B AR 2015 4E 4525 % 4512 11,1062 ~ 1068

doi:10.3772/j. issn. 1002-0470.2015. 12. 010

ERMEREIEFEZENNEAYPITRE R R

RIEFD"

AR B AOT

7})(_\3\1—2%*** i‘ﬂ%_** /faj.‘ﬂ*«k*

(" RXBB A A B B KX 430081)
(TAFEMEMRAFNRIRL A SR A3z 100191)
(THEFHRERZETREATRIR EIK 400714)

i B ARTEEANBANREREESR, FRAETUHBEALER I TR
FoETZEELERY BRANTEIRTHAARUUARGASRESH T EEAZN D
LR R RE T ER R R EERAR S R ERNE AT B, BRAESZAER
BB EES , TRRIERAANREE, BB T —AEEARFIZHAE EART
FERNBANBREME RAAFTENRTIRE T, ZEFETIANTEER, 5ERE
ERFIBEHFEEM L, MTRE S REEE, RS IR0 RTE RS, )R T
BEGEERE  MRTERERFIBHNEEFERCEA R T RITER T NEEE
KA, FRRRRIET ZEBEREIEENEBEMPLRFEEL

Kkl £ EA, EEANRFEI BN, RERL

TR AT A sl LT o6 2 T E p D RE
1o L 5 T AR KA 2 0 25> R S E A H 2 Y
SO AL JE — By T 55 2 A B T g . —
P, B mT g3 o A 5 1) T 245 5 1) B
FIVIHITT 0 BRI, 27 REFF X LE Tl LBk, IR RS
TN RERRERT & 20K . R4Em) L BHT5
LI T8 3 AHE AP AR AT A R
B, ANIE A AL R AR B, N TR SR —Fh 5B
SRR RTAEPE S O S R AR ) A 25 B T
Tk o DMV ML &R A2 BR A3 1 A4 =6 200 D) i 1
IR ER (R HIBLAR A FT IR T 2 RE A M R R
HOPUL AVIBR 22 10 B

VP2 B AT XZ IR RO R TR SRR E ST . 3C
MRLL,2 T4 T He o) (PD) B3 il SR s 5 32 30

JHER PRIk AR R SRS PD B ) 5
AR EC, SRS R R AE SN EONARE
FETTR PERETE L. SCHER[3 T4 il T —Fh 2k T
265 19 L LA S ) 45 T 3, s i 0 ik o
FHUEA T AN L aie AR B 4 F Bt e ML g i
SVERI RS RIRSENE o T WCBUE A~ ~] 2 1l SR s
FIEE T B A% J5 0] 1 2 >3 ol Sfe e T AR v oz
BREART L o SCRRLS JIA O — Fif A0 3 2 ) S 15t S s .
A RAFAPERE. SCRRE6,7 JH I T —Fh 25 A 2 fii
HEY R GE, SCHRL6 ] 4 21 i 75 1% RE i D AR Ze 1t 3l
JrE ., SCIRL7 1A RZ R Ge it th TR T2 %40
BRI AR 5 3 T AR AR A > P A
SR ELE I R S & R I AL 2 T
AR . SCERES8-11 JHR 1 T 4 Fhoprak (U ) %
A5 IR AT R R, SRR ) P A A
M, ix 4 AR A R R B IR RACR, B
A AR ENE, IRERPERESE & T SCHER[12-14]

O 863 31 (2013AA040501 ) FIHE BT AL 151 HLER A TREFAH ( estc2013jest-zdzxqqX0005 ) BBy H o
@ 33,1992 4FA: A BEEE O 1) Tl HLER AR AR B s E-mail : 1543193540@ qq. com

@ JEINMEZE, E-mail; taoy@ buaa. edu. cn
(iR A 199:2015-08-27)

— 1062 —



IR 45 Rk A Qo o] P AE 5 B INLAR AU R P A L]

SR T R P A kA ) AR Bk A4
WAR2E 2 T SR P AR ) s il 5k 1
FW X LR AR AT DIAE — e R RSk R gL
ERTERERY H 19, SCHRL 1S J4 il T —Fh Ik TRtk
FRGUADN IR S FE A il 4 R R ],
SR R TR R A W N TR RN, XA
e BEFEASET w0 T 25 PR A 1 & Rl AR ST &
s, U1 G R RIS ANHE 1E  5% 2%
LRI EI A 1 T L S B iR 25 45, Al
15 LR MME T ARAAR A 4 HIROCR , ik, 48 S
P T R AR S R R, B R R AL
IERER AP TP, DA 42 R ER50-C20 AUAL A% A
FBAIN TR

1 TETLARKEDFRA

WE 1 FrR, 7S 3 B E ER50-C20 Tl AL#AR A
H SRS K NV LT e HLAERR R A A, e B
AENUAR TR i LA Je 15 77 Heo T AT B8 i R dn
F:

(1) TARIERS I

(2) MLES AN TR B k8 — 402
BT XTI AT 10 SR FORAT 5

(3) T AHHWebs R RO B A 22500 1 A
JES ) o

(4) o HRI BB N T )5 22 T4, I I 45
7% 5B I, LT B A0 0 S ) S A, X >
TS ) e A7 R o DA B 3k B A v 1) R A
B

1 ERS50-C20 ¥JEHL 2R ABLIHRHE

K2 AT RN B . P Ls (L o3 50
AT 5.6 (IR ;05 .60, 73 A IERT 5.6 BT M
JE 5 F Oy 77 F55 00 I EEFT AR i 2 i =B R ) DT 7 5
v NIRRT o LA AR 6 S AE fE by

A 14

Y(mm)
+#t
~

X(mm)

2 XPT6RWNENBHETER

PLEF AN DH ¥R £ 1,
#&1 D-HS#H %
HAT i KA Q; a;_, d XA
M
6,(°) (°) (mm) (mm) HUEVEHE
1 0, 0 0 d, +180°
2 0, -90 a, 0 +80/ —135°
3 0, 0 a, 0 +225/ -80
4 0, -90 as d, +360°
5 05 90 0 +120°
6 06 -90 0 0 +450°
>N EF‘:

PHAS AT R (8] A LR BEIC

o, AN SRR A] B e £ 5

d,——PIRHRBEFT IR 5

0, —— PRI AR AT H] Je A 5

L—5FTF i R JE

a, =220mm, a, =900mm, a; =160mm,d, =
563mm,d, =1014mm, L, =200mm, L, =424mm, L, =
900mm, L, =160mm,L; =1014mm, L, =200mm

BORBE TR B I B C Y Mo 0, Jn 2:
TN TAFRN A T 0, W1 Mg 592 Fr ok
WA N e, W e = 0, - 0, Zitia s FRAg T
FREIPLAR AN 6 N EEBICTT AN 0 = [6,, 6,, 65,
— 1063 —

a;



FRORIEIR 2015 4F 12 H 2525 4 45 12 1

04 ’ 05 ’ 06] o
T B A BN NS R R R R R R )
RO R, T AR IR A 2] P i Bk R A o

2 PDAEHRBERFIEFFE

PD BUAL G R A5 o) 42l Sk it R AU I
IRF AR B AR BRI . RO R R, HRBTE S
S P s R 91 T P S 3 0 L 200 DA e A B 1) Oy =X
X 7R BN ERER o F T O R GE A B £y
B, I ZEAIL g A2 i GsA5- 2 1)z s H .

ER50-C20 AUMLAF N sl PERe rT LA DL =
W AR LR 7 R i

M(0)H+C(0,0)0+G(0) =7+, (1)

FE2E 2 FHIRET, RGEAWTIRE R 2, (0) , 222
FEH AT 55 il it 2 S P AR w,,, (0) 32 3)
W2 e, (1) BENERAR, RIEATHE IR EE, &t
3R PD B il

u, (1) = u (1) +K,(0,(t) -6,,(t))

+ K, (0,(1) = 6,,,(1)) (2)

Bl NP B ER &N 1 58 O BEFE 46 w5
AW BARIN T, T 2L AR i i T H AR
BLR B — AR O0 1 H T 20 R — 7 EDR
U5 0 5 S TRI B K 5 08 25 Fe V(B 1Y 2K DL K
5 T B) PR 7R O DB SRR RN T
ER o G0 RIEAREE S 45 A ME LA A R
TR ERER A B ASEOR , (H B M kAR 2 ) 5 i S 1k g
ARG b figp 3 — [) A

3 EHEARFIEHEE

TERI AT AE TR IE , LT B i A P 2 A7 1 i P
AR Bl K ) FL A P A 5 S YR 22, i LR T T 4h
TR, DRI 2R 3k L8 Ao E PRI B BT 5 1B Y
BRZEFIETEN , DTS A Ml B2 1 R GE Y BB 1R i o

TEATHE R b, Sh SRS 90 AT DU S5 280 T4
FIFARAR IR , BT LIALAS AR 3h 2575 R vl $ik

2= f(x) +B(x)u + g(x)7, (3)
EVEiE

— 1064 —

x AN T B AR )

A AT BYBK S 1] 1

RS BYFRZ N 1) £ PR 5

AR R B PRI

HPERTHL I

3.1 IHF|EIT
BT 6 MM T Hedm X 5
M(6,)8, + B(6,,0,)6, + G(6,) =7, + 1y,

(4)

u

B(x)

g(x)

Ta

Horpr

ke ——IEARIRAL

0, —f k RS YT A5

M(6,)—n x n BriE@ B, KA R 5%
FF i AR50 b UIE AR A 55 748 1 A o e B M
T R AT AT RE 5

B(6,,0,)—n x n [P, RALEFT | £E
5 b UGEUE I ARG T

G(6,)—n x 1 Brig Pk f, FALEFT i 7656 &
YRR B A2 B 5

T FAEZEAT ¢ 7255 b YRR O FE il A
J15E

T FAEER « TRk YGRS 1R 1 4b
I8 5.

FIAG PRI A R G BME N 3 FoR
SR HUR LAy N 20 o8 B &4 LT A E
0,0 TR TG SEZAF I, IR B8 0, 5 52Bn
TRAI 0, ZZAE NN . a3l Jyoe ki, JF %
JEFISMRTIH R 7,, FEE R I il ik iy
2 T aRg kF RV ST M 6,0 I8
KA 0, FEPRCT A 0, BB I TE4F
PRI 2RI I 452 1R kAR, -t ik AU B 57
R

e P ,
Sk |
1 | R |
|
9, * — I g
* Py MBAZI B ] —
Pl e [T ] b :
Hk

B3 SHthxREIEREEARER



IRAERT 25 - PRk A > P e 25 B RIS I B v 9 157

3.2 EREIEHNELESEE
TERLAS AATE B vy, 23 AR 90 i T 78 28000 e
Rt e X I B, PRITE R — o T F b
SRS e AN | o S O 23 B S O v 2
1EZEABT . — YSRGS 5 7R B A 22/
TRUE AR 22, WA 1k, AR 145 1 25
LKA -

e,(t) = [16,(t) —0,(t) || <& te[0,T]

(5)

Horr: § S TN T 2R e iF a2

BINT YRR, G 2R T I R S &
BRPE IR AR 2 2] Bl S IR AR 45 G, 0 T A5 ik
RUGEBIINTTRSEE . 12 MATLAB fj5 5534, T LA
Zeat 5 YA USRI 5 2l 2.

4 R

ERTTREBE NG = -0.059, -0. 678,
0.041, —0.001, —0.933, —1.682 ], fEILAAR R T
JITY RIS B ) A AR (1617.5, =51.5,761.5) 5
WEXAT KR 6 = -0.176, —0.533,0. 187,

-0.001, —0.851, —1.243 ] , fF 3R R T I T 5
JITX R A8 AT A A (1628. 5, — 109. 8,515.5) ,
O BE 6 1AL R rad, AR AR AE ) AL 1
mm, A, HRFE 501 A4S g1, RAEEF] y Ss, B PR
0.01s RAE—A i, HAFH] 501 A RAE f, R HE
BRI arYEs 6 T MR M E AT

0, =—1 —0.68 cos(4t) (6)
FRARG R G, BT R 2E N EE R MR
AR W

d, = random x 0.3 sin(¢) 7

d, = random x 0.1 x (1 —¢e™)
H,d, HEEIRYE,d, NAEEE IR, random T

FERE R E LT s G i r 5
22 B UCGEAUN RSN 22 50 E 1

AR R 2R AR L A AR M3 s | i
iR 22

W 4 R A ge PD RIZEAR A 2] ¥ i 3k
TE ¢ =3.6s)7, K0T R 22 BORBUR , 2R 22 2y
470.03rad, 515 R & 45 P kA AE 2 P BB TR

Or AT 6 AT
=) . _ T 6 MR A
s AT 7
= 0.5 4 f \
& \ / \ / \
E \ / \ / \
Koo \ / \‘ / \
k=24 / \ / \
o / \ A , !
H—I*; -1.5 N\ /S _«1
# - - = -
) L s L L s L \
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
FF 8] (s)

B4 XA PDEEFERZIRHEXGIHXT 6 WLREEAXTANLE

HEAT 6 ST (rad)
. 0 o

—
W
T

Vy "-,\ //" .‘,‘ e
/ \ y

" \ s \
\ / \

\ 4 y

\ ; %

'\I I:j )‘..
\ f %
. y / \
\ / \ F %
\. / \ /
\\ ey ..‘-. y .-{'J h
_ -

— ST 6 MEAX T
AT 6 SRR

0 0.5 1 1.5 2

25 3 35 4 4.5 5
B8] (s)

BS RASHBMERFEIEFHEEGINXT 6 HXREEAXTAXILE

— 1065 —



FRORIEIR 2015 4F 12 H 2525 4 45 12 1

A PR PR 25 T PD T Y 4R 2 ) s ok
/No FERF—UGECAY L R BT BRI 45 OG5 £
JE SO A AR B 65 = 0,60

FESCBRm T b, A T E A, b
K6 5K T 435 3R 175140 AR TSR
2 SRR T AS B, B 6 5 7 #3885k A PD Y
G AR S P R IS  HLER AR 326 6 (1 f
JERzE g, kX e 6 FEl 7 Al LUk B,
PR ZA b e pt, e MR 22 e Kol 18 x 107
rad , EHIRZELFEL) N 10 x 10 ~*rad ; % &+
FIRM T AL R 22 F RN 12 x 10 “*rad , SF-H iR
FEHHEL R 6 x 10 *rad, T LIFE PD B 2% )
FERIAT B IS TR R MG |, R iR 22 1 4
SHES/N 6 x 10 ~*rad , 35152 22 46 XHE /N2 4 x
10 “*rad,

X10*

[3o3
(=]

—
w

—
(=}

w

(=]
T

EFF 6 HIKTT AR ZE (rad)

'
wn

0 05 1 15 2 25 3 35 4 45 5
B8] (s)

B 6 AT MEHEIE PD BlMESERFESINGIE %
RIS 6 WETRIZERE

X104

w

(=}

—_
(=]
T

TEFT 6 KT IR (rad)

—
w

05 1 15 2 25 3 35 4 45 5
i) (s)

B7 RAiMENHIE PD BUEGHERFE S RBIHE
FIfREIRIXT 6 IXTRIREE

8 I8 9 735l 1T A kM A
MM Z JE B TAR O, I 6 5181 7 BRI R &
PEVE AU ST P SR R, HLAS A A 3 5% 156 /Y £

— 1066 —

BEIRE LR GBI LR 8 A 9 A L& B, X T
P DR Z R AR I 5G9 £ 1R 25 4 X (B e Kol 8
10 “*rad , - 215 25 4 X 202 6 x 10 ~*rad ; X T4
DR T M2 5 15 2 s X e Ko 8 x 10 “*rad,
PR ZELIHEL) R 5 x 10 *rad, FF DAAE SR IEAC
AL T B IE TN R MES |, KR 2
A2 E LT A AR, S 245 22 4 X (/M 29 1 x
10 ~*rad,

o
<
£ 2r
Eo
& -2
2 6t
=)
b= -8
ﬂ—‘)_lo 1 1 1 1 1
0 05 1 15 2 25 3 35 4 45 5
I 8] (s)
B8 RAXLAMENMFIWESEEERZIEFHEZX
FBEINAT 6 IXTTRIRE

, X 10
=)
£
o
S
&
P oo
K
= 6
A i
gt
8

-10¢ L L L L 1 1

0 05 I 15 2 25 3 35 4 45 5

B8] (s)

B9 XBIMENFEBREERESIEHEE
FrBEIHXT 6 XTI AIRE

g PR, P i 2 T bl S0 B T AR
HERT PD A LG S B Sk

A LR T 5 9 TS, s TR &
MM, I PD B 5 AR 2% 2] $ 1 S0
OB A A2 12 x 10~ rad AP35 ff 822
6 x 10~ *rad 2T e 2 2 57 5 b 0 0k 15 5
OB F 1222 8 x 10 ~*rad IR fiR 22 5
X 10 *rad, 7 LA SR F 48 i 2 0 3 il 00 T
IR, SR LT



IRAERT 25 - PRk A > P e 25 B RIS I B v 9 157

5 % i

BT 25 B M MV ML A A6 0 TR REAELL 1K
FIESRAPLAF A BEALXE LUE™ 9 [R] 8, AR SCAE A%
GERIEAC T Mk R T — M E Rk AUy
A VEHIRE AL AR RN 2 AT AT LASE
LB EEARIRER, M A TR B 5
G s T AL L, S A GRS it
PLBE I AT B0 i , BRER /R U IEAT 2 A, S Pk
5o oS B B, X R kA ) R
LSRG R IE A T PR A AT T XL, S0k T
ARSCITR H A0 T g A A Bk A A o

&% 3k

[ 1] Kwek L C, Wong E K, Loo C K, et al. Application of
active force control and iterative learning in a 5-link biped
robot. Journal of Intelligent and Robotic Systems, 2003,
37(2): 143-162

[ 2] Ruan X, Li Z. Convergence characteristics of PD-type it-

erative learning control in discrete frequency domain.

Journal of process control, 2014, 24 . 86-94
[ 3] He X, Zhuang H, Zhang D, et al. Pulse neural network-
based adaptive iterative learning control for uncertain ro-
bots. Neural Comput & Applic, 2013, 23 (7-8) . 1885-
1890
[ 4] Zhu C, Aiyama Y, Arai T, et al. Positioning in releasing
manipulation by iterative learning control. Journal of In-
telligent Robot Systems, 2006, 46(4) . 383404
[ 5] Argall B, Browning B, Veloso M. Learning mobile robot
motion control from demonstrated primitives and human

feedback. Springer Tracts in Advanced Robotics, 2011,
70. 417432

[ 6]

[10]

[11]

[14]

Freeman C T. Newton-method based iterative learning
control for robot-assisted rehabilitation using FES. Mecha-
tronics, 2014, 24, 934-943
Chen W, Tomizuka M. Dual-stage iterative learning con-
trol for MIMO mismatched system with application to ro-
bots with joint elasticity. IEEE Transactions on conirol
systems technology, 2014, 22(4) ; 1350-1361
Tayebi A, Islam S. Adaptive iterative learning control for
robot manipulators; Experimental results. Control Engi-
neering Practice, 2006, 14(7) . 843-851
Zhao Y, Lin Y, Xi F, et al. Calibration-based iterative
learning control for path tracking of industrial robots.
IEEE Transactions on industrial electronics, 2015, 65
(2): 2921-2929
Jia B, Liu S, Liu Y. Visual trajectory tracking of indus-
trial manipulator with iterative learning control. [Interna-
tional Journal of industrial robot, 2014, 42(1) . 54-63
KRR, R tE. Bk AR G AL AR N is 3h
el B R . 1D T RHE R A, 2009, 32 (4)
378-382
Wefhdy, ERK, . — R LEE A B Y 1%
PR . S22, 2004, 25(3) : 330-334
F#F, Rolf U. Jody S A ik AU I Fa il S AR ML A%
Nz s i i . A s Ak 24l 2002, 28 (6) :
888-896
B, GkAE, FARISAE. MRARAR T TIEAE T W
s HLa% A B0 B P . AL AT, 2010, 30
(8): 20172020
SRR, R, A, T AR R GAR X Y o
AP RAEAR S AL Sl as A BT, 5 ) 2
e KN, 2001,18(5) : 662-668

— 1067 —



FRORIEIR 2015 4F 12 H 2525 4 45 12 1

Application of robust iterative learning control to

burring robot path tracking

Zheng Jiaqi* , Xiong Hegen™ , Tao Yong™ , Lin Yuanchang™" , Wang Tianmiao ™ , He Guotian "
( " School of Machinery and Automation, Wuhan University of Science and Technology, Wuhan 430081 )
( ™ School of Mechanical Engineering and Automation, Beihang University, Beijing 100191)
( ™ Chongqing Institute of Green and Intelligent Technology, Chinese Academy of Sciences, Chongqing 400714 )
Abstract

The study investigated the path tracking control problem in the burring process of an industrial robot, and
found that the traditional iterative learning control algorithm cannot precisely plan the polishing path of a burring ro-
bot due to the influences of non-repetitive disturbances, cutting force variation caused by burr size difference, un-
certainty in dynamic modeling and other uncertain factors, so the higher precise tracking control can not be a-
chieved, and the stability of the burring system cannot be guaranteed. Then, a kind of robust iterative learning con-
trol algorithm was put forward to improve burring robots’ path tracking performance and anti-interference ability.
The adoption of a robustness item, makes this algorithm more robust when under interference and more accurate
when tracking path, and traditional iterative learning control’ s problem that the accuracy requirements of polishing
path can be completed only after determining the model can be solved. The simulation experiment verified the ro-
bustness of the robust iterative learning algorithm and showed its little tracking error.

Key word : burring, robust iterative learning control, tracking path
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