% 46 5% 10 Gk AR 2017 % 10 A
Vol.46 No.10 Infrared and Laser Engineering Oct.2017

W3m MR RSB R R B BURSRIRE T A
B A EWH 2 INYF 2 RN R AR R

(1. EHEARI=H B AP R AT, L 200233 ;
2. ¥ E AR A E A S o SMEM B R L P, EiE 200233 ;
3. EERAHEARKRSE HENMAF 5L ETREFR, L 201418)

i OE. EHRABAACAATERHAENMNZREN AT ZAAT LT ERATERL REAHLY
TR AT KA ERBRBERFRAIREZ S AR ARG ERF L, BE T —FRANG WK
RIBRERG AT EAEZ RNk, Ah, EAMET ZRBBEAFT A GME T EREE, AT
ARG A E 5 EIE;RE, EAY S RBRAERELBOE T T, RA L AKXNMES LSRN &K MGH
T EEERE ;G RETATUNARLZOKRTHEFNEN, 2EERERIT L5 ERE
PE, xkh L y AR R R E R AR EBLES R EIRT 35%F 20% ,iER T 12/7;,%%75;%@}&0

KR, R EHMAE;, S RBARE; WEHEME; MNARELE; WHBTAERE

FE 4 ES . TP391 XEtPREED: A DOI: 10.3788/IRLA201746.1017006

Star tracker calibration method based on the model of
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Abstract: Based on the measuring benchmark of higher precision, the inner orientation elements of star
tracker were modeled and optimized. Because of the fact that the error of the optical system with large FOV
is not ideally axial symmetry, a calibration model based on net zone-division field of view and the
corresponding optimization method was proposed to calculate inner orientation elements of star tracker.
Firstly, the principle point and focal length were resolved based on pinhole model after the compensation of
initial alignment error. Then, the polynomial combined with bilinear interpolation was used to correct the
optical distortion under the guidance of zone-division modeling theory. Finally, measurement angle error was
applied to the accuracy evaluation of calibration. A calibration experiment in lab and a real sky test validated
the proposed method with the residual error of x axis decreased by 35% and y axis decreased by 20%.
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Fig.1 Calibration points distribution in field of view

1.1 BB HEIREER

FE AU A I A A AR R DL SURRER 1O Rl
Z, il Al 5 AR IR0 32 R S (R 3 R TR
Gk AT R X, A TR R E Y,
THER G AMER R Y, B, NAERY R X
WA TR E Z S E 2 Fs),

Inner frame of two-
axis turntable

Quter frame of
two-axis turntable

Star sensor

215

Pl 2 BRI A B 2R LR 5 A T 2R
Fig.2 Star tracker measurement coordinate frame and turntable

coordinate frame

MR BURERR A i  & LE Ee ) R U
A AR AR R 5 5 AR R RS XU, (HSEER X
{E&%/é%ﬁﬁo LJE’#EEIX’K?E%(%, (8 @s)%l&kﬁ/l\
AR R Z RN OC R e 4 s P an A X (1)
A=R(@)R,(¢)R(¢)

1 0 0
R.(¢)=|0 cosg, sing
0 —sing, cosg,
cosg, 0 —sing, (1)
R(g)=| 0 1 0
sing, 0 cose,

1 0 0
R(g:)=]0 cosgs sings
0 —sing; cosg,

BT o, @, o BA/NMAEE, I TEFIHHE, Al g
RV, cosp=1,sinp= ¢,

HMEvRAE T, BRRBEAG AR TR
FroM[0,0, 107, 458 S EE st BT RN o, I
Ak B, WL B < 75 6 A bR &R v 67 B A
K(2):

1 0 0 COSe;

v=[0 cosB; sinf; 0 1 0 0 (2)

0 —sinf; cosf;

D)2 2 7 R AR A ) AL s R P R B G B
mAH(3):

0 -sing; | |0

sin;, 0 cose; |{1

w=AV=[wy, Wy, Wil 3)

R BAERE Ry f, R (o, yo), AT AR SR @ P AT

TGO AR /N LR A BRI SR Hh 7E B U AT T
AR R S N A K (4)

W,
w,

X=——f+x,
i3

(4)

__Wi
Yiae=— f+Yo
Wi

PR N (i, i), S PR S RS FRAE R A
(122 WA () :

-Wu fHx0—X
Wiz
Ax, X1ia—X1 Wi P
“ Wy,
AM Yia—Y1 Wiz P2
Axy |=| X=Xy | = _ Wy fXo—Xs =|p; |=P (5)
W
Ay, Yaia—Y2 » Du

Wos
— 2 fX)= Y,
Was

SRIFARLNERRACAL I, BTSRRI ¢, @,

1017006-3



BRIY & a4

% 10 21

www.irla.cn
—

% 46 %

@ 1 xo, yo,f 2K Jacobi i [ a1/ (6)
[oP 9P 9P 9P 9P 0P
oo Jdp I of  ax,

op,  Opy Opy 9dpi Opy  Ip1
dor Iy d@s  Of  dxe I

aps aps aps )2 ()2 AP,
dor 0py I af dXy Yo (6)

J

dye |~

B 2 57 a9 J7 B XF R A9 Jacobi R BE AR A
MATLAB ffltfb T B4 , 45 & R A0 b8, DL i
/N TR JE I SRR A VB S P (A 5 BRARL A5 5 S B
FAZE R/ B min[Ax,, Ay, Ax,, Ay, ++17,

1.2 ETKXME RS XIFERKEEER

1 6° 37 PN 527 W A8 S 0 35/ NI A B AR AV |
B R R 22 BTSRRI IR X IR 22 S8 FE R
FEHE SR G R IEA R()~(5) 1T LA 2] 4937 N % 22
M AN B, HH T o0 R G5 2 Rk i 7 AR 1Y) B A
B R 22 5 R S ARGV T 1 AR AN A T %
B F, 2T IR LA X A e &R 7R 2 101X
BRI BE 1T, AR B B IR WAL SR NG 2R
B85 i , 2 A A IR0 B S A 1 s50RS
PEwE R s M SRS BE AR, A T i — 2 MR
SEIRZENA GBI IS R =M 2 AU G456
O3 DX TE s, B KRR U N N 1 5% 25

=2 E A A (7).

,
X X,

2 3 2 2 3
XY Yy X X Xy

Ax, AY1
Ax, Ay, |= 2 2 3 2 2 3,

Xa Y2 Xy XY2 YV, Xy Xy Yo XoY, Y,

i Iz
Iy Iz
s Iy
g Ty
s Ty (7N
e T
g Iy

g Fxs

o TI'»

B BT A bR i B9 R b b — 2D AT

/NI, 25 5 sk A% 20 AR OE REERE R,

100 bR e s 40 2 81 A X8, &l 1
IR, R PR A B XA 4 SRR A B X
TSR X 4 AN bR S AT R PR (R, SRAS X
N 5% 25

R ITIE IX IR A 4 S EAARE SN a,
b,c,d, TSI HATF I .

Ax, Ave | [X0 Yo Xa 1 || 8u &2

Ax, Ay, X Yo XYy 1|/gs g» )
Ax. Ay, Xe Yo Xye 1|80 &
Ax, Ay d Xe Ya Xya 1 118u 8w

A, GRS S gid 2G5 15
22, (X Ya) s 06, 30) s (%, o), (ay ya) FIFEBRRAE B AT
ABFR IR TR, 2 5 SR R B G, W
B2 DX P B T AR 4R 2% 2R B0 B SR A5 6 1 %
25 SRIGHATRCIE o T A T ARAR s A48, e T
B A X2 3] 55— R ) B Pk Bk s
1.3 FREREEMN

U7y 15 2 Iz e L 0 JRR 8 ot 2K e P T e 1R 2
S R BB B AR IR ZE A R EDY) B T DA
He At TR 22 BT LUK bR ik 22 5% A6 R T A 5%
% RO 3 B AURER 0 x BT y b B0k x BN
y I AR R 2E

L, o NS B 2R o o B AR I o AR A 2R v 1)
U, L J& B % it 7E B B0 AR DU o A B R P 9 S B
{H . SRR I & I B C B A B USR5 m
RS K B BRGSO B R A 2 (7) AN 8) A IE
J& , AT AR B /NFL G AL B L, FRARE DL T L.
5 LFAT, SRR TARE R 22 EH A FAT, fAAE
W2, A T T Ak 1o i A x J7 ] B9 D £
25 AL Ay J5 [ @90 £ 25 AL, 43 5%k 107 B SURR A il
KaEEFN y RS

MRAEEE 1.0 WA Es R A X Q) ~@) ] LiAg
Al 5 A BARE (A SPOLTE B BUSas B iR
) PRARE) S F2 i AR HE A=K (9) T

Lr(l) _(xid_xn)
1
| b —-u=yo) | (9)
L(3) V (Xix0)+ (Yimyo) 4/ f

K 12 BRSSP R ARG 22 (D) RN (8) RL IE

MR 2EMRALL B S e TR Xt R, i aA0):RTG .

1017006—4



TGk T2

% 10 21 www.irla.cn % 46 b
L(1) x1 BEREAXBEX L
L=|L(2)|= ot A 1( = i Tab.1 Comparison of distortion calibration method
X+Ax—x0)*+(y+Ay—y)*+
L.(3) ’ ’ accuracy
—(x+Ax—x,) Calibration x—axis calibration y—axis calibration
(+Ay—y,) (10) method residual/(") residual/(")
- —Yo
f Radial distortion 13.6 16.2
‘ . - B ~ formula ' '
A (o, y) o B ARSEBR AR R 5 Ax O o AR £ e A8 A5 .
X N . Polynomial 11.2 10.8
IE{E 5 Ay jil y ﬁé*ﬂ( E/‘] Hﬁ&\ﬁﬁ{ﬁo Proposed method 7.3 8.6
}{%‘ L,ﬂeﬂ L. E’J%%%Eﬁ’&fﬁ(ll)ﬂ](u)ﬁj\ﬁ@ﬂ% Neural net 7.8 9

RS x B y Bl b

AL'F%&;L)Y@) (11)

_L(2)L(2)-L. (2)-L. (3)+L(3)L(3)
L(3)
A AL x JlAIN AR 2E AL, Sl y Bl AR R 2%
J LA x 7 0] B0 £ 12 258 3 - std (AL, y Jr 1Al Y
MR- 2EH 3+ std(AL)
8 e e B EOAT LA aE Ak R D s ) R DU RE O Ak
B BRURER BT Y e B RO N R S
FERM AR X504, W x,y 7 AR 2ZE A THE
oo 3estd(AL)  3-std(AL,
45 % \/<ﬁ ), \/% ),

2 HRERBHFESNTSUERIE

2.1 BREREHEIES

B R 3 200/ APS 2 AEURE #5 AR bk 5
B 5 L AT ARG, B e ST 1.1 T R A R X o R
FZERAR | SR Z R ,=0.009 0 rad, ¢,=—0.001 3 rad,
¢;=0.017 6 rad,f=43.442 1 mm,x,=0.074 8 mm,y,=
0.409 1 mm, i _FIRSEARE A X D) ~G)IHHE B 20
sk 2z, (R 4 Ry 6 2 N 0 5k 25 35 1T
PLA R AR A 2 SCh s R A M4
Hrp R mmiAE A 2O 28 W 28 HR 2 4 R i
TEJTH, SO A B I T i

1z kS 3 e Rk aE i T L,
A LAE H SO T R R AR R RO B d s, 5 2 a4
JRAEIETTIE AR L x T W A 1R 25 AR 35% ,y J7 1) %
1% 20% ; 12 ] AR A =X B AR G IR SO B 2% . R BP
T A 22 P AU B AR RO oy XIS IE R 22 1] 3(a)
~(b) 535 A e AR A 2 22 Sy (BP i)
P2 8L TE 2 5 AL RRZETE S T 5041

AL, (12)

=
x
=

2x1071° "

Star point residual/mm

=2

Focal plane

y-axis/mm Focal plane

x-axis/mm

(a) A2 fo W A8 45 T J B2 A 1R 22

(a) Star points error after being calibrated by radial distortion

Star point residual/mm

Focal plane

yeaxistmm -10=10 Focal plane

x-axis/mm

(b) LI ALK IE 5 B s iR 2%

(b) Star points error after being calibrated by polynomial distortion

£ -3 +
3x10

£

g -3

2 2x10

g

E 1107

2

-] ole-

“ 10

Focal plane
y-axis/mm

Focal plane
x-axis/mm

-10-10

(¢) P ERIE S B s 2

(c) Star points error after being calibrated by this paper method

1017006-5



oGk TA2

% 10 21

www.irla.cn
—

% 46 %

L]
x
<

Star point residual/mm
%
=

~0
Focal_ plane -10=710 Focal plane
y-axis/mm x-axis/mm

(d) MM KALIEG 2 H R 2%
(d) Star points error after being calibrated by neural net
[ 3 MR AE A IR JE Y A R 22
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