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Analysis of LOS pointing and rate compensation for two-axis FSM
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Abstract: In order to control line-of-sight(LOS) pointing with two-axis fast-steering mirror(FSM) accurately,
kinematic equations was set to describe the relationship between LOS pointing and angular displacement of
FSM deriving from Snell’ s law of reflection. LOS pointing equations were decoupled with non-linear
correction. LOS pointing error was less than 8 prad for two-axis FSM whose tilt angles were both +20 mrad
with beam incidence angle equaling to 45°. LOS pointing accuracy rose 75 times compared with linear
approximation. To hold the LOS stationary, rate equations were established in terms of vector rate synthesis
to compensate the angular rate of the mounted vehicle in inertial space. Angular rate equations for FSM were
simplified via Taylor expansion and high order truncation. The residual angular rate of LOS with different
beam incidence angles was calculated, which indicated that the residual error of w;, was far greater than w;..
The ratio between residual LOS angular rate and angular rate of mounted vehicle was minimal and less than
0.164% when beam incidence angle was 45°, which satisfied the accuracy requirements. The equations
deduced suppliy theoretic reference of position and velocity command generation for FSM control system.
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Fig.1 Reference coordinate of two-axis FSM
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Fig.2 Calculation error of LOS pointing with linear model
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Fig.3 Calculation error of LOS pointing with non-linear correction
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Fig.4 Calculation error of LOS pointing with non-linear correction

of different

3 R EALH A ERAMES

T2 SE PR LT R, R B B — T T A E HE Y
25 R E A 9 B RS BE ALl AR 1), 3 — T TR T A
e JAE A HE R AR AR I A R B R L AR E A K
o, MR Ok R R T B T DR B B A R
T7 e, DA i 22 5 5 8 40 2l ffy i R, S BRIl AR E o

R B R B B 2 2 S AR AL AR R 5 TG G Bl B A B
M bR R A R RS BN

o, =0, 0 )" (19)
T E A R R AE A AR AR R T RN
cosB, 0 sinf,
o= 0 1 0 | (20)
—-sinB8, 0 cosf,

160 A bR R A bR B B (3, 0,)7 BLE
F9 HY S 5 8 v R R

—sin2ys,,(cos26,+cos23;) ¢,n—2c052¢msin2 Omém

N , .
Po = cos2s,[cos(26,~B:)+cosBi] i, ~sin2y,sin(26,~B) 6, (21)

sin2i,,(sin26,,+sin23;) 111,,,—2 cos2i,c0s20,, ém

AR % B R 7 R,y 22 2 R AR AT 2l A B B B
¥ S S [R5 R A9 H 5 O £ B R

Vi =Py + oy xPo (22)
5 LB AL 28R R S O i 5 R
5 Z WL AR R R
Vi =EOEA) V. (23)
Horf
cosA; 0 —sinA,;
EA)=]| 0O 1 0 (24)
sinA; 0 cos\;
CosA, sinA, O
E(A,)=—sinA, cosA, O (25)
0 0 1
S B 4 A M v KL # TS 3 T 5 oh A bR B R
W, H O—xyiz WU AR KR B, TCHE B e LA
Ox, AL 2% | 2 S 3 45 6 30 I WL o6 B 25 S OP,, . 3%
LA A, A AT LR A S

cosh,=——Lax)_ (26)
VP (+P,, ()
sin, =) @7)

VP, ()+P,, (7)
cosA=\/P., (x)+P., (v) (28)

sinA,=—P,,(z) (29)

[ 5 LA AL bR R
Fig.5 Reference coordinate of LOS

BEHLh % B A R

0918001-4



bk TR

% 9 i www.irla.cn % 46 B
aﬂ’:(% w, )" 30) XS C 75 e sin cos MRS o 2t U7 R
S L S A o S S ek R T SR ABOHEFE A (475 E TS O

Vi =0, @, 0)™(1 0 0)'=(0 @, —w,)" (31)
T WL A 5 Bl A RO
@ ==SIA;[COSA, V. (X)+8InA,V i (y)]-cosAVu(z)  (32)

@.=—SInA,V, (x)+cosA, V. () (33)
N PRAE AL AR SE , B EEK
w,=0
w.=0
B R R fifp PR BB e ) A AR A T A
Ay A ) P, =(Bl ) (34)
Ay Ay o | B,
Forp A JT R 2 R
Ap=SA{CAS2¢,,(C20,+C2B,)-SA,C2¢,,[C(26,—B)+
CB:1}-CAS24,(S26,+S28;) (35)
Ap=2SACAC*,S26,+SASAS2¢,S(260,—B)+
2CACH,C26,, (36)
Ayn=SA,S2,(C20,+C2L)+CA,C2,[C(20,—B)+CB1(37)
Ap=2S)\,C*,S26,—CA,S24,S(26,~B:) (38)

Bi={ SA[=SASBLow1(x)+CASBP(y)=SALCBP(2)]+
CACBP () } 0pt[-CAP L (X)+SNCAP 1 (2) ] =
{SMCACBL () +SASBP1(2)=SACRP.(x)]-

CASBPw(Y) } e (39)
Bo=[CASBP . (x)+SASBP o (y)+CACBL,.(2)] wpt
SAP1(2) 0+ [=CALCBP 1. (x)=SASBP o (y)+

11 Al2
det(A)= (41)
PIATFE N +20 mrad [Y 75 flpR S8R R ), FEIE A

TE K2 5647 AR Y B N A7 91 380 d/IMELS B R (E BB A
SH B AR bt & 6 iR, ALY Biel0°,
90°) I, A B I A 1947 51 3000 d5e /N (BN g R AE Y
INT 0, TIEAT Ay O, RE I A ATt R oy £

2 5 JRE I Bl A R PRI AR E L DR B I Bl A R
ENIREY R
. -1
‘l’m _ Ay AIQ) (B]) (42)
0' Ay Ax B, |
0
——Minimum of det(4)
-0.5f —Maximum of det(4)
-1.0f
~1:5F
X
T -2.01
Q—2.5'
-3.0f
8.
_4'00 10 2IO 3I0 4:0 SIO 6IO 7I0 8IO 90

B/)
6 RBUEM A 115 X80
Fig.6 Determinant of the calculation matrix A
Sy G 0 R SR ) R A E A R A
A (A2) 1 = R BT R RBURTT R R

CASBP..(2)] Wy (40)  RI, A5 bR S B B S A A A I LTI A 2

i~ (SB20,CB+Y, SBC2B) wit(SB-26, CB)dI 0~ [CB+26,8By, CB(4-C2B~252p)] (43)
2[CB+0,SB+0. CA—1r. CB(2-S2B~3C2B)]
6~ [CB(S2B+2C2B)+26,SB— G”lCBi(1+3CZQBi—2S§Bi)]lﬁmwbx—(CBﬁ 0,88+0. CB~2. S*CB) ~
2[CB+6,SB+6, CB~iy, CB(2-S2B-3C2B))]
,CB; [2CZB (2c23 35286, v, ()
2[CB+0,SB:+0., CB—ir. CB(2-S2B~3C2B)]

[ #2820 (43) L (4) H i1 S .C 43 5] Ky sin cos 1 Aw,.= 2 ‘Ulz2 — x100% (46)

5 o th TR F T A2 53 TR B e e 3 6, i
I S5 B e B AN B 58 4 D B R R A R, L 4 B
FE R A 00 58 S5 AR OL il % 30 A 5 3k AR 4L
SfHERZ

Aw,= o x100% (45)
wbx +wh), +whz

wbx+wb),+wbz

4 RufAEREMAEST

DL JE 4 3 o % R w, =(0.1 0.1 0.7, A
St B 2 30°.45°.,60° 9 B, 43 Hr R 22 3 (43) L (44)

0918001-5



bk TR

% 9 i

www.irla.cn

% 46 %

U AL S I ) SR AR IR B s R, LA N AT
7R o AT UL, X 6] — A5 R, LA 2l f HR oy, 1
B 22 KT o WIER 22 1 X TSR A S A, 5k R
W B f R AP E R 22 7 jﬁéﬂ‘ﬁﬁlﬁ]/\%ﬁrf
DL T 1 58 A% LAl 5 2 ol SR I AR ARG O, TR RE DAAT
i 2y £20 mrad mmm'mmﬁﬁm, ol TR S AT

—20 20 &

@,/mrad ~

¥, /mrad

(a) B=30°1} o, k2%

(a) Residual error of w;, at B=30°

(d) B=45°N w, k7%
(d) Residual error of w,, at B,=45°

6,/mrad ~ 10_20 50 10

(b) B=30°Mf w, 5k %
(b) Residual error of w,, at 3,=30°

(e) B,:60°Hj‘ wp, 5% 7

(e) Residual error of w;, at 3,=60°

T 9 L PN e R AL i 5 3l o R ik 2 B A 9 22 A
£, 73 A 45 R B 8 BT R o Bk 28 35 B B TE AL
AER o, b, HIZT o FFZENMEZ; P
Feoh Ry, B9 5R 22 AE A A O 45° 1 e/, LIS
ML L 2 AR oy, 5% 22 5 R R 8 A R 2 LD
T 0.164% ,

[F) o WL 4 e B A R o, BR 22 S AR R

ST
¥ Jmrad 0,/mrad ""_»3770 10

¥, /mrad

(c) B=A5°IT oy, 5k 2%

(c) Residual error of w;, at B=45°

16x10°
12x10°
8x10°

4x10°

(f) B=060°1} w5k %
(f) Residual error of w,, at 3,=60°

B 7 B; R 30°.45° 60° 0] I 4k b 435 T WLl e ol ff R AR 2
Fig.7 Residual error of LOS rate with non-linear model when f; is 30°, 45°, 60°

R /N T 0.05% , o] ik 2 0k sk .

12%

10%[

8%

6%

Max(Aw,,)

4%t

2%

% 10 20 30 40 50 60 70 80 90
BIC)
(@) REAM A BT o B KB 22

(a) Maximum residual error of w;, with different S;

0.12%

0.10%g

0.08%[

0.06%[

Max(Aw,.)

0.04%

0.02%r

% 70 20 30 40 50 60 70 80 90
BI(®)

(b) N AL B T o 5 K5k 2
(b) Maximum residual error of w, with different (3;

P 8 2k b £ T LA B 3l i R e Rk 22

Fig.8 Maximum residual error of LOS rate with non-linear model

0918001-6



% 9 i

bk TR

www.irla.cn

% 46 %

5

&

-~

SCH TR AR S 1 DR B S B e A S L b 4

I ff1 18] 1) iz Bl 2 il O AR, o 1 ARk B AR 2k
FEIE T B ALl A 1] 5% 22 o by D BRI AR 0 B R R R
UERL A AS AE , HlE Sr 1 A bR S B Bl A R T R 3R
HAE A 0 A5 AR R 22 B/ WO B BT R R
SHBLAGH AR B B A IR TR, R O bR S G
ol 4 o AR 8 0L 3 A 4 AR AR R LR K R

SE Mk

(1]

(2]

(3]

(4]

(ol

Peng Shuping, Yu Hongjun, Wang Weiguo, et al. Design of
servo system for novel fast-steering mirror [J]. Infrared and
Laser Engineering, 2014, 43(5): 1610-1615. (in Chinese)
Shi Jingjing, Yao Baidong, Lu Jiaguo. Modeling and transfer
function identification of FSM system[J]. Infrared and Laser
Engineering, 2013, 42(10): 2748-2752. (in Chinese)

Xu Xinhang, Gao Yunguo, Yang Hongbo, et al. Large-
diameter fast steering mirror on rigid support technology for
dynamic platform [J]. Optics and Precision Engineering,
2014, 22(1): 117-124. (in Chinese)

Zhou Ziyun, Gao Yunguo, Shao Shuai, et al. Design of fast
steering mirror using flexible hinge [J]. Optics and Precision
Engineering, 2014, 22(6): 1547-1554. (in Chinese)

Yang Dong, Mao Yao, Ding Ke, et al. Application of model
reference adaptive algorithm in fast-steering mirrors [J].
Infrared and Laser Engineering, 2013, 42(10): 2790-2795.
(in Chinese)

Royalty ] M B. Line-of-sight kinematics for a two-axis hear

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

0918001-7

mirror [C]//SPIE, 2009, 7338: 733804.

Song Jiangpeng, Sun Guangli, Zhou Di, et al. Line-of-sight
stabilization techniques for mirror electro-optical platform [J].
Infrared and Laser Engineering, 2015, 44(6): 1904—1911.
(in Chinese)

Song Jiangpeng, Sun Guangli, Zhou Di, et al. Line-of-sight
stabilization and modeling analysis of bias shafting mirror
platform [J]. Infrared and Laser Engineering, 2015, 44(8):
2484-2490. (in Chinese)

Wu Chunnan, Lin Zhaorong, Wang Zhe. Rate equations for
mirror tracking system with unconventional sensor-to-gimbal
orientation [J]. Opto-Electronic Engineering, 2014, 41(11):
23-28. (in Chinese)

Lange D A. Optical line-of-sight steering using gimbaled
mirrors [C]//SPIE, 2014, 9076(5): 303-309.

Wu Fan, Wang Dapeng. Analysis of scanning traces
characteristics of the two-axis pointing mirror in the mode of
scanning in given area [J]. Electro-Optic Technology
Application, 2009, 24(4): 16—20.(in Chinese)

Peng Shuping, Chen Tao, Liu Tingxia, et al. Reflection
process of fast—steering mirror of laser launching system/[J].
Optics and Precision Engineering, 2015, 23(2): 378-386.
(in Chinese)

Hilkert J M. Line-of-sight kinematics and corrections for fast-
steering mirror used in precision pointing and tracking
systems[C]//SPIE, 2014, 9076: 90760F.

Li Hongguang, Ji Ming, Shou Shaojun, et al. Complex axes
stabilization theory of optics-eletricity system with upside
mirror [J]. Infrared and Laser Engineering, 2016, 45 (7):

0731002. (in Chinese)



