5551 B4 61 T % IR Vol.51 No.6
2022 4E 6 H ACTA PHOTONICA SINICA June 2022

5 A% 0. ZHAO Dechun, SONG Yansong, LIU Yang, et al. Sliding Mode Control of Tip-tilt Mirror Based on Disturbance
Observer[J]. Acta Photonica Sinica, 2022, 51(6):0601002
XA ARAE 3, XV, A T U Sl UL s 1 A0 B T AR R [T O 2% 4, 2022, 51(6) : 0601002

e ke PURIIER iDL TR R SR g L ol

ﬂff‘éﬁl, j?}éé:—) 2,3’;,—]] ;%2,3’%% 1,2’5&#ézﬁ 3
(1 KRBT R 75 A TR b, K& 130022)
(2 K A3 TR 23 o (5 [ B A2 AL LR = KA 130022)
(3 KHFH T R L TSR, K 130022)

i E.AMARENFRGIEATAEELF PHRA RGP E, RET A THDNMNE G F
AR R R EMIIKRF, EMABIER RGP, EH GRS B N B R BRER T &,
FAT A e AL R R R IR R, RS R UL BOR T AT LA e PR A5 AL RIE T
BB EFORIRRAARS WHAD ARV E SR T AR RE B MAXEBLELTHMAL
T FRAZEREAN, T RT G TS ERFEIER A, F e s e H) R £ B 1.637 prad KK 2
1.083 prad , #5 E 4% & 29 51.2% , A7 #h 42 4] 3% £ 0 1.966 prad B8 2] 1.614 prad 45 B4R 5% 21.8% . %
7y ok T KNG B 55 BRI ) oy sk R 0 R BN B R S A B A A AR

KB . B E RS MR AEL AR R E I 5k

FESES . TP273.2 SCERARIZAD : A doi:10.3788/gzxb20225106.0601002

0 5|8

TE TR HOLE fE R G, 18 MG 2 G0 BURHBE i)™ 32 T, BEAE S8 I A LE DG TR D B s X T 122 i
v, B I8 BB /N o L R AR BN B DT RETHE AR 5 A R e R A A
PRABRE 2 5 SR 22 1 87 041 IR, (B0R) BE 28 0 %0 T4 1 — B i A e 31 28 G T B A4 T

F 35 NG R G0 P BUREEE BT 52 B R, B R S ROT- 5 SR S, 7 S T R G P R, R,
T IR B B AT AR BR , 2o SRR Bl o A% S8R PH B B 05t 42 1 X R 5 4% s Y 0 7 E ) B 22 | = BT ER
PEREFEAR , DA G, B9F 58 7 B8 470 IR B A X 2 v AR B2 AT R PR RE B OC T B2 0 AT, © 2 A AR 2 Fh 1 i3Ik 3 19 J7
W I SCHR [ 6-7 T4 Y — Foft & 1 990 20 5% 453 42 60 X0 050 484 B8 2% 8 45 H I 3l 0410 0 D7 3 %4 o s mT LA™ AR
o5 AU S DAL N 2 AR 3 R R AR (1 R TR 4 T o o R A s MRS R AT R R v e R T R T R
SRS TERGEE o R T BUA A R GEA Ok T RSN B4R ] (R A, VR 22 RS0 N B e T T Se i B 4 ] ok 4
HPR B o FER NP AR B BT AR T, 42 M T 2ok U W AR R H/H R B e IBURE B AR AR 3 T
AP ERERE o SR, PH R AR 40 0 M 8 IR T 4 A Xk R AR NG 8 MR 2l , 0 R A AR B 4 i R e b, AR
FEAERR BB AR 22, 22 RGEPERE ORI . fhy T T 8 3 AR e AR, T A7 I i M 7 i A 7 v A
S, DRI 7 B 05 1 A it T s I A SR SR I 3 0L g e AU Y L AT A o A VR 2 R R A
WG, Q31— Uk A% W WA S DL DB I 4%, 6 4 i S R B AR 1 T T X DA R REE AT I AL, SR
T AR A0 A0 o 030 T DI 5 I ) 5 AR 9 D 4 ) e i 9 . MR R (Sliding Mode Control, SMC) P
VA T o, AT SR O A BT T RE J A s R R ST B E MRS BE D, )T TR ol . SR, VF 2 SE PR R GE
FEAE AN 52 VRN T L R GE RO VR BE A5 1F o 0« ey 7 2 308 1 R 0 8 2 R e G ) A 8 P ) 7 i [) 20 R L

E£TH . H A BT B AR R4 (No. YDZJ2021012YTS193)
E—EE AR (1996 —) , T WL g A, EEE 5 7 100 Ry 1 sl i) B ] 4% i 45 . Email:1298083629@qq.com
SIB CGRIRAER) R & (1983— ), 5, BIWFFT 50, 1+, B0 5T 1) Oy 2 )06 38 {5 F 48 e UM iR O v BR BRI s T4 o Email:
songyansong2006@126.com
Wrim HER:2022-01-06; 5% F H#1:2022-01-27
http: // www. photon.ac.cn

0601002-1


https://dx.doi.org/10.3788/gzxb20225106.0601002
mailto:E-mail:1298083629@qq.com
mailto:E-mail:songyansong2006@126.com
mailto:E-mail:songyansong2006@126.com

T o AR

RGN KRR Bl 2 A 9[\%“%@*%&”’%&%@%W“#EKJJ%%EEI’J%???”%’J%%“” X T IX L RS AR S
SMC B35 #5212 Bl 23 52 2 AN T LI Bl A4 52 e, foff G 88 A P E DR R B AEG «

A SCHE H —FpoET B9 SMC Jr ik i T#EZJJX)L{D"%%(DIsturbance Observer, DOB) Kl il & Gt b i 4R 31, %
TE— P08 0 5L F 38 S Ak T 00 AT, R A AR AS DC EC A Bl A 1 0T, A B T A Y AR T R R A i i b ik
P AR S AR AS o SR BT TR AR D) e 4 25 0 O T 2 A R 38 R Go ) A RS B Ak BT R T Y o
BT o %7 ¥ 0 BB A - 1) I B A 4 ol 3 v ) g A DD e 4 2 T LT R TR A AR TR 22 L B
AT BB R TP sh i B, T KR G2 i T BRI 85 2) 5 AN FEE AT E ML S LT LA S0 R 45
T A IS )

1 fEgEEEH (SMC) 7%
X FAFAER SN 09— B RGE, 7T £

LIRS

dz

dxzza(x)va(I)u (1
ds

y=z

A, 2 M, 7050 0 RERIRE R, a(2) AR GREZ I, 0(0) N A RGEIRE NI A Z I, R G
B A d () R ANERE SN,y o R GER o 1% S8 A T A T A0 4 R B

s=ux,+ cx;

Lz:*/fl(x)[a(x)Jrcszrksgn(s)] (2)
B (DOARAK(2) ] 1%
%:*Iesgn(s)Jrcd(t) (3)

ﬂ%%&1:%%(1)¢E@ﬁﬂﬁﬁ,ﬂ?ﬁiﬂd*:sup|d( o sup|« |y BRI L6 5

M)A af LLE H, HE K (2) i B il 28 0 U140 38 25 o = od ™, R 50 (1)K 0 A7 BRI () P4 3K 3 21 3 4
Mis=015L., 2 (2)Fs=0, D EREE 2, #R A
da,
dz
M) FaT LUA B 2 (2) rb 2 ) 32 8 08 4 3R e RS AE AT R[] py 2GR WA T, R REBARE
B 9K 2 2] 11 2R 1 1 05 3 R R AT g TR ik

2 ETHzHUWNENBEREES (DOB-SMC) 7%

E1 45 G5 SMC J7 B g A AL 10 46 40 3 4% 31, BLi% 3+ — Al DOB-SMC 7 ¥, it B : o a2 =
(20 2] B AESR R

=—cx, +d(1) (4)

da
I St glaut gd (5)

y—
KL flo)=[z, a(x)], g(a)=[0 b(x)], g&=[1 0]"" Bt — 4" LA+ (5) 4t 3 i
DOB H™

dp -
it lg, p l[gzlx+f(x)+g1(x)u:| (6)
d=p+ Iz

K dLp 153 B SRR B A, DOB 9 1 354K 25 R 350 9 U0 28088 25 . 3 T 20 (6) % M3 41t 2l ey £
T T RGO AESMRIL BN A7 7L T 587 1 B 1

0601002-2



AR, 45 R TS LI i A B} A5 T A 42 o

s=ax,+cr,+d (7)
Ko, S AR AR S B LT DOB B 5
u=—=ab 1(1‘)[a(1‘)+c(12+62)+/esgn(s)] (8)
P AR 2 s ()= | | ° 7 R DOB SR 2 T 1 1B

System model l d
dx,

DOB ——=x,+d(?)
— dp a ¥
ar e M 0 ) s,
Y=x
Ml
[
d —
+ + [C 1]
L

$ Sliding mode surface

L e bl e D sene)]

Controller

F1 2T DOB #y 78 # 2 4| 45 4 42
Fig. 1 Block diagram of sliding mode control structure based on DOB

2.1 DOB-SMC HEEEMENSFT
YRR AR TR REE . B2 R2G (D) RN s S B A B, H e

dd R N N N N s N
lim é”:mﬁﬁ%%ﬂnﬁﬂﬁﬁlﬁ@&&&ﬁmmﬁﬁﬁﬁhﬁkﬁwﬁMMBmﬁ@ﬁ%ﬁﬁ
T A B R 2 TG

delz(f)
d — 9
L g (=0 (9)

R EN . Hhe,(0)=d(1)— d(0)RFHIMTIRE . B3 X Pt es
RN e, (1)= sup’ed(l)

WER R S8 (D)W R ik 1~3, REAEFE 2R (8) T T, VIR 25 £ > (¢ + Lg ) ey, WL 253 25 /(75
g, > 0, W P41 31 22 49 vl i A
2.2 DOB-SMC 7% 1E
XF (7)Ao SCR MBI s 1Y R A0 (D) 17Kk B il R L (8O R A AT 15
ds dd(1)

o

E:—/esgn(s)—i—c[d(l)—d(z)}-ﬁ— P (10)
S N dc;([) 5 ~ S z
B C6) 0T DU St == — g [ d (1)~ d(0)] S IARAR (10)74
%:*ksgn(s)Jr(chlgz)ed(Z) (11)
T M A A 1 R PR
Vis)=1/2s (12)
P (12)3K &, AT 1%
dv ds
7:5-f=—/e|s|+(c-|—lgz)et,(z)s
dr dz (13)

1

< —[b—(ctlg)e]|s|=—VZ[k—(c+lg)e; ]V

0601002-3



T o AR

M k> (et Igy)eg W ARE 0 (13) W] RLAE S 28 G0 R 2K 7 A7 BRI 8] o B3k i AT s =0 b0 s =0
E N
dxl

& =—cx,+d(t)—d(1) (14)
Pt (14) 5 WM 254025 5 15
dz,
dI[ =—cx, 1+ ey
de, dd(t) (15)
dr lgzeat dz
1‘2:7('1‘1762
TELE c > 0Rllg, > 0RIHE LT, IRIE A S
d;l =—cx, +ey
(16)
des
dz 8264
TR R . R S5 T RS
dey =—cx,t+ e,
dr
(17)
&771 i dd(t)
TR ds
X FAL A AN 3 DL A RS RT06 20 RS SR ALY, IF H Y ANE P 3 o B0, R 4

A0 P-4 5 AR (B8 2 24 th 0 A A SR L) AR S W Lim 2, ()= 0, lim e, ()= 0, B 45 7 4244 1y
Bt AT L 2R SER A AL R O 5 009 20 6

RIS HE 4508 T RAE R GERE P 1658 SMC Jr i Rl DOB-SMC J7 ¥ V16 4 4 BIBEH 9 &> ol .
B> (et lg,) |d—d|. T DOB XA EBHFELT TR 00445 1, DR T D005 3522 | o — |06 2 L 4
SR HE M SR 0. PG 3207 1 T LA E — 2 FLAE b R AR B 1

3 EXRESH

ZIELLF RGE AT 05 BEAFSE L iF1E DOB-SMC J5 32 i Al 47, il i MATLAB Simulink # & 5 48 55 72 i
R St AL S5 SMC 5 322 F1 DOB-SMC 77 8 1 328 i 3 0 bl S 800 52 1,
dx

d—;zxz+d(z)

dx,

I":*211*12+u (18)
dz

Y=

®1 BEHSHR

Table 1 Control parameter table

Controller Reference
SMC c=4,k=3
DOB-SMC c=4,k=3,[=[5,0]
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Table 2 Control parameter table

Controller Reference
SMC c=4,k=1
DOB-SMC c=4,k=1,/=[5,0]
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Table 3 System parameters of the tip—tilt mirror

Parameter Meaning Reference
m, Equivalent mass 200 g
¢, Equivalent damping 35 Nes/m
k, Equivalent stiffness 18 N/pm
C, Equivalent capacitance 3.6 pF
T, Electromechanical ratio 0.51
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Table 4 Control parameters of the tip—tilt mirror

Controller Reference
SMC ¢,=80,c,=15,k=15
DOB-SMC ,=80,c,=15,,=15,L=[120,0]
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Fig. 8 Azimuth axis calibration curve of the tip—tilt mirror
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Fig. 9 Pitch axis calibration curve of the tip—tilt mirror
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Fig. 10 Azimuth axis correction error curve of the tip—tilt mirror

0601002-8



AR, 45 R TS LI i A B} A5 T A 42 o

iss distance deaxis 1:329800 pi'ad Miss distance of ¥ axis: -1.395200 prad
S: 1:966406 prad : S:1.614565 w mi‘ N

L 5 1 ;
| 2 Al L
W‘W 0 m ﬂn i “"\“““\“u‘u ‘11\‘ |

0 200 400 600 800 1000 0 200 400 600 800 1000
(a) SMC (b) DOB-SMC

BITT 0% B2 10 107 %A% IR 3R 2= dh &

Fig. 11  Pitch axis correction error curve of the tip—tilt mirror
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Sliding Mode Control of Tip—tilt Mirror Based on Disturbance Observer
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Abstract: Tip-tilt mirror is a type of precision optical equipment that controls the direction of beam
propagation in modern photoelectric systems. It has been utilized in space laser communications, adaptive
optics, vehicle/airborne laser systems, image stabilization, astronomical telescopes, confocal microscopy,
real-time laser scanning, capture target tracking, and other applications. The tip—tilt mirror is used in
adaptive optics to correct the phase wavefront caused by atmospheric turbulence, which accounts for
approximately 87% of the overall tilt. As a result, the tip—tilt mirror helps to rectify the first-order tilt of
the system.The closed—loop performance of the adaptive optics system is severely harmed because the tip—
tilt mirror is susceptible to wind vibration, equipment vibration, and platform vibration. As a result, the
vibration must be minimized to approach the diffraction limit of optics. The standard closed—loop feedback
control is ineffective in suppressing the vibration of the tip—tilt mirror, reducing closed—-loop performance.
In consequence, research into novel anti—vibration technology is critical to improving the closed—loop
performance of the tip—tilt mirror. There are numerous methods for reducing vibration in use today. For
example, literature offered a disturbance—based feedforward control method to suppress structural vibration
of the tip—tilt mirror system, which involved measuring the disturbance with an accelerometer or a
gyroscope and then feeding the disturbance with signal reconstruction. Returning to the system, the
controller i1s not limited by low-rate sampling because it can produce a large suppression bandwidth.
Additional measurement equipment, on the other hand, will raise the cost of the system as well as its
complexity and analytical difficulty. Accelerometers or gyroscopes suffer from severe low—frequency drift
and high—frequency noise. Existing control systems face extra control issues as a result of the accuracy of
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vibration estimation. Many enhanced control structures and optimized controllers, such as the Linear
Quadratic Gaussian controller (LQG) and H../H,controller, have been developed based on the
assumption of perturbation feedforward control. The results demonstrate that these strategies can improve
the closed-loop performance of the system by 20% to 30%. However, the performance of the closed-loop
system is dependent on the model accuracy and vibration of the controlled object. For example, in the tip—
tilt mirror control system, if the model error is considerable, the performance of the system would be
severely hampered. Because interference normally occurs in the low—frequency domain while sensor noise
occurs in the high—frequency domain, a disturbance observer is employed to suppress interference in the
low—frequency domain when the interference can be reliably estimated or measured. The Q-filter is
commonly employed as an optimum filter in various servo control systemsto maximize closed—loop
performance in terms of control bandwidth and robust stability. When low—frequency and intermediate—
frequency interference are significant, the high bandwidth of the low—pass filter is necessary. Sliding Mode
Control (SMC) is widely used in industry because of its simple algorithm, strong anti-interference ability,
and ability to overcome system uncertainty. However, the uncertainty existing in many practical systems
does not satisfy the matching conditions of the system. For example permanent magnet synchronous motor
system due to uncertainty caused by parameter variation and load torque, flight control system without
dynamic modeling, external wind vibration, and parameter variation causing concentrated disturbance
torque, For these systems, the sliding-mode motion of conventional SMC suffers from mismatch
perturbations, which greatly reduces their robustness. To solve the control problem of the tip—tilt mirror in
Adaptive Optics with the external disturbance, a disturbance observer was designed based on the sliding
mode control (DOB-SMC) to suppress structural vibration. A new disturbance observer (DOB) was
added to the traditional SMC method in the tip-tilt mirror control system, and a new sliding mode control
rate was designed to suppress chattering. The improved DOB was not limited by precise models. And the
emulation proved that this method is achievable. The experimental results showed that the control error of
the azimuth axis is reduced from 1.637 prad to 1.083 prad, and the accuracy is improved by about 51.2%.
The control error of the pitch axis is reduced from 1.966 prad to 1.614 prad, and the accuracy is improved
by about 21.8%. This method can greatly weaken the inherent chattering and external disturbance of the
system, and improve the stability of the tip—tilt mirror system.
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