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Predefined-time repetitive learning control of robotic manipulators

LI Ya-gian, CHEN Qiang®, SHI Hui-hui, ZHANG Zhi-hao, CHEN Peng
( College of Information Engineering, Zhejiang University of Technology, Hangzhou 310023, China)

Abstract: A backstepping-based predefined-time repetitive learning control scheme is proposed for uncertain robot
manipulators to achieve rapid and high-precision tracking control performance. A non-singular predefined-time virtual
controller is constructed to effectively avoid the singularity issues caused by the differentiation of the virtual controller in
conventional finite-time backstepping design. It ensures that the tracking error of the robot manipulators joint positions
converges to a neighborhood of the origin within the predefined time. Then, the lumped uncertainty of the manipulator
is separated into periodic and non-periodic parts by considering the periodic characteristics of the desired trajectory. A
fully saturated repetitive learning law is constructed to accurately estimate and compensate for the periodic uncertainty.
Meanwhile, a robust control law is developed and the terminal attracting technique is applied to guarantee the effective
compensation of the non-periodic uncertainty including external disturbances, such that the high-precision tracking of the
robot manipulators joint positions is achieved. Finally, the stability of the closed-loop system and the error convergence
performance of the proposed scheme are analyzed through the Lyapunov stability synthesis. The effectiveness of the
proposed control method is verified by comparative simulations.

Keywords: robot manipulator; predefined-time control; repetitive learning law; backstepping recursive algorithm;
periodic uncertainty; tracking control

0 3 § G LEAN [ RE E b 50 MUAHORE P04 1) 1 e (LR P2 s
BEE RHE K R UM e R TR RO R R WU AT A 55 ) S SRR S AR ik
A& b, A B R RE . ER ML R MU TERTE A LRI, S BUR SRR 1 SR 2
B RGBS T Y08 & SOt UM M RIMEARAS R 2, A Al — T BR.
R R AR H ARXE DLSEELR) SRR, N T e H A S YR — P AT A B S B R
LIRS PR 2 b i, % A oG HE AR SR AR e SRR T P02 1) R B e 5 0. R, R
SRR MR 0 R DL AR sEng R S SRS AT A I AT 5 P L, fiE

Yris BHA: 2023-08-19; A BHHA: 2023-12-19.

HEWMBA: EREARBIERESINH (62222315,61973274); #iL4E HRBIHAFE S IR H (LZ22F030007).
HERE: HEME.

T/ . E-mail: sdnjchq@zjut.edu.cn.

ARSE BT LT SO, T SR AT B %S CRIEME T X EAT TR .



3720 ECa |

5

xR ¥39%

5 ORAE R R B BRER PR RELCT). STHR [81 8% & A E S5 A
B TR IR R 20 AL R 4, it — e IR A ) B
I I S ST ik, SEBL T 4 58 FA R R
A ERER. SCHR (91 B3 & Z B b AR S Bl i AR e vk
R G, P — A T B B 0 HE A 2 ST
R B AR RN AR T IO — AN I A2 1) 6, it E
. B AT A o] R, SR T BRI R 2R TR RR 2T T
B TR ST & R R A IR TR RE
i SI I 2% St i L Xk 4 300 B O F) v R B, (ELER
IR 22 AT VAT S0 75 22 2 A R YT ) B 525 5, X DA
A SIEBR AT R I w5 BRI T8 P 32k 38 v g 2 BB P
EOR.

N T SRR BRI L, S BB 1A PR AN A 2 ]
SR, DARAIEAE BT 4RI 0 25 1 T BRBR AR ZE 1
WEE A PRI [8] P WSl 28 2 i 22 21 011 3k [10]
St — oA PR 18] 2152 2 5] P2t Sms, DL ORAIEA PRI
TF1) R A 2 ) R B 1 . SCHIR (12 1 6F Bt 52 PR )
WU 2R G, $i th— oA R 8] 5 38 1 1 fid A 42 )
JT 35, i 2 U8 W 5 At R I R AR 45 5,
RN ff (7 B PR R 22 40 A BRI 8] A AL S 22 11 22
FARIZ. ORI, 75 3R A BRI 1842 1) 73 v W St 1)
1o L MR S IR A& . 9 T30 9 AT SR () % 0 e AR 2 )
A, [# R A 1] 42 ) SR U410 AR 4R IR L. SCRR[15]
BEXIHUBE 28 Gt v T[] 58 I 18] 15 3 I A 248 ) 2% 42
a5, SEBL T AU Ay A B X 0 SR U F [ R ] ER
B, SCHR [16] #1536 — SR AT AL 20 A1 2 249 A
EEFTHUBME 2 48, $ ] E I ) BOR 0 MR R 4
771, AORAE R USRS o BB B B 3R 72 15 [ 7 I 1) P
AT SR TS 4 R R DIy . SR, BRI 15 22 A St
1] _E 5 AT 22 A4 1) 2 ) A2 2% R 8, e AR S
R M BEE. IR, A 3R T FUE I [ 5 )
T3, AL I B AN AT S B RE TG e WS TR
R B /AN b FRUT200 SR [20] 4@ H — b TE I TR
PR3k, SERL T WU i o7 B BRI R 22 TE I TR
WIS TIUE A AL ORI, B TR SR ) 4 et TR R Te
0 I FIATURRES B B 21 2 1) 0 SRR A, X LA e L
T BRI ) S0 SR S I P PR R v G B A
SR (RIS, 2 ) & BT i R ) 3 e 2 ) A 2
Hh) 3 7y BUE S R A — 0k 73 3 pR ORI G, 39 1 o
BRI T R AR

LR LTI, A SRR XA E MU R 4, Rt —
Toft ik T B 5 SRV PR TIURE I 1) 2 A2 25 S % 1 ik, BLER
UEAURRE 07 BB SR B 2R 22 A O I () AV AL 8 22 Ji e
BRI AR AT 3k P9, JF 78 T R 22 SRR AR LR, S B ALG

T A7 BN A B B ER A R SRS R ERER. 5
A 1R T00RE B ()42 1) 7 V248 b, AR SOt 1 AE BT 57
FUN2 1) 25 TG 75 #a) gk oy B 4 bR R — VR oy R 2L
96k B G AR a0 AT 2 2 B AR e AR A B
£, W AT U 1) B2 S AN 1 23 D ) B AR I ) B A
A0 20, R FH 40T 5 0000 1) B AR, A 3 4 PRI B 5T
2 ST Ak T AR T ST AN 5 s R, 7 e
il 5 A ) N el 51, PR R E BAVE AN P
SRR M AR IR B 15 22 P RO WAL S, e T S IR S T A
TR Z2 1) T E I [R] WAL SRR R 2 I A 47 BB ) v s
BRI
1 RGiHER R RIH
1.1 ARGk
ARG n EFHUE PSRN

(M(q) + AM(q))d + (C(q,q) + AC(q,q))d+

G(q) + F(q) =T +d. (1)
i q,q,G € RSP BINIAT L E IERE . S0
WK M (q), AM(q) € R NIV E
RIS FR IR AN 2 T C (g, 4), AC (g, ) € RN
Fob L B RE B (R B AR TR AT 52 T G (q), F (), d €
R™ 73 S RAN € [P B O 5 ANH o 1R BE 48 0 B AT
HIANRILEN; 7 € RONIEHIIAN K &,

ARG () TSN FRN
M(q)G+Cl(q,9)d+ G(q) + F(q) + H(q) =
T+d, )

K H(q) = AM(q) +AC(q,4)q.
jﬂ?@ﬁiﬁ@,ixw1 =qx2=qx2=¢ M =
M(q),C = C(q.9).G = G(q).F = F(q) M H =
H(q),W=XQ2)n[HEH
T = T3,
Miy=7-Cxo—G-F—-H+d. (3
AL FE ) H AR, XA E LR R4 (1),
25 58 AT O J8) B 00 BA 2R A A B 8 ey, VU958 0 2
T ARUEAUSRE A7 B ) BN 7E TIUE B [8] P PR i 8k
BIHBENIE 1, BT AB I, FAE = S SRR A
NS @y R R ERER.
1.2 &R
TER VT4 28 2 /T, e R AT 1 Fn 5] 3.

M BT 200 AR A I MR TR 10 IE 5 B 1
TEn > 0¥ /&
%CTMc < nllsl?, Ve € R, @)

Forb || - || R R B R K I 2 Y AL



#1148 & TAF 5 DRSS TR B 1) B 5 5 1) 3721
MERR2120 FHEE M — 2C B AR R, i 2 step 1: #Ji& Lyapunov PR %{
DL F RS - Vi=ala, (13)
1[18] E/\g .
51 HIEAG Vi=z{z =z (2 +a) (14)
(t) = f(x,t). (6) . b s [ 1
=70 @ VL AL
He:z(t) B RANREL&E, f(x,t) 2 0EEMAEL -
B8 B R A IE R BBV (2), IESE 00 < oy < a = —kiz = kosig T (21). (13)
s 1-3
LT.>0,0<e< OO%E Heky = ki + ko ki = %,klz = (%) ‘
V- (v1 Pyt 4, D 2-q m LR
2 'ﬁ’2_<§) RS OT

)”JJ/%@E(6)%%%?%557‘[5]%%%9‘],LI&@JIIXEZ?\U

v emn{ (20 (B0}
7T T

(8)
Hep Ty Acsa st a &/ ER BB LE Ty < Thax =
V2T..
SIFB2B1 L bR A, R o] <
T PR AL, 85 A2 LA N A G
(2 —sat(y)) (g —sat(y)) < 0. )

{lima:

t—To

7,5 742

Hrp

Js 0>

2 bl <5

=7 1<-=J

fTo, € Rioy € REMEHmMm >
AT

sat(y) =

glzE3Usl
0,n>0,h > 0, FHIAZE

o™ |o2|™ < hloy " +

m n
m-+n m-+n

h_%|02|m+n.
(10)
)My >0,

S48 X Fa;, >006=1,2,...,
ﬁ?ﬁd?#ﬁﬁl@

Zx (Zmi)u,0<u<1;

= (11)

2 T%?E'J%%&fr
BT S SR, AR M PUE N R E R
S 2R T3k, ADRIE I A T RE rh BR R 1R 22 1 T 5 I
() WSSO A A A A o A 57 5 Y v R P R
SE XERERIRZE 20 AT IR ZE 20 N
Z1 =1 — Lir,
29 =Xy — Lo, — X = 21 — QL. (12)
€ R 7p iR WIN T 13 82 M Ao B 51
i EE TR RE AR

Hrpzy,, zo,
T B A o L o € R
il ge. BARR VAR IR

1,0 < T, HV2T. < T,sig"(z1) =
-, [21n| Tsign(z1)] "

K20 (15N (14), B 5| FR 4 7T 15
— kozlsight(21) <

[[211]7sign(211),

Vl :z;fzz — klzle
— kil|z1]|? = kan "2 (||21|[) 2 + 27 2. (16)

RAE T3, 5E Loy = 1,00 = ||z1]],m = v,n =
2 — AR =1,7715

2 2=y
lall? < 57 g U=lB = an
K AN (6), 1T17
Vi <
k 2% W
—hnllalP = ()

kon ™2 (||z1|2)TF + 2{ 2 =

1 Tt _x ~ ol
- §||z1||2 + 2zl 2z — 7TC(Vl1 P 423V TR 46,
(18)
k
/\E}:‘(Sl 2 f’y
SN LA B A L1520

SCBLTE A0 RE FUM A% 1) 2 (15) ZRIB T 2T B0, R A FH 73 BL
T2 R VB WS AR M A G R AT A B vh iR, H
ANE oy St B T REA RO T 5 57 HE, BRI 20 A
HRE.
step 2: #4Ji& Lyapunov pf %f(

Vo = V1+2z2MZ27 (19)

XFHKR T, AT
o

. . M
Vo = Vi + 20" Mz, + 22222

R P50 (3) A it 2 AT 75
Vo = Vi 42X (M2, + Czy) =
Vi+ 2} (1t — Cxs — G — H — My, —
Ca+d) =
— Mo, — Mé—

(20)

F*MQ.‘FC@Q*CmQT*
Vl—i—zQT(T—i—T(m)



3722 #w o 5 Bk R #39%
Cxy. — Ca+d). (21) LN Wi

Hpixe = [T, 21177 (x) = M1,..., 7T = T, Yo () > Yo

~G — F — HENWERGNELTHEN O sat@o(@e(t) = { To(@a(t)), [To(@n())] < Tar:

AN e AR VERE FE A M (q)~ AN g B} B BRI B 0o B
AC(q,q)~ IHfEE T 715 G(q) VA KA & BEHE T
HF(g).

LU AL B g SRRV S A A B
B, B A E Y (z) BRER Y (2, ), R, () (7%
RN ., [ 8 0 IAANE € VE X () AR
JARAYEAT Y (2) — (). 2800, A FI R 2 4L
ARGk 42 ) 7 V25, 0 R R R AN E VR O () A0 I
B, IR IS A0 BN FL AT HMa2. AR S
HR 4 1 B2 NI o, ) SRR, B A PR X () 73
NI A E MY (2, ) FAAE T B A e 1 X () —
Y (), HF 8 4 PR 55 2 =) A R B e 4 ) 2, 00
ool P T A5 A R A T AN A g . PR U, 1
CHATAES N

Vo =Vi + 23 |7 — My, — Méx — Cxyp—
Ca+7(xz,)+ (Y(x)—T(x,))+d. (22

Hp:Y(z,) = [Ty, Vo]V = [2F, 23 )T

MR 2K (22), SEBR g% AT B

T:T1+T2+T3,

Tt . 1-
_77(771 Zsig' 7 (22)+

2302 T 3sig ™t (25)) — A 2o,

T =

T = Mxo, + Mcx + Cxy, + Cax — f‘(mr),
TZQ

- -
Izl + =

ey 2 T R4 ) 300, SR ARAIE % 255 A iR
P2 10 T B TRV UL I o A2 4 BRI B 42 2 > 42 1) 150,
KA B M A VE AN B 1 0 (2, ) 15 R AR
) 350, F SR ARAEAME IR A TR Y () — X (2,) B2 Ab
BT d; A = A+ 1, A > 0o > 0 e 1, 7
REBEEHTK ALY > ||V (x) - T(x,)|| +
l|d||;e > 00 (x,) 2 AR E VE Y (22, FROAG A,

T (@(1)) = sat(To(zx(t))).

(23)

sat(Yo (@, (t — T))) + pod(t) 22,
To(z:(t) =< te0,+00);
0, t € [-T,0).
(24)

sat(-) A FRIE R H. Ty (2, (¢)) FIBRIEAE SR oy, HE

—TM, fo(mr(t)) < —-Yug.
po > 0. ¢(t) 72 7E XAE [0, +-00) b 11774 12 48 R £, 1L

KikRH
t
—, te|0,T);
Mw:{T 0.7) (25)
1, t € [T, +00).
3 FEtirs
LA UL R AN S, AT 3 R SR s
FOPR B R 2 Sk

EIE1  EXHURE RS (1), 45 € T E
T ey, BETE R DL 1) 2% (15) A0 SZ B 428 ) 4% (23), 0] £
BB R ZE 2y 75 THUE B 18] To A WSS ZE J R B A0 ) 40
A AL
A =

(s < o (2T (T8 )

t—To Tt T

W K @23) RN (22), 7T
Vo §‘71+Z;F[—)\122— 77;

c

(22n2n't2sight (20)+

771_%51%1_7(22)) + (X () — 1;'(:1:7.)—1-

_ e — [
Y 4+ 2T - =Y
Tl + Tl - el

o] + =
2 T
_ ellz _
Pzl + -T2 R e
2]+ ==
Eiling
T TZQ
z |(XY(x) =Y (@r)) +d - 75} e (28)

Izl + =

F =0 (18) F1 27 AR (26), 1T 13
. 2 ~
Vo < — @ + 21 22 — M|2z2|P + 2 X (2r)—

T 1—-2 v 142
S A L
’YTC( 1 + 1

rr 1,03 y
T [(nll22]1%)' 7% + 2 (nl]22]1%) 2]+

)+ 61—

v, T
Tz 2,

7|zl - -
Izl +

(29)



#1184 3 A 5 BURA TR B 1) E 85 5] 4 ) 3723
N 2 ||b|? . . .
M EAZERaTb < ”Z” Ll ” RS V(t) < Va— d(t)zy X (2n(t)). (36)
Vs < 2 (29) 10N (36), 1T 13
2 2 2 T 2 2 V(t) <
_ HZ;II n IIZ;H . IIZSII ml (zr)Il . IIZSII B (1) o 1
7T 1-2 1+2 —§Hz1||2+z?z2— T(V1_§+22V1+2)+51*
)\1||Z2||2*7T(V2 PV, P) 40 te< Ve
- 2 — 2zl ? = M|zl 2+ (1 — ()25 X (2, (1)) —
_77; VI vt g, 30) 5122l = Aullz:|” + ()2, X (2 (1))
= . oz nl|z2|*\ 12
Hf:T(x,) = Y(,) — T(@,),00 = 61 +e+ 7TC(( 2 ) Fot () ) e o
17 (z,.)|[?/2. ||z1|2

FRAE 51 HE 1A= (29) T %0, ML B iR % 21 KRUSL
20 X3

Ay :{ lim Zl“/z

t—Tpo

min{ (*22) 77, () ) 6w
Horb: WoE 8 Ty W2 Ty < T, T & Wz, 1)
AL O
SE B 145 T IR A T AR o PR R R 2 1) TOUE I (]
WCSRE S b, 12 B R TR &S I AR R A 1 B ) R S
ERERVERE
EE2 AEEEIHEQHEMH T HIME R
4 (1) B f I B IR B R 22 2 fEA T — AN E A S G,
Fa WS 2 i s B B/ NVAR IR A, For
As =

(o1 o (2205 (228 )

HEBH #4340 F Lyapunov BR 2L
_ L ot &r
V—‘/z‘f'% t—TT (.’L',.(T)) (

X (32) KT, TG
V() =Tal0) + 5 — [ (e (1) T, (1)~
Ho

r(7))dr,  (32)

T (z(t— 7)Y (x (t—T))].  (33)
FIHER (0 — 0)T(0 — ) — (0 — ©)T (0 — )
(¢ —0)'[2(0 = 0) + (o — )| ML Y (2. (1)) =
Y(x,.(t —T)), AT LAfF 3]
T (@, ()Y (2 (1) =TT (2, (t-T))Y (2
2[Y (x,(t - 7)) — V(. (1)]" Y (=
i3 (24) F1 5| H 2 7] 15
2 (2 (t —T)) = (@ (1))] "L (2, (1)) =
2Ty (2 (t — T)) — pod(t)z2 — sat(Xo(wn(1)))] " %
[ (2, (1)) — sat(To(an(1)))] <
= 200(t)23 X (@ (t))- (35)
K35 RN 33), /15

r(t=T))<
r(t))- (34)

7 RAER 2T 2, <

[E2]s
o AIslE

V) < = AulllP - 07T v 4o
e+ (1= (1) 2 T (2n(t))- (38)

HRHE 3 (25) T o (¢) W5 S ot € [To, T)
it € [T, 00) FERERRZE 21 HIRCSIHE.
Mt e [Ty, T),0< o(t) < LH1—6(t) < 1,7

1=
V(t) <
T
A T4V ) 8 - Aullzl P+
(1= ()| - [|2a]| + & <
Loy egy, - 9RlT @l
,YTC(‘/Q +‘/2 )+ 4)\11
(1—9)||7(2)[] 2
S 4 bl Sk 241 <
/\11(||22|| i1 ) +01+¢e<
T 1-3 1+
(v + Vo) 6, (39)
Horp
_ (1= ¢)2[|7 (zn (1))
53—51 +ée+ W .
H17 (30) AT, 20 K Wil
Ay =
. 2’7T053 % 2’7TC53 ﬁ
{mfve <mn{ (Z22) 7. (522) 7}

(40)
Xt € [T,+00), H ¢(t) = 1AL, W= (38) 7]
DA AN
V()< —
Hdrs, = 6 + . R, BREER 2 2 WSk 2 5 S FE
BN, B
As =
. 27Tc(54 % 2’YTYC(SZL ﬁ
{mlvecomn{ (Z20) 77 (557) 7

(42)

AT ) F N O3]




3724 # % 5

xR ¥39%

1 04 15 AT, 64 7T 60 A1 65 BRI I, 3R 22 1K
SHIX K (42) /N T (31) F(40). IX R B FE B H 22 5] 5E
T 4) R R, HUBUE R S8 (1) I B IR B R 22 2,
TEGE R — R A 2 ) I, K IS i st B I st /N4l
. O

sE2 0 3 (40) AT (42) TR0, I BRI 1 AL
KT Ny AT A 2y WAL 0 2 T o5 B 3T 358 /N RO AR 3 P . HL
T /ISR A R B A gy 2 5 B I KL R, 2
By R\ IR PR M2 B 5 1 1) 3 2 2 [R] gk 4T
L.

E3 RS4RI E A A ST (24) SRR
AME AT BT (20,). N T $ET 5 S, A
BT I ) 2 4R 2 ) i 4% (23), 7658 1 A2 21
A P, T IS ) 2 1 A 2 B R Ao 7 B R AR 22 TE
T 5 158 5 PO e 1) P9 WAL SIS TR a5 BRI AR 3 A B 2
A2 S A BATE 4R, 558 2% ST 4R B & 8 i, i3k —
M AT B ERIER R 22 10 A o i, A AR A0 B R R 2
AT S0 TR sk BT B N AR 3 A5, e 2 S ES £ 7
BB X A B 2 3 ) A R A
4 fHiEgGH

R I IE AR SC AT 3R O VR R b, A R
Solidworks {41 /7 2% T HLAF 4 3 00T MUV 1)
YIFRAF AL /F Matlab/Simulink #0456 XS5 WL
HUBERERAT AT . e ()

p1 + 2p2c0s(q2) ps + pacos(qz)
M(q) = ;
p3 + p2cos(gz) P4
. —,025111(%)@1 —2PQSin(CI2)Q1
C(q,q) = , s
0 p2sin(ga)de
. %4
F(q) = :
_Ps
G(q) = pscos(qi) + pecos(qr + g2) ' 43)
pecos(q1 + q2)
;E\:E'jipl = (m1 + mg)@ + mgﬁg + Jl,pg =

malils, p3 = maol3, ps = p3 + Jo, ps = (m1 +
ma)l1g, ps = malag, pr = 1, ps = 1.5¢. BN
WEN:m = 05kg,me = 1.2kg, ¢; = 1m,l, =
0.8m,J; = Jo = 5kg-m,g = 9.8m/s%. my Fmy ]
A BN Amy = 0.2kg Fl Amy = 0.3k, d =
0.05 x rand(2, 1).

BUBRE F A7 B RN A T8 FE 0T 46 48 79 i) 45 7€ 9
q(0) = [2,1.5]7,q(0) = [0,0]". WIHHH T L 2N
ar = [q1r, @2-)7 = [1 +sin(0.57tt), 1 + sin(0.57t)] ™.

C1: 0l I 7] B 42 2 ] 58 11 7 3.

FEHIE% (15) (23)+ (24) F1(25) 1 (1 5000 3] i 4%

Ny =031 =6,n=157 =1, =104y =
30, T = 4s. NWUE C1 J5 2 1 T e I ] e Sobk, e 4%
PNANFEERIT,, T,y = 2s M Ty = 3s.

C2: 7 PRI [ 428 i) 770100,

R FOL 4 ) 4 AR ST o i 48 43 0 TN

o = —kyzy — kosig? zq,
. T
T = —)\122 — Agﬁ%sig’YZQ — %2 z - (44)
| 22|| + T

:/H;‘EF‘:AQ = 6,? = 3, ]{31\ kQ\ )\1\ DAY/ ei@'—ﬁCl EP*H
I7l.
C3: FLE 7 245 Ik

i gt
a = —kiz,
. Tz
T =T (z,(t)) — Mzo — —— . (45)
llz2]l + 3

P (@, (1) AR 24), ks Ais pion 62 THI5CL
A
Ca: I VLD,

Bl g4 B
a = —kiz,
TZQ
= —Nzg— — 46
T 122 ||z2||—|—5 (46)

Hiky A\ T Rle¥g 5 C2 AR,

KN A B 45 R P 1~ B4 s, 2o B
RC1 R AETE N8 Ty, = V2T, = 2v/2sH
Toe = V2T = 3v2s FRIFRESRZ R, WE 1]
DAt MDA B 380 55 A P A8 45k P i B sC S0t 1] 43
WIN1.5sM12.5s, bt Ty, 1 Tyo /8. ILAN, 78 C1 5 1EA4F
R U A7 B AR S R 22 BRI U8 E £4 x 10~ rad
T, SR T ks R A ERER. 2 ~ 4l fiidk

1.0

F %107
\
\ 5 7N
=7
0.5 r‘| —g }\_/,l \’::
N IR THZZS—lO ~ -
. A 012Ny
0 t=15s 5 10 15
t/s
1.0 ‘ 10”
\ af
\ || o~
'\ PR W
- 0.5 i‘\ 0 - \ \‘L\
Vv T,=3s 4 =4 \
PR 10 12 14
0 [y ==
0 t=2.5s 5 10 15
t/s
1 AEFERIE T CLIRZEW ST



E LA H: MR R E E 53 04 3725

9,

9,

0.01 S &

e
0 =2 e R C3
—0.01} ‘o

0.5 AN
o -4
N . 18 20 22 24 \
S a2, s -

0=

T,

0 2 4 6 8 10

4 T. =2sEHESIBA NI

AR 5 ik B AL B R B RE L AT B R 22 Uk
P BB AN ) N 7 A ot Lt L. W DB Y, 7E AR
2 il E N D15 R, AT C2 ~ C4, A SCHEH I CL
T3 V5 RS CRAIE B PR 1) A A7 B 15 22 WSSO R B g 1)

FREFRS L. RN, R 125 H T C1 ~ C4 J7 SIS ] Al
RS IRE RS R, R 1SR SE RS
g5 R —

£1 T =2sBICl ~C4HIMEREXTLE

J5i WSS A /s BERER /rad
C1 1.5 +4 x 107*
Cc2 3 +5 x 1072
Cc3 5 +5 x 1073
Cc4 5 +6 x 1072

ISR P 7 VEAEAS R B4R iAo LR
BRRUR, 455 3R T BN dy = 0.05 x rand(2,1),
dy = 0.5 x rand(2,1),d3 = 1 x rand(2,1), &5 &
ANRIME FE 0 R R ER R =X EAE L. 5P LA
th AE AN TRV B2 4R, A ST 4 H f 428 1) D7 v 38 e
DR A B IR R R 22 I S e

1.0 i}
x10™ - =y
1\ ————-Z
& 05 d,=0.05Xrand(2,l)7(; \4/\/\\,
1 10 15 20
\
0 3 — — =
0 4 8 12 16 20
t/s
1.0 .
1 10
]
N\ r
oty \ \
& 05 _\‘ d,=0.5xrand(2,1) 0 \JI \J \
-1
fy 10 15 20
\
ol L | .
0 4 8 12 16 20
t/s
1.0 -
x10
NEVATWLTH
& 0.5 'l| d.=1xrand(2,1) E"‘}-j VY ?,
M 10 15 20
N\
0 . b,
0 4 8 12 16 20
t/s
E5 AREETFIKTHREIREST L
5 & @

SR Tl AT S 0 I 1) 552 o] 4 )
Tk, AT SR BN UGS 28 SrbRok . e i 3 1 BR it A 391 1k
FAL BT 5 I TE B R4 5 D7 VR AR T, ATk
T BRI A S R 042 ) 253 T 75 400 3 20 BROZE S8 o Al —
oy QR B, TR 1 TSR AN e BT R 2R A
P A F R HUBOES A o B R IR R 22 BEAE TS BUE
(YT 15 P AT 2 i PRSI 4R35 P, S Ay 2 4 R
R A SIS T U A o X S R B ) v
JEERERTERE.



3726

F %£39%

S2E 3Rk (References)

(1]

(2]

(3]

(4]

(5]

(6]

(7]

(8]

(9]

[10]

[11]

Guo D S, Li Z X, Khan A H, et al. Repetitive
motion planning of robotic manipulators with guaranteed
precision[J]. IEEE Transactions on Industrial Informatics,
2021, 17(1): 356-366.

Zhao W, Liu Y, Yao X Q. Adaptive fuzzy containment
and vibration control for multiple flexible manipulators
with model uncertainties[J]. IEEE Transactions on Fuzzy
Systems, 2023, 31(4): 1315-1326.

AR, TR E. AT ENUME RS0 B 2 g
WS A W R A ] (D). 45 PR, 2023, 38(9):
2701-2706.

(Zhao L, Xu Z G. Adaptive command filtered
backstepping asymptotic tracking control for uncertain
manipulator systems[J]. Control and Decision, 2023,
38(9): 2701-2706.)

Zhai J Y, Xu G. A novel non-singular terminal
sliding mode trajectory tracking control for robotic
manipulators[J]. IEEE Transactions on Circuits and
Systems II: Express Briefs, 2021, 68(1): 391-395.
WRIETH, ETka, BRI BB H A AL
S S 8 A T S DR 24 o T AR 1 (). R 5 K,
2022, 37(4): 903-912.

(Chen Z S, Wang X S, Cheng Y H. Continuous
non-singular fast terminal sliding mode control of
robotic manipulators considering disturbance and input
saturation[J]. Control and Decision, 2022, 37(4):
903-912.)

Kaneko K, Horowitz R. Repetitive and adaptive control
of robot manipulators with velocity estimation[J]. IEEE
Transactions on Robotics and Automation, 1997, 13(2):
204-217.

Sun M X, Ge S S, Mareels I M Y. Adaptive
repetitive learning control of robotic manipulators
without the requirement for initial repositioning[J]. IEEE
Transactions on Robotics, 2006, 22(3): 563-568.

Chen Q, Yu X Q, Sun M X, et al. Adaptive repetitive
learning control of PMSM servo systems with bounded
nonparametric uncertainties: Theory and experiments[J].
IEEE Transactions on Industrial Electronics, 2021, 68(9):
8626-8635.

TR, IR, v P A S BN AES B A
S8 TE R G0 5 SR 1], ) 5 kR, 2010, 25(12):
1880-1884.

(Yun L J, Xu T W, Sun Y P. Repetitive learning
control for nonlinear systems with both parametric and
non-parametric uncertainties systems[J]. Control and
Decision, 2010, 25(12): 1880-1884.)

INUIET, BRAE A, BRE 5. 9 2 ST RN b [C).
5527 b [ 4 ] 5 R WL T 5, 2015: 1772-1777.
(Sun M X, Qian Y Z, Chen J Y. Repetitive learning
finite-time control[C]. The 27th Chinese Control and
Decision Conference. Qingdao, 2015: 1772-1777.)
TR =, g, 2, & BT IR 8] 15 e
F e P RAT A SO A (9], 43 ) S DR, 2023,

(12]

(13]

(14]

[15]

(16]

(17]

(18]

(19]

(20]

e
LA (1998—), L, it Az, g B 822 2 5] A FR

38(6): 1593-1601.

(Wei J B, Li HY, Li J, et al. Backstepping control
for hypersonic vehicle based on finite time prescribed
performance[J]. Control and Decision, 2023, 38(6):
1593-1601.)

Li C, Zhao L, Xu Z G. Finite-time adaptive
event-triggered control for robot manipulators with
output constraints[J]. IEEE Transactions on Circuits and
Systems II: Express Briefs, 2022, 69(9): 3824-3828.

Feng Y, Yu X H, Man Z H. Non-singular terminal sliding
mode control of rigid manipulators[J]. Automatica, 2002,
38(12): 2159-2167.

Polyakov A. Nonlinear feedback design for fixed-time
systems[J]. IEEE
2012, 57(8):

stabilization of linear control
Transactions on Automatic Control,

2106-2110.

Zhu CZ,Jiang Y M, Yang C G. Fixed-time neural control
of robot manipulator with global stability and guaranteed
transient performance[J]. IEEE Transactions on Industrial
Electronics, 2023, 70(1): 803-812.

Guo X Y, Zhang H G, Sun J Y, et al. Fixed-time
fuzzy adaptive control of manipulator systems under
multiple constraints: A modified dynamic surface control
approach[J]. IEEE Transactions on Systems, Man, and
Cybernetics: Systems, 2023, 53(4): 2522-2532.

Sanchez-Torres J D, Sanchez E N, Loukianov A G.
Predefined-time stability of dynamical systems with
sliding modes[C]. 2015 American Control Conference.
Chicago, 2015: 5842-5846.

Xie S Z, Chen Q, Yang Q M. Adaptive fuzzy
predefined-time dynamic surface control for attitude
tracking of spacecraft with state constraints[J]. IEEE
Transactions on Fuzzy Systems, 2023, 31(7): 2292-2304.

Sun Y Z, Gao Y B, Zhao Y, et al. Neural network-based

tracking control of uncertain robotic systems:

Predefined-time nonsingular terminal sliding-mode
approach[J]. IEEE Transactions on Industrial Electronics,

2022, 69(10): 10510-10520.

Munoz-Vazquez A J, Sanchez-Torres J D, Jimenez-
Rodriguez E, et al. Predefined-time robust stabilization
of robotic manipulators[J]. ASME Transactions on
Mechatronics, 2019, 24(3): 1033-1040.

I\'IrA

18] 71

i 1704 il 50 7, B-mail: 2112103380@zjut.edu.cn;

Wrom (1984—), 55, #d%, i+, NFRRAGEREHE

[z | IEA/E A 2 S 4R J2 N S5 T 7T, B-mail: sdnjchg

@zjut.edu.cn;

AR (1994—), 2, 45, M3 EER IS B

SJ4EHI R 72, E-mail: shihh@zjut.edu.cn;

SR (1999-), 5, WibA, AgEKAT a2l A It

E-mail: 2112103064 @zjut.edu.cn;

MRIE (1992—), 55, WAz, AZEHLBCE 2 i 1 0F 9%,

E-mail: 18868874900@163.com.



