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A Study on the Intelligent Position Control System Using Sliding Mode and
Friction Observer
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Abstract - A robust positioning control system has been studied using a friction parameter observer and a recurrent
fuzzy neural network based on the sliding model. To estimate a nonlinear friction parameters of the LuGre friction
model, a dual friction model-based observer is introduced. In addition, an approximating method for a system uncertainty
has been developed using a recurrent fuzzy neural network technique to improve positioning performance. Experimental
results have been presented to validate the performance of a proposed intelligent compensation scheme.
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.M 2 g F gle ¢31E 7HAL Atk Swevers S[4]l €3t
Leuven &% /e lon, o] Rl nmuy ofd 99
EEY FAArtemald 2 2R SO o]&FH &= AH A of gk s|=EA~ S %

=3 1] 7FA1 3L @itk Choi %[5]& Preisach 7|83 417 3|

é

e

urt 4 548 5 9E 54
=
3

PR — ‘jo A~ i (o] EE % [}
e 43S o ¥y ofye Vé}%ﬂﬁ %t AR A 9 &7 < o] &3t nEEES A TE Leuven EdelA ]2~
2] & AWM EA(time-dependent performance)S -'#8}m, HE A2~ 545 13837 $8te] &34k 7314 xdo] &
o] Alzdle] oA A (instability)e] tiEZ HUelo] H7|= TEAT LuGre 29 Bt a3k =84 g3 o3k
gt} o] &2 QlE) of7| = HAE A st wpEY B olde zZta 9101*1 AMEA[7-10], AEAF] A E A o
“}(friction compensation) 7] o] °]&% 1 <t} &x|uk nf [11.12] ol 2] o]&x i AR m117 o] G e 9
ZHe AIZE 28 v oplel RE 9 IHERE H| R o 8| 2~ H 2 A 2= %*é% A FdA EbeE dHE 7}
g 7HA & dEA A Fe Alx" EAG 9] uwjg- Hxt A Aok
A Fgstar o] ZFEulH(Coulomb friction), HZ+ 2173 3] 2 H13-14]01 v 7F %A 2~ (variable structure
(stiction), ~Ezg}o] Wl g 3}(Stribeck effect), %4 vl (viscous system)[15]¥ 7S ujrd7|u vfFHAHS o] g3l uf
friction) ¥ Z& 54F zZe 1HA vFAEEAS o & Aol o]l gH= FHeprEHE e Fagh A7kE v
A= vEAYS A Gl AAH A7 H4A & & Foled andd & gk vk v s EES A
wEtA, H Tl TP EEA S o] &3le] | mE A~ gatAl FFo] 7hssithd, durd o s mavRk Ao r|HE
(hysteresis) 543 22 w113 o] (pre-sliding)d S & X o] &3to] H Aoy vhARAG7] SO o]&3tH Hu} o A
stele A4S JErdlY] fe A7 a3 vl Dahl g Ao Hes IS & JG7-101 AN olE FRE
o] AR H[1]S o] &3] Canudas de wit 5[2]2 3] =H vt gtEn g 58 3ed B AS ZesteE dds
gl 2o WA (hysteretic reversal point ) Al 2] 3 ZRA G gtk BEV|R ol & HE UREEY wERAVHS
v maigd o] (pre-sliding) @ WelA wiEe] = 1y wpEREg o] &3t wpARAGY|VE Add ded Ao
AS 1o AEeA 249 4 JdE LuGre vrERAS 7)) 7] FREA wEE B 98k AlZ=EHI Tt o]
watgdrh o] Edle] vl 2 e tha] 47 @ g AEe] g &% AIAE AASAN A2l B
$49& of7|A17]= LuGre 299 EF(drift) EAS 7AA A7 mdgslr] fslAe Bk ARG vpE R gy o)
7] ¢33kl Dupong 51312 A4 (elasto-plastic) WF&E SHE oy FAE Aty gt & WHoRA
A5 AR oy o] Rl 3aHEA 2~ 5E4E Z 24 Ay AR ZE 7IHe FEste Aotk HAZ Aoy Al
A3 HE3e ndy sHA2He] Aoy sA &
T4 3 A Folista drlwetd Ay - gt TR oz o]gxo] $rH16-19]. Hol: WA o]Ze =4
A SIS U Au wASE A4Ee SEde vgow @ A
T omAAA, Aol Fobdstn A7 Fete wg - gt )
HEe] B2 dAyHz 9 53], <88 HANAD
E-mail : kslee@dau.ac.kr ’
e qUelalel - gE el AaA s Te wmas . g (recurrent fuzzy neural network: RFNN)-2 A]2=#l s}}n]
H4d7 ;20109 22 269 Hel 7k ooy RAYHA ¥= FEAS 2 A
HAFSE : 20104 49 289 28 Aol 2 545 vehla lvH20-22]
Sej0lE BEo} OlMET|E 0|2 E 2elE RSH Ax| MOAAY 6T 163



2]
N
o
o
T

ZX 59P# 2= 20104 6

= backstepping A ©1[10]
stetulE BAA71E AlQb
D] foﬂﬂ?z—‘: 7L
ZEHAl &t7] 913 RFNN
% 47]9} —71“]39-72} H%W]% AT & Lyapunov
s ol &ate] AHAAR Aojrlagle HIAALE PFI)

—AP

govl, A Azdel JEAFE Astel MAY FHvh
Fe 2 FAY ARA2Y B 29 TAFAT
2. ElolYRE W oiEEET| M

ST S S S

bristle

S suttace S S S

a8 1 F 3ZhAtololl 2R (briste)E Z= OHE ZE
Fig. 1 Fr|ct|on interfaces with bristles between two surface

JO+ T+ T =u (1)

4714, Ji= Ay = ’
W el Ty vAe Sj@g ejnjan o, mde
By e nedel gek vie] Axg He o
4 @3 2ol e & k.

=

O+ Ty +AJO+ AT+ Ty =J, 0+ Tp + T, =u (2
A7 pe 7 WFl e e,
T,=AJ0+AT;+ T, otk LuGre vt R oA F 27
Zbe] &L a9 13 o] @A RAlele] A 2
4 ogld. wek mas) QAsbEvE B
ol Wkt ojwl vhd East wAHc uw °
145712 F/4EA Bk Byt 9n
ol MnYLFL A HM, 2 wgPRe) FF A
= A 3)F Zol z2 A" 5 Atk

OH

z= G—UOf(é)z (3)
o 7] A,
(6) = a(0) 16l o)

2 2w o9&, a(f)t T A (5)7 2ol FE >
),
. 1
alf)= 75 (5)
T,+(1,-1T,) ’

AN, Te 2% wmEEZ T& ARED (= ~E
dojul Z&wg ojujgth HAkE g EFee ¥
A whEge N @) el s e

Tfn: M2+ H1é+ Hzé (6)

ANA, pot BABEE %, pt w6l A el 74
A%, = AATEATE om @t o|% 4 3 da)
W othe A (D 2ol A,

= pyz— paf (0)z+ 0

ATV, pg=py 1M, =gy + ppolth SRR Ao
ol A %E}O]%‘Eﬂﬂr AAFF &= 4 (8), 9= el
+ Qe

s(0:0)= (L

pm +¢)e (8)

A, 227t 0,= 0H =5 FA}E FAE BE A >0
of Wate] Zeteld F3b s(t)welMel AFextet Trhat

£
= A= A a0 2
] x

st 21 (2)o A Ao

A7, B Fe) Aagold. Selold REXNS o] &
S s=0% Fhol web 57b Aol u, o &
Atk Hgol By B4 oge A% 8z ()7
S G u, ol A olu 4 (109 Seteld 2L
Az whaa Byl E By wEH A A o
g Aolde ut A (ADF o] Ve 4 gtk

= Jn(é.dJr ce)+ Bsgn(s)+ %ﬁﬂr T, (11)

=, +u+ Ty, + T,

A71M,  sgn(e)e  FEEF ou,=J,0,+ce),



Tfn Hozo Mgf(e) 2+ g0

o} 2

4 (10)¢] °lF

(13)
(14)

714 49 v, Lyapunov QFEA oo mNE ZA
A BEe et B3 oaE aestd 4 (15), (16)
7 o] gA YErE Yt

z0= —oof (0)z, (15)

5=~y f(0) 2~ (16)

}'\Jl (7)‘?’]' (12)% 0]%—6‘]—2@ U]—iFl— Eig] _7]—_;(3_9_;{‘,{_ }'\Jl
(173 o] TA e 4 gl

i—vfn: Y}'n_ %f7l (17)
:Noz_ﬂgf( )Z+ N3f( ) Mgf( )21+ l/;f(a)
= HoE T “OZ/;)+ HOZ/;)_ /;0;0_ Usf(é)zl"' ugf(H)%
*/13f(9)7;1+l‘3f(9);1+ﬂ4é*l;49
:/‘o;()"';o/:u /Lsf( ) Zlf( )ﬂs+él74
1714 %=z—%, n=rm = R iy,
f= iy — g LRI =g — etk A (DS A @9 o)
At A A7 ] O}U% 2 (@)= vl A A8)F 2o
A=
Js= i’fn— Bsgn(s) (18)
:#0;()"'%le)_ﬂgf(é)%_f(é)%;:a""élz
—Bsgn(s)
olw], Lyapunov &+ 2 (198 Zo] A4 4 qirh

1~ 1 —~,

Ll e L= 1~y 1~y
V= §Jn5 +§Mozo +§“321 ?70% +2773/13 +2,7'74/L4
(19)
thAl A (17)& Azl tiste] mshd
Zzlo|ld ZEe oiEtAET|E o285k Zolst X8 x| MOoAIA" AT

Trans. KIEE. Vol. 59P, No. 2, JUN.,

2010

. . P ~ 1 —_ 1 —_ .
Vi= J.ss+ pmzozet szt —potg T ——pap
o M3
1 P
+ — iy,
" Heatly
= _Moaof(é)zo Msaof( ) — Blsl+ Mozo( _70)
~ . —_~ o~ 1 .
+ gz (= sf(0) = ) + pg( 298 — n_,uo)
o
1 .
+u5( szlf() )+u4(9 — (20)
3 un

o] ©t}. LuGre 29| npx stelvlgl s FA35H7] 93t
of &9 AgrIHe A& om,

Mo 7702/;)5 21

,L,L\?, 77321f(9)8 (22)

=105 23)

BEFE A (24), (25)2 Fed F Sl

n=—f(0)s (25)

olwl, 2 (21)~(25)& (20)°l tl Y3k,

Vi=—yoof (0) 202 — 300 f () 22— Blsl < 0 (26)
o o] 4g & glvh FEHSEE 2= A (D] mAAo]
7IHE Aaagle] kAE I T EHHol HxgS HTH
0% FAW & e enh sAw, AR Aol
Aol $EFsE A4 484 B Ao Ay
& (chattering)& F+&3tA €t ol21g LAE HAs7] <
ste] 2 2N Z2E AoldHdES FAS AT

:J(e +ce) + fBs+ Tfn+T 27

4 @ne A @ adstn e Age R

Vi= — poof (0) 2y — p100f (0)z,>— Bs* < 0 (28)

3. RFNNE 0| &% S &4M FHI| MA

wha s g3 249
o weh WaEold 4 ek Bl 7} uha
# AL WS ojele Ao] Wk

el 7, #e v s & 5 8l
0}04 T, #4715 AAsdth 2 =l
I1g 28) o] 4% F2E VA gloH, 1Y

165



HM7|&s =g X 59PA 25 20104 6¥

THS kot E95 o2 A7 7T 7 s AAAS et
Wi, AAE RFNN #4 F-Zol o

ofgt npg B8N T,

¥ o Cutput
(x) T

\ = ) Layer
o

Membership
Layer
i

Inpat
Layer

a7 2 RFNN Al2H 7=
Fig. 2 The structure of the RFNN system

17,(6.0.0.2)| = |AJO+ AT, + T (29)
=|AJO+ Ap,b

+(Apg— ApgAa(6,0)10)z+ T
< [AJ6O1+ 161(|Aw,]

+ 1(Apy— Apgpa(0,01121) + 17
< A8+ 16|

(Apy+ Apy Ac((6,0)))
Ao

min

+IT)= T, (6,0,6,z2)

A7NA, T, T,9 43& Jepgs wp2dgde zo 9
#3hth,
ol < — (30)

L

i © A B wEs olnl ay . (0), oy (0)E

Fol 452 Y + Ak

0<ap,= a(é) < Oppax

RFENNS o]-&3atd 2 (32)¢} 2ol T,,& F4% 5 ek

Tum: I/I/I:OT U}€O+€

166

A7N, W,TE AR AFHE e FHeH et < B
2 4ogth ofu, B e goolt
oZHE AP A () Lol T 5 v}

u'r'fns = Jn (ed—‘r clé) + ﬁ8+ llzlz/(\)_ lt;’;';l + 'U‘A49+ J’i + ]/L\s (33)

+ T+ T,

us

=u +]}

ANA, ugy. =, (9d+ Clé) +Bs, Tfn: HoZo ™ Haz1 T b,

T,= W. Uy elm, Aol7] T, = FAs|oks vhz 2t
33} RENN F4zkste] 38 ngsts wgoz S99
ok ool AAE o E 4 (18)& (3%} 2ol T %
:‘,:

v

[e]

A
£

S5 = gz + zotto— if ()2 F(0) 2yt Oy — Bs (34)
W Ut = WU~ T,
= HOZ~0+ Zo;(]* st(e)%* f(e)zlﬁz'er éﬁ47 Bs
+ WL Oyt e— T,

A7NA, Wl=w,,— W, oItk

Lyapunov g5 2] (35)9} 2ol AHsta oo gt n

q
B 4 (36)3 el AL 5 Atk

1 — —
Vo= Vit 5 —Wo W, (35)
21,
. . 1 -JT,_;_,
I/Z = I/1—~_ n—Wka ka)
= _ﬂoguf(é);oZ_ st’of(é);lQ_ 532
+ W;{)‘Uko’s—i_ (E_ 7:;5)8"‘ ni I/“VI:Z IF/IL/;(}
= _Mooof(é);o?_ M30[)f(é)';12_ @92
— 1 = —~
+ Wiy (Uis = L= W) + (= T,,)s (36)

w

R

olwl, Wy, & AFWeelnz HgAel 2 nyslE

L

9 2 (3N~(B9E A

o9

o

o]

T
Vﬁo: - VVZ: N Uro (37)
i’usz Esgn(s) (38)
B= nglsl (39)
4714, sgn(s)e HERE, 0,9 nis A% Fo g4
ojth. thAl 24 (3N ~(39)E 4 (36)°] tigistH



Vy= — 1100 f (0) 202 — 1500 f (0) 2,2 — B>+ es — Elsl (40)

< lellsl—= Elsl= = (E—le)Isl=—=dsl< 0

AL F glom, §= e Fo] FFR 5= EF—|d= 07}
o A oo zRE W, (1) A Az 2ol A
[e]

A

<4y o

41

W(s, () = dlsl< — 1, (41)

s

o), f/zg 0olu® Vv S7hskA Ferh webA,
Vy(c0) = t—oool A AT Al A DS AR
k)

t t .
lim | W(s,(7) dr<—lim | V, dr (42)

t—>co ty t—>co ty

= lim[V; (6, (t,)) — V5 (5,(1))]

t—co

= Vz(t[))_ Vz(oo)

A se, o Aezve [We @) e e @99

TU
G =gtk tAl w6, ()7 dAEA dEolmm
Barbalat lemma [23]& ©¢]&3te] thg¥ 22 AIE IS

& ek

lim [ W6,(7)) dr< oo 43)

t—0co t,

olu|, Barbalat lemmaZ¥-8 ZE W5, (t) e A=
lim (s, (1) =00l €tk wehA], s=0,2=0,2=09

+—>c0
A ool mwkabAl Hn, t=0014 50,250, 207}
Ak AQE AN sde] FxE 1Y 3 F veht gl
ot

5 Adaptive Dual Friction
—=
Parameter Observer

RENN Uncertainty

Estimator

— LT
Sliding Mode

d + s L ,
: Controller

Compensation
Controller

Bound Estimation
Algorithm

a2 3 Fetst MojAlA”e] 7=
Fig. 3 A schematic diagram of the proposed control system

saloly BE9 nlHBEIIE o83 Yol X 12 FojAlxg ofF

0.
r
r
ar
o9k
<|0

Trans. KIEE. Vol. 59P, No. 2, JUN., 2010

ol A= AAS AojA2Hle] Aes Hrtsty] 98t
of 2% 49 Ze Azdle dig A AHE s&stax
s}, WA, Ao Bed 2AL& F 13 20 zZHz dEhy
ATh LuGre theoluy mde A 3§83 [2, 7-10]9] 2 e}
v oenz B oM Aefetazt stoh

Encoder Torque sensor
l 19,9,9 Iy

[~ ol

v —

—— LM guide

a7 4 M2 A"l 7=
Fig. 4 A schematic diagram of the servo mechanical system

E: 1 A=A
Table 1 The experimental conditions
33 A

IBM PC HE Y I, MS-DOS, C 219}
Data acquisition DR8330, DA resolution 12bits
HE PCL-833, resolution 32bits
A3y HE FDD-106PD
TE =gtoly 300W, 3000rpm/min
DC A B EE ITD 21 B14, resolution 40000
A pulse/rev
BEA0% THK, CO grade

Z 2 AMEdoldg & metolH
Table 2 The value of the parameters used in the simulation

studies
7135 %

J 0.0013 kgm’
Te 0.0049Nm
T 0.0088Nm
qs 0.0205rad/s
Lo 0.225Nm/rad
Iy 0.055Nms/rad
L1 0.00024Nms/rad
B A2 0.3Nm/A
3L A9l 2.12A/V

>
[
o
o
>
o2
rlo
B g
—_
2

)
kv
hJ
i9

0,
o

B #HEO AMEE MEY F7]E dmsE 39 oH,
©2 RFNN 3gluge} stydolHE alstes T
oh & Ay AL Ao FRE ey 22 371K

167



r

7|58l =2 X 50PHE 25 20104 6%

ox

By

Jato]l AFParglon, 0, =0.1sin (27 < 0.2t) 9] 1A

TEE T4 0
K A Aladel dHE =S A

[e]
Qe

Q)

ks d

O'rﬂ
ol

case 1 €8teld = A o] 7](Sliding Mode Control, SMC)

vz o) #5715 7 SMC(Sliding model
control with dual friction parameter observer,SDB)

case 3 RENN¢} o]F vz nietulg #5715 2H= SMC
(SDB+RFNN)

case 2 °|%

2 ol SMC AlxHe
agel A wi vhsh o] 9
1

%
A
oz el FA ¥ FAY F
6(}:
_(])/]
|

27k AA L}E}LW °‘E}
TS NI skl Aolr] o5& %—7%17174
xﬂoimfﬂow Aels ddo]l Ay
. 23k WA Ao Al 2~wle
AAE yux Fote 73% ok Aleel] =g #

=2 zt2] &= SMC Al
HS GEsiA AoistrlolE A §ekA

Dm
§2 rlo b lo ob N 8 yo N IR

do o ¥0 & X B v Ao -ﬂ o rlo
b
o
o W
— N

Position input

--- Paosition output

-0.15 : [ !

Time (sec)

3" 5 SMC Al2"el 9ix £F AgA

Fig. 5 The position tracking result of the SMC system

7% 62 SDB Asgel W@ 2gdntE nelFa g
o A%, 28 6@AA 94 FEAkEel SMC Az v
a wel MM ATk ole 1Y 6b)~(delH AAR
BAREI)L FAEY vhE st EE Q4T GO 77

Position input

-« - Position output

rad

'
o 10 20 30 40
Time (sec)

(@) #Ix F=5Z2t

168

0.20

010

Nmirad

0.00 L L 1

0.0010

0.0008 -

0.0006 -

Nmsec/rad

0.0004 |-

0.0002

0.0000 . L L
0 10 20 30 40

Time (sec)

0.012

Nmsec/rad
[=]
$

0.000 L . L
o

Time (sec)

~

(d) py =T
O3 6 SDB AlAH el AHZADL
Fig. 6 Experimental results of the SDB system

Sho] wel ZAE wAEIE ®BAE7] wiolth. SMC
Alzglat vl o 9% FFo] ik RMS(root mean
square)#kel ¢ 60%7HA] FAaEgS , 19 7(a) 18I E 3
oA &eld 4= glty. SMCe SDB Alxwle] Ao ¢ 9
A7l 2 7 Zom SDB AAE Aojygye npz
Hoggkol F7hElo] ok k AA YEbyar 9t

1Y 8& SDBS RFENN 3#719F 2493 SRS
A3t SDB+RENS Al 2=glo] tigh H¥A7E Yefga 9
th 19 8a)e AAFETAN 18 8h)e Egd 2 F
ool vk BAAYHES vepdoh 1% 9@ ¥ % 3& 4T
B A3k SDB+RFNS Al&®le] Y] FFA 5ol SDBA
2o wlE] $1x FFLAIF oF 45% Fashe AT
Atk 18 9(b)ellA] SDB+RENS9 79 Aolglge] SMC



0.015

0.010
hi

0.005

rad

0.000

-0.005

-0.010 |

-0.015 . L .
0
Time (sec)

S22t

©
0
i
1

0.015

S BMC
——SDB
0.010

0.005 pi

0,000 |-

Nm

-0.005
-0.010 |-
-0.015 . L .
0 10 20 30 40
Time (sec)

(b) Hlof )=
3% 7 SMCe} SDB AlAEle| MHMs HlW
Fig. 7 Comparison of the control performance of the SMC
and SDB systems

E 3 HMoAr">S IXFELAS] gt ¥ RMSEt
Table 3 Mean and RMS values of the position tracking
error of each control system

Ao A] 228l H 3k (rad) RMS3# (rad)
SMC 9.76 < 10~ * 0.0073
SDB 9.01x10* 0.0047
SDB+RFNS 5.42%107° 0.0021
0.15

—— Position input
-+ - - Position output

rad

-0.15 r , ,

selold 2E9 olHEIIE 0|8 YIS ASH AR MOAAY o

Trans. KIEE. Vol. 59P, No. 2, JUN., 2010

o.012

0.008

0.004

Nm

0.000

=0.004

-0.008

-0.012
4]
Time (sec)
o Tu + T
a2 8 SDB+RFNS A|AH o]l A A D}
Fig. 8 Experimental results of the SDB+RFNS system

0010 =58
0.008 | —— SDB+RFNS

0.002
0.000

rad

0002 - |

-0.004

-0.006
-0.008 -

0,010 A 1 A 1 " 1
o 10 20 30 40

0.012

---SDB
—— SDB+RFNS
0.008

0.000 4

Nm

-0.012
Q

Time (sec)

(o) Mol

a3 9 SDBet SMC+SDB2| HMo{Ms Hlw
Fig. 9 Comparison of the control performance of the SDB
and SDB+RFNS systems

u, vhAng, weay 9 2o g wgetu gl
ol4 SDBe] 7ol wlsl Ao}l 2 vhehta gloiA
FRE B4S R 92e ¢ & A oYy 4PANRE
Baho] oF nh BI/VomE WEHIUY A FEL
37 olelnl, BAANS ;AR FAT WANE Fo
A W wo AU AN FFo| A5 & & AATh
169



HM7|&s =g X 59PA 25 20104 6¥

B =RoME Ay npEs zhe MEAAE 99X
A5 S MAE7] 98t Eelold Ro y|ukdk 23 g
w719 RENNS o] 438 E344S nAdsts Aloj7Hs
Aottt 28 olFntE BZ7|= &Eloldy RE Ao
of 7igte g AA7} o]Fojxlom, wxel whE mEvEE
FAsted ol &HAULE g Ayl B e
& $lstel RFNN 7|HE& HEsigen, o1 A7 9Jx F
TS MAseE ZoE A A Hd ARde=
RFNNE o] &3te] mz|e] npzd BIAAS ATdozH

& 3 Ao BAEY,

2Artel 2
B oeEe 20103dE Soluista sadTule] e
aho] AL

)
kl
Ao
ek

[1] Dahl, P., “Solid friction damping of mechanical vibrations,”
AIAA J., Vol 12, pp. 1675-1632, 1976.

[2] Canudas de Wit, C., Olsson, H., and Astrom, K. J., "A
new model for control of systems with friction,” IEEE
Trans. Autom. Control, Vol. 40(3), pp. 419-425, 1995.

[3] Dupong, P., Hayward, V., Armstrong, B., and Altpeter,
J., "Single state elasto-plastic friction models,” IEEE
Trans. Autom. Control, Vol. 47(5), pp. 787-792, 2002.

[4] Swevers, J., Al-Bender, F., Ganseman, C., and Prajogo,
T., "An integrated friction model structure with improved
presliding behavior for accurate friction structure,” IEEE
Trans. Automatic Control, Vol. 45(4), pp. 675-686, 2000.

[5] Choi, J. J,, Han, S. I, and Kim, J. S., "Development of
a novel dynamic friction model and precise tracking
control using adaptive back-stepping sliding mode
controller,” Mechatonics, Vol. 16, pp. 87-104, 2006.

[6] Al-Bender, F., Lampaert, V., and Swever, J., "The generalized
Maxwell-slip model: a novel model for friction simulation and
compensation,” IEEE Trans. Autom. Control, Vol. 50(11), pp.
1883-1837, 2005.

[7] Canudas de Wit, C. and Lischinsky, P., "Adaptive friction
compensation with partially known dynamic friction
model,” Int. J. Adapt. Control Signal Process., Vol. 11, pp.
65-80, 1997.

[8] Lischinsky, P., Canudas de Wit, C., and Morel, G.,
"Friction compensation for an industrial hydraulic
robot,” Control Sys. Magazine IEEE, Vol. 19(1), pp.
25 - 32, 1999.

9] Ge, S. S, Lee, T. H, and Ren, S. X., "Adaptive
friction compensation of servo mechanisms,” Int. ]J.
Syst. Sci., Vol. 32(4), pp. 523-532, 2001.

[10] Tan, Y., Chang, J., and Tan, T., "Adaptive backstepping

170

control and friction compensation for AC servo with
inertia and load wuncertainties,” IEEE Trans. Ind.
Electron., Vol. 50(5), pp. 944-952, 2003.

[11] Alvarez, L., Yi, J. G., Horowitz, R., and Olmos, L.,
"Dynamic friction model-based tire-road friction
estimation and emergency braking control,” J.
Dynamic System Measurement, Control, Vol. 127(3),
pp. 22-32, 2005.

[12] Li, L., Wang, F. Y., and Zhou, Q. Z., "Integrated
longitudinal and lateral tire/road friction modeling
and monitoring for vehicle motion control,” IEEE
Trans. Intell. Transp. Syst., Vol. 7(1), pp. 1-17, 2006.

[13] Huang, S. N., Tan, K. K, and Lee, T. H., "Adaptive
friction ~ compensation  using neural network
approximation,” IEEE Trans. Syst. Man Cybern.,
Vol. 30(4), pp. 551-557, 2000.

[14] Selmic, R. and Lewis, F. L., "Neural network approximation
of piecewise continuous functions: application to friction
compensation,” IEEE Trans. Neural Netw., Vol. 50(5), pp.
T45-751, 2002.

[15] Ha, Q. P., Bonchis, A., Rye, D. C., and Durrent-Whyte,
H. F., "Variable structure systems approach to friction
estimation and compensation,” In Proceedings of the
IEEE International Conference on Robotics and
automation, , vol. 4, pp. 3543-3548, 2000.

[16] Lin, C. T and Lee, C. S. G, Neural systems: a neural-fuzzy
synergism to intelligent systems, 1996 (Prenctice-Hall).

[17] Leu, Y. G., Lee, T. T., and Wang, W. Y., "On-line
tuning of fuzzy-neural networks for adaptive
control of nonlinear dynamic systems,” IEEE Trans.
System Man Cybernetics., Vol. 27(6), pp. 1034-1043,
1997.

[18] Lin, F. J., Hwang, W. J., and Wai, R. J,, "A supervisory
fuzzy neural network control system for tracking
periodic inputs,” IEEE Trans. Fuzzy System, Vol. 7(1),
pp. 41-52, 1997.

[19] Wai, R J. and Lin, F. J., "Fuzzy neural network sliding-mode
position controller for induction servo nmotor drive,” IEE Proc.
B, Electr. Power Appl., Vol. 146(3), pp. 297-308, 19909.

[20] Lin, F. J. and Wai, R. J., "Robust recurrent fuzzy
neural network control for linear synchronous motor
drive  system,” Neurocomputing, Vol. 50, pp.
365-390, 2003.

[21] Lin, C. H., "Adaptive recurrent fuzzy neural network
control for synchronous reluctance motor servo
drive,” IEE Proc. B, Electr. Power Appl, Vol
151(6), pp. 711-724, 2004.

[22] Peng, J. Z, Wang, Y. N, and Sun, W., "Trajectory
tracking control for mobile robot using recurrent fuzzy
cerebellar model articulation controller,” Neural Inform.
Process.~Lett. Rev., Vol. 11(1), pp. 15-23, 2007.

[23] Slotine, J. E. and Li, W., Applied nonlinear control,
1991 (Prentice-Hall, New Jersey).



RFENN A] A&
RENN 21743239 7} U9 2% Jdget 7|4 34
= ge3 2.

OAN) = wlwf OIN—1), i=1,2 (44)

wie 4EEe] JANFAE e

2
N
B
3
-
S
q
rlr
N
N
)
N
X
—o
>,
S
oty
&
Lo
~
e
=2
ot
1
off ol

& 2 (46)7 2ok

0"(V) = [T(O™ (M +whal), i=1,2 (46)

Jk=1...n

9714wl A 9 AANER kAA FAD B
dglom, ne 779 ol

Q
3
2

?rM

wll wl (N =wWL U, o=1 (47

wile kA A BAR 0N

g FERERA W= lwy, wy, wg, ) TelH, ulE
HA B9 w=q) YERE pdA 98 e
UV =il ull ull uflleltr, = 2] (47)& RFNNe| %

S oul g RFNN«] A A2 J}E}U]Ei stExe g At
(Gradient descent method)& ©]&3te] Fa3FP o,
(33)2] A&71HE 2 (48)F o] vEhYE 4 gt}

o> o Jf

seotoly oot OlERETE 0|83 Yeldt X

Zolst A58 2| MOojAIAH AT

Trans. KIEE. Vol. 59P, No. 2, JUN., 2010

i av, oV, oT, 00!
ko — um 6%0 - U ai_,u 800][/ BVV;W (48)
o7 U, U,
== "7 Yko ™ NS U
Nw oT ki n K

u

9 Homne AojAxHel Jacobian® 4 (49)s el
),

= —s (49)

AoEE awA Zol eAEe 4 G0 2ol mA™ &
ATt
oV, oV, oT, 00"

5=~ = ' =5 (50)
anet!” oT, a0 onet!V

£, 3 F9 eAFe A (GDI Lol BAY & 9

7 v v
sl — av, _78V2 oT, 00," onet, —sVulV
" oT, 00! onet!” onet! 0

(51)

3WA Fel 37t AE 4 (G2)l o AAE F STk

av, av, aT, a0 ametl” 0™

o7, 00" et 50" oull

sz[k = T ik otV -
ik

— v, IV, I
"]1k5 ’wllcvo U;

(52)

2HA T earge 2 (B3)I Zeo] xdEE 4 glom,

§ = — oV,
! onet!’
j
v, BTU 20" onetl” 20/ onet” OU
- E)%u 20" anetl” 20/ onet” BOjH fmet”
= N\ s ol
;k (2
(53)
m,‘j% k& 2 (54)o oJsf 7gAl=E 4 At
I I ~HIT
A T oV, 5 ;210 +wi; O (N=1) —m, ]
miJ N am = N j 5
oy
(54)
S48 shet

o, n, & HFACE Frel A Bitel Bt g
e ouls, s e Aol s AAE F vk

oV,
i 2 _
AU” “Ns o 38 sYj 3

171



HM7|&s =g X 59PA 25 20104 6¥

A7 mE ERAISE S

_/,\_
et e oulain], wle g Aol ofd A

oV,

)73
ow;;

m_ _
Awij_ Nij

Z[mi-—Oi[—w{{O-[I(N—l)]
= 0] —— 7 — 0f'(N-1)
o

(56)

1 -
wlel gAFHL 4 (D3 2

av,
Awl = — 2
! K Bwl-j
2[m,. — O!— w0 (N—1
= 3o 2 OO g )
J ij
(57

egzel gast BEAl BE AFAE oo 4

w/(N+1) =w!(N) + Aw] (58)
wi(N+1) = w/i(N) + Aw! (59)
Jij(N—Fl) :Uij(N)+AOij (60)
m(N+1) =m;(N) + Am,; (61)
wh (N+1) =w) (V) + Aw], 62)

g Mo (B KB
1987d 24 L > =

(BFAh). 19894 249 FAkoistw 7] A8 g
I ZA(AA. 1995d 29 Fabistuw
7| A A S8t £3(PhD.). 19954 29
~ 20099 8¢ w=XALNE A7 AE 3
I Fag 20009 9€ ~ dA Folug)
A7) F e ATas

Tel : 051-200-6950

Fax @ 051-200-7743

E-mail : snikhan@gmail.com

i —(E
2
=
£

172

of & & (F & B)

19924 Folleta A7)t £(3
A, 19941 Fobrsta 471380 4
(A1), 2000 Folrjsta 733

<4 (Ph.D.). 2005 ~ 2006 "= X
A ol8l Post-Doc 479, 20008 ~ &
Al g Eed gEddt g3 F
EASS

Tel : 055-830-3482

Fax : 055-830-3489

E-mail : airlee011@hanmail.net

of # = (F # #

)
1977 SEdsta edagy S48

Tel : 051-200-7739
Fax : 051-200-7743
E-mail : kslee@dau.ac.kr

2 8 Z(@m % &)

1979 Agdigta EQEAE. 1981d
Agd digtd Wr1EEy 9(AAh.
19861 A&l gt A7y £4
(Ph.D.). 1982 ~ @A d=roista A
AR BEHR 05

Tel @ 031-8005-3603

Fax : 031-8005-3622

E-mail : hdnam@dankook.ac.kr

A

i



