5551 B4 9 T % IR Vol.51 No.9
2022 4E 9 A ACTA PHOTONICA SINICA September 2022

5 H#% L WANG Xu, ZHANG Liang, TU Chengxiang, et al. Precision Tracking System Based on Non—dominated Sorting
Genetic Algorithm 1T Intelligent Parameter Search[ J]. Acta Photonica Sinica, XXXX, XX(XX) : XX0XXXX
EE LRSS WU LA T R SR HE Y s AL S TR R S ORT IR B R L [T ] O 4, XXXX, XX(XX) : XXOXXXX

BT AR S HE P 8 AL Bk TR RE 42 2 1O A R R
A4

ij@m g{ig’lz,/‘é‘})ﬁfiﬂli i'ﬁ’i ,gl }ir‘—bl,z,:%A
(1 WP ERFRE F R AR FRPESE A 258 Eb AR E »57&9/‘5 - 200083)
(2 P E R E B K, LR 100049)
(3 LigRHE K% 5 B RS H R %, LI 201315)
(4 b FR2E s oL, B 201315)

W OE AR LB PAERIR AR AEE S IR TR F g B, A RSB AT o 09 1 Sk
ShIz R ey b b AR R T M m 4R R B 9 13t o ok, OF R A 3E LB EE S E R Hk 114F 3] 4 B AL AR )
BRABFEAT —AHREFEZAFRE AT H, ATERAD AR T Z4BEREMN A THEE,
AN ER AN, AREARAGRB TR AR E TOURAIBTIUHREENANFTE, RS LMEHY
FRIH LA H195%, P IOHz A AW FHZEZW B BAERABEZLEDBU AL, BET EHE
LR, EMEREN,ZALORERHEfFRpH M ELERERBERI, L P I0HZA A
AR LA 2048, EMRIE AR AN ERERESG AL R AEARIT D EE, K k= KEAZ AR
B ERAETE L
A . F R kE %,#E&h%% I LB HE R AE Sk TSR 2 T4 ) M4k B AR A
FESES . TP273 EKFRIAAD : A doi:10.3788/gzxb20225109.0906002

0 55

1 A5 5 G H 1 R 5 6 8% 5 52 TP S SR 2 ) SE AE N A3 (8] A A R T 2 o A ) BR
5 ARG HRG B EOR A o ERG BR R Y B, R G0 0 A0 R R R B R s () S A AT DA
25 () ity 55 b TG 22 ()R AT e SR DR R AE L i ELRSRIE AT A T ER S TR Z ) R R L — Rk
P 28, 2 — AR 5 A S A R DRI X 3 {7 e ik BRER RS E SRR BB X

16 2 [E . H A F1ER M 25 8] J&) (European Space Agency, ESA) B4 25 [A] )68 45 T H rb il 36 BB L G o
(Acquisition, Tracking and Pointing, ATP) Z 4t i ¥R i kG B 7T LK 8 1~5 prad™' . ATP R % R HE &
Bl R R Y O 0 RDAE AL IR BR T R G N B R LR N iR 25 1 T kA AL}EE,:J*%EEEB?¥/\/L‘ o KRBT RS
P A JBE DL T A 2 ity 21 G0 1) BREERE E L DRL ORGSR B AR G 4R O B TR R ATP &R G 50 R B IR I 1
P

H i fe 22 0ORG R 35 42 1 3809 R L R 43— 43 (Proportional-Integral-Derivative, PID)#5 il , PID
4235 ) TRT SR L ELAT AR = A R EORE J ELA BR fﬁtﬁﬁﬂi%ﬁﬁfaﬁ?ﬁ?ﬁﬂ%ﬁﬁ@iﬁ@iiﬁﬂﬁ%ﬂ
S ASER D7V BOOR T RBHE RS BRER R G e PR A S MR RG AR E M o T B AR AR A

E£WA : HEE ST (No.2020YFB2205900) , 1 i J WAL 18] (No. 19QA1410400) , 1 [# Bl 4 B 5 4R BB A2 F £, il i B4
KL (No.2019SZZDZX01) , I i i “E Al W55 47 X 114 " (No. JCYI-SHF Y-2021-04)

E—ER B (1994—) B W LRFSE A, EEAFSE 71 = [BDEEAE o Email: wangxu@mail.sitp.ac.cn

S (ERAEE) K2 (1985—) 5 BFFE 0L, Wi, B9 T ) 25 ) it T8 (5 5Ot E iRl S AR . Email: zhliang@mail sitp.ac.cn
TAF(1959—), 5 WF5e 01, 1A, EZHESE 7 0 [ A ) A 28 IO G g AR 5 28 MO 2 R . Email :
jywang@mail.sitp.ac.cn

s B #A:2022-03—-14; 5% F B #:2022-06-08

http: // www. photon.ac.cn

0906002-1


https://dx.doi.org/10.3788/gzxb20225109.0906002
mailto:E-mail:wangxu@mail.sitp.ac.cn
mailto:E-mail:zhliang@mail.sitp.ac.cn
mailto:E-mail:jywang@mail.sitp.ac.cn
mailto:E-mail:jywang@mail.sitp.ac.cn

T o AR

M i s I T SBT3 O k45 s W 7 e P A 4 o K 3 R BB LML Y O 1k B AR AR AR B AR AT 1 0 L
SES AR SEBR N FHRCR A TR L oh TR R ) A R 0 SR S AR i AR Ak B 7 A 0 A B 2y
SR B EEORG JEE, WT LA B0 A5 5 R 2 14 5 v O A B SE AR Ry T X R SRR AR R L R AR
Bt 7B F P A PR RS B AT IR £ 8 prad o R RSN ATH A& N PID B FEAE BRI R g,
TE LR IE 45 2500, AR BR RS B A0 5 EL 45 SR 0T 3K 0.22 prad ! (EUR A R T A2 30 40 o XUPAT 30 45 4l T L
3 v PR S S B (Fast Steering Mirror, FSM) 4 30 25 Wi B 38 5 F1AS 2 P, I AT A2 SBR[ 6 S , Py S Bt
155 5 T8 2o I A% 3 A2 8% 2 DU 65 FSML I 0 107 S R AR B A5 X 2 H AR AR BRER R 4 h i) FSM i T Hoo
Pl JF R T T R/ T SRR ) AL I R AR RS DR — b R ORGSR B LR AR AT R — e
ANARADE 2 BB T — AP T8 PID 5 58 6 A LA ALH] ik A 28 PID 250 b PG 220 HLRT 1 95 75 32 45 1%
TE T F N A5 A A PID 95 ] 8% 0547 TAE I R 58, 78 5250 1 15 R0 b T 28 3 5690 19 45 5 3% BT 78 IR ERORS B2 A
Rtk B RAFM RIS W RIE Tk KF M B B3R T —Fh S 50 i 0 vk 6PRL ORG BR B 0
KT RGIATEARG T, W P T RS RO RS B L (R TR S AR TR

23 [R]OG3E AR ThAS R ER R G WK B 5 32 B DR 6 0 A R 2 840 ST R B 2 e, o 1 A TR ) A,
LR T R GO T YU R AR 1A B GO RE RS Y R R R DA T R DG EE R R . BT
S 2 TB] G AR S SO Y A B AR A, O L A3 ] G B B 1 BRI R 2 2 ke BRI iy 5 AR DR a0 AR
1o T T P RS I IR R ok ST o RS R ) A RGBT BL R 2 ) G A T B e ) B ORS E
2130 15 IR R T — B B T A T A 2% g 1 RS IR AR G I R R R X 4 T — A B g,
KB G R B g AR T AR TR i ) 1 N R AR e T LA B BN RE R A R RS B, HL AT LA
Tt T2 HLGGE A A 75 R, T G R B KGR T B4 o e 00 5 15 B AL R n B T, B AT T R G R R Y A (DD
EAF R, TR B AN b AR SCRE T BRI AR R B B e T Oy S T S IR R R Y SR B A RE R S A T
il 5E 1, A IO IE AT R &R GE 09 AR E kL SR H AR SCIE HE Y a8t % 1155 3 (Non Dominated Sorting Genetic
Algorithm-IT, NSGA-II) , 3£ % L il 27 98 , 15 22 90 i 58 1 AAe e 1k A VR BB 48 b, KA T IZ R UL 22 Ry
LT 48 280, SE 00 T RS IR R R G R B4 2 0 ik R B T AR B RO 3 (F TR 48 s AR L S Y AR TR A
P AT T E 0T o ZEATRIBUA 0 T8 T BEAT 7 9250, B0 0k 1 S8 3 A0 RS B R R g B A S AF iy PR RE ATROR |
AL DL R A R 25 [RDG3E 5 st TR .
1 RBERERFIZITFE

i R R 2R 0 4 MAC 38 f REL R B % 2 T M OIS L TR 2 B 0 G BN T R o RS B R AR R 1
JIE 7 2 i g S I T E 58 S RO BE Y 057 5 P A BB R 2R A, O A% 8B 4 PID 24 4% L 75 2 AH I A4 A5 40 i i
T BSR4 ST 7 A AU e R O 0T S A R F FSML Y 3K 2 L B TR R F SM i A X6 I A £

JBE S A T D' B A7 B R B R B R B SE IR ST R . RS ER R AR D, B RO TR L FSM, AR R AT LA B
SERON TR G R g H

FSM & o
- Digital-to-analog
_ ‘®& converter
- Lt (DAC)

- Driver
telescope
Beacon Lens
light P
W) oo
| e K ’)OM
Fi D
ine KD
detector Controller

Bl HHRiERaEE

Fig. 1 Schematic of precision tracking system

0906002-2



B A TR SR I AL R TR BRI 2 0 R IR R L

o ko’
o+ 2bw,s + w;
AL A FESM 35, 6 ML)E R, w, M IE A IR . FSM 1Y 9K 3 i i mT DLAE 40k — B K 38 08 3 R
g, Al

GF(S) (1)

1

E()=—ms (2)
A, TRHEFRIE A —HF RGP LRI X 4, ml il 20 (1) F1(2) 15 30 4 4 X0 G2 8 1A 0 4% 326 ok 4R
G(s)= ; : £
(2+2&+1%ﬂ+1) (3)
(O W,
RGP CMOS R0 25 7] WA — B 48 B 22 55, 4% 396 bR 40T FH — B A5t pk s 3o
1
Conos = T 51 (4)
A, T, B[] 58
KRR RGN L 5 )7 R T PID 45 il 533, p
mmzm%m+;ngm+nf¥q (5)

A, w2 ) 2 PID £ 50k BB, e (2 ) S92 1 28 48 A9 g A5 i 0 (B 22 22, TR T, 0 391 Dhg AR o B 1) 50 Al
3 B[R] 80, 20 il PTD 42 i 530 3% 09 I s 2 ok X 8 o 7 3% 30 8 i, DA A% 38 e BOE S om

ky
an=@+g+mﬁ (6)
R+ 25 LR BT R AU B
2ok
w,
b= b (7)
by = k";
w,
B S7 5l 15
m(ﬁ+25+1)
. w w, (8)
(/P[l)(S):
s(Tos+1)
AT d s ) 2R g8 B4 R S B PR SR B B B A R e L A, B0 T, 0 Ry s B8 B 5 N R R, 45 AR
(3)F1(8), & Ge W) FF 1A% 156 pR ORI A 3445 3 o6 B 43 93]
Fop (s)= i (9)
M (s I(Tos + 1)
bh.
TPID(S) (10)

T TT.S +(T+ To)5 + s+ kb,
24 A AL 33 bR B A3 BE SR O s 1T LA 21 2R 48 A R 1E O i, B
TT,s'+(T+ T,)s"+ s+ kk,=0 (11)
3 4 57 7 — ik 4 2% (Routh—Hurwitz) #E W], =0 (11) B9 5 55 4 o7 T 52 503 o) 09 42 21 1, IR itk 3R e A0 A =X
(12) o7 i & TR o
T,>0

T+T,
~p >0 (12)
kTT,

0906002-3



T o AR

B () AT FZAE G R G | BRI R G0 A 5m A B BRAE 5, BRI 5 AR 25 2 25 R O3 4 i A K b3
{559 R 22 R e A 27 BRI B2 AR 5 R AR 2 R B T 95 Ko A5 GE oK B B R e i T 4 30 il 78
55, T H 58 29 4 150 Hz, SR BLIE BP9 (10 Hz PAR) 89 T4 247 20 dB/10 7545 F2 A9 90 ) & 1,
T —

PTG HIRER RGN A% O e 7R R AL TR HLE AN Y H A e B AR A R 2 Y R I
B RZ "0 T RO o 1 ) FR G0 15 25 B 0 R ) 7 AR GE ) R GE i PID 5 i 28 5 g —
MR  FoR

Co ()= ko Cas + 1)(bs 4+ 1) (13)
s
KA &, va T 6 R FRAT BEH ) 15 0 2 S8
H X (8) AN 13) Al A%, 8 1) PID 45 il £ 3R s

bk (as+ 1)(bs+ 1)( a8y
c (s) w: w, (14)
n—PID\S)—

s (T,s+1)
4542 (3) M (14) AT 50 Y 1 & 4e 1y IF FR A% 328 bR ECH
Foo(s)— kkgmlgm(as#— 1)(bs+1) (15)
S(Ts+ 1)(Tus+ 1)
ARG | B RS, Y5 A5 R KRG 5 MR S i RS R28o0 0, 583 =0(10)F(11)
B JECEE AR T 2 14 ) 2R 48 09 P B A% 3 oR BIORN 2R 8 R R 43 o
bl ke (as+ 1)(bs+ 1)

Tn*PII)(‘S): - . 3 = - = (16)
TT,s’ +(T+ T )s'+ s+ abkknkys® + kkoky (a+ b)s + kky kb,
TT,s"+(T+ T,)s*+s°+ abkk, ks> + bk by, (a+ b)s+ kb, k, =0 (17)
L R Gk e, WX TR0 9 S 8 a b Ml Ay, AT LUAS 2 BUE Y BN
_ T+ T,
<hb, <—
0 " T abkk,TT.,,
T+T,
0<<ab<———F——
2bk R TT,, (18)
b
0<atb<—20
20T+ T,)

AR A3 T R B A A5 I AR 0 T 85 15 TR A A SOk 3h BE AT 9 I R AT ST, 45 3B T RUIR 3 g 2
AW AT R B R IR R S R R 2 A TR 30 Ha IR B i 25380 TRt 7E A A 75 1 R 4t
I, 1SR AR HE AN Wi F GEAT SE I BT, 78 RS [ ik B 5 /0 A R R 22 AU AR A9 T L  BE s o B

B X (8] R (0, w,) , W
w,= /%n}/‘/;mab—l‘ (19)

AR L3R 5B, B h= e oy, JUI RS I 52 JSUASE R 01 428 W) 5% 47 75 DU A FF B G 1O S 8 k0, 6D T BERTIXAN S
21 Z2 FAROCAL )L, 29 SR A6 2 2Ok [ TR0 R 40 B 2 AP RESE A , ) AR E M i SERR 22 4R e . Sk
TORE AR R S BN A R B AU R TR R 22 A ARG A ) b RE A L 64 Al ST HE R AL Rk
I (NSGA-11 ).

2 ETFTNSGA-THIRFHRESHETE

21 HixE®E

NSGA-TE—Fh 3 T BB 2 H AR AL 5 5E 41X NSGA it 8 & 2% 5 & TGRS 5 56 W R s 22 0
FEILTE SRR = ROME L, A i) B P s A R HE R S S AKS AR M R B . S b2 AR
B A I, NSGA-TT 3% T Pk JE %7 Bt HE /P 7 (Fast Non—-dominated Sort, FNSM ) FI 45 o5 55 & -3 11 2 3¢

0906002-4



B A TR SR I AL R TR BRI 2 0 R IR R L

B A AR IS fi A1 9 B0 B BE B A0 FNSM T3 9 R Ok [ aff e ™

WA 2 7, NSGA-TTAY S Ui R O = 1) 38 e PR o A S TE A1 3 B30 12 4 MU Sy N R R R ) 2l JLAS 2 2%
Hrp s — BYOE LR B A AR R AR G 58 2 GO HEBR 28 — 2 G0 A5 DN A0 Rl A5 21 1 1 fE 3
RS RIS 5 2) TR — JZ 20T I AR P B B S, UGRS3 R 1) 22 BE 4 5 3) ARG b A v A A
P B AR SCBC P (2 DB s B BE 0, 308 3 B0 5% PO 7 A LA, O B IR S 9 A 5 4) 507 77 A 1) i
HES FACAURP R 5 3 T — I IUBE D 2N B SRR 5 5) %8 T 25 3R 4) 45 21 (9 R RE L 52 0 3R 1) ~3) I i A 5
6) AR A 5% SR WS T 5 T NS A AR BURT B R TR — WA AR

Nondominated ordering and
congestion degree calculation

v
Gen=1
&+

A 4

Selection, crossover,
variation

v

Population merging
(2N)

v

Nondominated ordering and
congestion degree calculation

v

Generate a new
population (N)

No

= Gen=Gent1

K2 NSGA-II4 &% n A2
Fig. 2 NSGA-II algorithm flow
NSGA-TUR % 9 P RS -
Algorithm 1:NSGA-II
Generating the population P,, Q,(Q,~make-new—pop (P,))
R=PUQ,
F=fast-nondominated-sort (R,)
R=() and i=1
if [P, ,+F,<N]then
Calculating the crowding-distance of F,
P, =P, UF,
i=it+1
. end
10. Sort (F,>n)
11. P, =P, UF[1:(N-|P.. )]
12. Q,.,=make-new-pop (P,.,)

= w oo

© 0 N O Ul

0906002-5
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Fig. 7 Improved simulation model of precision tracking system
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Tablel Comparison of tracking error frequency distribution between improved precision tracking system and
traditional system

Frequency /Hz Full 0~1 1~10 10~50  50~100 100~500
band
Tracking error of the original system /prad 0.646 0.010 6 0.0602  0.1174  0.2033  0.5961
Tracking error of the system designed in this paper /prad ~ 0.519  5.47X10°  0.0026  0.0337  0.1425  0.4900
Accuracy improvement ratio / % 19.5 99.5 95.7 71.3 29.9 17.8
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Fig. 8 Schematic of the fine tracking system experiment
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Fig. 9 Experiment of an improved precision tracking system
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Table 2 Comparison of tracking accuracy and interference suppression performance between the improved system and the
traditional one

Interference Interference
Accuracy of suppression Accuracy of suppression
) ) ) o . Performance
Disturbing/Hz  Errors/pixel traditional performance of improved performance of | .
X . . . improvement times
systems /pixel traditional system /pixel improved system/
systems /dB dB
5 10.51 0.53 —25.99 0.02 —53.57 26.5
10 10.51 1.06 —19.91 0.05 —46.31 21.2
20 10.51 2.15 —13.76 0.38 —28.77 5.7
50 5.16 2.71 —5.61 1.58 —10.28 1.7
100 2.53 2.39 —0.50 1.59 —4.03 1.5

0906002-10



B A TR SR I AL R TR BRI 2 0 R IR R L

I3 AL G R G Ak 3R G AR N ) TR AR R 0 T R B 1 e R 6 b BRARURE BT B 0 LA SR R
FE 1~100 Hz & [y, AR e M 331 % Bl 1 6 v i 5 Hz .10 Hz .20 Hz .50 Hz #1 100 Hz % K7 #4914 41
il e 43 3 29 —60 dB . —50 dB . —40 dB ., —25 dB Fl —8 dB; [§] 10 5 £ 2 v % X 157 45 R 1% - Pt 30 441 £ 4 1)
254 —53.57 dB,—46.31 dB.—28.77 dB,—10.28 dB 1 —4.03 dB, 3£ Pr £ 4t A9 1 BEAH b FEAR 49 B8 1B B A7 AE
— 2R HAE 20 Hz A N @t b i . —# aSAH R, B G W0R 1 T &, T e il e 01 AW TR .
DB S 0 o AR v AN R SRE B M A F AR BB PR S T, ISR IR A5 IR 5 0 B A R B A B WA B

I e 30 R BCAEL B 00 5 L REORG BRI AR G0 00 T A 1 e S g A R s il it LR an A 10 R, R T
T3 1 LA, B A bR SR T 5 P 6 AR TR) A8 o 50 b, 1T L% il 4k B AR B A A R . X ST 4 R B HE
FEF B0 UE T X TR IR R R 48 vh 2 A S B 1 A5 R A I 0 P L A AL SR AR G 1 Sl B A A B ik
WA B, SR R R G BB S iAW T AT DA K R G T A B 5 T B S B M BB 2 114 A 1 g
A, ZARGX T 1~5 Hz .5~10 Hz,10~20 Hz Fl 20~50 Hz $ 3 [l P9 #9138 68 43 5140 41 500 65 L) L |
200~500 1% . 28~200 15 Fl 3.3~28 1 o A SV 1Y el A BR % 2R e S 9 1 O oo 1 R B KGR R T B %) T AR D
il BE 7, T LA JE ROk 25 MG AR B st T .

0

Magnitude/dB

10! 102
fIHz

B10 B3t Af R BR R 4 o SCO T 3R 40 ) &

Fig. 10 The measured interference suppression curve of the improved precision tracking system
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Precision Tracking System Based on Non—-dominated Sorting Genetic
Algorithm II Intelligent Parameter Search

WANG Xu'?, ZHANG Liang"”*, TU Chengxiang"’, WANG Tingting', WANG Jianyu"*"
(1 Key Laboratory of Space Active Opto-electronics Technology, Shanghai Institute of Technical Physics, Chinese
Academy of Sciences, Shanghai 200083, China)

(2 University of Chinese Academy of Sciences, Beijing 100049, China)

(3 School of Information Science and Technology, ShanghaiTech University, Shanghai 201210, China)

(4 Shanghai Quantum Science Research Center, Shanghai 201315, China)

Abstract: Because the signal light is very weak and the communication link is easily interfered, space
optical communication and space quantum communication require extremely high precision for the tracking
system of the terminal payload. The accuracy of the fine tracking subsystem determines the tracking
accuracy of the entire terminal system. Therefore, in the fine tracking stage, the system must meet the
requirements of high precision and large bandwidth. However, the accuracy of traditional fine tracking
systems 1s easily affected by external disturbances. To achieve higher tracking accuracy and stronger
interference suppression capability, based on the traditional precise tracking system of typical optical
communication terminals, a design method of an additional integrated module is proposed, and this module
is cascaded after the PID controller of the traditional control system. Based on performance indicators such
as control bandwidth, interference suppression capability, and stability, the non-dominated sorting genetic
algorithm II is used to obtain the global optimal controller parameters, and a precise tracking system with
intelligent parameter search is realized, which can achieve the tracking accuracy of sub—micro radian scale.
Based on the measured angular interference data of a typical optical communication satellite terminal in
orbit, the simulation compares the new system and the traditional system. The results show that on the
basis of maintaining the stability of the closed—loop system, the new system can increase the error
suppression bandwidth by 33.7 % and improve the interference suppression ability of the full frequency band
by 19.5% , of which the interference error suppression performance within 10 Hz is improved by more than
95%. For the four frequency bands of 0~1 Hz, 1~10 Hz, 10~50 Hz, and 50~100 Hz, the accuracy of
the new system is improved by 99.5%, 95.7%, 71.3%, and 29.9% respectively compared with the
traditional system. A physical verification system is built in the laboratory environment, and it is verified
that the tracking accuracy and interference suppression performance of the system are greatly improved
compared with the traditional system, especially below 10 Hz, the improvement rate is more than 20 times.
When the interference frequency is 5 Hz and 10 Hz, the interference rejection ratio of the system reaches
—53.57 dB and —46.31 dB, respectively. The experimental results and simulation results are consistent
with a good fit. The system can be used in space optical communication scenarios with longer distances and
higher precision requirements, which is of great significance to the development of the future space optical
communication field.

Key words: Space optical communication; Fine tracking system; NSGA-II; Tracking accuracy;
Interference suppression performance; Intelligent search parameters
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