H46% 512 W &/ L F O M Vol. 46 No. 12
2025 4F 12 H Chinese Journal of Scientific Instrument Dec. 2025

DOI: 10. 19650/]j. cnki. ¢jsi. J2514608

ETF S R&BRSBENE SNME
135 17 BR 41 B B2 4 4 7 o

AR R R RIBR
(ETTRAAEAREBOR PR BRI BT 361102)

T s O AR B R B AR R R 5 4R e MR AR 1Y) DG R A | S AR AL B8 £ AR SR R WA A B P AR AE R 220K
SN R AN SR R A [ R T — R TR W R Sl O % B AR A S A B R . %O RS T MR AL
A I 1432 B 2EAE Y | 43 B AN P Bl SRR AN 72 2 (4 2 i), 8 1 R R s 3o Heafb AT R AR, BT T —Fh B AR R R I
FEAT S oI i AR AT S A m AR MBS 4, 25 B P B0 A 5 AR T A m B I AR 1A, (RIIE R GE MR R 1R 22 7 A B
V] P R Sk, 7R IR L R R S WA A B A N T R, R I R B S N 1 R GRS S s AT
JrRE NGRS A T A M 2 s i h SR RGBT R BE . T Lyapunov RIS IIE B I 8 75 1% (19 2R G e P R R
BRI 2E R BR B R SRR . SR A 7 LS ER IIE T AR SO B i al A7 s RIS 2 T @ s AR AR B 5 1 R R sh T
BT BB LA B B PR EREESEEG . SEERSS SRR i 7 AR BT T B F- B IS [ 45 4. 92 s, B AR IR 2257 2493k />
11. 03 pixels, I HAEZ R ARENI3h T 00 T S RE4R & W SIE i 5 SR IR 1 5 RIS, BT 0 % BB 0 M B T B R A (9 Bh s A o
HA S 25 s s Al AR 3l , B R4y AR FH R

KA AR ; A7y SRR A WA s o 5 A TR Sl L 2

hESES: TH39 TP241 XEFERIRIE: A ERREZRSEKRE:; 510.80

Fast disturbance control method for aerial manipulator visual servoing
based on non-singular terminal integral sliding mode

Du Binghuan,Zhang Zhen, Liu Tundong

(Pen-Tung Sah Institute of Micro-Nano Science and Technology, Xiamen University, Xiamen 361102, China)

Abstract: The aerial manipulator is a crucial equipment for dismantling and installing current-carrying clip bolts during substation
maintenance operations. To address the issues of slow error convergence and performance degradation caused by unknown disturbances
during the visual servoing tracking of the bolts, this paper proposes a non-singular terminal integral sliding mode control method based on
an integral sliding mode disturbance observer. The proposed method establishes the kinematic model of the image-based visual servoing
system and analyzes the effect of external disturbances on model uncertainty, which is further characterized using an equivalent disturbance
term. A non-singular terminal integral sliding mode controller incorporating an integral power term and a non-singular terminal term is
designed. Combining with an exponential reaching law, the non-singular terminal integral sliding mode control law is derived, guaranteeing
the rapid convergence of the system tracking error in finite time. Furthermore, an integral sliding mode variable is used to construct a
dynamic observation equation, from which the system state and disturbance estimation equations of the integral sliding mode disturbance
observer are derived. The estimated disturbance values are then feedforward compensated into the sliding mode control law, enhancing the
system's disturbance rejection performance. The stability of the system and the finite-time convergence of the tracking error are proven
using Lyapunov theory. Finally, simulation experiments verify the feasibility of the proposed method. Additionally, an aerial operation
simulation platform is constructed to design dynamic target tracking experiments under various disturbance conditions. The experimental
results show that the proposed method reduces the average convergence time by 4.92 s and decreases the root mean square error by an

average of 11. 03 pixels compared to the benchmark methods. It consistently improves convergence speed and tracking accuracy under
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various unknown disturbance conditions. Furthermore, the designed sliding surface exhibits favorable dynamic performance, and the

disturbance observer accurately estimates external disturbances, indicating strong potential for practical engineering applications.

Keywords : visual servoing; non-singular terminal integral sliding mode control; sliding mode disturbance observer
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Fig. 1

Non-singular terminal integral sliding mode control structure based on

sliding mode observer disturbance compensation

FE L IBVS RGMIRERR 2 (6) Fin

e=q-¢"' (6)

Hr, ¢ R YETER IR S AR i, g FoR R A4
RS AR G ZESEBRI I 5 ¢ P LAORFE# R 5035 3
SHukiz g,
2.1 FHFRLRMHBERHFLIT

A3 (5) FTAT IBVS iz 8 2 5 7 e Bk i Al A 1 —
A2 AR AR | LBl 2 R P A2 TRGOHE T E 2 I 194 5 i T
FEPERBAUAS B 22 PE AR Sh 2 M, NTSMC 38 38 4 70 505
LRI & IR UFBRER IR 22 e #aT10 T O B AT 5L, i ke
Goar St AREXS T HRESE R 3l HL FORE A i 1 s

BEEERIPL, K FEEIAERIER, i, Bt ka5
Lo R WAL A7) B

S :ael’/l’z +,3J';e(7')d7' + 'y(f;e(r)dfr) e (7>

H I SE o B Ay HIEELL p,p,.q, F g,
YIMIEEEGHWRE 1 < p/p, < 2Fp,/p, < q,/q,, i
b BRSNS B B B AR RO s T
TRGE B &% Th AFTE R & S PR ), (W), 7R AR 3 30
FEAil 255 ARG R I, P E R R 15 2 A PR ST ] A 8
P4 [ B, A 20l 35 v A2 il 8 2

A p, =p,/Psyq. =q,/q,, FTE(T7) R FIEIG IR



5512 1

PRI 2 56 TR A S A S AR M LA i 2 MIUBRCES L 4] ARAIE 3l DRt 2 ol D 1% 243

B, nsti(8) FR .,
s‘(: =ap,_ep’7]e. + Be +'yqre(fe(T)dT)qril (8)
R B S RI A Yk SR e T A T A A 4 A A
RN U0 4 45 5 I, 2 AR G R A B 3k AR AR T A
S:,‘ =0, 4 /R Ecain .S:n =-K,sgn(s,) —ns,, AR 2]
NTISMC #E il an=X (9) fr,

u, =- j;mb(yq,e r(fe(r)df) "y K sgn(s, )+
ws, + P (9)
ap,
b, Jr L 3o BAGORE AT BE AR B A B 36 A4S T

K, R MRS m FR IR
TR RS Sl AR M, M Lyapunov PR
BV = sls,2,% vV RFIER(R) F(9) AT,

. T ™ p —1
V.=s!s, =s/(ape” (J,,u +d,) +
Be + yq,_e(f e(T)dr)r”*l) =
0

ape””'s' (- Ksgn(s,) - s, +d,) =
C(-ms;s, - (s, Ksgn(s,) -s;d,)) <
C(-nsls, - (K, -d,)|s.|) (10)

ma

V.(s,) =0,s, =0, K, MG LaSalle J5THE ) 0] LSy
2.2 ETFHSBEMHMNEHNM G SEiRES

FER 2R g St rh  HUBURE 38 4000 58 2 G0 5 o7 IR 5
M2 AR, 5 I X A & 5 B 5 S L 37
PRSI Bl LA SRR R 2 P 1) A, 3R AN T F0I
Hahd,, MEZWREE R ST0ENE . 0 TR [k
PESI 5 M) , A o) 30 SR FH R 1 D) 46 4 25 550 A
Yesh B AAE R s Al HE, mi 51 B 2 i BHR IS
S fpk bR )R 37 SCRR[ 23] 58 &, AT R B0 T A
P st LI 25 55 R 15 4z 25 A 1 Fa 1 S w38 ok S A
THAMESL B 4R T RGP RE T

S SCHTREHIE SOOI 28 AR S Al 1R 22 g A st
W2 d (1) FiR,

q=q-q
d=d-d

Hrp, d FR USSR E R B4 g MG, d #R
SNERYE B d AT

TEHASSHIE Bl XL 1% B4) G B P BT A S X6 A B 50 6 v
B AR PR S, PR 5 | A B v A A i, O
X (12) Fiow,

s,=q +k[ q(r)dr (12)

(11)

HEFX(5) WARG iz sh2# A, %11 ISMDO ) sh 2
S5 AR A= (13) s o

é=Jc{)m/7(&)uc +d + £,8,
(13)

A

d=¢g,s, +Ksgn(s,)
¥ 20(5) 5 (13) FHISAS 2R3 1 BT SIO0L I 45 F4 IR
SAGT R KT, X (14) PR,

%; = (Jo(@) = Jop(@))u, —d 5,5,

N

. (14)
d= j082s1)<7> + K sgn(s,(7))dr

5 ISMDO FOPIL h A 1145 51 Ay i b iz 2 A 2 5 & 0
PR 454 8(8) . (9) I (14) 15 5] ISMDO-
NTISMC A9 58368, = (15) i,

é = (L (q) _J{'Omb(&))uc -d - £,5,

d=[es,(r) +Ksgn(s,(r))dr
0

2-p,

A (Y4.€ :

w == Jo (75 ([ e(ryar
ap, 0

pe’”’

e
o)

2.3 REMSH

A SCHETT IR B v 58 i 1 AE A 24 0 B3 A4
A BT LA BB T R0 T8 ASE 0 00 45 1) T A4 o A 4 5
N T ORI R GE R AR S DL M R G R R DR 22 A TR
B[R] P84, AR 1538 3 Lyapunov Fa i PEFRIB X R S
SEPEFEAT AR

1) a3 2 s A3 T R4 1) 4 A e PETE A

NTISMC JEi I8 55 8 28 o« By p, g, K, Fln,
REMS T RGCREETEA PRIl ¢ " N BRI s, =0, H
RERERIR RIS P HPIRE e = 0,

1EEU§ /7\:—&(7) ':F‘ s, = 0,#Xﬂ‘ e SKEFE‘MEP

)%*‘ . (15)

K sgn(s ) +ms, +

ape'e + Be +yq,e(fe(¢)d7) oo (16)
X (16) P R Rk AT A

P2 de _ t 7,71

€ a—-ﬁ-w(foe(r)df) (17)

5 5(1)= [ e(r) dr, RABRER KNI LU € X1 S £y

SHANA(18) B,
de 1 de

as e i (18)
dS e i

U (18) FRA(17) A5

p-1d ol

ae’ éz‘ﬁ—vs’ (19)

HeaX(19) 253 0M 1 73 B AL B IR ARGy SR O
TR e 5 8 BIBOCHR , N (20) Fx,



244 O & M

a6t

¢"(8) = e - &(BS + lsq') (20)
o q,.

HES" > 0ffif3 e(S°) =0, B RS PRI 15 2 7E BT
Z) o sk, BRI s (21) BR,

$* -1p,
o= {e”’ - &(,BS + ls”r) ] ds (21)
0 o q,

£ NTISMC ) RGBS IR 22 B 1A FRAS TR IS,

2) B TR IR 2L 25 ) AE A7 S L o FR G E
P il s i A MR ]

T B AIE ISMDO-NTISMC f9 £ M, ¥ 3 Lyapunov
PRELV, =sls /2 FEXFHOR S04

oo T T Pl
V,=s%5 =" (apd " (Fu, +d,) + e +

yq,e(f;e(*r)df) i ) = ozp,sfe’)’_l( - K sgn(s,) —ms, +
d,-d)=C(-nsls, ~K|s|-s/(d-d,) (22)

Hrlr, € = ap.e” . TEARSAHHE A S L 5]
ANIEB & o, [fif3V,(s,) = 0,5, =0, Kk, H
LaSalle [ 31 AT DA Wy 22 48 0 05 48 € /Y, ik — 2D i
F(22) 4r i Al 1% .

V, < C(-ms's, -K |s |) <-v2K.CV,"* (23)

SRR (23) MR H TR, sk (24) PR

. 2V,7%(0)

R (24)

KC

Hat (24) AT, MAT A IR IR H & IBVS REEHY
PR R R 22 38 BE A AE AT BRAH IR YRS 0, &7 b, BB I
SAUF T ARSI AR YL Sh PR B T B Mo S S5 i
Perfe

3 XWELERSH

3 90308 3 B4 AR 1 R B ) A7 R S 4y S 6 A
VEAS SC 36 AT 80t 1 5 Tl O S 50 5 i B
ISMDO HIHE At BE AN 2 G2 i R 8 PR RE , IFKs Bir 4
25 SCHR [ 24 ] 19 B 43 g BE 45 ] (integral sliding mode
control , ISMC) J7¥E SCHA[ 1311 NTSMC 7L K 2.1 7
) NTISMC ik T xf LSRG m S L BT &
PEAT T LA L £ IR AT 45 B4 E A BR B 2 080, 6 F i 42
T A S s A Rk
3.1 hEBRIESZERSHT

A B UE AR SC TR O ¥k B R AT M, AR T AE ROS2 5
Gazebo {j B3R 55 of £ 7 9098 ) il 52 60 °F &, JF 78
Ubuntu22. 04 &4t Fizf7i BSLE, BE#F ISMC NTSMC
NTISMC LA K ISMDO-NTISMC 1 Heds, #-fathil 2 o 0 5 5
BOXE N ISMC %ﬁﬁ#ﬁﬁﬁl&ﬁs = —Ksgn(s) - n,s JHE

BNK, =0.8,m, =0.1, B335 k, =0.08; NTSMC
BB MNp, =39,p, =31, =0.2,8=0.01,K, = 1.8,
n, =0.5; NTISMC 4% E N p, =39,p, = 31,q, =43,
¢, =31, =0.1,8=0.005,y =0.7,K,=1.2,m, = 0. 5;
ISMDO 1B %t H &, = 0.3,K, =0.1,8, = 0.15,k, =
0.01,

P Ar] e Z 48 42 ) B AR Ry EMBRRAIE A A 70 A BRI
V) A AL S50 2 0 B R R AE A s, I 76 F AR 2 R B T B
JE AERE R AT RN R ER IR 25 . O R R IE AL AT ¢

= (25) i,
260 300
/= 400 300 (25)
400 160
260 160

T ACERERVERE , 8 SC T WSSO FE RN R BN B T
K iEg I PR R DA e R I N R A =R/ BEN & E VAN
W SLHT 8] ( convergence time, CT) KFw, HEAIITRIR
7 (root mean square error, RMSE ) Fll fx I o Fof {5 A 22
( maximum absolute deviation, MAD ) /551 22 4t i) IR g 11
BE™ . AT RIS PR AT A =t (26) ~ (30) TR,

el =./(e,,)" + (e, )", i=1,2,-.n  (26)

é’"=% /Z(ef)z (27)

ty =inflt =01 Y7 =1,]e"(7) —e, |< €l (28)

1 N

v R/ N2

v Z (e"(i))

€yup = Max ‘éR(t) ‘ (30)
ze[z“,,ll]

Hrr, e R i DEUGFHE SR ER IR 2 e FR
JIT A EGARAE s (AP 101R 22 n FRORFFIE AR e, FRRER
ARZEME, N FR BRFE B, TT FR 58838170 (R]

PO ELSC B FE AR B, X H ARt I xy P18 N KN
[d,(t),d(t)] =1[0.1sin(0.2¢),0. Icos(0.2¢) ] A4 Zh S
Pzh, £ ERP B B L5 S5 b, o0 il T AR SOy
A H R EAT T H AR BR B SC B, AN R iR R Y
ROGURET IR ZELS R M 2 s,

M & 2 ATLLA H NTISMC fig s 46 i R GRS 20k
LT AR ], AT PR iR 22 I S B R AR AR ok A, 5
ISMC NTSMC 1K i A ISMDO [ NTISMC J5 ¥ 41 L,
ISMDO-NTISMC J5 43 4217 0. 58 1. 13 F1 0. 17 s F3ik
FRASEREERY B, TEARRASABIR , A ST 1) MAD AR
He T34 ARG 42. 77 61. 46 Fi1 16. 47 pixels; 76 0~50 s
X [ i) RMSE 43 sk /)N 6. 29 8. 45 Fi1 5. 44 pixels, ik
LRI TESI A ISMDO &7, NTISMC f4 4 i A 13 Fn 8h 2
PEREIIIS BN A 8 =, R T RGEAER M) T 1y a8
P Bk T A SO B AT AT AT ROPE

(29)

€ruse =



2 12 1 FhvkMe %5 . 3T AR A A AL T AR Y 2 25 MU A0 0E 1] IR PIE sh b 4 1l v 245

200 ’— ® eyl W oeu2 Woeul eud EJ:QE

e eyl —0-a12 o @3 evd
_ 0o BlHL K
FI ,
e OFf ¢
oK LT
& 100}
2005 0 20 30 40 50 ‘ Rpe——
I 1) /s ' . . o
(a) ISMC B3 Wik RS LR 5
2000 L e moes s e Fig. 3  Experimental platform of the IBVS system
o evl o2 o a3 evd
— 100} . .
ER | 1E Ubuntu22. 04 REEA BT & T 3T QT FIHLI
#®oof s / T E AR A ) R e, He ML an & 4 TR, IR
oK V
§§ N 4038 2o SRy 3R 55 AL A % e TR, S B ATL AR A O T 4
oo SR AR R M LS R 7 T, B U A R o
00 . BRI 535 1 YOLOT2 FARK B | I 46y 12
C e B P IR A B T 4 HOR PR . ) b
(b) NTSMC TR L, KT B ¥
2000 = eyl W oeu2 W-eul eud * )
® evl 012 03 evd S FNFIS tv:mfz:u
T) 100 - {__T_:/:--:———t-: ‘- z:m 3;9;2 = Z: z
£ oL '“ = e "%y s
k| ; : e e i
B o0} 23 iBHIRGoR I e e M
200 s . s ' s (rrien] () s
0 10 20 30 40 50 U VLSRN REEENE e BRGHE
Hﬂ‘rﬂj/s 1?;;:3::;&'; ;:éi‘.:;]; LN ER I&V‘iﬁﬂ B 2AE
(¢) NTISMC et (T it 351“53555““ ==
200¢ = ooyl W oey2 W-oeul eud lzl 4 J:1jm%’:ﬂﬂ§<%

100 et sed e Fig.4 Host computer control system
IR S bl S SIEG R PE4E ISMC NTSMC NTISMC Fl ISMDO-
g 0 NTISMC E4 IBVS ZRGe A #5247 %5 L, ISMC R H 48

’ WOl E e, KB 80k K, = 0.5,m, = 0.2, Fl4rHi25

200 k, =0.06; NTSMC S505% & A p, =39,p, =31,a = 1.8,

0 lb 2‘0 3‘0 4‘0 5‘0
B ) /s
(d) ISMDO-NTISMC
2 AN O gk i BRER R 22 X L

Fig.2 Tracking error comparison of control methods

3.2 KMWIESERST

it — L W UE AR SR R A TR S bR g B iy
AR B T Dl s P g | 4 I I8 e R 1 R AL
AR IREEIAE ML F /5, S50 F 5 B UR12e 75 B M1 EE
ML Intel RealSense D435i R EAHHL .S H HE IR
ST T TR AL PC AR 2, an A 3
Fr7s o

B =0.01,K, =2.8,m, =0.5; NTISMC 40X & N p, =

39,p, =31,q, =43,¢, =31, =1.8,8=0.01,y =0.07,

1<3 =1.6,m,=0.25; ISMDO (&% H e, =0.3,K,=0.1,
£,=0.1,k, =0.01, PCEHEIFIEIIRNFE LIFRIE
AR A R AN ER I 2l Hoaz sl e i =(31)

B o

Fi(1)=F (1) + F,(1) + Fy (1) +F,_ (1)

F (1) =0.6sin(0. 471)

F,(t) =0.2sin(0. 6wt + 0. 5m)

Fy ..(t) =3sin(0. 6t + 0.57)

(t) =sin(mt)

Z axis

(31)
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Fo(t) = F (1) + Fy_. (1)

Fy,.(1)=0.5sin(0. 4m1) (32)

F,_.(1)=0.5sin(0. 4w + 0.57)
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Table 1 Performance comparison of controllers under

various disturbances
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Fig.7 Disturbance estimation result
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