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Abstract : Stringent attitude determination accuracy is required for the development of the advanced space technologies and thus

the accuracy improvement of digital sun sensors is necessary. In this paper, we presented a proposal for measurement error analy-

sis of a digital sun sensor. A system modeling including three different error sources was built and employed for system error anal-

ysis. Numerical simulations were also conducted to study the measurement error introduced by different sources of error. Based on

our model and study, the system errors from different error sources are coupled and the system calibration should be elaborately

designed to realize a digital sun sensor with extra-high accuracy.
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1 Introduction

The Digital Sun Sensor (DSS) is one of the
most important sensors for the attitude measurement
of the satellites''”'. With the advantages of the re-
mote sensing and solar observation, a DSS with high

I and therefore, the measure-

accurate is required’
ment error of a DSS should be thoroughly studied for
system calibration.

The measurement of incident sun angles is pri-
marily implemented through the mask and the image
detector (CCD or CMOS) of a DSS and by analy-
zing the location of the sun spot on image detector
plane, the sun angles («, B) can be calculated
through equations which are deduced from a simpli-
fied model *”. To achieve a DSS with high accura-
cy, several different methods have been proposed
and applied for DSS calibration and error compensa-

5100 However, those methods usually focused

tion
on one or some parts of the sources of error and
none of them studied the system measurement error
based on a theoretical model of a DSS, especially
including the refraction error.

In this work, we introduced a method to ana-

lyze the measurement error with respect to different
error sources and based on our research, there are
three different error sources including intrinsic pa-
rameter error, extrinsic parameter error and refrac-
tion error. The system error has been modeled based
on the principle of a DSS and numerical simulations
were conducted to analyze the measurement error

with respect to different error sources, as well.

2 System modeling for error analysis of
digital sun sensors

2.1 The rotation matrix

If coordinate X,Y,Z, is rotated from coordinate
X,Y,Z, by the order of zxy with the angle parameter
of (6,, 0,, 0,), the rotation matrix would be C,, :

G,C, -S5,5,S, -CS,+55,C, CS,
Cy = C,S, C,C, -S| (1)
S,C, +S5,CS, S,5,-5CC, CC,

Where, S demotes sine, C denotes cosine, and

the subscript 1,23 denote the angle 6, .6, .0,, re-

spectively.
2.2 System modeling for DSS error analysis

Fig. 1 reveals the relation between different co-
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ordinates when a DSS is tested on a rotary table. Co-
ordinate X,Y,Z, is fixed in the center of the image
detector of the DSS and coordinate X,Y,Z, indicates

the initial direction of three axes of the rotary table.

DSS /VY_

Y,

Image detector

.>< v

Rotary table
Fig. 1 Schematic of DSS measurement on a rotary table

The two sun angles are both 0° when the rotary

table is at its initial status and the incident sun vector

can be expressed as S =(0, 0, -1)in coordinate X,
Y,Z,. If coordinate X_.Y_Z. indicates the current di-
rection of three axes of the rotary table after the rota-
ry table is rotated from its initial status by the order
of zxy with the angle parameter of (b,, b,, b,),
the incident sun vector in coordinate X_ Y Z_can be
expressed as follows
cos(b,)sin(b,)

- sin(b,) (2)
cos(b,)cos(b,)

Based on the incident sun vector, two sun angles

S=C.8=

can be deduced as shown in Equations (3) and (4).
These two sun angles which function as the truth-val-

ues are determined by the rotation of the rotary table.

a, == b, (3)
tan(b,)
By = arctanm (4)

In coordinate X,Y,Z,, the original point is the
center of the sun spot obtained in the image plane
when the incident sunray which goes through the
pinhole (0, 0, i) on the mask is perpendicular to
the image plane. After the initial calibration process
of the DSS during which the rotary table is adjusted

to get the incident sunray perpendicular to the image

plane, the center of the actual sun spot obtained on
the image plane is (dx, dy), which introduces the
principal point error. In such case, the initial sun
vector with this kind of intrinsic parameter error can

be expressed as follows:

dx
N
S = | dy
-h

Furthermore, there are extrinsic parameter error
between coordinates X,Y,Z, and X,Y,Z, due to in-
stallation error. We assume that coordinate X,Y,Z,
is rotated from coordinate X,Y,Z, by the order of
zxy with the angle parameter of (c,, c,, c;).

The sun vector in coordinate X,Y,Z, with both
intrinsic and extrinsic parameter errors when the rota-
ry table is at its initial status can be expressed by E-

quation (6) :

Sx fl(dx 9dy’h ’bl 1b2 €156 ’03)
— s
Sb = Sy = Cbc C(u Cba SbO = f‘Z(dx ’dy ’h ’bl 9b2 ’Cl ’CZ 9CS>
Sz ’S(dx ’dy9h ,bl ,bz ,Cl 502 9C3)
(6)

Moreover, given the refraction error with cor-
rection coefficient k'®', which is related to the mate-
rial of the cover glass of the image detector, the
thickness of the cover glass and the distance between
the image detector and the mask (&), the theoretical
center of the sun spot obtained in the image plane is
determined by Equations (7) and (8) :

x, =h,(dx,dy,h,b,,b,,c,,c,,c; k) (7)
y, = h,(dx,dy,h,b,,b,,c,,c,,c;,k) (8)

Thus, the theoretical sun angles can be calculat-

ed by Equation (9) and (10) .

x, —dx
arctan h dh = gl(dx ,dy ,dh ,bl ,bz 9C] 702 ,(,'3 9k 9h)

R
11

(9)

arctan v = d = g,(dx,dy,dh,b, b, c, ,c,,c;5,k,h)
h —dh ’

S
1l

(10)

Where, dh is the height error between the im-

age detector plane and the mask plane, which is as-
sociated with the mechanical processing accuracy and

is another intrinsic parameter error. Therefore, given
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the position of the sun spot we obtained in the image
detector, the Equations (9) and (10) provide a
method to calculate and analyze the incident angle
with all intrinsic parameter error, extrinsic parameter
error and refraction error taken into account.

The fundamental calculation method for meas-
urement error simulation is expressed through Equa-
tions (11) and (12):

Q. =, — o (11)

error m

B =B, ~ By (12)

3 Measurement error simulation analysis
and discussion

Based on the system modeling and Equations
(11) and (12), the measurement error of the digital
sun sensors with respect to different error sources can
be analyzed through numerical simulations.

As shown in Fig.2, the measurement error
caused by the intrinsic parameter dh is applied to both
incident angles with the same tendency. Take the
measurement error of incident angle « for example, it
is only relevant to the value of input « and it will in-
crease to a maximum before it begins to decrease with
the increase of the absolute value of input o

As for the measurement error caused by the in-
trinsic parameter dx or dy, the result of the numeri-
cal simulations, shown in Fig. 3, indicates that, dx,
the principal point error in X direction leads to the

measurement error of both o and B; on the other

I
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hand, dy, the principal point error in Y direction on-
ly results in the measurement error of 8 which is the
component of incident sunray in Y direction while it
introduces no measurement error of «, which is the
component of incident sunray in X direction. Moreo-
ver, similar to the measurement error of a caused by
dx, the measurement error of 8 caused by dy is less
in the center FOV than it in the edge of FOV.

Since the goal of accuracy of our DSS is arc-
second level, the extrinsic parameter error is set to
be 10”. Thus, the simulation results of measurement
error introduced by installation error in all three axes
are shown in Fig. 4. ¢, and c,are the installation er-
ror introduced by rotation around X and Y axis, sep-
arately while c, is the installation error introduced by
rotation around the principal axis, which is perpen-
dicular to the X-Y plane. Overall, the measurement
error in the center FOV is negligibly small while it
would significantly increase when the angle of the
incident sunray increases at certain direction. Based
on further analysis, the pattern of measurement error
of « caused by c,is similar to the pattern of measure-
ment error of 8 caused by c, while the pattern of
measurement error of o caused by c, is similar to the
pattern of measurement error of 8 caused by c¢,. And
the pattern of measurement error of « caused by c,is
similar to the pattern of measurement error of

caused by c,.
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(b)

Fig. 2 Measurement error caused by intrinsic parameter error with dh= 0.2pixel.

(a) measurement error of &, (b) measurement error of 8
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Fig. 3

(b) measurement error of B with dx= 0.1pixel,
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Measurement error caused by the principal point error. (a) measurement error of a with dx= 0.

(c) measurement error of & with dy= 0.1pixel,

(d) measurement error of 8 with dy= 0.1pixel
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Fig. 4 Measurement error caused by the extrinsic parameter error. (a) measurement error of & with ¢, =

(b) measurement error of 8 with ¢, = 10",
of B with ¢,= 10",

(c¢) measurement error of a with c,= 10",

(e) measurement error of & with ¢, =

(d) measurement error

10", (f) measurement error of 8 with c;= 10"
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For a group of specific design parameters®
the simulation result of the measurement error caused
by the refraction in revealed in Fig. 5. Due to the re-
fraction when light goes through the cover glass of
the image detector, the measurement error of a will
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increase with the increase of the absolute value of «
when S is fixed and likewise, the measurement error
of B will increase with the increase of the absolute

value of 8 when « is fixed.
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Fig. 5 Measurement error caused by the refraction. (a) measurement error of @, (b) measurement error of 8

Based on the equations and simulation results,
it is obvious that the measurement errors from differ-
ent error sources were coupled and it is hard to de-
couple a single error source from others. The con-
ventional methods to calibrate a DSS mainly include
polynomial fitting, least square estimation and neural

networks! ' 2/

. However, none of them could un-
cover the actual influence of all the error sources on
the system accuracy since the intrinsic and extrinsic
parameter errors were treated together in all the men-
tioned methods, and the refraction error was over-
looked. Under such circumstances, all the three
kinds of error sources which were discussed and ana-
lyzed in this work should be considered to calibrate a
DSS with high accuracy and some available optical
measurement methods with high precision should be
employed to improve the system calibration result to-
gether with the conventional error compensation
method" .

4 Conclusion

A system modeling has been built and a theoret-
ical method for measurement error analysis has pro-
posed and derived in this work. The measurement er-
ror with respect to intrinsic parameter error, extrinsic

parameter error and refraction error has been ana-

lyzed respectively and the simulation results indica-
ted that the patterns of measurement error resulted
from different error sources are distinct and the sys-
tem accuracy was influenced by all different error
sources synthetically. Thus, to achieve a DSS with
extra-high accuracy, all the error sources should be

considered when the whole system is calibrated.
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