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Abstract
This paper presents the robust stability analysis and design methodology of the fuzzy feedback linearization control
systems. Uncertainty and disturbances with known bounds are assumed to be included in the Takagi-Sugeno (TS) fuzzy
models representing the nonlinear plants. L, robust stability of the closed system is analyzed by casting the systems

into the diagonal norm bounded linear differential inclusions (DNLDI) formulation. Based on the linear matrix inequality
(LMI) optimization programming, a numerical method. for finding the maximum stable ranges of the fuzzy feedback
linearization control gains is also proposed. To verify the effectiveness of the proposed scheme, the robust stability

analysis and control design examples are given.

Key words: L, robust stability, feedback linearization, fuzzy control, linear matrix inequalities, Takagi-Sugeno fuzzy

model

1. &7
HA 2d 7iHS vjxyg AlxH
2AY BRAYS ke A2dL

Hol detA A Ag7A PES 23 o
P gt [2-8]. AwHFQ =W MY JPPHLS A2
vy A8 AAFeEN D AFRE
. a3y, MAdY AlaFlE Sdsted 2 E4A3E #n
AE, oA ZAHE HA By /UL 0§89 HFFLE
A A2He Y 84E B g4 vedz AAE + A
A HA. ojzle] vz HA F=w A3} 7Yl
Takagi-Sugeno (TS) 2dlS 7|¥te 2 & 52 =9 4F
3} Aoj7iyo] shdE o} F[2], ThFR AAA et FHEA o 7]
ol ole] HEEHI] AP35, 78 2 FAA FHE HA
sl H¥3 e B84 £ tig Lyapunov A
A @Ml 7hsdEd, FERALR BT FHE A Y7 o
Fol A EAMs Ao A ol BT FAE
Zt3 Qe olHE FAA ZW-g uHIIUL W, HA A=

HEAdX} o 20034
b2 AKX} - 2003

53
74

168
10ed

582

A3 ZIHe Ui 20 AR AHe Hg #A m=dy A
Y3l Al2flo Lyapunov U4AA sidHG BEZ4HA 24
E J4dsted 2o #f8381g [6-8].

Alzde A N Fag F9AX AFHUR,
Multivariable Circle Criteriong o] 83 739 AHA =4 2
AAEY ol YeluA HAe [6-7]. AT ol g WS R
¥ =AF0 #FAY BN dRgE BHo F7) g, AAE
Aol ARHo 2 HEslede 2 /1A EAHE 71T I
t}. olof thal, sfjAstolA HE AF K54 (LMI) o]&0] A
FA B33 A Aol Al2"Y 3G AYNAE =f #
€3 WHoE AEEHIT JYTHY, 10] LMIO|EE A Eo 2R
Alzdl3) Aojo]EoA otrlEe tge FAHES 9A HZ
Hefol LMITZE AW convex ¥ quasicconvex 3} &
Aoz FY £ Ath 53], o]k LMI ¥y AAAA 3
Aol g &o HA Alo] FAlo] dsAM AAH JAUYYS
A A FH11-14].

HA F=u) A3 Ao] Al2=de £A G B7] Hsh
M, 2RE FAFHeR HAT & s LMI 7Nk 7l AF
A4 Zo] azke] AFelA AAHNUG (8] Y, 2T 4
FolAE ©Ed] GGG SAATE AASIEE 8, A7 HA
of #BIAME AFIA Fskrh B ol HFEZ A AFS
IMI x2 Hilsiede £ 331y 28 B33 34|
Hesgth

E =2dAMe TS Hx Zdg o4 Al Hx ey A



IMIE 7Ittez

Bgt Ao Al2"le] kYol tid 2] AUFA 2L o
& X*°171 AA daA d7atdoh TS HA =d 7|4k Ao
v de 49 AXFE gezw wdy A2hS ZHY §
%lE A WE ASAAR BHASA AvEHn AG (1),
1112]. =] = JZ3} Ao] Al2g]e] A tgd Y
< dsiA, RdgolA opviHle EFAALY Al HAE Ao
3 7pggot olf g 74 Stell LMI 7|8k} convex 43}

He FHEstY dHSF= A2ge L, 29 <AHAFE shygch
QA  FAl= Diagonal Norm  Linear Differential
Inclusions(DNLDI)& #) £} Generalized Eigenvalue

Problem(GEVP)2 H#3le] maigich ket St A &l 4y
& 7iyte g, Aoyl dAdMe HA d=w] H¥P3 o] o]
59 Ho 943 998 FU) A AAFL F=H sHE A
Lia=s

B =5, 284 HA H=9 A3t Aol 7Y ois)
A =3t Qar, 3FAAME HFAF U 2] siMEy A
o] &% Aoyl MA WY Mysiy ok AtH s
Hak Aolr] A whHe] 4%5E, 430M EYAR 2dE o
%61 2o A¥EE FiA RAFT gtk vpAITto g 570 A

T 2 Ao ug ARE 29ste Fe3ta Ut

n.‘[o

2. Takagi-Sugeno 59 7|yto] 9= v=u] HFg A o]

TS A mde e 28 BA FAL AHgsd HuY
A2=dg et
iR WA T

IF x is Myand k is Myand - and 2"V is M,
THEN x'"=( a;+ Ada;(¢))T - x+(b;+db,(t))u+d
i=1,2,,7
3714, "I T Abg s AE
Eoli, @, Aa;(t)ER‘ "oli b, Ab{HER olu,
deR € ©g9 L, T &3te A & 9@g
EPA T

)

x=[x, %,

[ om d(H2dt ¢ o @

EAE

Zélﬁﬂﬂ%k

=8, M;e WA Pgelm, re HA FHe As
2elm,  da(t), db(t)E Ax@ el A
A =uY Bl

Aol iR TS WA mde ohhAY fEd

r“_ﬂ. h-l

| XN
E

A
T

of=
HAE
At
#7° h(HCart 2a,(4)7 - 2+ b+ Ab(D)u) +d

®)

714, wi( x ): ﬁ M,-,»(x“'”), hi( I)ZM
=1 lei( x)
M =V & xYPe 2&SFolg. B =gAAE

wlx) 20 ,i=1.2.,7, f‘;]wi( ) > 0 23 A4sAck

2822, k(%) 20, =127, Rhlx) = 1

@)H0] AoiFtsar] AaAE dels Mol A ghol] 3
= xol WA 2’ R x)b; # 0 ololok T} whef ol
7t =dE "Jéiﬂ-ﬂ @) H BEAGo] EslR] Y=
o, da;=0, 46,=0, d=0°13 @)2AN Yeld HZA
s=w Ay Aoj7l7t @)U MHPHE AAY & e ®

o oldal, G)A# Ze AgS MYs A2 (exact
linearization) YtEo] ¥ 4 At}

@

HA mE=s MEE Ao AR |2

» T
z sl ) (ag - a") x

o a;” - x_, lz;:‘h,»( % e -x : @
Zlhi( x)b, Zlh,-( x)b,

714 AHR"E e, , b, , h{x)E i3)2Y HA mdA

AeE A gow, a,e R'e AW AWH A2 (exact

E ptE 3§

= BEse Yol HuEoln.

linearized system), (5)&

M= a, - x ©)

e G)e HEHow rAsich 2y, A EA A
2% A9, BEFAAHY ASe EAIEHA EAE £l gloh
I B E, exact linearized system& IFo 2 o= AL

= AT

e ZPolth. B =EolME o9 e EAE A”I7
A 29 AL ATHAL, TeH 2 AFHE 1
#shade.

™)) -

, T
u ( aRT+ xZ}llz,-(x)( a;, - a; x

lz:lh,‘( X )b,

©)
agp € R'v EZUAA of7jHe d@e Zo7] #siA
27h8 Qe wEolt,
4% 2 dYFEEA, ()N 2 AFZ 2GS T
¢ 4 stk
x(n)=

7] A,

aN(t) =

adT- x + aN(t)T x + d

7
apt+ Z}Ih,-( x) da(t)

S a2 bt
{2 h(x) Cagt ag— a;)}
Z:]h,(x)b, =1
ol@A dojd (Aol e B B NMA agel 4A
o] tisie oo ZAoA dusiz gt

@)

3.1 Z2d 434 Y 2 HA = HYs
Aol A% AA

31 L, %9 g4 A4
L, 29 484 814 sl &4, L, ¥34 o€
A4 AEHE B 289 o8 QWS 27h5AT
A9 L YD 29 (w, 2) VA B [ wlwdt (o0
oA BeAA, B 27t OF VEHE L,F0) EATGE, 3
Az"e Ly, 3stoia ek
fom 2Tz dt <

g

gl

®

A9 2 98 29U (w, 2z) o Fd dElA Ly o
52 (10)7 2o} Bel@ch.

sup ||2”2

”wllz*o “sz

(10)

3L BLO.

4714, w9 L, H(morm)e AF FL Hqu:foquudt
oli, 149 HnA+ 0go] old BE FHE <§7|dch

K

B9 3 L, ©]5°] 1 o]3to|d, 1 Al&F]E FFdo] gtk
(nonexpansive)etir off 7]ttt

FAAA L, 349 248 757 HA, HFZ AxF
A (e DNLDI?Z:E u#ch DNLDI & 222 3ol 284
& AW = ol5g ZE Y Axdold. HET A|2FE

[o]
7‘5’51‘_

o) ¥ DNLDI e go) FojTh

583



x| ¥ X|sAIA" &35 2008, Vol 13, No. 5

x= Ax + Bp + w
p = 4@)Cx, z = Dx 11)
oq71A,
0 1 0 0
0 0 1 - 0
A= [0 0 0 1| eR™,
Ay 2@ a.da 2 4n
000 — 0 € 00 ~ 0
000 — 0 0c, 0~ 0
B=1000 0| € R™, C=100¢ - 0] «R™,
111 -1 000 o
8, () 0 0 - 0
0 &) 0 - 0
a(t) = 0 0 &) ~ 0
0 0 0 8,(t)
S (8) if c. + 0
8(t) = c e (12)
0 if ¢, =0
AFZA |day()| < ¢; = 1,2, , n (13)
g, pTp < xTCTCx (14)
0
0
D=IsR™", p=R", zeR", w=| (0|eR" (15)
d

Fo1: (Aol ¢; G = 1, 2, -, n)E (13)9 A%x
Ag BEshe g0l ofd 4% gol A, C 7t (149 Askz
AL wEHae izt o Wb 3% PH(diagonal positive
semidefinite matrix) 4 ok old, weF daylH = 03
2ol gl gste BgdAe) EAA vy, ¢ 7F F
Aol B+ dve A Feldo BTk 2F A A
BNe s ¢; (7= 1,2, -, )& Ad3l=
A Ak 154 w £ okHAFE L, T3kl
AR A gL Rz HE WY} FSolth 2L, =2
deda x o 22 £¥ojth

fow wl w dt ( o
A7 1 e gg W)Y ¥5AE
r 207 EAggd, A" (1)
LyolSe yuth et

ATP+ PA+DTD+rCTC PB P
BTP -l 0 [<0 17
P 0 Y |
39 : 9o A 9 pTp < 2TCTCx & VEFHE xot
o o 8| A (18)2] & kLR PR 22k CEs
V(x) = xTPx 7 28z, ag P> 0, y= 0 g2
7} A & A}
%V(x) + 27z — YPwTw
= xT(ATP+PA+D™D) x + 2 x"PBp +2Pw — FwTw
<0 (18)
LMI7]*] %, S-x & (S-procedure) [9]E Al&-3H (18)4]2 oh&
9 R348 wEs= Pt EAdle A Bk

ATP+ PA+ D™D+ CTC PB P
B™P -1 0
P 0 — I
(10)8] L,o150] yRT At AL Roly] HAsf (18)2E 0
2eg T7HR ZEJh olwfe] 27|2de (1928 €7 {38
A x2(0) = 0 = g

vx(T) + [ (2"

<0

— PwTw) dt <0 (19)

Vix(T)) =20 cl22 y=
HZ”z

Nwll, @0)

<7

axeg, g8 A AN AAH g 2/ EAEVD)
g dAgezA L, o|59 Hugt HAE 78 5 Uk

P>0,720,
ATP+ PA+ D'D+rCTC PB P
BTP —I 0 <0
P 0 e
(21)

2 21)E wEATE v .
A 18 7oz AN HAAAE ofdet Zol 84T F
At

2
b
2
b
e
vl

STEP 1. (7)) 7 22 #HFx A28 (11)21¢] DNLDIE Ao
2 Hggn

STEP 2. %% Aol b9}E XY ¢; (i=1, 2,
Ade g

P

.,n)

STEP 3. Ae) 1¢) b4 2Ag FARG oA9 dude 4
A A7 s,
STEP 4. wreb AP EVPY &9 7,507 EAWcHE, 1

HEZ Axge L, Ader ZA ¢Astch 28xn, L, 9
5& yon 20 Foh

w3, o2 fEHE dEY AN 2HE UEY BE 4

FE EdA 94¥gol gle Alx%(unforced system)ol] w3k
Lyapunov 2t34 sldees 414 &34 & o
BxAe L vk 22)9) LMIE B P> 0% 20

7t 2AFYE, x=0& 4=04% HAFZ A2 7)A o

2ogel Qe A% AY P YH(globally attractive
equilibrium)e] t}.
AP+ PA+DTD+:CTC PB P
BTP -l 0 [0 (22
P 0 |

of)

9 : 2% Bg Zmas) wad.

32, 39 A4AH{ A= AA

729 AT A2"e AAs7] AAAE, FHE Vo W
Auel A HEZ Aa" e L, o15L fFAAZ F Ue
ad L, 722 %AA WeE AAs|or It (13)9 A%z
Ao ZRE .EF FE2  AdAN f=H fan(t)]

JE’.
j= 1,2 -, n ) 4B Aoz BFY £ Ao 39
B2, ayd 29 HAY 99 AN AdAE,
F = Ve & VEHE R 1949 B 2 o T Fohy

& HH3 ZA(W)E HAFeEH 92
, ¢, o AAEgE



LMIE 7|&gt
ATP+ PA+ D™D+ CT’C PB P
BTP 74 0 <0 ()
P 0 — P I

QY dalY wANs HHs EAE)E JYHos
A@FE A olFTh WA, ()4 st wpEsel o
@ HH8 TAZ 2IGoA, PEARN A2¥E (234
o e AT AE P Qe s

¢ 7h OHE BEFE AR Fohanh

Pi> 0 s T >0 N
ATP,+ P,A+D™D+r,CTC, P,B P,
BP; -0l 0 <0 (24)
P 0 Yl
og7)x, Ci = diag( 0, -, 0, ¢,0,~,0)
wepel 4, = o = gAY, 9 AN AE

(254 GEVPZ 42tg 4 it
(25)4€ doldl F, o8 BEIE A, o Avge ok

;20
P00, 2s0
ATP,+ P,A+D™D+Ar,ETE, P.B pP;

B7TP, -1 0 <0

Pi 0 _72max 1
(25)

C;

A7M, E; = —* elth
!

ae22 99 GEVPE Z FHE LMIH A3} 71j & o] &3 A
4A A4 5 Aotk [10].
(25)4] GEVP9] &g A, (i =

3. 22Yd,

1, 2, =, n)& AY
ool #HE BAY d= o = V4,

(i = 1,2, -, »n) AP ved F Uk Gr)A,
T G L AN BAQ)E BESE A7t 5]
of ¥F3tA gtie RS Fslof ot

C, = diag( 0, .0, ¢.0, - » 0 g

—i—1— — n—z —
) 0 n —_
C = 0 = Z::I C; o a4, (26)

0 - c,
(17)2le] Agdcts AL BAE 4 Qioh 1dm=, AEE 3
£ 7] YelME ozt F4o] Wasy £48 C™ £ ¢
St o] veld 4 gl

Ve 0 0

o
0
0
0

e odlo
.9|Oo

4e 200, 7)) C™ o) WaA Aa 1o] PP B
EER=N -
A 2 (27)9] C™ o] 3]+, LMI L2
wEEE P> 0 S >0 7 EAF

AR =2d (2808

ATP+ PA+DT™D+7 C*'C* PB P
BTp —I 0 <0 (28
P 0 A |

o=z 3F HX m=e MEE Mo Alagel 12 2ol otEY iy

of¥
&

(i= 1,2 -, 2)e H43 2AD 299 &
Bo, & o] tisiA thEo] AYPFrh
ATP,+ P,A+D™D+7, C,”C, P,B P,
BTP, -l 0
P,— 0 _72maxl

<, n)el ugE

<0 (29)

2, 9 v 3388 (negative semi-definite matrix)
= v A

o] EdogRE (30)4 =% H4EIT.
ATP.+P,A+ D™D+, C,/C;, P.B P,
L BTP, ~Td 0 <0 (30)
= 2 0 Pl
(30)412 thAl JERE Appendix (31)213 o] AT 4 U
o oW, C; o 542 ojgsN (324 44 2Y + 9
=2 3
2T —=T = n e
ZJC C; z_:\[: C )(ZFC) (32)
BLAE olgal (32)4& RECY (3347 go] vehd +
ot} (33)01} P9} = 1g&s 9= oz Md3aL
P = Z:L and 7 = Z::;r’— (34)
I 3o 27)3 BH)E )&, (33)L ot et To] Vel
ATP+PA+D™D+7 C*'C™ PB P
BTP -l 0 <0 (35)
P 0 _yzmaxI

aemg, @) C™ o WM, LMl L,
wESHe PO 0 9 r>0 7 EAUc.

B2 Wk @) Cm o waA AW @),
o, e, o v Ads 2AA 23)9 A2 st 2
4 g 2dEE, F(i=-1 2 -, n)c B 1 @
2707 4@ AL B ¢; (i = 1, 2, =, n )E ARE
& A AYTh agel WelA AL b5 89| ay (o) |
= ASUOA, a0 AU XA P4 LW 2e ARS
2 Jehd 4 2loh. Appendix (36)

AN =1 (28

Aol7] A7 AL AP 84T £ o
STEP 1. #il&= A2 (7)& DNLDI (11) Aoz W)
STEP 2. GEVP (25)& st}
STEP 3. 27)9] C"OZRE a,° GAWY (36} Fopdirt.
STEP 4. A3 Bo)oll A HGg a5 M7l

4. =29 239
ag 194 RdFEn AT =YAA Aol disiM Ads B
zZh o] = Az i AlxE WAAHe thea 21l
X = Xo
i, =f(x) + g(x) u + d(#)

gsin(x)) — amix}sin(2x,)/2 — acos(xu
41/3—amicos®(x,))

+d(t) (37

A71M, x =[x 217 olm, x& FIFEN =¥A
Ak AL ez, x,E A&EZE g e

g = 9.8m/s® olv, m & AR TAE Jedh M &
-rBﬂ«l ZAE EAsH, 28R ol 2/t e FIE
o HE&HE Ao gFolth 4(2) £ AL AT en,

585



HA g XsAMAR &8 2003, Vol 13, No. 5

a=—zrolth RodYE AsH m=2.0ks M=8.0kg,

aEa, 271 = 1.0m 2 U0
5 WAY (7 o F e AT 27 2004

BoFa Qe AR 2de ALE ASTFE /AT 2448
# % gk |
Rule 1 : IF x is about 0

THEN i=( ai+ da, ()7 x+(b,+4b,(t))u+d
Rule 2 : IF x is about + % (] x| <)

THEN i=( ay+ Aa,(t)T- x4 (by+ 4b () ut+d (38)
(38) A& gAY Fx2 5 3tk

£= S A at da (D)7 x4 b+ db (D)) +d  (39)

wl x)

47N, wlx)= T MfxV™), hfx)=— o]
=1 Ile‘( x)

i,

[ = _ _ 5 -
o=z o=t 0L az—[mlﬁz—) 0]=19.35 01,

[ / Y 7 S
b == gt ~ 0N, b= = 0.0052

Rulel
0 0 Xt 90fdeg)
g 2 24 ¥
da,(8) , da,(t), 4b(t) , Ab ()7} FARND Yo

ool MY 999 WY gl EAFOT AT
1 <day(t) <1, 05 <day(t) <05, -1 <da, (¢) <1,
05 <day(t) <05, -0001 <4b(¢) < 0001,
-0.001 <4b,(¢) <0.001
3ol A cir1sln Sl Ay Aoyl AANME (40)
A 2L F=d 483 Aol wIEAE AMEgh
ap + Z’} hx)( aqu a’) - x
u = =l (40)
,Z:lhi( x)bi
a3, @0)AE (@39l didgomn ofefe] HF
Rakis=2

Z AT

Tox + ay®dT-x + d

e Z;h,-(x) da,(t) - x

X = ay
A7IM, ap() = @

S R x)db(t)
+ BT (S h(x) Cagt ap= @) - x) @)
Talx)e T

41 L, 39 234 AH
;= 11 % ag = 13 )& e s=y days Ao A
299 29 AL AN BT

STEP 1. #l&#= A|2¥] (41)& DNLDI (42)2j o2 e}k

x= Ax + Bp + w,
p = Mt)Cx, z= Dx (42
o714,

586

_ 0 1 _ {00 _ ¢ O
A’[—l 1]'3‘[11] ¢ [olcz'
(D
_ [ &0 e
(43)
Az : | day(t) | < ¢; (i = 1,2 E=

pTp < xTCTCx
STEP 2. o}ejo} 22 A& 3, ¢; (7 = 1,

max
= 1dbLD)
c1=lagl+ m?x lda’](t)|+—lrr1im4— m?x lag+ am—ayh
1 7
= 8.088
max
* 1ab D)
a. ax
cr=lagl+ T (day()l+—— " T lag+ap—ag)

i
= 4268
STEP 3. LMI 7] FolA W4&
9 GEVPE 3s|dgc} [10][15]
@)L w3 7 o HAFgE I

ol &Y HHE AHES

ATP+ PA+ D™D+ CTC PR
P00, 720, BTP - 0 |0 (44
P 0 -7I

GEVPY AHAZ g o3 dud.
=(.0381 with 7=0.0231 and

p=[ 1.7190 0.0159
0.0159 0.0388)"

(45
STEP 4. y_,. >0 HGs EVP aj7} Ex)57] d &, 62
A2" @1)e L, BHAA 29 gAs 23, L,o)s
0.03813.ch =hc}.

7 min

RS)

3
o
fo
Y min =

42, 7 AAF Aoj7) dA
a; = [l 1% Ze FA=Y d¥g Alo] Alx"ld digA,
ag » j=1,290 g Aolr} dA EAE HztsiAt

STEP 1. #§F = A& DNLDIXow wgsic)
o Ao} tgA sfMefiAe] 3 WA dAt 2o
STEP 2. j=1,29 W (25)9 GEVP—» A
GEVPE sjA¥o 24 [15] b&& ook
j= 1w : A = 133. 3332, ¢ = 11.547,

@ - oons - [FR 53] w
j= 2% : A, = 555.5556 , ¢, = 23.5702 ,

— 2 _ [0.2077 0.0188
= 0.0015, P, = [0.0188 0.0006] )

o] gAE

AN, ¥ = Yp =0.01 2 FREAC
STEP 3. C"2%E), g 248 398 Fohar)
C"E ANS ABE T 2o
[ 0 G 0 16.667 “8)
2HBRE, g9 2 HH F9e @9z BA 53
MaX 254 D)
‘am lagl + m?‘x |da (D] + lm@n o ( m?‘X lag + ap— ayl)<8.165
X | 4b D)
:m lagl+ T day(l+— o o B {6+ ag— agl)<16.667

(49)



LMIE 7(tte =

STEP 4. A% (49)01“1 GG e HAEFch
2¥ 3.2 (@9)M < ap% apd 995 HAF1 ok
7|4 wiAESg ak 02 ap =25, ap = -8 & AHP

]
J
3

|

b S .

~

4. A& d(¢
29 5 ap % apd 9 TE 4 ad 40

2o APoix 1y 49 72
dog ALgdlged, 1% 59 a9
29 4% ZA4E vgin Joh E3
7% Z3e] Alzhel] disiA E"‘;EP—

d=#H £899 L, norm

2 (T, T _ 2 e
|IWI|2—fo w'w dt= fo AP dt = 10

dHE 9
o] 09 = ¢
Hee A%

3wl
1 %i r1r

(0)

a_ (T, r _(®.T -
1z 1= [~ 27z dt= J, *7x dt = 00858 1)

a¥es, L,

o5&
sup ”2”5
Newll,#0 llwlf
2o 439 Afe AFE A2E (o] L, THAM %
W 3 FE AL dgsiz glen, L2 o] 5ol HA =

STEP2 o olajr] A& 0018 Fe AL RAFm o}

= 0.00858 (52)

3

5. dg

& =xcdMe HA A=W HYPs Aol Al=Fd Wi LMI
ZIvke] L, 241 444 siA g Alor] A g At g
o TS #A 2l 7[Yg o]&3td Ao e wdd &
of, A AHF AJr] A JdME HEZ A2
DNLDI 8 GEVP 722 Wasld <X a4 uye g8
o 29 485 FaA ALE 34 e Agstd Al
e ¢349E EHHT. L, ol50] A #3& FA &
& 00180 e e BASEH L,@WdM BT +4
Hog Wyl ok ola}, Lyapunov SHIA A4S )8 A

rO

!
a

l>

delds xo g S RFHEA Lapunov QA &4
€ 53 dH=E Ko

24 5 S 19 2ol 4949

st Mol AjARlel 2

zeol oty

g 8.

AlZtyistof Mg & W

2aEd

[1]Takagi, T., Sugeno, M., Fuzzy Identification of systems
and its applications to modeling and control, IEEE Trans.
Syst., Man, Cybern. 1985, 15(1) pp.116-132

[2]Sugeno, M.,
Tokyo, 1988

[3]Y.-W. Cho, C.-W. Park, J.-H. Kim and M. Park, "Indirect
model reference adaptive fuzzy control of dynamic fuzzy
state space model", 1IEE Proc.-Control Theory Appl, vol.
148, No. 4, July, 2001

[4]Fischle, K. and Schroder, D., An improved stable adaptive
fuzzy control method, IEEE Trans. Fuzzy Systems, 1999,
7(1) pp.27-40

[5]Tsay, D. L, Chung, H. Y. and Lee, C. ], The adaptive
control of nonlinear systems using the Sugeno-type of
fuzzy logic, IEEE Trans. Fuzzy Systems, 1999, 7(2)
pp.225-229

[6]Fuh, C. C.,, Tung, P. C., Robust stability analysis of fuzzy
control systems, Fuzzy Sets and Systems, 1997, 88(3)
Ppp-289-298

[7]JKang, H. J., Kwon, C, Lee, C. H. and Park, M. Robust
stability analysis and design method for the fuzzy
feedback linearization regulator, IEEE Trans. Fuzzy
Systems, 1998, 6(4) pp.464-472

[B]Park, C. W, Kang, H. Y. Yee, Y. H and Park, M,
Numerical robust stablity analysis of fuzzy feedback
linearization regulator based on linear matrix ineuqality
approach, 1IEE Proc.-Control Theory Appl, in press

[9]Boyd, S., Linear matrix inequalities in systems and control
theory, SIAM, Philadelphia, 1994

[10]Nesterov, Y., Nemirovsky, A., Interior-point polynomial
methods in convex programming, SIAM, Philadelphia,
1994

[11]Wang, H. O., Tanaka, K., Grifiin, F. G., An approach to

Fuzzy control, Nikangoubyou-Shinnbun-sha,

587



A ® XsAA" &3 2003, Vol 13, No. 5

fuzzy control of nonlinear system: stability and design

issues’, IEEE Trans. Fuzzy Systems, 1996, 4(1) pp.14-23
[12]Tanaka, K., lkeda, T., Wang, H. O., Robust stabilization

of a class of uncertain nonlinear systems via fuzzy

control: quadratic stabilizability, H™ control theory, and
linear matrix inequalities, IEEE Trans. Fuzzy Systems,
1996, 4(1) pp.1-13

[13]Kim, E., Kang, H. J., and Park, M., Numerical stability
analysis of fuzzy control systems via quadratic
programming and linear matrix inequalities, IEEE Trans.
Fuzzy Systems, 1999, 29(4) pp.333-346

[14]Kim, E. and Kim D., Stability analysis and synthesis for
an affine fuzzy system via LMI and ILMI: discrete case,
IEEE Trans. Syst, Man and Cybernetics, 2001, 31(1)
pp-132-140

[15]Gahinet, P., Nemirovski, A., Laub, A, and Chilali, M.,
LMI Control Toolbox, The MathWorks, Inc., Natick, 1995

[16]Vidyasagar, M. Nonlinear system analysis, Prentice-Hall,
Englewood Cliffs, 1993

¢ (=12 =, n )7} Adz (13 FEse o
o}o] okl MSzh (positive real scalar)g 78 4 Aotz 3ty
BE, ¢; (j= 1,2, -, n)e 7189 AyL s
A | oay(e) | o A2 A% g Aok

Pay(t) | o 4 49 g 271 3, ¢)2E Al

e A} g rx2 Yehdd:
(D= ap+ 3 h{x(D)da, (D

z’:h(x(t))Ab,.(t) .
’,4—* 2 2 (DN ay+ ag—ay) (A1)
Z:: (x(D)p, !

i

(i =1,
a3YE, AF7AA 7R 7tz ARgd o
o -‘%%—*—l (A2)o) HH7ot

B alx()=1 and ™ p(x(p)=1

2, -, m )
o)X, BE ;

law(DI= lagl+1 2 bL#(D)da ()]

N IC OV IO
-f_l’—_ X h{x(O)Naytag_ayl
2, hx(D)b; =

(A2)
(A2)9 £ d= 5 WAL A WA WEL (A (AHS

LS

X () da (D | < m?x | da ) | (A3)

N IC N TONE
“‘;,;7 Z h,‘(x(t))(ad,"f'llm - a,‘,‘)
= h(x(0)b;
| A82) | max
S —t———— ( "™ gy tagy — ayl)
b
(A4)
a3y, ofe] FEALe EE jo i Jy gt
MEX 4648
lay(D<lagl+ T2 |Aa,,(:>|+’me X Nag+ ag—a))

a3Eg, Z1E9 HHAE A)rt e AP MY EN
(A5)E A

588

T 146 (1))

max
l agj

c;=lagl+ mj.‘x |[da(H]+ +ag—a)

)
1, 2, =, n (A.5)

ns B
Bz g9 18 9387 98 29 Az 30] "wasioh

A9 3: ds 22 A2FE 1 B
x= Ax()+ Be(d), D= Cx(d

e(H= u(H— ¢, ¥(1] (B.1)
o 7] A, wHeR", wu(HeR™, yHeR' °o)m,
A, B, C& ¢%e& AFE zZe Yot 1y,
O R .xR'—R™= 0(t, 0)=10, Vt2= (& W53}
viek olefe] A 2AL VFICH, x= 05 ARYH] gi=

Nedel Ao PPl

i) @ & # 9 Lipschitz J4;&(globally Lipschitz continuous)
ook %,

I o(ty)—0(ty) Il < £ ll y— 3,1, V20, Vy, »eR
g WEANE 45 prh EAB

i) ( A,B)E 7H448E 23, ( C,A)E 7HaE4
& 2ev

iii) 245 Pgeo] FolAE AL L, dFs

29 o] Yo e S92 FT=E [16]9M RBolz Ut
Bz 1§ F937] A HF=Z A2" ()& B)FH 2
ol vrEpdIT),
o714,
0 1 0 0 0 0 0 0
0 0 1 0 0 0 0 0
A=[0 0 0 1y, B={ 0 0 0 0 ,
ag ag ag - ag -1 -1 -1 - -1
100 0 an(® 0 0 0
010 0 0 ap®» 0 0
c=[001 ~ 0f &= 0 an(® 0o |
000 - 1 0 0 0 - oapd
0
0
u = 0 (B.2)
~d
ap(e € j, tof dElAM gdeje] ¥ ko EAlE] Q&
o, B& ol disiM || &) || < p&lm AR 4 Uk o
714, pe 99 TS Zedh 28eg, 999 20 9
1, ¥200 tisiA thge K540 HP3ch
o)y, — &) 3, 1I
=1l 6D (y—y) I <1 @) Iy =3 I < el y— 3, |l
(B.3)
ase=, &(t) globally Lipschitz continuous3} i,

(AN ,B)st ( (WM ,A)E ayo 28] 47 Ao
Vestn @& sbwEith. dnzez, LMIBAHE UES=
P> 0 r2> 07 EATTE, o] Fofzl Al2"e A



LMIE Z(te g 3t HX| =8 M85t Mo A|AES 2 Zel oty M sy
g 14 os)M L, AA3h
ATP+ PA+ D'D+:CTC PB p
BTP -l 0 <0
P 0 -7I
(B4)
a8eg, g 34 g3, x=0= A9 d¥ige] gle
Alz="of g [ FEPHojrt |
25 C
. P, . P v T m — . P . P.
T i A T a3 T Li i
A(zzln )+(§1n )i+DD+:Z“'1nCi : (Zln_)B (:z::l” )
a P, n T
BT(Z ) (T 0 <0
(5L 0 ~ P T
' (31
BTE ) “(REI 0 [<0
P, 33
(2 0 =T I )
max ma;lx I 4b(t) | max
g | lag 1+ ™ da() | + e (™ |4, tay — a,l) <
;b (36)
j =1, 2, , n
A XA Al
Ph 1 +82-2-2123-2868
Chang-Ho Hyun Fan  : 60-2-312.9933
was bormn in Seoul, Korea. He received the . . .
E-mail : cwpark@yeics.yonsei.ac.kr

B.S. degree in control and instrumentation
engineering from Kwangwoon University and
M.S. degree in electrical and electronic
engineering from Yonsei University, Seoul,
Korea, in 1999 and 2002, respectively. He is
currently taking a doctoral courseto in
electrical and electronic engineering at Yonsei
University, Seoul, Korea. His current research interests include

fuzzy control theory and nonlinear control theory.

Phone @ +82-2-2123-2863
Fax 1 +82-2-312-2333
E-mail : hhyun6@hotmail.com

Chang-Woo Park

was born in Seoul, Korea, in 1973. He
received the B.S. degree in electronics from
Korea University and M.S. degree and Ph.D
degree in electronics from Yonsei University,
Seoul, Korea, in 1997 and 1999, respectively.
He is currently working for KETI, Kyunggi,
Korea. His current research interests include
fuzzy control theory, nonlinear control theory,

robot vision system and robotics.

Mignon Park

received the B.S. and M.S. degrees in
electronics from Yonsei University, Seoul,
Korea, in 1973 and 1977, respectively, and the
Ph. D. degree from the University of Tokyo,
Tokyo, Japan, in 1982. Since 1982, he has
been a Professor in the Electrical and
Computer Department of Yonsei University.
His research interests include fuzzy control
and application engineering, robotics, and fuzzy biomedical

system, etc.

Phone : +82-2-2123-2868

Fax 1 +82-2-312-2333
E-mail : mignpark@yonsei.ac.kr

589



