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Fuzzy-neural-network control for robot manipulators with LuGre friction
model
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(a. School of Automation, b. School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing
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Abstract: The dynamic model of the two-link robot manipulator based on LuGre friction is established in order to solve the
problem that the control precision of manipulators is difficult to be improved of because of unknown nonlinear friction. An
adaptive fuzzy-neural-network controller(AFNNC) is designed subject to the high-coupled and nonlinear of the system and
numerous parameters of the LuGre friction. Fuzzy-neural-network(FNN) compensator is used to approximate the nonlinear
part including the LuGre friction. The center and the width of the basic functions of the FNN can be fixed with on-line

adaptation, and the approximate error is eliminated by a sliding-mode part. The stability of the close-loop system is proved

by using Lyapunov function. Simulation results show the effectiveness of the control algorithm.

Key words:

=

0 31 B

BE A DAL 22 R AR 1) RO R, HUARE 76 Ak 22 4
ol 1) T ke R I VR T, DAL AT B R A A s o
0B R R BRE . (H R 4E oh T A7 AR A R R E A (1)
AL E 2R, HAE LRI S 0 (0 R S 40, A LS
{1 N BE oty >k 1 IR, 5 SR A A G I AME
FOA e B L3 v SR R S .

TEXS R G AR L MR IR AT A2 2 11, A7 b 22
ST RE A AU R AR R P 1 B AR A
VAR JRE 4 L B 1 JRE 45 0 Stribeck JEE5E11-5] 33K 40 JRE Ja
TS PR A o R (R 5 R ) AN R 1. LuGrre JEE AR 2
Cannudas S5O W (1) — N 5835 (1) B A8 PR AR, & g
iyt AR A b AR B o AR R B A W B A I,
TN PEIEIA AR R H | @47 H1 Stribeck Y.

Woie B E#A:
E&mHE:
EEE N

2013-04-25; &= HHJ: 2013-08-09.

% A RBHE I T H (60975075 ,61074023, 51175266);
IR (1989—), B3, A, R Z MRS I3 2% 2 0L NFEBIIBEA: BRICHE(1963—), 3, Bud%, 1L

manipulator; LuGre friction; fuzzy-neural-network; adaptive control

S, TZ R TR ARG VR kAR H AU 45
0O LuGre FESE OB TUEL /D, R K LuGre 5 4
FINBIHUBE RS, e JE I S AR 4 10 R4 3A
N, RHURE () vetohs P2 1) AT 2 3

T R TG A2 T3 AN U 30 ) 27 ()
ARLAE AN S BA 5 P, SCDUH U RSl 1) o R,
BFFEN BT RS A2 Sk (9] AR 4 LA
2 SRR AR LR MEAN S A e PE, $E it TR A4
28 W 4 A D A RO HLBRCE L3284 1 SR SR [10]
1A TR U B2ty 1 Bl PR VT 550 a2 ol 2 By
IS BRIV R AN SRR N REE il W DS WL ki
JHE TS ZA5 BN UM (ARFRBEAY. SCHR [11] K
PSR 28 G0 I 3 HUBRE 28 28 iR A B LA & aF 50 A
L I RERE, R HUBE ) etk 3 g 27 S B0 T Tl A

TR e SRR FE 430 H (12KIB510008).

AU, R REFE L IB AR RORS BB 1 R ST



1098 F Ll

}5

K

& * %29 %

. SCHR [12] K H 5 2 FRBOR 28 I 28 22 G0t 25 TRl L
PR S BIL T R R, (R OR A tH PR RS AR e 1
UER.

A 30K LuGre B EERE AL 5] AL R 48, % &
BT AR R D0, MR A AR s 2 M 2% B 2% ) L
I 8T AT AR L 1 R B R L, BE—A E S A
R0 22 I 23 P T 2% IR AT 4 R4 1
TE RSOR8¢, JE 1T HLBRES 2R 40 rh AL AR R A E Y
SOE(F5 87 NI E B Se < e RV o I N S B VAT E S
B Jm T 7 BRI AR W) T T th 5 T VR AT R
1 %8 LuGre FEE I HLAE RGHEY

L1 A PR U R, [ 1 16 = 1,
2) AIERFKE; 1 (3 = 1, 2) AT o0 21 4 il 1 B
mi(i = 1,2) HIEFFUR; ¢;(0 = 1,2) AIEFFCTH A,
ms J T
A
Yy

p=

1 FEFTUHmEERE

A LG RGENE, PIEF TV 1130 ) 2 A5

M(q)i+C(g,9)q+G(q) + f =T (D

b g = [qu, )" FIWUBE B A 1) s M (q) AP

FERE; C(q, ¢)g AEE R FIELL I M & Gg) A

FHHE; 7 = [, )T AR DA foh

LuGre FE45 J3 0 Im) 5. AR RE M (q) AaFX ) 55
D SIHE Cq, ¢) W AL TR

y*[3310) - Cla. ]y =0,

Yy € R?. 2)
LuGre FEHRY n] 14161 4
de _ .l
dt 9(q)”
009(q) = Fe + (Fs — FC)ei(WQS)Qv 3)

dz .
f= )\(agz + ala + 02q>.
Horpr: 2 AN 2 B PR TR & § 8 A TR
AL PER L g(q) > 0 R PEEERN; o b BEHEWIPE R
¥, F. i Coulomb JBE ¥ ) 5 Fy Sy de K BE 45 ) s
ds M Stribeck M 5 oy Ky FEHEFH B REL o0 R R 1R E
BERHG N N PEBEREL, AP M LuGre AL, A 2%
M CAE AT 1 AR Ak T AR Ak, DALl s B\ s T A

BRI RS I R R .

2 BOBIRR M 2% K L R BGE R

Wang SEUSHIE W] T B 2 48 A LU &R i 3
BREUE FIEROESE S s Bl M M2 BAT B 27
2L, RERE AN ) 5 12 A4, f 2 o 2% 5 R
1 2R G AR 45 A (R BOR foh 22 I ¢ ] I R AT R B 3
F 27 20 R R ASSOR A RAT 4 2 5 H RO w22 kY
2% (FNN) 3@ AU AR G I AR e PRI 1Y, JEROR L 8
HrbLo T T B3 T AR, ORI AR 28 X 2% S K 1) 2 .

w3
H 2L

Bz

B2 RGN

BUENINZE, si(i = 1,2, n) WAEHIPHE
RN, Forb n AN

552 J2 AN o R (O R R SR, R
1+ 407 B A

o) = e~ (*)’).

Hopm! Mol(i=1,2,---,n, j =1,2,--- | N) 7%
BRI R £ (FNINBF) (1 HR00 RT3 5, 038 R £

FIGEJEE 16 573930 K

“4)

—

m = [m%amiv ’mivvm%’mgv"' 7mé\f’
I G mN]TGRNTxl
o= [0‘%70’%’... 70{\’705’03,... ’05\7,... ,
Uimo'rzm"' 705]T €RNT><1,
N, =n x N.
553 2 H T UCECBORRE I R H 1, S8 s N
- si—mi‘ 2
fTeo( - (=)
L= — 0
S; — Ty
> [Hew(- (7))
j=1 i=1 73
554 2% 2, SEEL R e v, [
N
yi =y wllj, 6)
j=1
HAry,(i= 1,2, ,r) it .
O A 28 DX 8% PR R B T XN
y =y, vz, u]" = WL. ()

Horp: W oe RN RUERFE, L € RV



%56 1 B % KT LuGre BRHAER

A 8 AR AL AT 22 P 44375 4 1099

3 A& MO A Bt

3.1 BEREMESRRT
TECBEMUBIE 10 9 5 e #1 g RO F 3 BZ g mT

WAL g L3 B g B0, R HALS R R

SN, BT I D ROR e 45 9 46 455 ) 2% (AFNINC), AEHL

S G ) @ S AT RERS B L ER B4R g

e=q—qd, ®)
€=q—qa. )
& SRR A
s=¢é+ ae, (10)
HPHEH a > 0. W AL & g, & LA
Gr = Gq — ae. (11)
A KT, 5
Gr = g — é. (12)
Bzl (8) ~ (12), 143
{MS:—Cs—i—T—F,
(13)
F=Mj —Cq — f-G,

Herb F OS85 LuGre FEHE(E N IO ARZe M i 8. RAL L
SCHRE B HORORY) b 22 I 46 BEAT 38 T, AT
F=W*'L* +¢. (14)
orp W o W B A, L b L SR, e Al
TR ) . R R
T=WL— Kgs — K,sgn(s). (15)
Horp: Ko Ky AIEERAEE, —Ksgn(s) iR il
T WL Ay Al 2 kRN B2 T, SR A 5 I ek v B
Vo LA W R L (RS THE, AMEIRZEN

F=F —-WL=W*L*+¢ - WL, (16)
W=W*-W,L=L*—L. ##RXG5), 1 hm. oMK
BT L=y, 1g, -, IN])T, F

F=(iy by - Iy =
[ o1, /omT
Oly/Om™T
) ‘m:m(m* — )+
_alN/amT
[ 01, /90"
Oly /0ot
. (o =) ton (17)
Oln /0o
Horp
m=m"—m, d=0"—0,

Oly
oOmT

A [ 611 6[2
" omT omT
7 0cT 9oT 00T llo=6

on NI 2 (17) RN (16), 1542
F=W*L*+e—-WL=

” c RN*N-
m=m ’

1{]\/)(]\77‘7

WL)+e=
(18)

(W + WYL + Ly + 156 + 0, —
WL+ Wl + Wl,6 + AF,
Horp
AF = Wl + Wi, + W¥o, +¢ € R**!
A5 WAFAEIEE M AF* = diag(AF}, AFY), X4

HH)AF = [AFy, AT, 2
0 < |AFy| < AF}, 0 < |AFy| < AF;.
WS H &N,
W = fflsIA/T,
m=—I P WTs, (19)

6= *FglEWTS,
Hodp Iy Ty s R IEE XS AR
32 BREMSH
EE1 UGN 9) 1, HURE (1)
B HIE% (15) 20 B i) 1 OdE R AR R it o, i K,
— AF* IEJE.
LB I Lyapunov %X

1 1 <
V= §STMS + itr(WT

1 o
5 Ty b 5
X (20) K42, ﬂﬁ:

V—STMs—i—

W)+

(20)

sTMs + te(WT Iy W)+
mT Iyt m+JTF3 7.

X (13). (15)- (19) 1R 21), Al f
V= ST(—CS — Kgs — K,sgn(s) + Wi—

2n

W*L* —e) + %STMS (W) 4
mTrytm+ 6Tt
HRIEHE T (2), #5220 (19) 18N (22), 1521
V =sT(—Kys — K,sgn(s) — WL — Wi,,m—
Wi, — AF) + tr(WTsLT)+
mlEWrs + ot ITW s,

(22)

(23)
5]

tr(WTsL™) = tr((s" sTWL,
YEs]

V =sT(~Kys — K,sgn(s) —

W)L) =

AF) =

— sTKys — sT(K,sgn(s) + AF). (24)



1100

* e 029 &

MK, — AF* IE5E, X T K, = diag(K,1,
Kuo), Wi K > AF; > |AF)|, Ko > AFS > |AF,|,
(GE

—sT(K,sgn(s) + AF) <0, (25)
A7
V< —sTKys <0.
H RIS R gt R . U
T RSO o 2 I 3% 425 1 o (AFNINC) (19 45 fg

(26)

K 3 .
bbb
_’adaptation
laws
S| WL, e
e + fuzzy-neural-|t_ 7 robot 7y
network manipulator

3 BHiBREMIEEIER S

4 EEK

h TR R FIR T AR, R 1 PR A U
HEAT BUE 17 B (Matlab 2010 b), % ZHUUE M1 2 my
=1kg,me=1kg, [y =1m,lo =1m, 1Y =05m, 1§ =
0.5m, F13% ms Al A2, LuGre /B #8245 74 () A1 ¢ 2 B
F: F,=0.3,F, = 0.45, w, = 0.005, 09 = 10000, 0q =
35, 09 = 0.2. HHIFBSHU N K, = diag(10, 10), K4
= diag(100, 50), i1 £ W 4% I p% £ (FNNBF) [#) .00
i S ALk

m = [-1.5,-1,-0.5,0,0.5,1,1.5, —1.5,
—1,-0.5,0,0.5,1,1.5]T,
0=1[2,2,222222222222".
4.1 FELHIMETEE

N T B RRSHATAR MU, %4
J7 G H IPNNAMEE 25 (104 R0PE, R URRE 12647 1
PR EL S

REL XS U AT 7 2405 9T,
21K H FNN M, 5340 dIASK AT fMz2. 245
HUE AN =1, mg = Okg, XML N
q1(t) = sin(t), g2(t) = 0.5sin(1.5¢ 4 7). £4-FIKF LA
RS 5 G e A R 22 i 25 L i) 4 o,

51 N FNN M2 J5 2R G0 i 22 38 /T 0 /1 O,
FNN #ME2% BEOE A 80 A M2 R Ge I AR L M 301y, A6
W RS R R AR /NS R N . o T — 2
FUFNN P 22 85 06 58 G0 AR 26 1k 340 (0 A2 1 e, Kl

21k iR L F 55 FNN A2 49 21 10 pR B0 3T i 2 A0t
b, &5 R 5 pos. a3 BEE AR AR I S AF
N, % FNN AM % AT AP IR PEAMETERE.

0.01
— fHME
E \ - A
A
- BN ANV /]
I A
07
OO %% 10
t/s
(a) K71
4
- — A
£, - - b
S
oK 0 o Nt AR e
A% Nt W
-2
0 2 4 6 ) 10
t/s
(b) X2
4 B FNN#MERREIRE LR
E 4 — AR R SF
= ---FNNigir
KR h
A=
H Y
2 2
Z
o= %% 3% 1o
t/s
(a) K1
20
.E — kMR F
%% -—- FNNGEIF
iy 10
pre W
E ,
O 4 ¢ & 10
t/s
(b) 52
5 =%, EEEAIERT NN #ME R4 MER R
FE2 HRARGVEBE RSN 74

(REREEMERE. ZHOIE N ms = Okg, RETEH R EUNE
I TRIAZ AL PR AR A = 4 + sin(67tt).

RATH AR I 6 Pion, R R RE
REFAEB/INEREA (3 x 10 *rad). RGTIEL P o 2O
FNN M2 & A9 AR S MR a2 i 2t LE A 7 B, 72
SR A L AL [ A AR G B R A AR I, FNN A2
PIREREA T R A2,



5 6 1] WA 4 KT LuGre BHRARA 69 MRS LA 22 W 254 4 1101
2 4
= — 1 = — AFNNC
£ Y 2, ---RBF
-
ﬁ,j\j 0 I ?é 0 ’T—*"—‘“"“"‘—"'“""n"‘“‘v_“"'—‘—
1 -2
0 P 4 6 Q 10 0 5 10 15 20
ts t/s
6 EENTHRREIREMZ (a) K1
30 5
) — ARtk R EF K — AFNNC
- --- FNN@iz . TTTRBE
et N:H 0 3R
5 20 ® M\ N W \
e o .
52 B i!
S5 ) ) ) i -5 N N ﬂ.
104 5 : - : 5 T 0 5 tl/;) 15 20
(a) %1 (b) K72
20 8 EEMAHTHHREREX L
G — ARk SF i o
Ez -—- FNNJ&IT PRSI M B M 2 ] 9 B, TE R4
S N N
E@ A KRR (¢ < 45), M E LR % ok
gmgg ERGAL IR F; M2 G B (G ¢ =
#g Asvt = 14s N TIRTAR = 4 ~ 145 153K E
AR A, FNN M2 4% B8 8 5P ih 3& T 45 26 P 4 15 1

(b) K52
7 PEEREATISAT FNN #MESEiME R

42 St
N T RIS M BB L Re, TE RGPS
FRAUNAR | A AR AR SEAR R 0L S04 Il 4 1) R
EEIERE. 5 SCHR [14] F PR 2R 9 48 5355 (RBF) 1JE47 ELAR,
T 22 FR b bR R A xR ZE A
(hAEziﬂ le|dt.
SHIAE N : WA %) ms = Okg, t = 4 ~ 14s 13§
B ) 1) A% 1 b 55
ms = 1+ cos(t);
t = 14sJi mg = Okg, FEH REBE RS AR 40 ¥ ek £k
A =4 + sin(67t).
PP AR 3 (0 5 22 ME REFR AR 1R 1 o, DR 1T BRER
R ZE UKL 8 Jr . AU 4% 7V (AFNNC) fa s
1R 72 REORRFAE S/ RYE FL N, 78 LU AR 1N (¢ = 4,
t = 14s), KITEE fRZERR /N, BRSPS

F1 EERGHTURIREMEIRFRITEE  rad
J K1 K2

AFNNC 5.8142 x 10~4 3.4395 x 107*

RBF 1.6744 x 1073 1.7949 x 1073

LS, HLAME K 5 .

60
o~
£
§5 40
10
0
(a) K71
40
= — dedetEmsir
pgg .......... FNN&:E;
=g -—- RBF i i
—%E 20 A/
g2 A ‘
% 5 10 15 20
t/s
(b) X152
9 PEEEHHTIUEHMERERIMERRIT L
5 4 W
ASCF LuGre BEEA T 5] N BN RS, £ R

GSHARMBIE LT, Bk 7Pl 17 38 AR A 22 )
g ik 8%, IF 4l H Lyapunov BB 45 H T R Fa e
PEUEBH. 7 FL 45 AR B, P s il 07 1L e g 1 1 4k



1102

* e 029 &

AN TAEPRETARA (1 DL T ORAp X ST S8 A S 1 =
R RERRER, BAT B IR E PR 1L,

£ 2 3k (References)

(1]

(2]

(3]

(4]

(5]

(6]

(7]

Shang Wei-wei, Cong Shuang. Nonlinear adaptive task
space control for a 2-DOF redundantly actuated parallel
manipulator[J]. Nonlinear Dynamics, 2010, 59(1/2): 61-
72.

Wang San-xiu, Jiang Sheng-tao. Adaptive friction
compensation of robot manipulator[J]. Lecture Notes in
Electrical Engineering, 2011, 97(1): 127-134.

Tsai Ching-chi, Cheng Meng-bi, Lin Shui-chun. Robust
tracking controller for a wheeled mobile manipulator with
arms using hybrid slding-mode neural network[J]. Asian J
of Control, 2007, 9(4): 377-388.

MR, TP, AT M. TR TR0 AZ 45 R IR LR £
HIT. FERIERE 5 R HT, 2007, 24(4): 633-645.

(Lin L, Wang HR, Ren H B. Fuzzy-based variable structure
control for robotics manipulators[J]. Control Theory &
Applications, 2007, 24(4): 633-645.)

Chen C Y, Cheng M H M, Yang CF, et al. Robust adaptive
control for robot manipulators with friction[C]. Proc of the
3rd Int Conf on Innovative Computing Information and
Control. Dalian: IEEE, 2008: 422.

Canudas de Wit C, Olsson H, Lischinsky P. A new model
for control of systems with Friction[J]. Automatic Control,
1995, 40(3): 419-425.

S5, e HURRE I R A A S R D). 5
TH2, 2008, 25(6): 990-994.

(Shi X P, Liu S R. A survey of trajectory tmcking control
for robot manipulators[J]. Control Engineering of China,
2008, 25(6): 990-994.)

(8]

(9]

(10]

(11]

[12]

[13]

[14]

Moreno-Valenzuela J, Santibdnez V. Robust saturated PI
joint control for robot manipulators[J]. Asian J of Control,
2013, 15(1): 64-79.
XUFE S, B BT AR I s M BB B s i
W& I, 425 5 PR, 2005, 20(7): 732-736.
(Liu J C, Miao Y. Research on trajectory control strategy
of robot arm based on neural network compensation[J].
Control and Decision, 2005, 20(7): 732-736.)
BESE, BRI, 2 AIHUBRE 532 B 1) A I8 NSO b 2 42
HII]. RG0E 24, 2011, 23(3): 577-582.
(Liang J, Chen L. Fuzzy logic adaptive compensation
control for space manipulator to track desired trajectory in
joint space[J]. J of System Simulation, 2011, 23(3): 577-
582.)
Rong H J. Indirect adaptive fuzzy-neural control of robot
manipulator[C]. Proc of the 9th Int Conf on Embedded
Software and Systems and the 14th Int Conf on High
Performance Computing and Communication. Liverpool:
IEEE, 2012: 1776-1781.
PR, R . 3 T e 07 5 ROM) et 2 ) 5% F) S 0 S 2R
PE 25 AU B 27 > P ). TR )27, 2009, 26(6):
172-177.
(Hong Z B, Chen L. Self-learning control of space
flexible manipulator based on gauss function fuzzy neural
netwok[J]. Engineering Mechanics, 2009, 26(6): 172-177.)
Wang L X, Mendel J] M. Fuzzy basis functions, universal
approximation and orthogonal least squares learning[J].
Neural Networks, 1992, 3(5): 807-814.
Lewis F L, Dawson D M, Abdallah C T. Robot manipulator
control: Theory and practice[M]. Florida: CRC Press,
2003: 123-129.

(UIESRHE: FRBRTE)



