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Laser vision vibration measurement and adaptive fuzzy sliding
mode control of three flexible beams
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Abstract: The three-flexible-beam coupled structure is widely used in the aerospace field, such as in space
manipulators. To achieve active vibration control of a movable flexible multi-body system composed of
three coupled piezoelectric flexible beams, this paper proposed a set of adaptive backstepping fuzzy sliding
mode controllers (ABFSMCs). Laser displacement sensors and a line laser-based visual vibration mea-
surement system were employed to achieve high-precision vibration monitoring of the flexible beams. The
system consisted of two piezoelectric flexible beams coupled via springs and one independent flexible
beam. Dynamic models of the system were established, and the parameters of the state-space equations

were optimally identified using a combination of wavelet transform and the rime-ice (RIME) optimization
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algorithm, resulting in a model that more accurately reflected the actual system dynamics. Based on the
proposed ABFSMC controllers, vibration measurement, control simulation, and experimental studies
were conducted under two excitation scenarios: fixed-point excitation and trapezoidal trajectory excitation.
Experimental results show that the line laser-based visual vibration measurement system achieves high
measurement accuracy, with an error of less than 0.1 mm. After fixed-point excitation, the ABFSMC
controllers are able to effectively suppress vibrations in the double-flexible-beam coupling system within ap-
proximately 9 s, whereas the conventional proportional-derivative (PD) controllers require around 15 s to
achieve a similar level of suppression. The ABFSMC controllers also exhibit faster vibration suppression
in the double-flexible-beam coupling system after trapezoidal trajectory, as well as in the single beam sys-
tem under both fixed-point and trapezoidal trajectory excitations. These results indicate that the proposed
ABFSMC controllers significantly outperform the traditional large-gain PD controllers in terms of vibra-
tion suppression performance, particularly excelling in the attenuation of small-amplitude vibrations.

Key words: laser vision; system identification; active vibration control; three-flexible-beam coupling sys-

tem; adaptive backstepping fuzzy sliding mode control

1 3 =

U LA AR RPEDLAE 51 T AT 2
JTENY S FEVEPURRE UH R R R o
PR REFE MR AF O A FEMTZS ALK (P AR N 55 40
WURE T AR . SR, R R S
SRS IE | H O 2R B SR IR Bl nT RE 0 R ST Y
R B B A B A AT R S AR B A
A, E B RBHATE . Bk, IR a5
£ 9% 3l 25 1 %) T 2 AL AR T4 7 22 AR B R A
MEMARRE LT,

Rt A R R R TR T e A T A SR A . R
TS T AL BRCE B R R AR A LB e AR AR
T TS 2 R R PR Oy e AN X
F kLB 1 3y s RO AT T R SR
®, FEAFHEDSHARG S BB SR &
ABRITEE . Dufe N TR S o 1
e HL A R R B ) 2 T R . Guo 5 N R
Iy s T B A S LAY (D Y XU 4 K SR SR A5 A
(9 AE Ltk iz 2 U5 &, 9 R A Bt 9 Newmark A1
IR R

Pt A AR AT RS B A R R o ik X
e TS 1 s v e SRS NN E A A L T R A
B Wy AR T, 23 R R GE R Bl g A R B
BEE o o o AR G 22T I ik XA R M O
5 A5 BOR BEAT I B, TC R 5 I R e, A

WA SIS St s . B R4
W 2 45 4L AR IV F 2 M R PR sh ARG, O A
FH 40 B 1 AR A Ak (4 PID $5 i 2% 52 BLAR 3h 410
il o PV R A R X A I = 4 4R B e
FEAE 0 ) B8 E B B 25 T oK 2 MR R DA RRAE
ASUME VG E A5 () B, 4 M T — b L AR IR AT ) = 4
PR M5 BHEHOT vk o MRS58 Nk FH AR £ fil =X
ST AR B = 2 D AR AN IO 50 2o A v AR R SR
T G HE S R Sh AR TE

BUAE 19 32 3l s sl b T &5 R 454
B 2l , 5 R 32 sl 5 i 5 1 ke 1 i ax g 4k
B o Qiu S N B TE TSR [ 7R A I 45 4 I 2%
TSRS X 71 358 051 /0N I b 28 0 245 e o) 4 XoF — 2 4
G ARG W3 #F 178 . Milovanovic %
N T — B 3 T I A8 PN 43 A A 28 I 45 I
SE P43 Wb 13 N A T 2 ) R OR HE B R G A
(T B 45 ) 5% . Shang 58 N T —Fh JE T 4p
25 ) 2% B e S T AT A T SR s R B8 v R Mk R
AT KR HLBUE B ORS BE . Hou 58 ANV
T ol e bR T i A o R T D ) R
ol 2 T 2 A PR RE AR I O . Qiu N
IR S B A Y e S E T I E PO
RS AT R . SunZE AR T —F T
JE HL K B R 4R s R etk B BTk . Yan
NI T — FpOBr 1Y H & M Takagi-Sugeno
(T-S) MR ¥ J7 ¥k o Zhang % NS4 i 7 —Fh



% 24 ]

WAL, A5 - SR RBOL I E I AR 5 8 AR A A 3877

BRI TR L TR R A ol 7
Zhou 5 N"RFSE T KUl K AL AR et R
i E DL N R GE A 28 FOE DR BR P . Yang
A N TT — B 3 XM 2 ) 4 3 A o
Tk B NIRRT R S 80
5 B0 AR 1) 3 [0 245 B A i R4 ) % 22 S v AR S

R GRS AT P
AR SO = Z M 5 A G 0 iR Bl A 0t

3T 0R5E . X TR RS R 40, HOE AL
o e TR AR X 22 % 4 i 2 R AT o A R U 4, X T
PRVER ARG E T B0 R R s
S RIS BUNE BV R R iR g e
(Adaptive Backstepping Fuzzy Sliding-Mode Con-
troller, ABFSMC) Xf 22 5 3¢ i 9k 3l it 17 3 3l %
il , 2D IF R T = R A A B R IR Sh A S 4R
il S B BT I, 52 9 45 2R 5 L Bl 45 il (Propor-
tional-Derivative control, PD) #4171 AL, 50 0iF
T PO M 4 £ G2 AT A ABFSMC 4
By ) 0 B A R

2 S AGuME AR

2.1 ZFEMRRENA
ERMRRG N EEWE 1) s %R

Geh AR R R AR R,

R FL S SR R AR L M A T — N, 9

PZT actuator| _ “N
—d

[(;lxarge ampliﬁer] K

I : -~

ICharg‘e amplific er} :

Servo
ffffff Lot

Termmal board

Fﬂ \;ollage amphﬁer{

I Motion con Lrol board k—:>(Con1pxlle" ---------

(a) EH ARG ERE

(a) Schematic diagram of the experimental system

fE6] 5 7 2 1 G o AR 1) T8 i, T I OBL T P R R
RYGE . 5 AR HL P R I A TS RO
RN S L

SH AR IR 1(h) i . WIET A
B #% 7R Bk 22 KT /9 fa] A R ALK B, 4 1 2% T
WAL AR A RERZAT AL R
KR55, 3 % 20 mm, 17 2 K B & 980 mm , 1]
fi B AL (HC-KFS43) i) & a2 T 5 2k 400 W, 7£
WEMERFA R, AN OB 15 &
4 (HGC1100) % %% ¢ ¥ B 22 1 22 100 mm i {7
BTG s s RSN RS OGRS
1 2% 1 B AE FE R 70 pm, I 95 BN 435
mm , % RS BN 0~5 V, RUE A 14 mm/
Vo ZHER,ZHER2MRNES h O %
G REARRI, R 3R N5 & h & OB
BE IR FR G0 o T 2R OG0 AL I R R S
i — > 2 1 AH ML (acA1600-60gc) Fl — 4> 28 380t
PG RL . WOE TR E R G0 AR M
B AR Sty e B — A B AL R, RN
51.75 g, AT FH R M 6 2K gy A o sk R AR 4004 rh
Ji & o

ZME B0 2 Bl AR Bl 4 2 GRS A R
DR PZT (BSER R Y ) B ah #5 R SCBiy .
PG PZT A5 A% LU Je PZT $03h 2% 19 R ~F
LR, bR S 80 3% 2 fir s o 38 sh 8 i i
Googoltech 2 A ) GTS-400-PV-PCliz sl #E ] <

} projector [

(b) KA EIR f
(b) Photograph of the experimental apparatus

1 =R RGN B RS

Fig.1 Schematic diagram and photograph of the three-flexible-beam experimental system



3878 pot= A K %533 %
SLZ R EAE SN A/DEREIE M 4N D/A Sl R A .

W . H R K B8 TR RS B P R {XZAX+&MHJMJ (3)
WAES ¥ H N —5~5 V #4 —260~260 V, Y =CX '

NIRRT~ DA € Fir

®1 JLARSYSH

Tab.1 Geometric dimension parameters (mm)

Dimensions Beams  PZT actuators PZT sensors
Length 800 60 40
Width 150 25 10
Thickness 2 2 1

x2 MHRSH

Tab.2 Material parameters
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Tab.3 Monocular camera intrinsic calibration results
(pixel)
fx fV 22 Uy
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Tab.4 Monocular camera intrinsic calibration error

(pixel)
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Tab.5 Design parameters of the ABFSMC controllers

. . 4 Number of Center value of the Gaussian Standard deviation of
c ©
' fuzzy rules function the Gaussian function
mi: -1, -0.5,0,0.5, 1 01: 0.2
Beam1 0.065 0.35 1 1.25 0.12 25
my: —12, -6, 0, 6, - 12 052 3
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Fig.5 Control simulation results after fixed-point excitation
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Fig. 6 Control simulation results after trapezoidal trajectory excitation
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Fig. 8 Control experiment results after fixed-point excita-

tion change of beam 3
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tory excitation change of beam 3
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