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Table 1 Error parameters of the discrete optical system

No Symbol Name of error
1 e, Comprehensive error component of rear group optical path (around y, axis)
2 e, Comprehensive error component of rear group optical path (around x, axis)
3 es Perpendicularity error of the mirror normal of the 2D scanning reflector
4 ey Zero error of the elevation axis of the 2D scanning reflector
5 e Perpendicularity error of the elevation axis of the 2D scanning reflector
6 s Euler rotation error from board system to IMU system (around y, axis)
7 e; Euler rotation error from board system to IMU system (around x, axis)
8 e Euler rotation error from board system to IMU system (around z, axis)
9 ey Shift error of the IMU in roll direction
10 e Shift error of the IMU in pitch direction
11 ey Shift error of the IMU in yaw direction
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Fig. 2 Error models of rear group optical path and 2D scanning reflector. (a) Error model of rear group optical path; (b) error model of

2D scanning reflector

Ja G 2R A R 2 BRI E 2(a) s, Hirp 2k
AR R oz, y,2, PR R E RGBT 0o e
B 58 BRAR A 6 a0 VR =, Bl B ) o TS A6
LRAIRE W, SR A ay 5 EAA G OEHE ay,
FETEMN 25 o % 25 W] 4l R By, R 25 A ey MBS 2,
iR ZM e, MM IRZE . B 435 OO B A
A as 53 0 58 y, SIE 5% o) f1 P58 2, STIE 5% e, £
J& 5 5 br A RS A SR @y, FA T 3R K
F YRR RO T S PR S Gl @, 1 21 DY ST PR IR
A h

ay=~R,°R 0a,°R °R; , (1)
K ra=0—1k; R\ R, 73 5 iR 22T e, e, X N 1Y
BRI . HEARIE A

R, = Cos(;])+ sin(;)j

o (2)
€s . €\ .
R2—005(2)+ 51n( 2 )1

1 2(b) Sl = 4 4714 2 S B AL iR 2 B iR TS
S (b b, 5 ERAK AT R o, v,z B B AU R ST
HP L o B T S T 0 R B SR Y 2 A
3 0y,z, PR A5 J7 10 B4 R &, i 4l D TR R R
ne=0+2/2j+V2/2k, T = 41T 5 B4
R 2 5 T 2 25 AR A0 i T LR A 22 e IR B A3 iR
2 ey 7 AL Bl 5 ORFACD b 2 L RE R 2% e DA KT N2 R ¢
IR A A 6 e 55 , 4900 Uf B THD 925 4k mo 78 $ Ay i 2 J THT 1 2K

1812004-3



ERXE-HRIEX
no no~n A7 ZFPTERE HAR  doh AT B0 T B 1 o I 1R
N ing T EBE s TR SE 1R 25 A oo, SR B8 o, B IEHG R 22
S ey FVREAM Ff1 0, 1515 58 y, SUHE 6 1% 25 £ o5, B SR 55 46
2, HUVERE I 0L ¢ o, WA 2(D) fTaR o £5 1, BE T I
2R 20 1R 22 TE e B 7 L A T8 % =, G AE 204 R U e %K
A i R R IR
n=R,oR;oR,°R,oR;on,o[ R,cR;°R,°R,°R;] ,
(3)
AR, R, A3 Sy A 5 4 S S B T SRR AT % £
& O T X5 LAY TE % DO TT R Ry — R 430k — e 474 [ 4
B iR 22 S8 ey — es TR R IERE DU TCEL ., HFRBAN

R,= COS(¢)_ sin(¢)k
2 2

p AU (4)
el 2} )
R, cos()+%1n(?>{gj€k}
R4—cos(;)+sin(;)i . (5)
Ro—cos(;)#—sin(;)]‘

MR R T B IA L n KA SJCH @, ¥ 3RAF 0T,

W A5G Tk 40 D TC R @, B, I SR B TR L n iR

BU AT A3 400K & s 5Ol . i 5905l @, 78 UK R Y 4l
PuoT R IR

ay,=no( —ay)on . (6)

AT s M B R, T EA AR S R

e RZAE R RIS L. TS RSB R —

T LR VR 2Z MR S 5 e — e, PR IL I T A A 75 f2

BB R B IO 2N TR,
a:sz':R80R7°R6°a3b°R:&°R;°R; , (7)
Hrr,
Rﬁcos(ezs)Jrsin(e;)j
R7cos(€27)+sin(€27>i o (8)
Rg—cos(ezg)Jrsin(e;)k

1505 AT AR A R ABEIR AR H a By RO
Z R IR IR o — e S, 15T 22 A MR AR A
ik e 8 8 e SR A B = AN B R LS S
AR AT A AR — 2 WL TR 22 7 4, DRI H S O il 7 3t
R RN BT R SO 150 B8 L5 IR
o 1% 2 P 20 BRCL A b 2R Ji e A2 46, D
as, =
Ry °RoRyoR,°R;°R,ca3;°R,°R;°R,°R;°R,°R, ,
(9)

&5 43 % % 18 H1/2023 £ 9 A /%23

/\rl_]’

R —cos(a)—sin(a)/e

2 2
Rﬂ—cos(§)+sin(§)i
Ry—cos(y)Jrsin(y)j

2 2

o (10)

Rgcos<€9)+ sin(e’)]

2 2

e e
Ry, = cos| — |+ sin| — | i

2 2

e e
R, = cos| — | + sin|[ — |

2 2

(10 FEA K (9) T 3R A5 2 i =L 2 2R 46 b 3
FOthhde m FRikA
2.2 RESEMEER

S 1R 25 B A AR A ok B L R O R
4 6l R R — o B A AE B bR T A 2000 s D AR EaE
TS 2 A B LA K H AR 3t B 2R 7 AN AR A, AT
RAFFEARBIE X R 2EZS B HITMHA . fE2. 1 TE%R
St G il s B R A BRI AE 1R (9) I R S M
5% RS e B A8 4 DU e RS 2 A X A v, B

R;OR;ORZOREORIOORLoa:).]IoRlloRloo
R,oR,°R,°R,=R;°R;°R;o

[ne(— R Ri-auRiR:)en [oR o Rio R, (11)

BT AL, 20 (11) 555 e v B 28 = A pR A
PRI RS 1R 22 — A1 PR LA K H bm JE o b 2 R o i 4
By sk AR et I, S XA i M S RS IR 2E S R
BOFD A = A RECR s AE R0, R IR 2ZE S E N
AN R IR 25 S0 0 = A eR A AT F HE 2R W 8 T
K — BT A . 2% B A DL S BN ] A
KOQDEMAE T EIEAN
hoey+ hpe, + hpes + <+« + havero T haen =d,,

(i=1,2,3). (12)

i N )

H-E=D, (13)

o :E:[C’l, €2y "ty €9, €10, 311]Tﬂ97\lﬁ%¢§%1§'€§7§
) 5 H oA R AR SR L R A £ = A e
BT A A R R H s A o B 3 R 3 R Y
R YR 5 D Ry o 0 B O L A A AR S
A T e B R H bR o L HE R A A R Y H T
] 4

MO0 Ay B E p > 20 B bR B4 B AR SR FE AR
Fog B, A 3RAE 3m(m=p X q) H I &, s i) X (13)

H-E=D', (14)

K H D'k 3m X 11, 3m X 1 FER &, H

1812004-4



ERXE-HRIEX

% 43% £ 18 #1/2023 £ 9 A/kZFFR

SIS W
_h}ls hiz» hi.’s’ B h}m h}l()a hhl_ 76[117
h%lv /léz, héz’ B /léoy hél()vhéll zl
iy hisoy Rssy =+ By hisios hin d;
H'= : : D'=| i |. (15)
I, W, W, eeey Y5, R, R dy
hoys by Ry <oy R3o, A3y, R dy
L5y, Ry Ry =y R, Ao, MY dy

KOO I RFIRZES & HOE EIR4 A HE
AR 350 T3 A BRIV RT i bR s OR R o AR A S PROG B
Bl AR BT [ e R 22 O HIHI f 2F BT ABEBLIR 22,
45 7 B L Mk LLSRAS RS W it o TR0, SR T e/ 3Rk
i i R AR S AU IR 2E S ] B E DL B OB BR
BEBL I 22 X RGE 1% 22 2 BRI
R4 R/ LA 5 S (HH') AR AE R, T
4 R G 22 ) i 1 /N Al I
E=(H"H') -H"-D'. (16)
NT BRI AR IRES B AR, € XME

K F RN

3600 X 180
F:

s

(17)

KP:A=H'-E — D';F Joki RS I 3000 f D

i i R g a0 (16) (X (17) AT g B i 2 R4
g RS R ZE S AU AL o UL E R BT L
SR B ZR GE R 22 2 AU A OGS 1) 858 BT 52 300
L BN CIR Py S G o A 7Y '
2.3 ENREAENEREER

AR SOOI A 1] 1R 22 BT A AR S SR Rl i RS
UL A A i B o ST R Al R 5 7 R R A A S H
I [ 22 2 B DL e F AR B AR IR 42 R 3 5 ZR X, AT
ST R AR FE U

R ST 38 Bk ST DA Bk G Sy RO L ER P AR
JE A 2R Ry TR0 TR BR BB o DR A IR R Rk
RIRP R =ML RR TR —H R — AT A" =%
ZIAIHOC A o I SR RS0 = A 15 B B 2 A )
ZIE PR A e AR H M7 AL TR S0

H.,=— arcsin(singp +sin g, + cos ¢ +cos J, * cos t,l,)

(18)

A= arctan[* cosd. sint,/ cos H,, (cos ¢ sind. — cos @ +C0S0.*COS1, )/ cos H:,.:|

Ao R E MBS T 0. 0 BAR 2 IR 2 50, I T
Pl 2 LR = e L R LA 3t B A

RER AR A5 2 P I35 7 B A BT BB A A i B P L
KefE R e RANE 3TN o DLRERAL bR R P AR 20 08
h S I A R 2 R N R b I A e R ) 4H

sidereal
time circle

time circle

AR R AR e e e B i R I B e Y D SR
i I . Hod B ORI — 25 0 o S i 3 R =
H& PR B B A CRR D 3 48 B R ) RN AR B 2 38 2 i
B e B A (P UT HESEE AR A H s ) R 40 .

23 R 1 =R N D Ol i I -

observer's
meridian

meridian

P03 EEAACRG I 5 3ty i 7 2 A

Fig. 3 Schematic diagram of the local hour angle of the star relative to the tester
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Table 2 Error parameters results by digital calibration

No.  Symbol Value /(°) || No.  Symbol Value /(%)
1 e 0.0892 7 e; 0.0459
2 e, 0.0355 8 eg —0.0291
3 e, 0.0341 9 eq 0.0177
4 ey —0.0023 10 e —0.0022
5 es 0. 0458 11 en 0.0104
6 es 0.0941

F (fitting accuracy) 11.61"
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Fig. 7 Error curves of optical axis pointing before and after

correction
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Fig. 8 Comparison of pointing accuracy before and after correction. (a) Before correction; (b) after correction
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Modeling and Digital Correction of Optical Axis Pointing Error for
Discrete Optical System

Zhao Hongda', Li Shunhe, Jiang Tao, Fang Fang
Intelligent Optoelectronics and Digital Manufacturing Laboratory, Huazhong Institute of Electro-Optics, Wuhan
430223, Hubei, China

Abstract

Objective To meet the performance indicator requirements of long focal length, far detection distance, and high agility,
modern optoelectronic equipment usually adopts the discrete optical-mechanical design to integrate a series of complex
optical-mechanical components and sensors such as off-axis three mirrors, scanning reflector, fast steering mirror, and
inertial measuring unit (IMU). These optical-mechanical components and sensors dramatically lead to more complex
optical paths, making the optical axis pointing accuracy increasingly more sensitive. On one hand, the relative positions
between the optical and mechanical components are changed easily under the excitation of vibration and shock mechanical
environment and thermal environment. On the other hand, there are also measurement errors in IMU sensors. Both of
them will ultimately lead to the out-of-tolerance of optical axis pointing accuracy. Frequent reassembly will not only
consume huge manpower and material resources but also seriously interface with the program progress. Additionally, the
influence of the assembly and adjustment residuals for the discrete optical system on the pointing accuracy cannot be
ignored. Compared with the traditional mechanical assembly and adjustment, the digital correction can realize the rapid
calibration of optical axis pointing through the pointing error modeling and the sample data obtained by tests. Therefore, it

has become more and more urgent for the discrete optical system to develop research on digital correction technology.

Methods

correction of the optical axis pointing error of discrete optical systems. A discrete optical system containing the scanning

A digital correction method of optical axis pointing error based on star measurement is studied to realize the fast

reflector, fixed reflector, and IMU sensor is taken as an example to conduct the studies. At first, the optical axis pointing
model in the geodetic coordinate system is derived by the quaternion method. In the pointing model, a total of 11 error
parameters caused by structural processing assembly errors and sensor measurement errors are taken into account. Then,
the equations are linearized by the first-order approximation of Taylor series expansion of the error parameters
trigonometric function terms, and the calibration model of the error parameters is further deduced through the least square
fitting. In addition, the calibration datum for star targets is established and the position of the star datum in the geodetic
coordinate system is computed based on astronomical navigation principles. Finally, the digital correction technology of

the optical axis pointing error is verified through the star measurement experiment.

Results and Discussions A total of 11 error parameters of the discrete optical system and the fitting accuracy are all

1812004-9
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obtained by combining the calibration model of error parameters and data of test samples (Table 2). The error angles

between the calculated and theoretical optical axis vectors before and after correction are computed for all samples and are
compared (Fig. 7). The root mean square (RMS) value of the pointing errors after calibration is 11. 61", which equals the
fitting accuracy, indicating the fitting accuracy can represent the optical axis pointing accuracy after correction. Through
comparative analysis, the RMS value of the pointing errors decreases from 398. 15" to 11. 61" and the pointing accuracy is
improved by 97. 1% after the digital correction is developed (Fig. 7). The qualitative and quantitative verification tests are
carried out respectively to evaluate the improvement effect of the pointing accuracy. The location values of the building
feature point obtained through the gyro theodolite are taken as the given to adjust the optical axis. There is a large
deviation between the optical axis pointing and the building feature target before correction, while the deviation almost
disappears after pointing error correction (Fig. 8). After correction, the missing distance of the target star can be obtained
by adjusting the optical axis pointing to the target star in the target pointing mode (Fig. 9). The RMS value of the missing
distance is 10. 78" (Fig. 10). Both qualitative and quantitative verification test results show a significant increase in the

pointing accuracy after digital correction.

Conclusions We propose a digital correction method for the optical axis pointing error to improve the pointing accuracy of
the discrete optical system. The theoretical modeling and experimental verification are carried out carefully. In theoretical
modeling, the optical axis pointing model of the discrete optical system is built by the quaternion method, and the
calibration model of the error parameters is deduced through the Taylor series first-order approximation of the
trigonometric function terms of the error parameters and the least square fitting method. In addition, the star calibration
datum 1s established based on astronomical navigation principles. The verification experiments indicate that the optical axis
and building feature point almost coincide after correction, and the pointing error between the optical axis and star datum

”

reduces from 398. 15" to 11. 61" after correction, with the pointing accuracy being improved by more than 97. 1%.

Key words discrete optical system; pointing error; digital correction; star measurement; quaternion
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