BHEE L E A

55 26 455 12 1] Vol. 26 No. 12
2009 4 12 H Control Theory & Applications Dec. 2009

il fl 28 G R 4R 1Y) S ) B (0] U B B e 28 5

FErE, BSSA, | 3, ARk
(P T FHE R HL 48 ST TS0, PG 715 710071)

FE: HF9T T — M IR R G BB 5B (3T i, oo, MRIE S at B, R T I TSR E AL 1 B S
I B A JEE R [ S 7 PR AR T %, AR e 7 30 B g e PR ) 0 AN 48 5 S0 A R WA i S 4% S 2 T
ST PRI EEAEEARR A OB VR TE T P A AN T S T BRI 1 S . B3 F LyapunovEIEIE B T MK R
FasEME. 07 BLGE BIIE T %05 A Rk

KR SCRF MmN, D R IR S

HPES %S TP273 HERFRIRED: A

Support vector regression modeling and backstepping control of
friction in servo system
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(Key Laboratory of Electronic Equipment Structure of Ministry of Education, Xidian University, Xi’an Shaanxi 710071, China)

Abstract: A new approach to modeling and control for friction in servo system is studied. By using the support
vector regression, we build the model of adaptive Coulomb friction and the model of the fixed Coulomb friction from
the experimental data. This solves the inaccurate modeling problem caused by the discontinuity of friction torque at
zero velocity. The developed friction models are employed in the design of the backstepping control law for adaptively
compensating the friction in servo system. The stability of the closed-loop system is proved by using the Lyapunov theory.

The simulation results show the effectiveness of the proposed approach.

Key words: support vector regression; backstepping; friction; servo system

1 5] (Introduction)

MLHL AR i R 48 v 1) R 3 s FL PR R 1) — AN 2
BEIR 2R, DRI, o o7 LU S v A P B A TR R 1
B I 48 il s DARME2 R BRI 5 )

TEIA 1 PE R AR ch 5] LuGrekE Y3545 T )
72 N 50 AR T LuGrebi B 5 35 53 2% (0 S $o e
FE LU AN /& 2 B0 4 I N 2 Pk A I i, 45
76 S B b A2 R AEIO~8T g T X S ) L, S
BR[O, 10T H T 35 T ol 220 I 2% 1) I o 50 2 50 A el A
D7k, I HARIE R0 1% 51 ] DU HE A Hb & 3 S B
JRE Y A I8] . SR T 120 000 5% £ 45 A ff 2 S B RE AR
Z UL Sz AL e ) 26TV T H N . AT ARk,
O 1) B[] 1 ) 8% 7t 57 R AR TR 1) g 110 T 3R
A SO ) S 1) R (A ] UE 29 Sl S N7 T L R R A
DX I (R RS TRY A% T 1 S 20 I el 4 381 T 0 A e
BEA . BT, SCHRITCHR Y T 3245 1) B R 2%, 71
JHAZ 0 24 1) 1935 N B ), SI2BIL T PRS0k A R Aff s 1

Wk H 3H: 2008—06—25; W& ik H 3H: 2009—04—03.

(R AE e A M.

AL T — P i 22 48 R 4 R RN 4 ) 1B
Jiid, Har AN TAEAS RS20 38 ok ) F b o S R
Ira) 2 [0 U1 1) oR B0 T Dy R, AR ga T AT — A 52
FF r) 2[RV i At b 2 ST R AR R 1Y) T v b,
PR 37 (1 B PR R A, L& SO T
Y428 Tl 4, SIS Y 2 ORI R B AN A o 1 T
Had N v, S T EEBEAME IR BOR. D B T4 R
T T TR 3.

2 RZGBA(System model)

B LA i 2R e 5 PR LIE A B0 B DAy 1) ikt

PRI BB, RGN
d?%0,, dé,,

e TR SIS sh i, Die %%
SUBHLJE AREL, O ey, 7331 2 HER L LS A PO 67 N e

J

FEGTH K “973” FRIHFFT % BT H (613580205); [ 5% A SR EF 24 R4 % BT H (50775170).



1406 oW s N H

06 %5

H, Koe LR, we e fil i, TR MRS
. ARG STRR(9), EHE NIRRT W] AR R
T =1y + Ty 2

A Ty = Blun] + CURBEEIIN A4, Ta 2
500 R o [0 B A R ) R B2, A S, T
ot S U . DRI, PR

T = Ty + Blwi| + AT. 3)

b ATROREEG I A E T, & EE# hshd
JEE 5 ) TI0 B0 58 i Gy A e 28 JEE % S A 43R 7 S A1 k.
AR Q), 1532 R G RPIREZS AR

o _
dt - m»
dwpm,

wm
—— =agU— AWy — Ty —aa | — | —a AT.
dt 7

)
K D 1
ﬁqj: Tﬁ?&j}éﬁlao = 7t, ap = 7, Ao = j
3 SCFEI R A R E S (Friction modeling

using support vector regression)
h T R SR R N T, TR R )
K2 1) B R FE A Y, 2 i Sl i B 45 2. AR P 4]
il ZR 48 5 ) AR 4 A, e 1 1) R S ) 2 )
58 B 9 0 2 [0, W) P [Winin, 0] 28 I 75 35 ik BA S
BRI T AL AT, IR, ] DAE IE TR
0 < Wi < Winan M7 E T B, < @5 < 071153
IBRAT g LI G I8 (1) JBE 8 ) R A AR
{(wlaTl)a ) (thi)’ ) (vaTP)}v
{@,T0), (@, T5), - (@n, Tn) b

H T 2 305 A R 4 ) e AN 8 119100 Dy
T ORE S PR AR A 1, B S AR I R X B A
AU DX 3 JRE T R g D 2 TS PR ) L) S
SR 23 50 A o R A JEE 4B g K R I 11 £
P (wers €1) M (—wea, €2). 2R JERFGS)BEAT 40 T Fikk
.

(&)

E/:E_Cla ngigwmax7 (6)
T]{:T}_CQ) wmingw_j <0
Ak BE AT LLAS 2 38 R b BE YR ) R H R A AR
HG = {(wit, Toa) [(wi, T)) U (@5, T)) 1T ARHESE
TG, TP L TR T ST R AL
TR [ E PR BEHE SR ) AR (FCM).
IR G, AT S5 ) 8 0] ) ST A
R, FLRRAS R R T AR h
Ty = %cl(l +sgn(wn)) + %cz(l —sgn(wy)) +

fsvrm (wm) . (7)

N fovem (Win ) R7RA I GRE LI SCHF ) B[] )14
Y, ey Rlleg 73 3 Jhy A5 T3 J5 R A7 38 2 IX 38R 1) 28 2 B
PEIVFERN, EATIIUE d e 5 Rt e
T2 AIEN RS EERE SR R (ACM).
57 RIAR, T 2 e ey & BAELAG T,
E AT LU G 5 FE 103 B ey Mg 1T RE A2 — T ks 61 1)
L. T 2 ST A EE AR Oy
Ty = 5.1+ sgm(wa)) + 502(1 — sm(wa) +
fsvrm (wm) * (8)

TR T5 F A2 5 582, #ws BN FIARAR e 4 251
N IBIRFEAR R G GARIE AR £ (W) A SCAE
FAT AN Sy 1 [ Y 0514 e gt S JEAE R

nsv

fsvrm(wm) = Z (az - a:)K(wmv wmi) + b (9)

i=1
A K (W, wmi) = O(wm) - d(wmi) A% 2R EL,
B A 2 1 AR PR B (wr ) FE 1R 4E R AE 2 1) R
WA, ZEIXAS B TE AR R IR fovrm (wm) =
w - P(wim) + b. nsvF 7R SRR ) BN E AR SCHF 1)
A oy — o, bFInsvll R ) RK i

1 N+P
min R(w, &, (") = §||wH2 +C ; (& +&),

Tt — (W d(wmi) +b) <&+, (10)
W P(wm) +b— Ty <& ¢,

&, >0,1=1,2,--- (N+P).

A ERIE N At AR B 1 B R IR, e iR ZE AR,
CHIESIREL, C > 0. K nr LS 2]2(9).

4 EHIES BT (Design of controller)

ST (R 5 0o~ SUAS ], AR SO i 4 37 1)
PRI 45 RO VR TE T ) s ) 2 DA
JEEHE 1) R .

S| o, A E U H, & IRER Ze,

€1 = eref - 9m7 (11)
0, RNERER S A5 5, LRk =8 1280
de;, . ) .
—— =0t — O,y = Orof — Wiy 12
dt £ f— W (12)
FIRRUY oL kD2 Wit 2 2% s 5
Wret = K11 + kX + Orey. (13)

Ao x = | e () A B R (R BUA L
AR 2 14, FOAE B 1

B2 T A e N SRR, T
5 130 o 125 2 oo 2 R 2230 ) 2

€2 = Wret — Wi = k161 + kX 4 Oror — Wi (14)



124 ST A AR R 3R G R AR T SR ) B VA A 5 s s 1407
FRHE X (12)F1(14), eq B4 5 7T LEE BT KR UE MR J7 SN, EFE R 1 T Lyapunov & 4 :
dev e R TS PRI PN o N
= er—kier — k. (15) V=gt gty AT o 23)

WRIERADHFNXG), ex IREBN I *FTTREA
d .
% = ]{31(62 — ]{7161 — k’X) + k‘el + eref +

a1 Wy + CLQTN + (ZQAT +
W

asf3| ; | — apu. (16)

. 1 1 1 )
i H{ Lyapunov B§ £V, = 56% + 565 + QkXQ, 4
|

1 Wm
u:a—(<p+a1wn1+a2TN+azAT+a2mTD- a7
0

Rt o = (L+k—k)er + (ki +ka)es — ki x + Orer.
RADH S FBMAT A 51, 8 H H AL T {ESFIAT.
R i R HE AR T 5, TR 40 D DA R W R O
1) K7 RN, T — A SR EE ¥ )56,
R, REGe iy
u = ai(cp + ajwy + a2y + agAT + aQB]me]).
0
(18)
A8 (16), e BT £ RN
% = —e€1 —kgeg—i—agAT‘i‘aQﬁN’wfrﬂL (19)
dt 7
2) MK 5 2, BB AR R (8), Hih, 8L
ey Moo P HAG B Fléy. DRI R 2

_1a Wy Gy (Ym

u_a0[2(1+sgn(i))+2(1 Sgn(i))]"‘

i[sp + a1wy + CLQAT + 023|w7m|] +

Qg ¢

a2

;0 (fsvrm (wm) . (20)
R o)A (16), T LAe, BB E R A

d 1 m

% = —koey + 55102(1 + Sgn(%)) +

1. W
502@2(1 — sgn(T)) —e +

a2[~3|%m| + a,AT. @1

BB 3 IR R G RIRE .

EE 1 KT R 1ECM), B ik B4 i A
(1), HId A
dAT W
F = To€202, E = 7“162612‘7’~ (22)

Hrp: Wit 2%rg > 0,71 >0,k >0,k >0, ky >
0, WA I RGBS E .

g 5 RIEL19), TV
V: 82(—61 — ]{3262 + (IQAT + a2ﬁ~|w7m\) =+
e1(ex — krey — kx) + kerx +
ATaAT | §d
To dt r1 dt '
X AT = AT — AT, 3 = 68— 6. B Q221N
RQHPREV = —kie? — koed. 1Tk > 0, ky >
0, FrBAV < 0, FI3F R gk fa .

(24)

EFE 2 W17 E2ACM), kPl
K(20), HENHN
H—rea d—A—rea]w—m|
qp T~ T0C202, = M|,
de m
& _ 0.5r9e0a5(1 + sgn(w—.)), (25)
dt 1
de W
d—; = 0.5r3e0a5(1 — sgn(T)).

Hr: %28, > 0,1, >0, >0, 75 >0, k>
0, k1 >0, ky > 0. ASA M RGeHdtAa e,
UE KRHITT ZE20, ¥ Lyapunov R 4
1 1 1
Vzief + 563 + 5/{:)(24- —
1 - 1 _ 1 _
-+ C? + 27305

— 26
27"1 27"2 ( )
(s FI L), WV AT S £
: - 1 dAT
V= —AT(RW — 62&2) — klef - k‘geg -
flden
! o dt
e
2 T3 dt

Seaaz(L+sgn(“)] -

Wm

Seaaa(l — sgn(“2))] -

— 1) 7

Rp: AT = AT-AT, = —(3,6 = ¢1— &1, =
o — Co. MRAEIL(25), PE'&Q%%"@JV = —]ﬁe% - k2€§- H
Thy >0, ko >0, TLAV < 0, M RGEH RS E.
5 {iHE 45 % (Simulation results)
i, B S

J=05kg-m? D=03N-m- (rad/s),

Ko=1i=1.
JL ik e SRk R = 22, ky = 36, k = 20,
ro = 1.5,7, = 2,79 = 19.25, r3 = 13.25. PIDH Tt



1408 oW s N H

06 %5

IR B HOEFEP = 25,1 = 10, D = 13. i/
LuGre/# £ 15 1Y {1 303K 159 208 FF A, 15 5 S 5
HFc=26N-m, F, =36 N-m, w, =0.517 rad/s,
op = 10°N-m, 0y = 05 N-m, 05 = 2 N -m.
SR, AE IF 4R AN A7 R DX 3k % 3041 B4, I it
TR BE AL 2 LU LI B 22, 3K 73 B 1) JR iR £
P, AP 1R, 371 ¢; = 26.318 N-m, ¢y =
—26.48 N - m. JRAGE0E 20 PiAb PR S 75 31 B 1K) $
PWFEAEAG.

WA FEA LA G, A S8 ) & S B, I
BEHC =50, ¢ =0.2,0 = 0.1. F245 1 T3R5
VEARAG TR R i 2. T LUK I FCMAIACMAR
FE A LU P A s I 25 3 55 1 B 45 ) E, 1T BP I 4%
BN G5 RALF, I R A T ), B AN G L1
SECT AR A

40 T T T T T T T

* * i'.m"‘"‘“
0L +FUAKAR e
ol HERAG |
= 10F p
£ ., e
. 8t
= - », P -
z 0 N "y
S _|0 o i ~
~
_20 = -
U T R
_40 »ﬂ"l ] 1 fl ] ] 1
-4 -3 -2 -l 0 1 2 3 4
w [(rad-s™")
K1 Hakea
Fig. 1 Data samples

T/(N - m)

@ /(rad-s")

B2 EEAIR T b

Fig.2 Comparison of friction model

K345 Y T PID R FCMIEE 82 1Mz A s 21 2 31
VEAEER BRI R 2 25 A5 5 ) 1) 28 e i o o 2. 3 s o)
bR IR S 25 453402 LU PID R SR FCMAM 2 11 BR B ks
B, I H P ACM 5 v L OB FCM U i A 24

Blags HY T A% fa) i B8 48 b 12 42 16l 7 V5PIDRYT
HFCM, PIDHT 15BP. Jx ZFFCMA [ 2 ACMAE B IR

ZH {552 sin(1.5t) R ZE. W LLE 2. OPACM
FAT TG R ERERORS BRI R4 R ), FCMik 2, b
Jii AEPIDHIIHFCM, f% )i /& PIDHET15{BP. 1T PIDH 5
JEEBEAMEE T VAT I Y RE ), A A R R B S
)71k 7. PIDRT FCM ELPID R 1 BPER 2 RS 1 75,
JR PR & FCM LU B P W £ 44 37 [ BE AR R HEAA

12f L PIDFCM ]
- BELE

1.0 f
- 0.8 <
g
~_ 06 8
® 04 1
0.2 8
0.0 19.7 198, 199 20.0
0 5 10 15 20
tls
(a) PIDFTFCM
' --- FCM
121 — ACM .
Lok -- BEES i
— 0 8 L ]‘002 N T T T T T P .I‘ T ] |
g U \ ~ 7\
o) 1.001 [\ SN A
= 0.6+ \ / kY =
[~ 1.000 X 7 (\‘
04 [0999F / N
02k [0.998 - oS 5
0.997 1 1 1 1 1 1 L 1
0.0~ 1994 1996 1998 20.007
0 5 10 15 20
tls
(b) S EEE
3 BrERmE R B
Fig. 3 Comparison of step response
0.6 ; . .
--- FCM === PIDFCM
04F — ACM -- PICBP 8
@ 00 ; ;
oK A R A AR R R RERT:
RO RN A A A
"b_; i i : ] = ? Vo i o§ o
= -041] i Vb or o ? N
0.6 P |
_ 1 | | 1
%% 10 20 30 40 50

tls
4 FREFRZENTTE

Fig. 4 Comparison of tracking error

FEEREAE 52 sin(1.5¢) I, K555 1 T BEEE D RERE
I ) (AR A TS L. 7t = 25 s BEEEIE I T 50%.
TACMER & VP& BEE T3, 6 REIE IV EE 44 1Y
AR TECMER TR ML T [0 1 & E I, A
ANBEIE Y S B S R AZ AL



12

JEBAESE AR AR G R 1) SR 1) e [R)ERE SOob shl 1409

60

--- FCM 1|'ili|' pli N Iﬁ N

40 — ACM 11'[”‘ j

TRARARAR:
20

T/(N-m)

-20
AMMMMM
_40 B Ny [N o5
—- Pl EE M \4 M M ]
—-60 1 1 1 ~ 1
0 10 20 30 40 50

t/s
K5 BRI
Fig.5 Changing of friction torque

6 %518 (Conclusion)

1) BFFUT BE T SR ) (1] U 1 JRE 8 A A %,
A% At FH 0 /0 1 s s ST R R B A T AR 4 T
(I ZHHF R DL B4 v 1 20 I (1) el v At 2k

2) AR TR S ) ] U JEE A R AR 5 T T
THI A0 130 Y 928 1 2% B8 6% A3 200 Hh 9 55 B8 5% 1) 5%
M), B8 i T 2R 400 1) i IO T P55 AR S BRERRG

3) KA ACMU [ APFCMAEL A 5 o (K Fa 24 BRI
K BE RIS RE ).

£ % S #k(References):

[1] ARMSTRONG-HELOUVRY B, DUPONT P, CANUDAS DE WIT
C. A survey of models, analysis tools and compensation methods for
the control of machines with friction[J]. Automatica, 1994, 30(7):
1083 — 1138.

[2] CANUDAS DE WIT C, OLSSON H, ASTROM J, et al. A new model
for control of systems with friction[J]. IEEE Transactions on Auto-
matic Control, 1995, 40(3): 419 — 425.

[3] SWEVERS J, FARID A B, GANSEMAN C G, et al. An integrated
friction model structure with improved presliding behavior for accu-
rate friction compensation[J]. I[EEE Transactions on Automatic Con-
trol, 2000, 45(4): 675 — 686.

[4] FARID A B, VINCENT L, JAN S. The generaized maxwell-slip

model: a novel model for friction simulation and compensation[J].
IEEE Transactions on Automatic Control, 2005, 50(11): 1883 —1887.

[5] ASHWANI K P, INHYOUNG O, DENNIS S B. On the lugre model
and friction induced hysteresis[C] //Proceedings of the 2006 Ameri-
can Control Conference. Minneapolis, Minnesota: MIT Press, 2006,
8: 3247 - 3252.

[6] BIDX,LIYF, TSO S K, et al. Friction modeling and compensation
for haptic display based on support vector machine[J]. IEEE Trans-
actions on Industrial Electronics, 2004, 51(2): 491 — 500.

[71 WANG G L, LI Y F, BI D X. Support vector networks for fric-
tion modeling[J]. IEEE Transactions on Mechtratronics, 2004, 9(3):
601 — 606.

[8] DU H, NAIR S S. Low velocity friction compensation[J]. IEEE Con-
trol Systems Magazine, 1998, 18(2): 61 — 69.

[91 HUANG S N, TAN K K, LEE T H. Adaptive friction compensation
using neural network approximations[J]. IEEE Transactions on Sys-
tems, Man, and Cybernetics-part C: Application and Review, 2000,
30(4): 551 —557.

[10] SELMIC R R, LEWIS F L. Neural-network approximation of piece-
wise continuous function: application to friction compensation[J].
IEEE Transactions on Neural Networks, 2002, 13(3): 745 - 751.

[11] WANGGL,LIY F BID X. Support vector networks in adaptive fric-
tion compensation[J]. I[EEE Transactions on Neural Networks, 2007,
18(4): 1209 - 1219.

[12] YUIJ T, CHANG J. A new backstepping control algorithm for motion
control systems-an implicit and symbolic computation approach[J].
International Journal of Adaptive Control and Signal Processing,

2003, 17(1): 19 -32.

[13] ALEX J S, BERNHARD S. A tutorial on support vector regres-
sion[J]. Statistics and Computing, 2004, 14(2): 199 — 222.

[14] XU, KT 2T 38R ) L0 2 80 A 28 2 PIDAR 22 1 R 4 4%
LT, P 5 RN H, 2008, 25 (3): 468 — 474,
(LIU Han, LIU Ding. Self-tuning PID controller for a nonlinear sys-
tem based on support vector machines[J]. Control Theory & Applica-
tions, 2008, 25(3): 468 — 474.)

[15] RAY L R, RAMASUBRAMANIAN A, TOWNSEND J. Adaptive
friction compensation using extended Kalman-Bucy filter friction es-
timation[J]. Control Engineering Practice, 2001, 9(2): 169 — 179.

[16] SHANG W W, CONG S, ZHANG Y X. Nonlinear friction compensa-
tion of a 2-DOF planar parallel manipulator[J]. Mechatronics, 2008,
18(7): 340 — 346.

[17] LIU G. Decomposition-based friction compensation of mechanical
systems[J]. Mechatronics, 2002, 12(5): 755 — 769.

[18] RAY LR, RAMASUBRAMANIA A, TOWNSEND J. Adaptive fric-
tion compensation for precision machine tool drive[J]. Control Engi-
neering Practice, 2004, 12(11): 1451 — 1464.

Ve A

A&k 1979—), T, W LeFs A, EEAR TN
30 fr) g 4 A S LA 45 AL PR3 ) i AR 4 H Pk e T 5 i L B A,
E-mail:xidian_jzzhou @ 126.com;

BEA (1955, B, #u%, WA S, = 2uF sl h vr
BUBKTRE | vl 7 HLHURR & B0 K 48

BoO#E (1968—), 5, Wik, #d%, EETITTT AN RS R
2t Al IR ARG LB 4G

AW (1983—), B, W LWEoA:, RIS 10 o R A i
P IR R GBS



