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Adaptive sliding mode control for nonlinear systems with friction
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China; 2. College of Automation Engineering, Qingdao University of Technology, Qingdao 266520, China)

Abstract: Aiming at the disturbance suppression of nonlinear friction and the output feedback control problem, this
paper presents a high order sliding mode extended state observer(ESO) to obtain real-time state signals. On this basis, an
adaptive neural update law is designed, obtaining the relationship between the control signal parameters setting and output
tracking performance. Meanwhile, the necessary and sufficient conditions of observer state initial value and adaptive
parameter initial value are given to guarantee system dynamic performance. Finally, the stability proof and simulation

results verify the effectiveness of the proposed control algorithm.

Keywords: sliding mode control; friction; extended state observer; neural networks

e

0 5

FEFTANUR AR G AR BRI R . O T IR
NI AR BRI 5 5 8 R BE A1 R A AR R, 2%
TR EEEILSGHAT TR Z 0T FE, 32t 22 A iy
PR SRR S B BEHE 7. 491 n, A £ T 2% 8 i R AL
IR AR 2 [ AR RO g A R S8 AT S AR Y
EIRRENS S =0t SRR RICE IS B, E Bk 7 5
Bk LU E B0 1) AR R, 2 T Eh A EE A, B 1
S JBE A M J R — AT R SR R TR T AR
B BE PRI AR S 2R G 10 Y 715 I RIS D7 T A e
) SRV IR U A U, A T — P 4 T R A
AU ARG BT R A it S BB B — b 1
7 ) SRS

TR AR S AR 42 A 171 AR 2l k42 o] 0 o AL B 2R
G AN E MR A ROT I 2 % TT IR AR AN K LT

s B ER:
HEE&mAB:
{EEEN:

2016-07-03; f&EIHER: 2016-12-21.
E X 3 AR #3410 H (61640302).

FORIECEE, 1] 401, J2 T i o i ) 2 1k — T 4081
] oS Il R B2 Ru i g BN E S Ctial] b
T T RO SR . 5 RN, R T AR ME ) ESO, 3
BR [11] 32 B 7 75 & DL RS 26 0 B R AR 2 R G —
3L T ESO 42 ). 1242 FLVE XS ESO 5 i 15 % i
Maia RARSEL

AT o [ N B R R ) s,
JEE BRI I AE A E RGOSR &
(KI5 DL, B XX — A7 AE YL BN AL 25 B T 7] AL, $2
— MRS T BT IE B ESO M4k 1. 7E LR |, 52
Ao £ o 22 A s A A, 19 BT T R AEL S PO R G
ENAPEREZ 1] [5G R, 45 H DRUES) A5 E RE AL TN 25K
AR A 1R EE B ARE X — 2% A R E W
RSN E 8 NS HYME, PRUEMLIN DR ZE AN R R R 22
P SR PEE ARG 85 R 22 T 2 3R, Ay A5 5 IR A 301

HH 52 (1983—), 5, LARIM, M HIES ., ATEHIMBEA; PhENE (1985—), YR, 4, MFAELME R

45 [ 3 AR ] S A RE AT 42 1 B 1S 5 I S AT

Tl IAA/EH . E-mail: sunguofa_bo@163.com



£ OHA H

FE HBEEAERN AN AN RS 1715

SRRV e o5 I BUE U7 IR E T TR
B ) B A R A 1) SRV A R
1 ARGk
Z e ™A B AE L g R
{151 = fi(z1) + g172,
= fo(@2) + Fy(22) + gou.
Hrdr: fi(z1), fo(me) NARFICHEAEL MR AL, Fr(22)
NARFNEEZEIS, g1 M go 9 EHIIEF 2L
HRE SCHR [6], B #2 JE 4 At wT DL ik
FR— A T AT
Fy(x,) = aq (tanh(Bix,) — tanh(Box,,))+
as tanh(Bsx,) + asxy,. 2)
Hrbay, ag, a3 M By, B, B3 72 5 SLBRXT R A KK IE
WL BRI S, on, ap TR BEE R 1T tanh (62,
— tanh(Bam,, ) FRAE Stribeck RN, JE 16 BE 158 F1UKG i BE
B o tanh(Bsz,) Ml o, MIUAIL. HZHIUE N
ar = 0.5,a0 = 0.5,a3 = 0.006F1 8, = 100,58, =
5, B3 = 100 I EEE P AN 1) ek 25 ith 2 4n B 1 o,

)]

A I

1.5

= 0.5} [
" 9 [T
g \\' .............
“ -0.5 | —— stribeck
_______ — - —coulombic
.  — viscous
/—\. - overall friction
-1.5 * : . !
-10 -6 -2 2 6 10

veiocity
1 EEAELM

w1 2 B, o T 2 N O BE P AR L MEER T (2)
WAL RS (), B EA R ESE(E T 20 K
ZEAETHA (n — 1) A RS A SCH#EH H br
W —ANEHIE R B PIIE R NE T u(t), 143 5

KRG G5 y B PUEREE S %5 5 2., 7 HER

PR3 o) TR, W B 0 U B 1
PERTE FLIR A
g ] |

MM ]

ﬁ&&%zM$U“;M#%ﬁ y
7 % | R R

v

A
P oIRAS
= I

B2 EEMaIELEARRS

A

2 WAt

U ph 2% (1) F8 B M o 1, 7 S
ARSI 2 = T (x) OB

Z1 = 29,

Zo = 23, 3)

Y=z =2,
Hor 21, 2z, 23 TR T E X R GUIRES.
MRAE S 25 SR (12] Hh B AT AR, dlad bk Ak b
AR AAE DN RBUE 5 v = ag(®2) + byu(t), 153
z2=Az+bv 4

A, Horh R G RE AR FERE b € SN

0 1] e lo] | )
00 1

HTE, 37 SRS LI &5 1 U

A=

531 = V1,

vy = —A\1|21 — y\%sign(él —y) + 2o,

22 = v9 + bou, (6)
Uy = —Aa|Z2 — vy|Ssign(Ze — v1) + 43,

5y = —MAgsign(Z3 — v2).

Hor\y, Ao, Ag NITHSH, S bR R b N BN IE
YRR 23 FERAN T R AR B KTNE 5
HRHE 252 SCHR (131 BRI 77 3, 3 SRS I I 25
(6) HIPRAS LI 25 % 22 2
21] = 121 — y| < s
22| = |22 — 20| < po3, (7
23] = |25 — 23] < s,
Horp e (RRIE P A M NAG TR E LS
3 IEREHE Bt
FEBEATHE R S8 B TE BT, 8 S N A A5
g = [1q, 4|7, e =2 — x4 8)
Hrxg Me s HIAZ A5 5 M R G S 5 IR
R, z AR FEHPIRGS Al .
3.1 FHuTHIE
16 U A T a0
s = Xej + eg, 9
b X > 0BT IE R B WL s BT A THE 5

§=Aé=Ae, e, (10)



1716 # % 5

xR ¥32%

SRECE IR AR 4,19
5=¢é+ ey =
as(x2) + bou(t) — g + [0 Ne. (11)
SEMEAG I HIE 5 w BT

1
u= - b—(k:é—l—ag(asg) +[0 ANe+ig+w) =

2

Ug — a2(a:2). (12)
ok AR S, o NEBI, u, = — k§4+[0 Ne
+ g+ w).

3.2 RBF &M%
HR 45 RBF # 28 [) 4% 1) bR H00& 3 BE ), A7 4E — 1
DA 0RG PG AR RO AR S R 28R 22 I 2%
ay =0T (X) + e (13)
Forb: 0 gt 28 W 28 BUE ) &, o BRI &, XN
P 25N IR &, e NPRBUE T IR 2.
pliibORan SN R AN RE PTYVAL REE I I E 325

PR T eSS A
an(22) = 00 (x2). (14)
B & kTR ZE D
0=0-0% (15)
6 AUA In) & ) IR AE.

A% 3, RBF #ifi 45 19 48 (1 35k o 50 1) Bk oy o R
T2 e 7 pR A
U&X%:wp{—(X_CE}X_O},
For R X 248 48 A5 AN AN KR B, RB 22 9 2% 5
i) & o (X)) FYEEOH R A E X o(X)| < Co.
FEIE T B 1 Bk 5 {1 B8 T 1% 220 A2
€ < en, (17)
Horben ARZEM BRGSL. R, SEbrifilE 5%t
u:—lu@+mbmg+m ANé+iq+w), (18)
*%%ﬁmﬁﬁt
w = eprsign(8), (19)

(16)

sign N5 R
K E 5 u AR (15), BT s A N
§=—ks—0o(xy) + enr —w — [0 N]é. (20)
Hor: s AR IMIRZE, e AFHE ML AG TR 2
il gt
3.3 WMEMERENBTE
EIEL 48— A A E RS (1), I A7
E FR 48 9 AN Bt Vi o BEOR i N o R Al M

). MR —NE GG R mEGE S %A
(18), MIFEAN PN R G872 — 80 A1, A 134
PN

0 = I'(50(zs) — o). @1
Horr: 1oy — A 1E 52 105 A 0 R B, AR 3R b 28 W 4%
M IR B, o A— AN/ IE 4. @il & Bk ik
T2 HUE, RSG5 HAE 5 y BE Pud TG 1 b BRI
WSHEET vg. Rl th, 8 A 2 B RGURS
H & S SRR, B8 0% 035 52 & A RS0 ERER
T RE

UEBR R NI B 2R v R A% I bR

V:%§+%ﬁT*é (22)
Xt (22) ML EU >
V:ss+9(&ﬂmg—gm. (23)
m 20 (20) Al (21) AT 15
vV =

s(—ké — o (x2) + e —w — [0 NJ€)+

0" (30(x2) — o) =

— ks® — kss — 300 (x2) — s[0 N é+

sey — sw — 0010 =

— ks® — ksAz — Azf0(xy) — s[0 N2+

S€n — Sw — QéTé. 24)

HRE Young NS5, 7] LLIE B BA AN EE AT
ks> ch 9
. R

c)\lca'”eH Cx1Co || ~ 12
O ot
olldl? , ollo)?
2 2’

— ksAz <

— Aiéa(mg) g

— QéTé < -
Heren = 4]
BRI (25) RN (24), I [E MM 28 % Z H
Btk (7), 7115

(25)

V< —KV 47. (26)
Hodr K fly 52 R
K =min{k, (0 + cx1¢s), Amin (1)},

02
fw=9Hk+%nﬂ+Q%&. (27)

Amin (1) RS FRHLE T 1) B/ NFFAEAR, p R 22 ) 2 2
FEAL.

ﬁT%ﬁ@@%mmi

0< V() < ( ljem> _Kt). (28)

iﬁ*wﬂuﬁfﬂ

MizH, 1



FE HBEEAERN AN AN RS 1717

%9 ®
lim V(1) = % (29)

A1 (29) AT LU Y, IR RS ITH IR 205 5 #2E &
A—HA .l A RS T URE
HuE S R G RER R 2. O

H1 T 2 JO 2 SR A W0 B AR S 11 BR B 1 g
CUHRZNATERE) 27 AR, WS Y1 a6 55
REEGIR T RGN ZHAE T g FIERERERE.

4 FEMEBES T

EIB2 8w B IR A R R G W
P TR A W 2% (10) IR GRS E N 2,(0) =
24(0), 22(0) = 14(0), 24(0) = 21(0) = 2(0), £
R 26 [ 38 S S BUIWIEIE N 6(0) = 0, IR T
53 VO EA T 1 70 EE A A LI 2% 1R 28 2 NI UE AR ZS
W%EQQ(O) = 22(0).

EH HRER (26), BT HEZHEAIEV(0) 1
V(0) = SQS))

+ %éT(O)F‘lé(O). (30)
o

5(0) = e1(0) + Xe2(0) =

21(0) — 24(0) + A(22(0) — 24(0)) =

Z1(0) + A(22(0) — 24(0) + 22(0)) =

21(0) + A22(0) = A%(0), (3D

6(0) = 6(0) — 6 = —0. (32)
¥ 3 (31) A (32) 1 s(0) M16(0) I F ik AN R (30),
&
B A2z2(0)
2

N23(0)  p

— + e (33)

[E 25 FE V(1) 35 2 1 2Rk 5K (28) F V (0) R IA
BBV () < p/K FREFAIE 25(0) = 22(0). Ik
I, P BT 2 R AR 1 R bR V() IR IE K (22),
A DASRAS R ¥ 70 55 6 450 /2

1O <\ £ =5 64

Ferh p oy —ANATIE I TR TS BUS B R
H e BEAHIE. O

V(0) + %OTF*W <

5 fiEEH
ZEW NP ARt R 4
il = l’% + Zo, (35)
@9 = 0.2exp(—x3) + z1 sin(zz) + u;

1AL bR AE H 3K (6), AT 1S

2::1 = 22,
(36)
{2:’2 = a2(:1:2) + bgu(t)

az(x) = 221 (f1 +22) + fo — F. 37

ARG HAER R R 1R IE S S
S5 1 AR EUEAR 7], HAt 2 8OBUE & 1 B, i3
KB HE T Neg = sint.
*1 HAESHIER

|

ijﬁ K ENM A o )\1 )\2 )\3 r
B 10 01 1 0001 10 5 3 100 X Ii25

THEERWE S ~ E5FR. B34 T E
T ERER R 2R, T TR ALY &5 (AR A BR 5 Hh 2k
H1 &4 45 . 5 0907 PR A A 22 0 246 S HOBUE

3 IRERMEEE

It —x, o z, ROV
0 /\/\/\/
-1t ) \ \ \

..... X, — dx, == z, RO IE

—d -z F

0 4 8 12 16 20

B4 RIS YUNRFARTS

3.5

2.5¢

1.5

0.5f

0 10 20 30 40 50
ElS MEREEH



1718

# # 5

*

F £32%

H 07 FC 45 R AT LU, BEAS AT 3A A Gt s 13
PRI PTAE S H A T, mE3 P& LU
S 5 BEW LBV IR EIRER S {5 5 xq. [
I, E P 4 rRObR S R L0 5% 1) SR ot 2 RT LA, A
PRAZ S5 ) AR GURAS A58 BE LI R, PRAIE 1 $2 il
55 RENS SEI R A v R GRS Se Lo HE S A .

6 & %

RXAE R BEBETINT A e RSN &
7 W0 25 Rt R L Tl 15 T S 48 PR % i A
L RIE T R GUIRAS B S 3RS, IF HOUWI = 72 e
W RAIE R G S T A S IRERBEASERE. B8] T
ML VIEEIRES 5 RS A VERE . TR R ZE ZHW
KE, VLN E8 BB Fe fit T BB AR 7 B85 R
B, SO0 s 1R 28 2 IR AS I % B S TS N, & G
HE 5 IR R R 22 R BN A T BB ILUF 1% 45 R 5 B 73 AT
. TS 2 H FE g . it 80,6
FIT UL 25 v vk 5 N, W1 T T R B
T ) SRV AR ).
S E 3k (References)

[1] Wang Y F, Wang D H, Chai T Y. Extraction and
adaptation of fuzzy rules for friction modeling and control
compensation[J]. IEEE Trans on Fuzzy Systems, 2011,
19(4): 682-693.

[2] Huang S N, Tan K K. Intelligent friction modeling and
compensation using neural network approximations[J].
IEEE Trans on Industrial Electronics, 2012, 59(8):
3342-3349.

[3] Shen J C, Lu Q Z, Wu C H, et al. Sliding-mode
tracking control with DNLRX model-based friction
compensation for the precision Stage[J]. IEEE/ASME
Trans on Mechatronics, 2014, 19(2): 788-797.

[4] Lee H T, Tan K K, Huang S N. Adaptive friction

compensation with a dynamical friction model[J].

(3]

(6]

(71

(8]

(9]

(10]

(11]

[12]

(13]

IEEE/ASME Trans on Mechatronics, 2011, 16(1): 133-
140.

Brian A, Danial G, Stephen J, et al. Nonlinear control
algorithm for improving settling time in systems with
friction[J]. IEEE Trans on Control Systems Technology,
2013, 21(4): 1365-1373.

Makkar C, Dixon W, Sawyer W, et al. A New
continuhously differrentiable friction model for control
systems design[C]. Proc of IEEE(ASME) Int Conf on
Advanced Intelligent Mechatronics. Monterey, 2005:
600-605.

Pisano A, Usai E. Sliding mode control: A survey with
applications in math[J]. Mathematics and Computers in
Simulation. 2011, 81(5): 954-979.

Boiko I, Fridman L, Iriarte R, et al. Parameter tuning of
second-order sliding mode controllers for linear plants
with dynamic actuators[J]. Automatica, 2006, 42(5):
833-839.

Bandyopadhyay B, Fulwani D. High-performance
tracking controller for discrete plant using nonlinear
sliding surface[J]. IEEE Trans on Industrial Electronics,
2009, 56(9): 3628-3637.

Eker I
experimental application[J]. ISA Transactions, 2010,
49(3): 394-405.

Li S, Yang J, Chen W H, et al. Generalized extended

state observer based control for systems with mismatched

Second-order sliding mode control with

uncertainties[J]. IEEE Trans on Industrial Electronics,
2012, 59(12): 4792-4802.

Park J H, Kim S H, Moon C J. Adaptive neural
control for strict-feedback nonlinear systems without
backstepping[J]. IEEE Trans on Neural Networks, 2009,
20(7): 1204-1209.

Arie L. High-order sliding modes, differentiation and
output-feedback control[J]. Int J of Control, 2003,
76(9/10): 924-941.

(FriEsmst: IhTe)



