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Abstract

Star tracker is one of the most important devices used on satellites for attitude determination. Since
its output is discontinuous, it needs a complementary unit to cover its discontinuities. Using
gyroscope unit is the most suitable choice for aiding the star tracker. However, using these two
kinds of sensor simultaneously has some challenges. In other words, not only not only sensor biases
decrease the accuracy of attitude determination, but also the installation error has a significant
effect on the accuracy. In this paper, after presenting the important role of installation errors
between star tracker and gyroscope in the accuracy of attitude determination, an effective method
is proposed to determine the misalignment error between these two sensors which is only based on
their measurements, and the mathematical formulation is presented in detail. Finally, to validate
the performance of the proposed method, it is implemented to calculate the instantiation error of
an experimental dataset gathered in the Mount Pooladkaf, And the results are reported in the form
of graphs and tables.
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ITRS: International Terrestrial Reference System
TIRS: Terrestrial intermediate Reference System
CIRS: Celestial Intermediate Reference System
GCRS: Geocentric Celestial Reference System
ICRS: International Celestial Reference System

EME?2000: Earth Mean Equator and Equinox at epoch
J2000.0

TOD: (mean equinox) True (equator) of Date
MOD: (mean equinox) Mean (equator) of Date
TEME: True Equator Mean Equinox of Date
EOD: (mean equinox mean) Ecliptic of Date
Veis: Gamma50 Vies

PEF: Pseudo Earth Fixed

9 o (_gjLo...u ‘_gj.gﬁli 035].; 3 S &Lmli‘;_.»o JJ..\.J é}i}
el ot a8l i 4y ol )0 el (Cdbl (6 prne) ool

S e Joles ol 90 ol S onl ,0:GCRS — ICRS
g oo 185

«, GCRS j Joos: GCRS — EME 2000
e i sy a5 el cul 25> . «EME 2000
sl Cpaay Elad 30 e oY g0 Jolae a5 ax 0 £F XY o
s ol 5o Ol Wbl el sas ools L JSUs ,0 a5 jsboylen

el 4l ST e VY Ly i

S s 1932 03,55 o0 03I gSusg pl 4zl 05 (g5 ]
A3 o 5 Sl oyl o Comni DY ol (sl
sLilss 5 03 lsS cadolone ] o g (1) adolns jo (285
e Cews a oy Jsbo 50 9Sng ] (slalad
slagley ;0 1) @Sy ) 5l Jmolo (g 5l Wb (951
o)t b3, 5l J—ol 95 5155 b o)l Slis; 03ls 999
Ore3S Oz 1,08 9bg (o (gl jee slaz g oS 4l
arg bandlady Gals (See Jilar 4 byl S oS o
Sl Tl o BT (nl 99,00 JUal cpgSwy plh S yo
ol Gl oloy CBdSTL a8 4 g 009 Sa6S

IR W) &5)5] &z o )l Sbo, g 9015 slaosls sl eolazil

PR & S | Hgi 58 ol 3l PRl Ol Ol e
3,5 duwlo

aalgs allaalsl o as SLbb, 4 asg b llin cpl jo
Sl Seal 00,9 Cwods gl a5 59 b o Sloi i Wl
Oles Jsb ) 55 axls 5 ojlw Cloy (b ges slsS S
(5)@4...“5 ;.9)’{..9‘ U"‘ 45 \)9_...: UT P9 o.b; oaLa.._J
Dgls
5).>|) ..\>|5 9 o)L'; —_— g,)li\)) 6&0&‘) ..bl.a ‘..\...»‘ s)5.EL'~o u.a‘ 6‘14
il | o demlie ol a5 Wisd ly O e LB S, o
(5"'” Ko 9 bs La |) O)L"_w ;.JL).Q) LS"'D oli_wo[].S] ..\.._wla
LAY &.A.Mj O)L:—AAJ ul.a.)) RO UL““ bg la |) Uﬁi""‘j)—’)
3 a5 S oo (5,503l CIRS oo a4y Coi 1) 09>
JS...; o L55L‘*-‘*‘ LsLa:éﬂfo)’Lb“ 90 o G..;).:.i‘ 6&0[5;;_..4&
QSLQ"&—""") )iib aQ UT Ja..\...» 09>3 g Ko u.a‘ ol.izl.? «(V)
Slaisw 6&0&_.»\) O dja.ab U’““}f“'b 9 szLM Slaise

! 0 00)3] aslol yo S o solatu!

- } = Jrames
~

Earth rofation
{GMSTED)

Tiue aguator
=~ frames

#  Earth rotation

i (ERA) -wu-. \\
’ y
' \
i |_—|'. ]
\ TOD |
\
= CIRS
~
~a
Hutation it Frame bia: =
utation P rame bias
.
7 CmET e
A
:' Precessios I
\ + Bias Obliquity of t
A echplic T e
=y -I MOD I-; »  EOD | g
= -

[16] (sbons (slais oS 5151 33 BolB s N JSi

v [YF+) QL».M) 9 ).ub ©go O)Lo.:u P99 JL»J— @L»aﬁ 6l.®é).3)l5 9 6)9[33 ‘95.1.9 Muaaﬁgé



Pl 5 58

S ilwands ¥

&lp oleiiig gy ol jskiie & (i ool 5o

Sa 9y 2 O crlanrly g ol Sy 6l FEals e
00l (g luwooly wlosel cass 4y gz s 5l aS ools atiis
39 05970 Ao O9Sg ) g o)l Dby e (nl )3
P SG (89 2 2 A S o Djg0 4 g 5005 LS
Oleied Ojgue ds Lyl ools cos ylows] Loyl jo g 00 il
bl o GaS8Yey Slelis ) 45 a5 ilejT il emsl a0
e o 1y el 5y Jsb 45 cglosls oo bl 8
5o oslaiwl 8 50 slo X (o sl 5 Slvgas was

RO PR =\3|)| Y 9 \ 6LQJ5A> o Cond u.a‘

IMU o1y sl ialyly ) Joos

ol 9215 e
Quarts FOG JLOWERY
-l
Vo Ug J-a°/hr f’
okl
+y. g *¥f4. O/S Aaéju\m
\Y. ug/VHz -/-Y°/hr/vHz "y JE
0-+ Hz 6-+-Hz G pdiged &
o)l 0L, oyl Y Jguxr
oyl b,
/6~ Hz 9% T
fev° R
1E° X Y. Yol

abuly b qcigs o5 ol 5l ol (V) S8 4 4z b
39 dplore 533

dcirs QD)
= [cos (ERA/2) 0 0 —sin(ERA/2)]

Loyl Sl 5 ol slogyssileS asul 0,8 L
bl bl igd ools las q§'™Rs

qcirs X g5 = ¢35 ™)
;"% X g5 = qps™ )
Tbs™* X Qbg = b )

Sl jsbaie 4 (50 515 a5 5 4 g 9 Qs &5
0555155 9 905 axls 50l Cbsy i > sla jeee iy yal
Aiws 5l enl by

Vb, 4d Vo

w@‘ xbg
Zp

s xbg

Zbg

9515 9219 9 o liw Sl (i Curidg Y S

6 Noise density 4 Bias- Instability

7 Field Of View 5 Ranﬁe

aA [YF+) UL».W-O) 9 ).ub ©go e)Lo.»i} P99 JLw— @L»aﬁ slbéﬁ)ls 9 6,91;3 @5.1.: c\.nL}.L»aégé




S35 S 98ag i 5 0yl b0y G sl s oo

92215 92ly Glagly Coe 9 (g il F Sl .
o3l Cb oy (g FlgS Y IS

5 a8 jsboles Ghl sllss 4 logygs 5leS Jaoss 5 my

‘5).>|) 009 ol,.f.:.nf uo)s Lol oo oals ul—u.n.’ ) JLM; )‘ o s gl_:\.o) @3)5 . . ;o s as )}bum
Uas st‘b Sl o..\.,o] Cawddy o)l.'i_....v g,)li\)) )| aS 6})5‘ le.ab)

&S olapley jo et i jsb 4l )95 (SKiwgm
s9d00 ol 5l e 23 12 S s il 252 b 0
el g pl5 axlg g o)l Sboy o (55l el 1345 @368 e S Conn g e il o)l i, 45
Wb VY BYD e Slojojl ;o e oo odaline (V) JSi

59 &Syl oolas ploeil (g 5lo pools e 4y o b b,
Jelo arg ol asd 5 plasil (25 2 lojsile Sloj o3le
WS o S lemsl Sl Db,y oS (6 pgual @y IS >
92l &S Cul Jl yo Gl ol olen glrgel 5 (SoiSL
(F) IS 50 o] g 5158 a8 ools @il glaiwgn sl 3,5

el 00 00)3]

Jlesl 31 8 15 aslg g ojbuw ©boy Hgl by dumlio b JSb
Sl ypal

a4 [YF+) QL».w.o) 9 ).ub ©go e)Lo.»i) P99 JLw— @L»aﬁ slbéﬁ)ls 9 s)sw @5.1.: ML}.L»aégé




Pl 5 58

(5’"'\) 6[&0&_.».) O LS)‘)"W‘Ql’ 03)5] Cewd la e

3 Jmol g lss @ ol Jleel g o)l Sboy g 09K

3 0l @l g amle wa bl blgs slallas w)liw b,
el oo oals lis (R) 5 (A) Ui

251 B g nliasly g osliw Cbsy o gl woled F S
S5l F Rl i 5 L
($bls ol 45 55, 00 Ll il 52 55 nls
Aol e ol ;4o ade gplf axly g0l Sls, bl
Goloposls psm 4 Kz g0 » aS oSw Sl yo pguas
oa ooly Lz (F) JSi j0 a5 jabyles Lol ailosls plox]

Jloel 31 s 93315 9213 g 0 )l Sl o a9l wglds A i _
oald dyals  SauSly oSl conid yaue s & Juol ol o]

SlAenl . .
Ty Sl Cad ooly o as L8y pl &8l jo el ool F) o2

oy 53l S 5l b gkl op slas s ogdle ol

bsé‘}m 6Lﬁ$u)f )| = ASu_u‘)i_m?jo oo‘bw.‘a wl.a
Ol Al e YEO 0gu s gloj ol SO 08,5 )has o
3554 (S i > Wosls g uls &8 a5l oo SassTy,

sl 00l o0l L)L““ (V)Jiu)b QT a.al...a 45..\....3;

Jlesl 31 s 9315 a2l g 03bw b,y gl bl amlio A S
Sl yipel

9515 9 05bew ©bdy yo gl Gbilgy SIS duns o :¥ Jgu

oY) | 86(0) | §9(°)

ST | VY | Y | e poe Jleel 5l S
e | XYY | Y | e pae Jleel 5l

O ,5 5 50 b g5l g oyl Sl e agly gl Y S
pr')

Yoo [YF+) QL».w.o) 9 ).ub ©go e)Lo.»i) P99 JLw— @L»aﬁ slbéﬁ)ls 9 s)sw @5.1.: ML}.L»aégé




Sy S g5wg il 5 o)l b0y v 5]l e b

2017.

[6] F. L. Markley and J. L. Crassidis,
Fundamentals of Spacecraft Attitude
Determination and Control. New York,
NY: Springer New York, 2014.

[7] J. Jiang, W. Yu, and G. Zhang, “High-
accuracy decoupling estimation of the
systematic coordinate errors of an INS
and intensified high dynamic star tracker
based on the constrained least squares
method,” Sensors (Switzerland), vol. 17,
no. 10, 2017.

[8] X. Ning, J. Zhang, M. Gui, and J. Fang,
“A Fast Calibration Method of the Star
Sensor Installation Error Based on
Observability Analysis for the Tightly
Coupled SINS/CNS-Integrated
Navigation System,” IEEE Sens. J., vol.
18, no. 16, pp. 6794-6803, 2018.

[9] Y. Yang, C. Zhang, J. Lu, and H. Zhang,
“In-Flight Calibration of Gyros and Star
Sensor with Observability Analysis for
SInS/CnS Integration,” IEEE Sens. J.,
vol. 17, no. 21, pp. 7131-7142, 2017.

[10] Z.Yang, X. Zhu, Z. Cai, W. Chen, and J.
Yu, “A real-time calibration method for
the systematic errors of a star sensor and
gyroscope units based on the payload
multiplexed,” Optik (Stuttg)., vol. 225,
2021.

S eyl e Gl 25 le, o [11]
Y 0y95 « Sig i plics )" s 0550 ds 2550 2
AT VAN as ) oyleds

[12] Z. Zuo, B. Yang, C. Yue, and D. Meng,
“Study of Simulation Platform for
BDS/INS/CNS Deep Integration
Navigation,” Math. Probl. Eng., 2020.

[13] S. Winkler, *“Observability of Star
Tracker / Gyro Based Attitude Estimation
Considering Time-Variant Sensor

®

& 35 Az ¥

o)l 213y et 3Rl (52 )5] e &y Al callin ol o
Sl pd i ool 5 28,5 18 anlllas 3550 9015 921y
QST L s 0l 00l ridgi g 015 0ty 5 0 b Olioy
o Sz 0ol s B o Sliwljnal e a il
Sl @ity b9y 5 2855 )8 (e 950 At DL
b9y lojlgily jsbite an by jo 0 adl)f jslate ol
5 Silwosly (Shue Cend 0oly 4 (555 2 Ghsy onl sleiian
Al all ol sl el ol

&8Lw o,
ol oads o B s g bawg qilie o)l digS s

&y

[1] R. Mu, H. Sun, Y. Li, and N. Cui,
“INS/CNS Deeply Integrated Navigation
Method of Near Space Vehicles,”
Sensors, vol. 20, no. 20, 2020.

[2] Y.Yang, C. Zhang, J. Lu, and H. Zhang,
“Classification of Methods in the

SINS/CNS  Integration  Navigation
System,” IEEE Access, vol. 6, pp. 3149-
3158, 2017.

[8] Z.W.Memon,S.J.H. Pirzada, and F. Li,
“Navigation of Student Satellite in LEO
with Minimal Sensors,” in Advances in
Guidance, Navigation and Control, pp.
5409-5418,2022.

[4] M. Ghesmati, J. Heyrani Nobari, M.
Arvan, and A. Kashaninia, “Gyroscope
Drift Error Analysis in the Position-
Independent Navigation Algorithm of a
stable platform Inertial System,” J.
Control, vol. 14, no. 2, 2020.

[5] J. Lu, C. Lei, and Y. Yang, “A Dynamic
Precision Evaluation Method for the Star
Sensor in the Stellar-Inertial Navigation
System,” Sci. Rep., vol. 7, no. 1, p. 4356,

\R3\| [YF+) ul.».w.e) 9 ).ub ©9S e)l.o..f'u P9 ‘_]Lw* ‘Sabaﬁ 6[&&,}}5 9 LSJBL"J: slcg.Lc ML}.L.aﬁgé



Pl 5 58

Misalignment BT - Advances in
Aerospace Guidance, Navigation and
Control,” in Advances in Aerospace
Guidance, Navigation and Control, , pp.
373-384, 2011.

[14] S. Ranjbaran, A. Roudbari, and S.
Ebadollahi, “A Simple and Fast Method
for Field Calibration of Triaxial
Gyroscope by Using Accelerometer,” J.
Electr. Comput. Eng. Innov., vol. 6, no. 1,
pp. 1-6, 2018.

[15] M. A. Samaan, D. Mortari, and J. L.
Junkins, “Compass star tracker for GPS-
like applications,” IEEE Trans. Aerosp.
Electron. Syst., vol. 44, no. 4, pp. 1629-
1634, 2008.

[16] G. Petit and B. Luzum, “IERS Technical
Note No. 36, IERS Conventions 2010,”
International Earth  Rotation and
Reference Systems Service, Frankfurt,
2010.

COPYRIGHTS

© 2023 by the authors. Licensee Iranian Space Research Center of Iran. This article is an open
access article distributed under the terms and conditions of the Creative Commons Attribution 4.0
International (CC BY 4.0) (https://creativecommons.org/licenses/by/4.0/)

)oY [YF+) QL».M) 9 ).ul.: ©9S O)Lo.:u P99 JL»J— @Las 6l.®é).3)l5 9 6)9[33 ‘95.1.9 Muaaﬁgé




	تعارض منافع
	هیچ‌گونه تعارض منافع توسط نویسندگان بیان نشده است.

