—a (40)

By linearizing Eq. (37) about a, the observable « is related
to the error parameters of the optics

da or oa
2K { 5 :|+aTl,(U1—u1) 41)

a=a+

Now the observable can be related to the error parameters by
using Eqs. (36), (37), and (39-41) as

a=Le; +v, (42)

where L is the observation matrix defined by

oa IRy ICy G
nga(u,x)[ T, T Ny, TG, I;.;],
1

1G |

T } (43)

o 0
a(fk) ou,

and e, is the error vector defined by
f;rz [65’ (6(“.\06H16NJ6C2)>5Z;)51T1 (‘5/’5/\' )16173-]
There are 27 error parameters to be estimated in this path.

The first 24 are considered to be constant parameters during
each in-flight calibration. Denoting these by ¢, we have



34 S.A.HAYATI AND J.Y. LAI

;= el ek 44

Equations (42-44) provide the observation model for the SSI
camera/gyro path.

The estimator model for this path is similar to the one used
for the star scanner/gyro path. Equations (28-32) can be used
to define the state equations except that €, should be replaced
with ez. Here a special form of discrete Kalman filter is
employed to solve for the error parameters of Eq. (42). First,
the a priori covariance matrix is propagated using

P, (k+1)=¢(k+1,k)Pr(k)o" (k+1,k) + Vr (k)

Then, the new estimates together with their covariance matrix
are obtained by solving the following equations:

& (k+1)=P(k+1) [ELT(k+ LR a(k+1,i)

i=1
+Py! (k+1)e,(k)]
P(k+1)= [P,,—' (k+1)+ ELT(kH,i)R;’L(kH,i)]*

i=1i

where

m=number of star images in the picture taken at
time .
L (k+ 1,i) =partial matrix computed at time ¢, , for the
ith star image
P,(k+1)= propagated a priori covariance matrix
P(k+ 1) =updated covariance matrix
¢, (k+ 1) =anew estimate for the error parameters

V1. Combined Calibration

The error vectors ez and ¢;, as estimated by the star
scanner/gyro path and the scan platform/gyro path,
respectively, contain common error parameters. For a
combined calibration, results obtained from either path will
serve as a priori information for initialization of the other. A
common data base is defined which includes a combined error
vector (31 x 1)

€L = [87, (3¢ys011,Ons0c;)205,87 1,675,867, (8,8, ), €k ]
and their covariance matrix P, (31 x31). To initialize either
path, a selector matrix U is defined for retrieving the ap-

propriate information from e~ and P corresponding to the
errors to be estimated. The selector matrix U is defined as

Table2 Gyro calibration results

Maximum residual errors
Star scanner/ SSI camera/

Error sources gyro path gyro path
Scale factors

k, 0.7x1073 0.4%x1073

k, 0.4x10°° 1x1073

k3 4x1073 2x1073
Drift rates, urad/s

d, 0.2 0.47

d, 1 1

ds 0.2 1
Misalignments, mrad

e; 0.02 0.009

e; 0.07 0.155

e3 0.06 0.16

ey 0.034 0.133

es 0.05 0.02

es 0.09 0.10
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U=1q;(),92 ()@ (k)17

where g7 (i) is the 31 row vector of zeros with a 1 at the /ith
location corresponding to the position of the error parameters
to be estimated in €~ -m is the total number of errors to be
estimated. Subsequently, the a priori information for
initializing the path X can be obtained as
€Ex = U\’GC: PX: UXPCU,Z-

When estimation is completed, the current estimates, ey, and
covariance, Py, are merged with the old data to obtain the
updated combined data base as

Pr={Pc! + UL [Px! = (UxPcU%) "' 1Ux} !
e =PrUyPx' lex—Uxecl +e¢c

VII. Simulation

To validate the in-flight calibration algorithm and evaluate
its performance, a simulation study was implemented. The
spacecraft was modeled as a three-body system (rotor, stator,
and scan platform). In most of these cases, the clock and cone
slew rates are set to 3 and 5 deg/s, respectively, and data are
collected for 60 s. These rates were set higher than the actual
spacecraft maximum rates (1 deg/s) in order to reduce
computation time. The data are then processed by the
calibration program to estimate some or all of the subsystem
error sources. The results of various test cases for each
subsystem are briefly outlined below. _

To calibrate the star scanner misalignments, transit times
were generated for three reference stars. The scanner
misalignment errors are in the range of 2.5-10 mrad. Random
measurement noise is assumed to have 0.01 mrad (10). Figure
3 shows the results of this calibration. It can be observed that
a maximum residual error of less than 0.08 mrad can be
achieved after the 18 star transit data.

For the SSI camera/gyro path, the SSI camera is used as the
celestial sensor where gyros serve as the inertial sensors. A
total of 10 pictures of stars at various camera attitudes are
processed to estimate the error parameters.

Even though only one star image per picture would be
sufficient for calibration, up to six star images are used to
improve the estimation accuracy. Figure 4 shows the result of
estimation when only the SSI camera misalignments are
considered. The image locations (line and pixel) are very
sensitive to the x and y components of the boresight
misalignment. Subsequently, they can be estimated to the
image plane resolution accuracy (10 wprad). A small twist
about the boresight, on the other hand, does not cause a large
shift in the image coordinates. The residual error for twist is
less than 1 mrad.

Either path can be utilized to estimate the gyro misalign-
ments, drift rate, and scale factor errors. Table 2 shows the
calibration residuals using either path.

Some error sources cannot be independently estimated
using only one of the calibration paths. For example, the cone
encoder null offset cannot be separated from the y component
of the SSI camera misalignment. This error source is best
estimated using the star scanner/gyro path. Conversely, the z
component of the attitude initialization error cannot be
separated from the clock components of the star scanner slit
misalignments. This error source is best estimated using the
SS1 camera/gyro path. Thus by utilizing both paths, complete
estimation of error sources can be realized.

VIII. Summary and Conclusion

A combined in-flight calibration algorithm for the Galileo
star scanner, gyros, and solid-state imaging camera was
developed. Two separate paths were defined, i.e., the star
scanner/gyro path and the SSI camera/gyro path. A linear
observation model was established for each path by com-
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paring the celestial sensor data, star scanner, or SSI to the
inertial sensor data and gyros. Any discrepancies were
considered to be due to the various error sources and were
subsequently estimated by a Kalman estimator. The results
obtained from either path are then employed to initialize the
processing of the other. Simulation programs were developed
for algorithm validation and performance evaluation.

The numerical results obtained through computer
simulations confirm the feasibility of the in-flight calibration
algorithm.
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