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Abstract

A new alignment calibration method of attitude sensors for the precision
attitude determination of a spacecraft based on the extended Kalman filter is proposed.
The proposed method is divided into two steps connected in series: the gyro and the
star tracker calibration. For gyro calibration, alignment errors and scale factor errors
are estimated during the calibration maneuver under the assumption of a perfect star
tracker. Estimation of the alignment errors of the star trackers and compensation of
the gyro calibration errors are then performed using the measurements including
payload information. Performance of the proposed method are demonstrated by
numerical simulations.
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Introduction

Observation satellites with high resolution camera require arc-seconds attitude pointing
accuracy. The pointing accuracy is basically dependent on the precision of attitude determination.
It is known that such degree of precision is achieved by identifying and compensating the
alignment errors of attitude sensor units [1-6]. Although the gyros are calibrated before the
launch accurately enough to guarantee the required accuracy within a specified error budget, they
can be misaligned by the impact due to rocket launch or thermal structural deformation of the
base. Star trackers providing much higher accurate attitude information are used to isolate and
compensate the misalignment of the gyros. However, the same alignment problems also occur in
the star trackers. Recently, alignment Kalman filter(AKF) utilizing payload information to
calibrate the absolute alignment of the star trackers has been presented[6]. Payload information
obtained from the camera and ground control point (GCP) is as accurate as the star tracker when
the spacecraft is not in maneuver. The structure of AKF is the same as the extended Kalman
filter (EKF) [7] in which the bias, scale factor, and alignment errors of the gyros and star
trackers are augmented as the filter states. This method shows good performance for the attitude
determination and the sensor calibration, but it suffers from two problems in actual
implementation. First, all the 21 states should be estimated[6] in the single filter structure so that
it is hard to converge as well as hard to work in real time. Second, AKF requires a calibration
maneuver to separate the alignment and scale factor errors from the bias of the gyros. During the

* Graduate student
E-mail : ihlee@fdcl.kaist.ac kr, TEL : 042-869-3789, FAX : 042-869-5762
*x Associate Professor
**x Professor
*x*x*x Researcher of Korea Aerospace Research Institute



84 II-Hyoung Lee, Chang-Kyung Ryoo, Hyochoong Bang, Min-Jea Tahk and Sang-Ryool Lee

calibration maneuver, it is expected that the performance of AKF will be significantly degraded,
because the accuracy of payload information can be worsen by maneuver. Performance
degradation of AKF during the calibration maneuver affects all the estimation result after the
calibration maneuver.

Table 1. Alignment calibration

Step 1 Step 2
Quaternion error(3) Quaternion error(3)
States Bias error(3) Bias error(3)
Gyro scale factors(3) Star tracker misalignments(6)
Gyro misalignments(6)
Measurement One star tracker Two star trackers
devices Three rate gyros Three rate gyros )
One payload information
o Gyro scale factors and
Remark Calibration maneuver misalignments update

In this paper, we propose an improved on-line attitude sensor calibration method for
precision attitude determination in the practical implementation. The proposed alignment
calibration procedure is divided into two steps as shown in Table 1. In step 1, identification of the
alignment error from the gyro bias is conducted during the calibration maneuver. In the step 1, it
is assumed that one of the star trackers is perfect. The estimated gyro scale factor errors and the
alignment errors inevitably contain some errors due to the misalignment of the star trackers.
Since the payload information during the calibration maneuver is not reliable, this information is
not used in this step. Therefore, attitude angles, gyro misalignments, and gyro scale factor errors
are estimated by EKF. The number of states in step 1 are reduced to 15, because the alignment
of the star tracker is not considered. In step 2, 12 states related to the attitude angles, the gyro
biases, and the two start tracker misalignments are estimated using all the measurements. Gyro
alignment errors and scale factor errors estimated in step 1 are not estimated but just
compensated in this step. In step 2, the payload measurements are accurate enough to identify the
absolute alignments of the star trackers, because the spacecraft does not maneuver in this step.
The convergence performance and the accuracy of the EKF are remarkably improved by the
proposed method.

Since most equations related to the attitude dynamics and the filtering are well explained in
[5,6], we mainly concentrate on the development of the proposed method in detail. In the following
section, error models for a gyro and a star tracker are discussed. Then, the state and
measurement equations used for the step 1 and the step 2 are represented. Numerical simulations
are performed on a full scale spacecraft model to illustrate the performance of the proposed
method. The conclusions are provided in the final section.

Sensor Models

Gyro misalignment and scale factor error model[6]

The measured gyro angular rate vector w,, related to the true angular rate vector w, is
given by

= T
Wem = [w, wy w,

=(I— DU~ D Tiw,— bg— 14 W
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where b, is the gyro bias vector and 7, is the drift-rate white noise with covariance
E(zanD)=2, 7 and 2 denote the scale factor error and the gyro alignment error, respectively.
T} represents the transformation matrix from the body frame to the gyro frame.
Assume that the gyro bias is given by the random walk model db,/dt= 7,, where 7, is the
random walk noise with covariance E(7,37)=2Z2,. Using Eq. (1), the true angular rate is obtained
as

wy = TXI=2) " U= 1) N wemt bgt 12)
x To(I+ AT+ A (wgm+ byt 1,) 2)
= T5(I+ M) (wgn+ byt 1,)

Note that 4~24, A~ and M=4A, because alignments errors and scale factor errors are very
small. In Eq. (2), the term I+ 4 is defined as the sum of orthogonal small angle rotation matrices
along each axis.

Let w=[ w, w, wy] =+ AN wen+ bg+2,), then

T+ DT+ A wem+ bg+ 7, = I+ Dw

1 —8n 64][ ws 1 =6, 0 0,
=| Sn 1 0 0(+]d,. 1 —y,lwy
-8y 0 1 0 0 On 1 0
1 0 é. 0
+ 0 1 -&d|o 3)
=0y 0x 1 w,
1 _ayz 6z,v w’."
=| 6. 1 ~—06.| w
— 0Oy O 1 wz
Neglecting the second order terms, we can write
I+ M =+ DU+ A)
1+4, —(1+4)68,, (1+41)6,,
=| (1+4,)0. 1+4, — (144,98,
—(1+2)8, (1+2,)8, 1+4,

1 '|_"1x 8yz _‘?zy
B. 144, Ou
8y Oy 144,

(4)

where

/_Ix _6yz Eszy
M=| 3. 4 B (5)
Sy Op A
From Eq. (2) and Eq. (5), true angular rate vector can be rewritten as

wy= Towem+ TUI+ Mby+ T2Q,8,+ TH(I+ M)z,

(6)
where £, and &, are defined by

Wem 0 0
2= 0 wem' 0 (7
0 0 Wem

6x=[ A _ayz Tszy §xz A, Tszt _81‘30 EYX AZ] ’ ®)

Note that £, is given as the rate gyro measurements and 6, is the constant vector to be
estimated.
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Star tracker misalignment model

Quaternion operators are defined in the appendix. Let s, s;, b, and ec: denote the star
tracker frame, the nominal frame, the body frame and the earth centered inertial frame. The
quaternion observed in the star tracker coordinate is given by

@Si= a", Ry R’ )

where ¢! denotes the quaternion from i-frame to j-frame, and the operator Q) is explained in
the Appendix. Misalignment angle is small that ¢, can be approximated as

1
D 35} (10)

where &, is a small angle rotation misalignment vector to be estimated. In this paper, two star
trackers are used to determine the attitude of the spacecraft.

Alignment Calibration

Relative Gyro Calibration(Step 1)

In step 1, it is assumed that one of star trackers provides perfect information without any
alignment error. In general, since the payload information yields very poor measurements during
the calibration maneuver, we do not use this measurements to avoid the erroneous estimation of
the alignments and scale factors of the gyro. Therefore, the estimated states are the alignments
and scale factor errors of the gyros §, in addition to the vector part of the quaternion &¢, and
the gyro bias error &b. Indeed, the estimated states in this step are corrupted by the alignment

error of the star tracker, but they will be compensated in the next step by simple algebraic
equations. Kinematics equations used in this step are defined by

4 [ 84 —[w’x] 1/2T% 1/2T52,) [ da,) [1/2TYI+M) 0 0][ 7.
AR 0 0 0 b |+ 0 10 n,y (11)
3 0 0 0 S 0 0 1| 7,

where 7 represents the nominal coordinate frame about the star tracker, 7, and 7, are the white
noise included in d¢, and &, respectively.
Measurement model is given by

oq, 7s
z=[100]| 8|+|0 (12)
8] Lo

where 7" is the conjugate of the estimated quaternion z, and 7, denote the vector part of

Q7" and the related white Gaussian noise, respectively.

Measurement equation given in Eq. (12) is linear, but the state equation given in Eq. (11) is
nonlinear. Therefore, the Jacobian or sensitivity matrix of the state equation for EKF is required
[6]. The states to be estimated can be reduced to 15 during the calibration maneuver, while 21
states should be estimated when the method in [6] is considered. The proposed method can
estimate the alignment and the scale factors of the gyros more efficiently, although these states
are biased by the misalignment of the star trackers. As mentioned earlier, they will be
compensated in step 2. From Eq. (6), we can see that the gyro scale factor errors and alignment
errors are not observable if the spacecraft is not rotating[6]. The sinusoidal calibration maneuver



Sensor Alignment Calibration for Precision Attitude Determination of Spacecrafts 87

with different frequency along each axis is recommended to maximize the observability.

Star tracker alignment calibration(Step 2)

In Step 2, the alignment of two star trackers are calibrated using the payload data obtained
from the camera and GCP, and the scale factors and alignments of the gyro obtained from Step
1 are compensated. Kinematic equation with the attitude error, the bias error of the gyro and the
misalignments of the two star trackers is given by

84, —[w’x] 1/2T5 0 0][6q,) [1/2TI+M) 0 0 0][ 7,
d | éb|_ 0 0 0 0ff |, 0 I100(|n (13)
dt | &y 0 0 0 0f|dg 0 0 I0||aq

Se 0 0 0 0J| 8¢ 0 00 Il| 7¢

where &8, and &, represent the misalignment of the star trackers with respect to body frame,
respectively. Note that the scale factor errors and alignments errors of the gyro are not included
in Eq. (13). Jacobian of the state equation for EKF is derived given in Ref. [6].

The measurement equation is given by

_iksl+ 7
i/dz+ 72
2yt 7,

(14)

o=

where Zw, 2w and 2y, are the vector part of the quaternion given by ¢5%& &’ ¢%Q®¢% and
ald p®t? that denote the attitude errors to the star tracker 1, the star tracker 2 and the payload,
respectively. 74, 7 and 7, are the white Gaussian noises related to each measurement.

Now, let us investigate the measurement sensitivity matrix for EKF. The small perturbed
measurement equation to ¢%. using Eq. (9) is given by

= 0:aQNai®a )" = (6; Q¢ Qq ) X034 ,)*

— G ¢t %80 = [ai®N a5 ¥160=] T Yag (15)

where the operator > is defined in the appendix, and ¢, denotes the perturbed body frame. On
the other hand, the misalignment quaternion can be approximated by

8o = (@1@0?@)@ qfci. =gy
z[ 1/235] (16)
1

Partial derivatives of Eq. (15) and Eq. (16) with respect to d¢, and &, respectively, give

aaqseci,u
ddq,

aaqseci v _L
a8, 2

=T
an

~

Therefore, the sensitivity matrix of Eq. (14) becomes

T30 £ 0
H=| T80 0
I 00 0

(18)

Since the number of states to be estimated in step 2 reduces to 12, the convergence
characteristics is greatly improved compared with the AKF method in [6].
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Gyro scale factors/misalignments compensation

Since the alignment error of the star tracker are neglected in step 1, the scale factor error
and alignment error matrix M given in Eq. (5) must be compensated recursively using true
alignment of the star trackers estimated in Step 2.

Let M denote the erroneous M represented by Eq. (5) due to the assumption of perfect star
tracker alignment, then the erroneous estimates of body rate w, using Eq. (2) is given by

wy= TY(I+ M wen+ byt 7,) (19)
Let & denote the erroneous body frame, then w; can also be calculated as
wy= T4 ws (20)
Substituting Eq. (23) into Eq. (5) and comparing with Eq. (21) to yield
TETS(I+ M) = TSI+ B @

or
M=TT%T I+ M-I (22)
where the transformation matrix from the true to the erroneous body frame TZ\ is given by
Th="T5T? (23)

where ) denotes the reference star tracker coordinate frame.
For small angle assumption of the misalignment of the star tracker, we have

T ~Th(1+ 4,) (24)
where
1 - 8;: 8szy
(I+4,)=| &, 1 -6 (25)
-8, O 1
Hence, T} in Eq. (22) is calculated by
Ti=Th(I+4)T3 (26)

In summary, true scale factor and alignment of the gyros are updated by Eq. (22) and Eq. (26).
In this study, M is given in step 1 and the alignment error of the star tracker 4, is estimated in
step 2. As the step 2 goes on, M converges to true value.

Simulation

For the performance test of the proposed method, the spacecraft assumed to be a earth
observation satellites(EOS) locating on geo-synchronous orbit. The EOS has two star trackers,
three fog gyros and a earth observing camera. The following error sources of the attitude sensors
of the spacecraft are considered:

Gyro

- Random walk variance, drift stability : 0.005deg/V% ,0.05deg/k

- Scale factor A= (500,500,500) "ppm

- Misalignments d,,= 200, d..= 100, d,,= 300, d,,= 200, d_.= 400, d,,= 300 arcsec
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Star tracker
- Accuracy : 2 arcsec in non-rotating phase

- Misalignment : &4=1(20,20,20)7 , 8,=1(20,20,10)7 arcsec

Payload information
- Accuracy : 2 arcsec in non-rotating phase
- Update rate : 1sec

During the calibration maneuver, the spacecraft performs sinusoidal rotation with the magnitude
of 0.5deg/s and different frequencies of 0.0095, 0.008, 0.0085 Hz along each axis. After finishing
calibration maneuver, we assume that the spacecraft rotates earth once per one day. The results
obtained from step 1 and step 2 are shown in Figs. 1-6 and Figs. 7-14, respectively.

As shown in Fig. 1, the attitude estimation errors show sine curve due to the sinusoidal
calibration maneuver. The gyro alignment estimation errors(Figs. 3-5) and the gyro scale factor
estimation errors(Fig. 6) in the step 1 converge to a certain value within 400 seconds.
Convergence rate can be improved by introducing other type of calibration maneuver. These
steady—state errors in the step 1 are caused by the star trackers’ misalignment which is not to be
estimated. It is obtained that the attitude and gyro bias estimation are improved in the step 2 as
shown in Figs. 7 and 8. During step 2, the gyro alignment errors and the gyro scale factor errors
given in step 1 are greatly reduced in several seconds in the step 2 as shown in Figs. 9-12. These
results reflect that the proposed update scheme given by Eq. (22). Estimation errors of both star
trackers’ misalignments as shown in Fig. 13 and 14 are bounded in 4 arcsec.
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Gyro z-axis alignment error
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The proposed method is compared with AKF. The computation time of AKF, step 1, and
step 2 are appeared in Table. 2. Step 1 and step 2 of the proposed method reduces the

computation time 31.5% and 15.8%, respectively.

Table 2. Computation time comparison(filter only)

Computation N
Method time(ms) Hardware specification
AKF 2.786 CP U: Pentium(R)-4 2.4GHz
Memory: 512MB DDR ram
Step 1 1.9095
dPropg]sed s O/S: MS Windows XP
Method) step 2 23424 Program: Matlab ver.6.5

The accuracy comparisons between AKF and the proposed method are shown in Table.
3. In AKF the sensor calibration s performed for 1000 seconds, while in the proposed method
step 1 is performed for 800 seconds and then step 2 for 200 seconds. The accuracy of the
payload measurement is assumed 10 arcsec during the calibration maneuver and 2 arcsec
during pointing the earth on geo-synchronous orbit, respectively. Not shown in this paper,
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AKF shows bad accuracy for the calibration maneuver. Mean value and standard deviation of
attitude estimation errors for 200 seconds after the calibration are shown in Table. 3. The
proposed method are more accurate than AKF.

Table 3. Attitude estimation error comparisons

) Standard
AXis Mean(arc-sec) | geyiation(arc-sec)
X—axis -2.454 3.486
AKF y-axis -0.466 3.361
Z-axis -1.858 3.565
X—axis -0.363 0.919
Propose v =
d methodL_ Y28 0.098 1.639
Z-axis -0.340 1.271
Conclusion

In this paper, we present an improved method for on-line calibration of gyros and star
trackers for the precision spacecraft attitude determination by separating the gyro calibration
process from the star tracker calibration process. Under the assumption of a perfect star tracker,
the gyro calibration is performed to identify the scale factors and the alignments of the gyro
during the calibration maneuver. Gyro calibration errors are then algebraically updated during the
star tracker calibration process. In this process, camera and GCP information of the spacecraft are
used to calibrate the absolute alignments of the star trackers. Extended Kalman filter is used for
the estimation of the calibration parameters in both processes. The proposed method improves the
performance and the implementation of the AKF. Simulation results show that the proposed
method can determine the spacecraft attitude within the required precision.
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Appendix

Let p,¢ and 7 be quaternions and T, 7T, and T, be the corresponding transformation
matrices. The operator &) is defined by

Ds b - py by [ ax

— — —b. D Dx  Dy|| Gy
r=1pQq o 2h o vlle (21)

—bx —py —b: bs qs
The operator * is defined by

ds —q: — 4y 4x px
r=qgXp= 4. ds —dx 4y Py
g p —ay ax ds a. pz (22)
—4x —4dy —4: 4; bs
Then »=p@qg=g*p and corresponding transformation matrix is T,= T, T,.
The conjugate is defined according to

0
2" ®p=1Q@p"=| )
1
The following identities are used in this paper.
(1R = ¢"®p*
(gkp)* = p"kqg"

[¢®lg k] = [ g ‘1’

Where, [¢Q)] and [g*] represent the following operator matrices.

as q: —qy 4y as —4q; —4y 4y
[4®]= —4q; qs dx 4y ) [q*]= q. ’N —d4x 4y 25
ay —4x ds d: —dy 4y ds q. ( )

—d4x —d4dy —4: 4y —4y —4y —4d: 4;
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