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Adaptive iterative learning control for
uncertain robot based on boundary layer

HE Xiong-xiong, QIN Zhen-hua, ZHANG Duan

(School of Information Engineering, Zhejiang University of Technology, Hangzhou Zhejiang 310023, China)

Abstract: An adaptive iterative learning control algorithm based on boundary layer is proposed for trajectory tracking
of uncertain robot systems. Sliding mode variable structure control is used to improve the robustness to disturbance and
perturbation, and boundary layer is used to eliminate the chattering of sliding mode control. In the iterative domain, the
unknown parameters are tuned and used as part of the controller. We analyze the stability and convergence of this algorithm
by using the Lyapunove-like methodology. The simulation results show that the expected control purpose can be achieved
using the proposed algorithm.
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1 5|% (Introduction)
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2 o) @3 3R (Problem formulation)
IS E WL N RRAE RS AT, H3h )
M(qw)dr + C(qr, qr)dr + Gax) = T + dy, (1)
LA gy, Gr, Gn € RMERHURT ST IALE L T4
g R, M(qr) € R™"N IF 2 5 5+ 15 & 50 B,
C(qg, gr) € R FIRE L JFEHK ), G(qr) €R™
FORE TR, 7, € RPE R AR5, dy, €
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R*RZRANER TR I HL. O 73 B AR SC I 42 1l 5w,
PEdn BB

BRig1 xTvte [0, T], @%?ﬂﬁqd, 44, (']'din
FHuid, 5
®Ri& 2 REVIEHIREWLGqa(0) — ¢,(0) =

qa(0) — gx(0) = 0.
FEASCHI BB IE W] o, IR LL R L N sh 5245
AL
P1) M(qy) € R™"XFRIEE HA
P2) Xl ik € AR I HEEC (qe, gr). f1
.’BT[M(qk) — QC(qk, qk)]a: =0, Vo € Rn,
P3) [[Clar: @)l < kellgnll, 1G(gn)ll < ke,
3 BN AR ) EE IS BT (Adaptive it-
erative learning control design)
JE SUR PREE R 7
@r(t) = qa(t) — qr(t), @r(t) = qa(t) — gu(t).
BEVHE LI BR8N

se(t) = qu(t) + agy(t). 2)
IR ZE R
Sor(t) = sk(t) — psat(si(t)/¢). 3)
RN bR E o SR
sat(si(t)/p) = (sat(sy(t)/9), - sat(sy(t) /)",
: : L)) <
R F e
Vi = %sZkM (ar) S0k (4)
Vk = Sng@k)éwk + %Sng(Qk)Ssak =

Soe(M(qi)(da + g) + G(qi) — dy, —
T — C(qr, qi) sk + Ssz(CIk, Qr)Ser +
C(qk; Gr)(qa + aqyr)) =
Sgk(M@k)((jd +aqy) + G(qr) — T — di +
C(qk, Gr)(qa + aqr) — C(qx, gr)psat(sy/v)).
5)
H1 1 TP 1)P3) I LA A7 AE 1 400, (1 = 1,2, 3,4,
5) ¥ AL
1M (qr)ga — di + G(qw)| < 61,
1C(ar, Gi)qall < 02(1 + [|a@),
oM (qi)@ell < 05|,

0 C(gr, 4)Gr |l < 051+ [l Gxll,
C(gr, Gi)psat(si(t) /o) < 05(1 + [|anl)).
E)i:a
Vi =
Sgk(M(QkMd +G(qr) — di + oM (qi)qr. +
aC(qr, gr)qr + C(qr, 4r)ga — Tr) <
|Sukl|(01 + 02 + 05 + (62 + 63 + 05)”(%“ +
Os| @l + Oallgilll|gxll) — gy <
800 10CL+ll@e |+ 1G4 | @e | e ll) — 85 =
(EFAIIC ék)e - Sgkﬂm (6)
Horp:
(k> @) = 1+ 1@l + I Gell + gl
0 = max{0; + 03 + 05,05 + 03 + 05,0,}.
DAL, A SCver R R
T (t) = K sy, + sat(sy/o)n(dr, @)0k(t). (D)
SRR S A
Ou(t) = Ox—s(t) + Bllser (D) In(Gr @), B)
Hr: 61 (t) =0, K e Rm ™0 F5 1F @ 4B, 5> 0.
4 FazE A S 43 B (Stability and conver-
gence analysis)

EFEH 1 FHIEHNH AN RGEOTEW L TP
P2)P3)FIB 12T, B ] 43 il A (7) A 2 8 1 o .
@)X RGBT FE I, U FR G

D) si(t), se(t), @i(t), Ox(t), T ()47 5, X T
vt € [0,T].

D) lim s, (8)] = 0. Jim [lsu(®)] < . 4t €
[0, T].

UE % &40 F Lyapunov-like B 44

B0 =Vilt) + o5 [ B()ar o)

s 6,(t) = 0(t) — 0,(t), 0(¢) 200 AT, )
FRUGERIN GEREZEN
AEk - Ek - Ek,1 =
1 ot o~ -~
Vie—= Vi1 + B fo (07—0;_,)dr =

1 ot _ L
Vi Vi — 5 | (82 +200)dr,  (10)

dr — C(qr, gr)psat(s(t)/p))dr.  (11)
BB HRAR 11T 2]
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t . ~
Vi(t) < V(0) + | (lsell m(de. @0 (r) -

S0 K Sor — @i (K) | sgr])dr. (12)
AR B 251V (0) = 0, # X @) A AN 25 (10),
13

1 ¢ N2 T
A, = ~Vii — fo (07 + 257, K 5,,)d7 < 0.
(13)

Bk, E ARSI e, i B 5, 4w LA 2
E e 5, R E Eof 7t 1:6) %0

: - 1 -
Eo < Sgo(sat(SO/QP)n(QOa Go)0 — 7o) + %98 <
-~ ~ ~ T 1 "'2
18401l 7(Q0, @0)00 — 80K 80 + %90' (14)
tH0_1(t) = 0, 00(t) = Bn(Go, @) || s,oll. L
: (0o —00)0p 1 -
EO g _SEOKSgaO + % + ﬁeg =
0,0, 02 1 ~
—sLo K800+ % - EO + %93. (15)
HFa? + 0> > 2ab, M)
0 2 N2
bofly _ 03+ 03 06
B 23
ES)I
. 02
Ey < —kq ||spoll + ﬁv
Hopky, = A\ (K), JEKHI BN IEE. BE, <
01%’18,)(
25 N
t .
Eo(t) = E(0) + fo Eo(r)dr, 17)

HTFEg(0) = 0, Eofi 7, FTLLE, ()45 S0, R
UE B By (8) (P SR Sk,

Ey(t) = Eo(t) + ZE AE;(t), (18)
= (13)7F
BL(t) < Bolt) — 32 ilt) <
Bt) = 5 32 %y (M (@i-1)s,0(0), (19
JUIES)
3 8T (0 g 1)s0-1(8) <
2(Eo(t) — En(t)) < 2Eo(t). 20)

PTULE, () A 5L, Iilis,x(t), sk(t), qr(t), 0, () 5L,
BRULRE Tve € 0.7], 47 lim lspu(r)] = 0. i
Son(OII5E X, 1T |84 ()] < 0 Mk — oo.
5 {5 E5E4](Simulation examples)

P BLEs A ), 3 02 5 Rk (1),

M = [mij]2><2a C= [Cij}2><2a G= [G1 Gz]T,
myy = mal2, + ma(l3 + 12, + 20119 cos qz) +
Il +127

Mig = Moy = mz(lig + Ll cosqo) + I,

Moy = Mal2y + Irer1 = —malyleago sin g,
c11 = —malileagasinga, co1 = malileaq singe,
c12 = —Malile2(d1 + ¢2) sin g, c22 = 0,

G1=(myle+maly)g cos 1 +maleag cos(q1+qq),
G = maleagcos(qi + ¢2).

THIidy(t) = (d,, sint, d,, sint) T EMEE A1)
BENLE 5. REBH Im, =me = 1,1, =1, = 0.5,
lg =1l =0251 =1,=0.1,¢g=9.81.

W Z 280 Hqrq = sin(mt), quq = sin(wt).
P28 B MK = diag{10,10}, 8 =10. LT )20
Bl = 0.05, BEOGEAH] A4 s, P72 45 R 1-5
Fi7R.

P45 R, B 1 ARRE 1S I, RGPk
PREZR ZE B WR D, it Sk B 25, Rl
DAIA 380 AL ) BR BRI R AR 1R H 1. eh 40 - S0)
LETT DU H, R R I 532 R 3R G EAT 42 1) 45 1
T, S P A AN BE B B A2, TR A2 2 IR R
GEHEATFE A, LI R AN BRI B SO, 1k 3]
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Fig. 1 Trajectory tracking of joint 1
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Fig. 2 Trajectory tracking of joint 2
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Fig. 3 Position tracking error convergence process
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Fig. 4 The 5th control input without a boundary layer
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Fig. 5 The 5th control input with a boundary layer

6 4518 (Conclusions)

AR —FEE T I A Z AL N B 1E B EAR
2f ) A V. B FLyapunove-like /7 V40 #T, R4
RENZH0E 1S A5 ARIE A AN BT [ 38 N 15 3k 21 S 4
(P22 S fE, BTSN AR T IR 2% S il i de e
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