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Modeling and control of Nonlinear systems

using TSK fuzzy system
Yang-bum Chae

Department of Electrical Engineering, Graduate School

Pukyong National University

Abstract

A TSK(Takagi-Sugeno-Kang) fuzzy model consists of TSK fuzzy rules whose
the consequents are linear equations instead of fuzzy sets. A TSK fuzzy
rule represents a linear input-output relation in the fuzzy subspace
specified at the premise. As we shall find, a TSK model is a nonlinear
model. A TSK fuzzy model can be identified using input-output data and
represent a nonlinear system very well with a few fuzzy rules. If a
method to verify the stability of a TSK fuzzy model is Known, the
stability of a nonlinear system of which structure is not Known can be

analyzed through its TSK fuzzy model, and also if a controller

guaranteeing stability is designed from a TSK fuzzy model, a controller
of a nonlinear system can be Systematically designed.

On this issue, several studies have been done. However, all of them
concerned a special type of TSK fuzzy state space model where a state
equation in the consequent does not have a constant term. a TSK fuzzy

model consisting of these fuzzy rules can not represent a nonlinear



system with high accuracy. So this paper deals with the TSK fuzzy model
consisted of TSK fuzzy rules of which the consequent is a linear
input-output equation having a constant term.

Therefore, this paper suggests a method to verify the stability of a
ISK fuzzy state space model and a method to design a TSK fuzzy controller
based on the TSK fuzzy model, which guarantees the stability of a closed
loop system. Such a TSK fuzzy model may have many equilibrium points and
each equilibrium point may have different natures of stability. The
stability of an equilibrium point is determined by eigenvalues of the
Jacobian matrix obtained by linearizing the system around the equilibrium
point. For design of the TSK fuzzy controller, the pole placement and
the integral control developed for linear control systems are used. The
closed loop system controlled by the suggested controller has the same
behavior as the linear system of which state transition matrix is the
desired one. So we applied the method identifing the TSK fuzzy model and
designing the TSK fuzzy controller to ship steering system.

A TSK fuzzy model with linear equations in the consequents, which
represent complex nonlinear systems very well with a few rules, can be
easily identified systematically by using input-output data. On the
contrary, singleton fuzzy models is understandable intuitively and
adjustable easily due to linguistic expression of the rules.

In order to utilize the merits of TSK fuzzy systems and singleton fuzzy
Systems, this paper also suggests an algorithm transforming a TSK fuzzy
model into a singleton fuzzy model having the same input-output relation

and the suggested algorithm is also applied to design a singleton fuzzy
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controller.

Finally, Simulation results reveal that the methods suggested are

practically feasible. This paper deals with both the continuous systems

and the discrete systenms.
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Figure 2. The identification of TSK fuzzy model
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FE N4 Brolo webvly Fel FRA HAYSL Bol A
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Figure 3. Membership functions of fuzzy sets
in TSK fuzzy model.
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Example 1 : —7<60<r o|Aq sinf 9 TSK Hrde t}ezt Fdge

M% if ¢ is F, ‘then sinf'=-2.915—0.9280
M% if 6 is F, then sin6*=0.2920 (12)

M% if 4 is F; then sin@=2.915—0.9984

329 5% AAYY Fy, Fy, Fy, 29 6& sind % 4 (12)9] w17
29 £8g wRe zlolv, RC, UC 2 7o) 4o me} H49 #x

=]

2S5 A ¥4 gh(cost value)& F 2¢] YUY ® 2914 Tt

g

D

¢ F(number of implications)7} Z7}&42 u] & ZHcost value)¥x 7+

k>

she Ag @ 4 Utk WH) RCY UCE 729 & 3AE 7as

-

AT 2 o FE SR 2mE 3R H4 F 30z HA

of W ANl A& A& wlolelE 1267)0] ),

Table 2. The RC, UC, and the cost of the best fuzzy model

versus the number of implications

the numble of | value RC uc
implications
1 0.444 9.992 0.085
2 0.073 1.643 0.023
3 0.013 0.294 0.003
4 0.011 2.886 0.011
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Figure 5. The fuzzy sets in the fuzzy model (Example 1)
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1
0.5
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Figure 6. sin @ and output of the fuzzy model(Example 1)
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Example 2 : t)’¢ A2 27338 2% (neural networks)S o] -3 Al

=§e) Yol AH8H Aeg ohew 2oss).

_ WRy(k— Dy(k—2)ull— DOW(E—=2) =1+ u(k)
Wet+ D)= (1+ W &—2)2+ (k- D)D) (13)

T -1 el AReA BEE wh) B Ac" (36 Pt o
B007HS) &S ol g olgstel HATAg Aqsigen, 1 Fue
e 2y,

M': if y(k—1) is A, and w(k—2) is B,
then y(k+1)'=0.008+0.974%(%) +0.333y(k— 1)
—0.2799(£—2) +0.494 2(k) — 0.468u(k— 1)

M*: if y(k—1) is A, and ¥(k—2) is B,
then y(%£+1)*=0.021-0.0303(%) +0.058(k— 1)
+0.1279(k—2) +0.419 2( k) +0.0292( £ — 1)

M?: if w(k—1) is A, and y(k—2) is C
then y(£+1)*=0.004—0.173y(#) +0.211y(k— 1)
+0.009(k—2) +0.619 (k) +0.1112(k— 1)

M*: if y(k—1) is Ay and W(k—2) is C
then y(k+1)*=0.002—0.0125(#) +0.005v(k— 1)
+0.007y(k—2) +0.977 u( k) +0.0072ul b— 1)

M®: if y(k—1) is A, and Wk—2) is C4
then y(k+1)°=0.003—0.099»(%) +0.011y(k— 1)
—0.0203(&k—2) +0.587 (k) + 0.0582( k— 1)

M®: if y(k—1) is A; and y(k—2) is D,

then y(£+1)°=—0.003~0.0625(£) +0.0103(k— 1)
—0.1923(£—2) +0.380 w( k) +0.0792(k— 1)
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M": if (k—1) is A; and Wk—2) is D,
then (k+1)"=-0.112+0.1313(&) —0.0013(k— 1)
+0.1443(£—2) +0.3822( %) — 0.138u( k— 1)

2" 7o) AR HAFTE YEAY. 1Y 8L

A& £<50091M = w(k) =sin(27k/250),

A E50001 4= u(k) =0.8sin(27k/250) +0.2sin (27k/25) .2 &%
= W HARD F¥H Axge] 28e Uy Aoz 2830
A HoE A g Z9(neural networks) 2@ 2 utt A ujatz)
& AHE Holm vk 4 (14)9 HAARDL AR 12749 HeR
4208 F 54709 setuielE Za iAW BA(83]e) A1 g ma
< A4 do)H ok & 2709 hidden layersst 341749] weightE< 7}x] 1
3t}
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Al A2

Ay
-1.138  -0.167 021 1.12
B, B, D, D,
-0.773  -0.37 0.034  0.463
Cy & Cs
-0.799  -0.175 0.181 0.834

Figure 7. The fuzzy sets in the fuzzy model (Example 2)

y(k+1)

200

400

600 800
time(k)

Figure 8. Output of the plant and the fuzzy model (Example 2)
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°B2 TSK 34 4eds mde] JuggAE 4438 24 9t
283 TSK 317 deds nde udy vdz gee BPEe

A F Ad B Aol

5O
o
fuf
o
)
2
X
P
N
()
o
ful
B
o
Jo
XN
ol
rir
i
o

Tt 1 kAN LE 23 o] HolE)
‘Aol e>07F FARE W, [x(0) —xJ<S8 Tt 20904 (D) —xJ)<e

i

HES = 07 EATTE FIY x, &

o

Stoh” = BEA «x,

7t kAL, f—ood whEt RE HAFo] x 7t FEGTY o] YAy

rr

o,

e A2 (globally asymptotically stable)stthm shc}.
TSK #HAEde| FPH AL 71 FPH F92 Mygs stoz
A AAHAXY FE £3 4 (HERE AAR ARQTe Wy gt

ol BAAE, TSK FARLL d&doln i 7}5ds & 4 Uk

r
™

Y TSK HA o] smoothstthd, HYH $22 HA¥s & 5 A

wo) AM3 BHP HRHS AHY & Uk o] HejA AAE W
A
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[1] 9% N2 TSK #HA Jejis 2 d

(1) dF AN=d9 Fygis 2d x4

A% Azde) YA TSK A4 942 =de) iwA F2e o

M': if 2(9 is Fj, 208 is Fb, -, 2(0 is F
n Z . . . . n—1
then-L2C0 = gj 4 aiu()+ gL 1t o LMD (16)
+ b} u(d

n—1
ANA, w(D=x), (=L (=L

std, A (16)9) ¥ FdL e 2o

M': if 2(8) is Fi, z(d is F3, -, 2(0) is FY

then <424 = A%(p) + b'u() +d 4

W)= ex()
o174,

010 0

oo - -0 | |

Al=| e =0 - - 0]
000 -0 1
a ay @y

d'=0- - 0a)7, e=(10- - -0)
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2 A7) e AXNFHE AF%E TSK fuzzy canonical formeo] gt 1

ok A (16)9 AARLY 4 (17)9 HAEdo] M2 T 47

(2) A& AN29 Zeis 2d JPA o kgAY
1) 4 8 A (equilibrium points)
FAEA e A% Ax€e] TSK H2 Agus md o i AR S

AL ohen 2o,

M if 2() is Fi, 2() is Fi, -, 2,00 is F.,
; (18)
then ﬂé-Q:A"x(t)ﬁ-ci
#ed 2y Ly geq ag
w20 D) (AR + e "
& 31 wia(h)
714,
wi(x(t))=]1ij(z,-(x( 5)) (20)

g9ge 4l 0 9 9 79 + Qome .7 v BIzAE

_26_



Z; w(x)(A'x,+ ) =0 (21)

2) 3349 AARA
BRAEY IHHE BYH $2¢ 4988 299 Jacobian matrixol
A3 dAE HARY 18)e Uy FEo YA 4 (21)e At

Boted F-AH x, FIolM AP B 5 Ao ®

i)

AR &8 (19)

e oes 2ol BEE & Qo

LD _ fx) (22)

AN, AxD) = S0 (Ax(D+¢) | T wa(h).

}(t):x(t)—xe gt & o, dx(2) = -a1) 223 4 (22)% Jacobian

dt dt
marix, AL o Ngg wuy r o4 vew 2o vy
A,
dx(®) _ di(d)
at dt

= 210G+ (AT (D+x,)+ ¢

~ 3 (' (x, )+ﬂ;’%—‘ﬁ HOWA (D +x.)+ )

X

- 27 -



+4'(x)A) (1)

Xe

~ ) A aglﬁ {t)}
——;((A x, +¢c) axft)

_ 3 Ax(H)

 9x(d . (1)

(4 2D BRzANN 3g'x, (AR, +c)=0)

CER]

dx(8) _ 3 fx(D)

a ~ axp | KD (23

Xe

Jacobian matrix&

ofx(D))| _ i i 6’gi§£t22 i i
a;f(t) “;Z((A"e‘”) axj(ct) +a'(x)A) (24)

Xe

AN, gla() =—LED) S ipy=1

k) 5

3 g'(x(D) _ (2G| . agi(x(t)l).

3 x(f) 2 x,(d ' 3 x,( )

et BEE x, 9 FAd B AL Jacobian matrix®] iL-§-zkol)

o3 W= AAHm FEHIA $ gt} Jacobian matrix (24) = 5-¥]
BEAH] AL 7MFA wi(x(H)9 BEo] 9lee o = AT}

- 28 -



Example 3 : pendulum® 52 #%A2e gez zo)

F=—rg ——ml;gi sin @ (25)

o 7] A, m“l.g=l, f=1 °le} 33, Example 1914 29Z sing 9

HAEDE o] &34 pendulum®} HA LA T3y = 2= Edany

MY if @ is F, then 6&'=— #+0.9286+2.915
M% if 6 is F, then #=- 9—0.2920 (26)

M% if @ is F,; then &=— 8+0.9280—2.915
A ELe —a<f<m A FL£3, o] Ay gy = s g

MY if x(d) is F
iy _( 0 1 0
then p7 ( _l)x(t)+( )
M% if x(D is Fy

&) _( 0 1 (27)
then 1 (—0.292—1)’“)

M%: if x (D is Fy

then %ﬁ:(o.gzs —11)"(‘”(-2(.)915)

AN (D=0, »()=06, AAR AXNYFe] AWy P=

_29_



1 —(lx;—2.9/ = |x,+0.07
F](x]):0.5( (|XI 2.9_|0'|0x71 0 0 l) )

Fy(ie) = 0.5( lxl+2.9|-!x,+0é(.)g|:éﬂ.c(1)7—0.07l+lx1—2.9| y (28

1+ (%, —0.07] =[x, —2.9])

Fy(x1) =0.5( 2.9—0.07 )

291 Flx)=w(0)=4¢'(x), i=1, 2, 3. 2 QD9 g5 =7

e2RH AL e 007 (g3 07, A2 7 3y

o BYHE MTe Ae &+ on, o PYPEL A Alado
238 007 (707 (x0T A9 FLa} olgw HAw
9ol WYY 4P A%E YWud gey 2o

D x2a=00 079 B

Jacobian matrixe

3 3 ° : I3 : LYy = O 1
Z((A xa+c )AL 4 gir,)a =(_oz2 )

X e)

ANA, ¢'(xa) = (x0) =0, ¢(xy)=1,

=(00), 185 THZFL —0.5+50.205.
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® ra= (-2 (74 5

Jacobian matrix =

Zg( (Aixp+ ¢ )M&

9 x(0) +4"<xéz>A">:( 0 1)

0.928 —1

X

3714, ¢l (xy) =1, 02(x32)=q3(xe2)=0a

v o ga -0

S| =00, 283 nege 058, 1585,

Xa

et x, £ saddle pointo]t}.

® xs=(ZU2 079 B¢

Jacobian matrix¥

Z;((Aixaﬁ ¢ )22 (x(D)

3 x(9)

+ g (xa)AT ) = (0g28 _11)

xa

7] "1, (Il(xe3) = (Iz(xeg) =0, 03(x93) =1,

=(00), 28l 2HEL 0585, -1.585.

OZA xg%E  saddle pointo] t},
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[2] o] A2 TSK HA Bguis 2a

(1) o] N2d Jeis vd g3

ol Azde dutH TSK WA 4% m2e) jwA 7R g
&3 2ol EAY & Aok

M': if z(k) is Fi, z,(k) is Fi,

-, z{k) is F} then
yi(k+ 1)=aé+aiy(/e)+ai@)(k~ D+ = +aiy(k—n+1) (29)
+ b1 u(R) + bu(k—1)+ - + bl u(k—m+1)

A7, x (k)= y(k), x,(k)=y(k—1), L, xR =3yk—n+1),
(B =aj+ bjulk—1)+ - - - + b w(b—m+ 1) a2
aH™ 4 299 HAFHL S go] xHE

& Stk
M': if z(B) is Fi, z(k) is Fi, -, 2(k) is F}
then x'(k+1)=Ax(k) +b'u(k) + d'(k) (30)
wWk+1) = cx(k+1)
7] A,
ai ab - a,
1 00 -0 o
A=1010 - - 0 b'=(b 000 07,
000 - 10
dR=(di(B 0--- 07,

c=(10-"--0) .

- 32 ~



A (299 (309 HAEHo] TYFL A ¢ & Rew, 2 (30) Fe
2l B2 FAE TSK fuzzy canonical formetn R Ev},

Remark : 4 (17) =& 2 (30)9) TSK fuzzy canonical form He 2
FHE TSK HA ¥+ 2de 2E o gia) bi+0 I A% 7}

Ao} (controllable) & &+ 4= 9lt}.

(2) o1 A2 FeEs md FAH QA
ot Azdle) TSK #7 Aejds wde] dggs Azss e
A% Nxgel Ao A
1) 3 3 A (equilibrium points)
o Alxdlel TSK HA Mejds mds ;wm F2& chog 2
.

M': if 2 (k) is Fi, z(k) is F}, - | z.(k) is F b
1
then x(k+1)'=A'x(k)+c
=8 x(k+1)E OGS o) 7}
g w(x(B) (Aix(B) + ¢ )
x(k+1)=-= : (32)
3wk
o 714,

w(x(B) = lj1 Filz,(x(#)) (33)
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BRHER 2(k+D)=xRDL W F¢ & Yomz x 7} oo Py

ZAE V2RI x, = PP Aol

X, = 121 wi(xe)(A"xe +c') / 2{ w'(x,) (34)

2) 3373 <AAA

o AxF HARAe) Y AP A% A

%
A
>
Hd

g
o

452 #e] Jacobian matrixl] ] ) A4 At

HB=x(B)—x, 2 38 4 322y
M+ )= gq"(%(k)+xe)(Af(§(k> tx) ) —x, (35)

223 4 (35)% Jacobian matrix® Al83te] FAEH x, o4 chox

2ol dg3 "}

x(k+1)= ,Z;( (A'x,+c' )—aagl—xch +a' (x)A" ) x(k) (36)

Xe

WetA o]k Alx®l TSK #x)mde) BEA x, A 2= 2

(24)9]  Jacobian matrix®] -zl &) Z R R2A=y

_34_



2.3 TSK ¥ A A|0]7)

°f el TSK AARLRE A2 ANade gy »a)
= FAA7I 2 AAYES H9E) o HAAo)E TSK 9%
Alol7)et #&tt. TSK HARWLL TSK HAFYS2 AR, 27
A HAAFHY A2 e APE 453 33 o2 Y A~

de oz @ uAY Nrde gen go zany.

S HollA ZAHA e TSK ¥ A 2@ (unforced TSK fuzzy model)
o BRH AP AYE o Jd5 APADGE RS Sy} wa
M TSK 37 A7 ZRE o] e tjga 2o] T8 AL H=x

AMadle] AFS dates gz ws £ 9gee Z1HE 5= 318 Aojr}.
u= gq'ix output from (linear controller)’

A71X  (linear controller)’ = (linear system)' ZRE AAB A o7

oM g' = g8 MY Aol a¥EZ TSK HA A7) = TSK
AANRLH g2 F9 TSK HAFAEZ THHYA stn 1 Agquns

TSK AR de) AA%st SAaA ok
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o
e
=2
X
rir
M

ot
O
3
fz
o
rr
Y,
o
)
o
R
4t
K
>
[>
o
1o
X
off
L
r.l

o

stz gtk o] "X gEZ= Nxume 19y 1€9( SISO
single-input single-output ) Al2®o]xjut o] Ao =t® Hryle o}

¥ ( MIMO : multi-input multi-output ) A] 2 ®l o] & A8 4= qlo),

a Stable Linear System

TSK Fuzzy Controller TSK Fuzzy Model

if pI then (linear controller)’ if pl then (linear system)’
if pz then (linear controller)’ if p2 then (linear system)z
- y

\ 4

‘E

v

"™ if p" then (linear controller)’ if p" then (linear system)’

Figure 9. The TSK fuzzy control system
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231 TSK % 94&9 242y g AAHE TSK ¥ A Ao} 7)

AW TSK A 458 mde) ;s 73 g go.

M': if 2, is F|, z, is F}, -, z, is F,
. , . _ _ (37)
then y'=ay + ajx;y - + ax,tbd'u
@, ou & Ay Woln RE o giste] z,+4 21 7HA .

4 @309 ANELRREe 2y y =

y:

M

w (2 ah+aix+ - - +aix,+ b"u)/g‘lwl(z) (38)

dat= 28L& y, 8 2k TSK HAA A o)71= TSK HAEDe] 7z}
AEZRE AAHEY, TSK #ARD ; Ws FHo sPs= TSK
HA A o)7] 9] FH& the 2
C': if z, is FY, z, is Fy, -, 2z, is F,
_ _ ' _ , (39)
then #'=(ys—ay — ajx; — - — alx,) | &
G714, 2 C' o AARE FH M9 dARs} Yo}
A G HAAATIZRE Aoy 4 2 HAxnd pe WH o
2 F34d o3 g,

_37_



U= Z u
b=

wii 22
g wh(2) (40)

A A ez T AdYde Agetd 4 GY)RYE HALd &

H2e 7ot g 2oy, 1 8L AstE 28 4,7 §x @=o

y

2wi(2)(aé+aixl+°'°+a;xn) Zﬁ‘lwi(z)bz‘ iiu/(z)uj
—_ = + = 1=

; w'(2) ,Z; w'(2) 2\ w(z) 4V

Fyg

2y ZEBINA AR e A W) AojdY yx 2 7,

AAmdel FHe 4 (43)3 2ol Ash

rlr
e
J

ve7F B}

— w'(2) b’ i
= g wk(z) bt (42)
ZZ;w"(z)(a(’; + aix, + - + ax,+ b'u)
y = .
2, w(z)
Zgwi(z)(aé + dx, + o+ aﬁ,x,,)+;wi(z)b"u
- ; (43)
w'(2)

1=

iiwi(z)(aé + aix; + - + adlx)+ :w’l(z)biui
1= =

- 38 -



A (42)F consistency condition®]g 21 TSK %) A7 2 HE A

AP g FEaE WO AguT)

Example 4 : Example 2 X 2149 4 (13)9] A xdo] o st o 2] A
o71& AA AL

St 1) = 2= D= = 1)(9(k=2) = 1) + u(k)

A+ 9k—27+ WD) (13

Alzglel HA 2l A (14)9 WA FALe e o] xdE

F o

M if -- then
Y(k+1)=aj+ ai (A + aiy(k— 1) + aby(k—2) “4d
+ b u(k) + biu(k—1)

I (44)9 FHozRE MAZE TSK HAAolzle] ; ¥ T3
< g3 g
C": if - then (45)

Wk = (yd_“é_aiy(k)""é”“‘;? — aiy(h—2) — B k—1)
1

A71M, yo & A3te 9, 778 C o AARE M 9 AARe =

Y3},
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28 102 4 @99 AAFAES 749 AAAAA2RE P
AL 2 AR Agsae W A2 (139 S A%
= 3¢ JEd otk 7Y 10904 ks 29y, & k<300 oA

|

0.7sin(27£/200)°1= £>300 X & 78 o)t}
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y(k+1)

0 100 200 300 400 500
time(k)
(a)
15
1t
0.5
<3
=3
0
-0.5
-1 " N " s
0 100 200 300 400 500
time(k)
b)

Figure 10. Example 4 :

(a) solid line : response of the plant
dashed line : the desired output
(b) control input (%)
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232 TSK ¥ 395 22 RE AAHE TSK R 40} 7

AR A28 s s Mg = vl X] ®H (pole placement method)<
°l&3te] TSK 32 Hed4 2Ry TSK A 4072 47s=
THE 9B 69,83] AMABREE x=0 o8 Ao Y8 consistency
condition® °]&3te] 7otk 1% 11e)A g Zo] TSK 3 = #o}7] =

AFE A 2] Ust

rir

3 2E 4P N29n 2 g9 dehge
2 g e,

Jl = ¢x(d) or wk+1)=dx(h)

( ¢ : a desired state transition matrix )

r=0 TSK fuzzy u TSK fuzzy x

controller state variable model

Y
Y

Figure 11. TSK fuzzy controller based on a TSK fuzzy state
variable model
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(1] 9% A 299 TSK %= A7)

D& A2de] TSK A4 geas wdel jwin FHe Gog 2
o,

M': i z(d) is Fi, z,( is F, o, z{D is F}
i . . : 17
then %Q=A’x(t)+b‘u(t)+d‘ 17)
y(8) = cx(¥)

A7IM, RE ol dEte z()*ulHe} s

2o WA 73 M ool g@ HxAolr)e] FAL ey po

C't if 2(d) is Fi, 2(9 is F}, - | z2{f) is F!
4 . _ (46)
then 2'($)=—g'x(H+ g}
A714, g =(el & - - -gl) & (Ixn) WY, gz 228 a9n
TH C' Y AARE 74 M o 1A% zAs
g giv dee WII=S @,
O=A'—b'g’ (47)
. aé
o=——2r (48)
£0 b i

_43_



Ald = w(f) & B89 consistency conditionol o) 3 aj 2o,

0 Si(2) b jui()
u(t) = : : (49)
il:w’(z) b

Y& A ej(theorem)E TSK A A|0)7] & A}-&3

i)
o
:{o
B}
—u
=]
>
[>
)

o ZEide] #2& dste AoE WE £ oS HAZE

Mol Fo] Ushe YL 0 A MYA2Y AZH 27 B = Yot

Proof :

G = A +hu D+ | )

A (49)2 B

=( ; wi(Z) (AZX( t) + dz) + Zg wi(z)biui( D)/ Z wz'(z)

2 (46), (47), (48)2 3}

= 3102 (AT~ b'e)() / PIE
= Qx(k)

_44_



Remark : 93 4ejdo] 4o des 201 37

—
[3V)

o oo

w

n

O s OO
. b—lo.&

<o

#
0
0
10
2" A WS WEFE g = gL 2o Fd 5 Aok

gi=(ai— ¢)/¥', (=1, 2, - + -, ).

Example 5 : 4% u(f) 9 Aolth4 pendulume =
I Zo

SRR

) =— 0() — sin (D + u(d

2 @NERE (50)9 s 2w

=2

o

T39 thgw 2o,

M': if x,(# is F' then
M:( 0 1

a  ~10.928 —1)"“”((1))”“”(2.815)
M?: if x,(#) is F® then
Mz( 0 1

0
=\ _g.agn q)¥O+(]) 0
M?: if x,(8) is F° then
dx3(k)_( 0 1

dat l0.928 —1)x(t)+((1))”(t)+(~2(.)915)

_45_

= s

(50)

(51)



AZIM, (D=6, x()=8 .
dote FHe 0, Yshe AEE x,=(0, 0)T & 3z Ay o
g thg 3t 2ol Yosia
x(8) = x(D) — xy

2 HARD (51)& g3} 2ol g}

M': if x() is F' then

i@ _( 0 1\= 0 0
= (0.9 —1)"“”(1)”(t)+(2.915+0.9289d)

M?: if x,() is F? then

- .
R —y)Eo+(]) “O+( .20,

(52)

M?: if x,(8 is F3 then

~3 ~
R LT EER P P

AAER GDR (v AR A=A 9 FAT F U HA R

2 (2)2FE HAE TSK HAA 7= to3 g},

C': if x(d) is F' then

u'(H=1(¢;—0.928 ¢,+ 1) x(£)—2.915—0.9286,
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C®: if x() is F® then
. (53)
w()=($,+0.292 ¢,+1) %5 +0.2926,

C3: if x(H is F° then
w(D=($,—0.928 ¢;+1) (5 +2.915—0.9286,

7] A, a>:(§1 ;2) :

2™ 12w dste 29y, 7 FEFoln Y8t 2L p=—2 2 3
F= o, 4 53)9) HX AV E Aol® A" 5009 VL UEld
% 2" 13& dE F& p=-0.7, -1, —2, —4 9 o] Aqg
#HEZ vzl AAE HAA72 Ao® Alzd (5009 LvF A

g A" x(k+1D)=0x(k o $EL o Jekd Relg
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degree

150 (-5

100}

50+

0 5 10 15
time(sec)

(a)

I 1

10 20 30 40 50 60
time(sec.)

(b)

25 e
0

Figure 12. Example 5 : response in pole -2
(a) solid line: response of the plant
dashed line: the desired output
(b) control input
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l

0 5 10 15
time(sec.)

Figure 13. Example 5 : responses in poles 0.7, -1, -2, -4
solid line: responses of the plant
dashed line: responses of the linear

system x(k+1)= Ox(k)

- 49 -



Example 6 : TA[72]94 A9 cart-pole®] B3 LAAL gox
Fdgu

. —U— mlé2sin0
gsinf@+ cos 4 ( p—— )

6 = (54)
4 _mcos 0
(5 - -meos b

m.+m

3714, =9.8m/s’ , m.=1.0kg , m=0.1kg , 1=0.5me} 3z},

HAAA7IE A7) gt WA Aladde] TSK HAmdL o4
saich 14l Ahgd dolelE T [—x, x ], [-40, 40), [-100, 100]
oA A7t AL BE® 9, 0, u & A4e] 4 BH)EREH Tyo

W 1 AFE 850700t A Rde e 2o

M': if 6(9) is F' then 6'()=—30.196—9.36(9) +2.065u(5)
M?:if 6(H is F® then 62(H=—16.303+0.46(% +0.989u( 2
M’ :if 69 is F° then 6(H)=—6.311+10.3180(5) —0.985(?)
M*: if 6(#) is F* then 6()=19.1126(8) —2.027u( D) (55)
M®: if 8( is F® then 6°(H=6.311410.3186(5 — 0.985¢( .
M®: if 6(f is F® then 6%(H=16.303+0.46(5) +0.9892(?)

M": if 69 is F" then 6'()=30.196—9.3 () + 2.065( )
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Figure 14. The fuzzy sets in the fuzzy model (Example 6)

29 14 HARY (559 AAY HAALL eback
FHEEE (D=0 U7, date FAus ge x,=(0, 0)7

2, AHeAE x(D=x(d)—x; 2 AR 281 JXED (55)9

Ej
i WA FHE gen go] xdsa

M':if 6 is F' then 6()=al+a'6(5)+ bu(d (56)
HATE (56)¢ FHEF ZU2 AN g2y 2 Furt "o
M': if x(d is F’ then

d_z’c;%fzz(oﬂ 1)§(t)+(25)u(t)+( | 0'9,,) (57)

a; 0 ay+ a}

AXNELD GNZFE HA=E TSK AR Ao)7)9 ; Hn F2& tjew
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rdgsy
C': if x(9 is F' then
, , . o , (58)
w()=—(ai—¢, —d)x(D+ai+a b,) s
18 15% dshs Yy, FEsoln sk F& p=——3 oz
e W, A G99 HAXNFHoz THE HAA N2 Aol A|Ad

542 SHE UEhAt 29 15404 Aodde 17 [-100 100102

1Y 16& H3e F& p=—-2, —3, —4, —6 T Po] o gE=
b AAlE XA 72 A" Aa" (549 43 Al 2|l
x(k+1)=0x(k) ¢ $9L vl@3te] nal Aol

= (7214 e 4 (54)9 NAge AER A5ao] 3= TSK
AR AL 2 RYLRE Lyapunov F4ES Algsis oz
AAAA7NE dAGRow, G4 x=0 7} YEZ Aojstglny. whepy
AAEEE vtE 571 glon, HEZ xxdel Mol 2ue R

ZRAE 71 o
2 AANERZE v UE BE 57} 9o

ERE AT ¢ Qorz HRE Asd o $HE dAs: =

& 57b Qo
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150

100t
50
@
o 0
S
50+
-100+
-150¢+
0 10 20 30 40
time(sec.)
(a)
100}
50} .
R e e W
50}
-100}
0 10 20 30 40
time(sec.)
(b)

Figure 15. Example 6 : response in pole -3
(a) solid line: response of the plant

dashed line: the desired output
(b) control input
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time(sec.)

Figure 16. Example 6 : responses in poles -2, -3, -4, -6
solid lines: responses of the plant

dashed lines: responses of the linear

system x(k+1)= @ x(k)
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[2] ©1 4 A 2¥le] TSK ¥ 2] A0}

olak Al2=¥le] TSK 3 A Ajo}7) 2] A7) W2 AL AJA"o) A9}
L8tk &3 2L canonical form¢ TSK 2 A maza

Bl HAA 718 HA S

M if z(R) is F, z(B) is Fi -, 2(B) is F
then x'(k+1)=A'x(k) +b'u(k) + d'(k) (30)
Wk+1)=cx(k+1)

A7, RE ol wate] z(H+u(Ret B}
TA M ZRE A A4 WA THe gew B

Cl: if z(B) is Fi, 2(B) is Fb -, z(A) is F
(59)

then (k) =— g'x(k)+ gh(k)
A7IN, ¢ =(gi &5 - - &) (Ixn) MY, gi(he ~zn8 g
o AtE Cle AARE F3 M o9 AxRg Tds

g% gi(hE ve Nsny Py,

0=A'-b'g’ (60)
i =—-218 b‘(,-k ) 61)
1
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A71M, @ = 93t A Ho] FPo|},
Aol AE w(lh) = g9 consistency conditionol] ¢}3] Fa] =z},
> w'(2) biu'(k)

w(h) == —— , (62)
2 w'(z) b

Lemma : 2 (59)¢] AFHE2 FAE AAA 7|9 4 (622 T8

Adddgos 4 Q0o FHERZ FHY HARDL AT A% 1

N

1299 A%e 4ot 4 oY 0 8 2= MY 29 A5

9t

27 @

=

Example 7 : Example 49] A 2€d] t)3dle] TSK 5% Al 715 A st
A},

— A= y(k—2)u(l— 1D((k—=2) — 1) + (k)
Ao+ D)= A+ (k=22 + y(k—1)?) (13)

9 A= AARD (149 [ 9A FHL e o) zae =
k.

M!: if .- then

Ykt D) =aj+aiy(B) + aiyk— 1) + ain(k—2) 4
+ bl u(k) + byu(k—1)
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4 (449 #32E& TSK %3 canonical forme = B e 2

M': if - - - then x"(k+1)=A"x(k)+biu(k)+a’i(k) (
63)
vk+1)=cx(k+1)

(&) &b ab (b ‘ ‘ay+ byu(k—1)
AZIM, A1 0 0f, '=|0/|, (k= 0
010 0 0
c=(1 0 0)
ke 2L y,, 98t AHE r=(v, v, o, 283 A
L5 thE T} o] Bz},

(k) = x(k) — x,
29 4 63)9] FHLe e go] A 4 9o

M': if - then % (k+1)=A%(k)+ b u(k)

H(d B+ Az~ x,) (64)

A 639 FHAEE 7Y AXNZAY 4 649 FHEZ FHY HA

290l 3¢S g AN na,
e+t +x, = lgqi(k) k1) +x,
- g TRA' R+ b u) + d(B) + A'xg—x) +x,

— qui( R(A'x(B) + b'u(k) + d'()
=x(k+1)
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VA, (A= w'(2)] w2,

A 6D THAEZ FAY HARLIZRE T WYL o]Lsld A

AY AAAA N2 W FHe g B

C': if --- then w(B)=—((ai— ¢, a)— ¢, a5~ ¢3)x(k) (65)
+apt byulk— 1)+ (ai+ as+ ai— D y,)/ b

Syur
—o®
ooz

a9 172 H3e F p=0.2, 29 y,=

—0.5, —0.3, —0.1, 0.1,
0.3,0.5 2 ¥3AAL 4%, 4 659

A5z 748 AR A7)0l
o3 Aojd A" (16)9 £4¢ e,

a9 18IAE g F p=0, 0.1, 0.2, 0.3, 0.4 o chskel, 4
N&g (kD)= 0x(k) o S5 A 65)9) HAx 72 AojH A

=8 (13)9) $9& Hwde Bt}

_58_



10

time(k)

Figure 17. Responses of the plant in pole 0.2 with y; changed
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time(k)

A

0.2, 03, 04

0.1,

: responses in poles 0

Figure 18. Example 7

solid line: responses of the plant

dashed line: responses of the linear

system x(k+1)= 0x(k)
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233 A& A7t F7LE TSK HA A o))

Aedel A olto] F8uA Asge) v 937 e A
$ FAAE 34 A 27l BB ole A9 Anmoz AR
AAE Agsted 0 AY de) 0RE AANDT o] BelHE 1Y Aol
Azl e q¥® A7 TSK HAAAoldE 188 & 8o

Btk AE Aoje] 712 Byge 5do 7&E Ay HE Ay

a — (66)

ol W 2 17)9) HAXFH e g gopzich

M': if 2(d) is Fi, z,(d is Fj, -, z2(D is F
o {2 N Qo)
() = cx()

A 6N AAFHERZ PTHHE A=Ay 4 (17)9 FHAE= 774
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HE AARde]l FAFS 4A T 5 AT AR Ao BHE A
e

& olg3td 4 (67)9) HAATH o

Example 8 : Example 5914 A}--% pendulumdl] ois] =& A2 3
o}

6(H =— 6(t) — sin (D) + (D (50)
A (B2)¢] HARLD HE JeiisE drled ey o)

M! : if 69 is F' then

0 1 0 0 0
—C}‘Lt(fl’(t))=[0 1 (’i’(‘))+ 0 () + 0
(B 100,928 —1)\ 28] | 2.915+0.9284,
M? @ if 49 is F? then
0 1 0 0 0 (68)
%(gf(f))=[o 0 1 (xg(f))+ 0lud+| 0
x°(8) 0 —0.292 —1/\ x(9 1 —0.2926,
M?® : if 6(9) is F° then
0 1 0 0 '
%(fé(t)>=(0 1 (’if(t))Jr 0f u(#) + 0 ]
() 10 0.928 —1/\ (D) (] —2.915+0.9286,

A7A, x D= [(6)—8)at , ;<t>=(6(%<—t)6d)'

4 (689 AANRAZREY I WYL ALgstd AR Mol 7|2 HA S

- 6§62 -



 oE 2o

C': if 6(t) is F' then

W' (D=(4, $,—0.928 g5+ 1)("1(("))) —2.915—0.9286,,

x( ¢
C%: if 4(t) is F? then

(69)
W)= (¢, ¢s+0.292 ¢3+1)(’if((")))+o.2920d

x( ¢

C%: if 6(t) is F® then

w(D=(d $—0.928 $5+ 1)({1((:))) +2.915—0.9280,

X

I9 195 93l &80l 100° olx =90 Y w=1.5 9 step 9
@o] Alzdo) HIHYS w 4 (69)<] HAA A7 Z A" A)xAH=
509 48 Yehdn
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40

=20

R R R,

15) from t

solid line: response with an integral control action

- 64 -

time(sec.)
dashed line: response with no integral action

Figure 19. Response in step disturbance(w



[2] o1 N2~

il
do
1>
tlo
rﬂ
I
o
rr
a
Mo

FEHRET x, 2 AEdsd @rhsig,

xk+1) =x/ B+ (k)

(70)
=x;(k) + cx(k)

°of W AATFH (30)e g 2ol FAY 3 o

M': if 2 (k) is Fi, zy(k) is Fb, - 2 (k) is F

then (xézig) (c 1)(;[((/2)) ( ‘)u(k)-f—(d(k)) (71)
W(k+1) = cx(k+1)

A% A

>

Wel Ask ol F iAW A8 4 (7D AATFHE

2 749 MARd2RY TSK Hx\4o72 A &= qo

Example 9 : Example 794 A}43F Al2® (13)0) 3] AR Aot
H7HE TSK HA A 718 AA 3. 4 (64)9 FHAFF o HE g
TE A7hed gL3 o) "l

M' : if --- then
(x;giig) (c 1)(;1((12)) ( ‘) (k)+(a’(k)+611xd xd) (72)
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Aol HAFHozRE HAYE TSK HAAI7 e wm 7o
e 2y,

C' : if -- then

o 2B DT+ b~ k- Dt (1— 3 gy, T

(5]
—_— OO

A71M, 0=

—_— S
o — oS
ocoooS

1¥ 20& d3E &Y y,=0.3 o]z k=20 2§ w=0.2 9 step

SRkl Alxde] HARYL o A (73)9 FHAER TAH= ¥ 2] A o]
712 Alojd A" (13)9] 28 yeag,
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EEEEEEEE Y BTy

time(k)

=20

0.2) from k

solid line: Response with an integral control action.

dashed line:

Figure 20. Response in step disturbance(w

Response with no integral action.
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2.4 AYM2ES] TSK 32 HAE AoJA A M

Aol AE et e ATE od ARE Pd gon) oo
ATZEA LY B4 R AAAG shetule HH Yoy 1ol
128 F 43A0 A2de HA 2831 A9 FAL wgoz 4%
ZERN2RE A st HAke Aojo] g 2EpA2de Aol
S AdiAle) olge] e HgHT AcHIN] T g
ATP7F AFZEA 2 W2 A 220 92 neaA) oh s
A 4G 228 $7 dystate] gAY E AW <Azte]
B AL R A2 0|88 AB2E B ATE TGa g
ou, ZeA2Ye] HHY Bde) 2A% HH A7) AAE obx o]z

AA @3 vk Wk obue Ay £%s} we

7hs &t ohH4].

webd & "ellMe dure) =FwAyag uHa gas 1233t
TSK HARdE Zdsts Wys) o mdzne A0z TSK ¥ 2]
A7l & A BE e Hys
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241 A% 2F PR TSK HA2d ¥

AE 23 AL Bechdt Smithel W= ez ge Y m

He

TsziQ(—‘lnL(Tﬁ T)ﬂt%—tlﬁ-ff(—dﬂﬁ = K(8()+ TS—"%%‘l) (74)

A71M, 6(He Wl Az §(HE EzHrudder angle), T, T, Ti3=
EEYTAF, K= 255y, mdl)e D g yyy

F4ol ).

TSK #A A28 dAs7] e HAu =z

ofN

YA 4E& TSK

u

AXNRLR mdstol @b a8y Y3 WAy A (74)] v

W)=H-LL)e gen pe TSk AT B,

Mt GED i B then ()i = o4 2ol (s
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W O=(ZFGRc + -y ) (3Bl g

A7, r & FA 9 ol

P20y s Fooan 45D g wwgxo,

4 059 sAzde yw)=HE D)2y acjs gz v

HE ol§ste] ANEm 1 9ugZe 3n8d (1219 AL o gac),
4 (16)% A (749 YA Aot 2EVPAL ey 2L [T

oz FAHHE AARdz mddy

Mi: if ﬁﬁ is F then

(77
2 .
LUy’ d B0 o dKD 4 A gy g
T+ Ty : c KT, K

R % a0 R v i St o

408 AARde gHwgAel Yoz Edsd oew g

i A . () " L i
M': if pranli s F' then p7 Ax(D+bu(d)+d (78)
W)= ex(P
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& D=6 , wW=808 , H(D=(x;(D (D x3(H)T o),

0 1 0 0 , 0
2{0 0 1 b=(0 s d=| 0 |, c=(by b 0) ot}
0 —a; —a, 1 d;
by

4 (8)9) AARL2RE FeuF ()= G 2ol Too
DD (Wi AK D+ bu)+ ) | (2w (79)
AN, w'=F (L&D yoiw 5 o 729 Nrolg,
242 Avtzebe) TSK 9A Ao 29 47
Hupe] zFwg o] 4 (718)7% 2L TSK HALd= Fase 9

W 2 RIS RE TSK HA AlejA2ee HAST TSK H2 o)A
18 3 AR ol skel AAHM HE) 2As\s A AojAz

Ay es dAEE g A =2 ;WA 7E Moo o

do

ci: iy -4 is F' then #(H=-Gx (t)+ (80)
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A7 G'=(gi, g, gh)e Aol71e o]So|t},
Ai71e} dote AU FLL O & A¢ e o] THT)

O-=A'—bG' (81)
0 1 0
Qe=|0 0 1| =4,
ba 9 Pa

4 BNERE G'=(-¢q, —da—d}, —dg—ay) 7} A}

ALY w(h) & ol o8 FaR

u() = (Sw'u(D) | (Sw) (82)

O

U2 4 (78)9] TSK AR ZA e x(H) & 248= TSK AHH
F4719 AAld s d9@ct. TSK A 2A7= ey e TSK
HAAFAEZ TP}

E: if 4H0 g p

. (83)
then -0 — A%() + b)) + LD~ cR(D) +

2 x(DE AW x(H) FRA, L=l & H)Te 48347

o|Folv thee VIS
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A'—Lic=0, (84)

&, 0p & FEFAN Y date S|y Lo},
A (83)8] TSK %A AEFH7125E, A 2% 2(H= oL A

o2 TaA,

ﬁ;w(A 2D+ bu(D+ L8 — cx(D) + d')
(23w

dx() _
dt

(85)

Theorem : 2] (83)9] FHEE FAHE TSK Hx AHE2AH712 A}4
&

e ZE x(D8 FAY B, 2 34 A8 2 HD=x(H— (D

o Age Qs Al F2 0, 7 Pk

proof : A (78), (79), (84), (85)9l] <2]3f

dx(®) _ d(d _dx(d

dt Tt dt
_ it Ai_ pi _2 i (86)
—(gw(A L) —22)) / <§w>
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243 A EHolA

Al gl AR wlE EYoA 8" sEMoz A (749 h|
gt et 2ol

(dH(t)) 7y de(t)+h(ig(t_tl)3 (87)

4 (T4t 8N sAevE ghe 7tk Ty=45, T,=6, Ty=10 ,

K=0.08 , hy=hy=1 ot} ¥} =FwyAe TSK Hxndg z
A3 Sisl w4 maRge W)=y sk navas 3y

o 1 Ane= a9 219 2o

F! F? F3

-16 -0.46 0.46 16
MUif AR g gl e WD =1.484 +3.382-9%D
M2 it LD g B then 9P =0.216-900
M if 4B i B then $(B?=—1.484+3.332-2%2

Fig. 21. TSK fuzzy model of t)=(i2§—‘l)3
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79 219 AARde ~1.5<-DAD <) 50 Yoy goige T

3 B AT oot TR 19 20 AxzAH
9] Aee g ol geted Aepas Fee TSK HARYS o
Gt 2o

1
M if i(c';,tﬁ is F' then ﬁdt—tl = AY(D) + bul( ) + d

(D= ex(?)

2. . dOD . ax(H®_ .2
M<: if g s F° then o7 = A*x(£) + dbu(d (88)
W)= cx()

3
M it 40 e o then B0 A%y pu(p +

WO = cx(d

[ 0 0 1 0
7] A, A‘=A3=(0 0 1 ),A2=[o 0 1 ]
0 0.0162 0.189 0 0.0045 0.189

b=(8), 2= o | o[ o

0 , ¢=1(0.000296 0.00296 0).
1 18.55 —18.95

0 1 0
Aoj7le] dats FelHogES O.=| 0 0 1 |atw A Q)FH
¢a o P

(82) 2 4 (83)9] HAARA 9&) TSK HAA)7]= thew} 2o},
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cl:if A o @
dt
then u'(=(¢; $,—0.0162 ¢5—0.189)x(# — 18.55
C?: if _—J—“Z’tt is F?

(89)
then #’(H=(¢, ¢,—0.0045 $3—0.189)x(2)

C?: if —-—(—“Ztt is F°

then 2*(H=(¢; ¢,—0.0162 ¢5—0.189)x(5 + 18.55

(e} 271274 20°U @ 1Y 2= HEA 79 Ao A= o
d 232 TSK HAA 719 Aol A3 el

-1 229 AgA)7Ist 27 239 TSK HAAo}7] HANA A=

F& -0152 ieks MEH B71MA ke gedeldde) Fe we

SRS O /EW‘—R ~{ 0

Y 29 21@23@)NH 24 27 seolz gfe w8

|

rir
oo

Folth. 19 22914 ARFANINE ASF A Alxde] uHA A

o

3 dALEH Wit ' Holrl U whd, a9 2344 TSK
HAAN71E AT A Sdo] Aot 2ua Ao wage g
.

1
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t
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1
1
L
1
[
1
t
[
1

@ a(»

(b) 8(P

Fig. 22. Response of the linear controller

the linear controller

(a) solid line

output

: the desired

dashed line
(b) control input &(¢)
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]

b
I
'
]
r
§
)
1
'
b
L
1
1
I
1
I
[
T
'
1
1
1
1
r
1
1
1
I
1

B R R R A
cTeTrTTTTrTTTTYSTTTTYTTSSTTYTSRCSS

(b) (1)

Fig. 23. Response of the TSK fuzzy controller
(a) solid line : the TSK fuzzy controller
dashed line : the desired output
(b) control input &(¢)
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FAEZ FAHE TSK AX2d9 A4 g3 Hd4 25e 28
o MARLLRE UASE TSK A7 Fejgt 2 A7 e

A ke Tk

SRR 1Y A= 4FY dolEwer HAmde ANsHd,
A Nzde FPFLe A" AARdeRy AYPer 7 & 9
onf, ANEDe} o HYHY 2L MY Fo2ZH Aol Jacobian
matrix®] Ifrgkel ols) Mol YL AN AT of o FHA
IFGL AT AFE w29 BAZ Ak FPP FAY B
ol ti¥ Example 3014 A<kgl wo] 24® TSK WA =Yg £3)
N Azde dd4e e A8 A4E F Uee BTk

£ TSK AARIZRE Hg AofN2ges Add ATz gy
o F& AARse F WNPL olgad TSK AAA7E A s
RS Adsget o Aozl AFT N2 o] A Ay

Al=gle] 35ta) ol e g HATY £ glon, T3 MY

2
2
>
>
i)
2

A ARE AR AR AHE 7HsEE Example 4, 5, 6, 7, 8, 9% %3
o Ben 22n $8 d2H 24" Mt zepA2de) ulHy e

A TSK oA Hd8 AAA=Re A Wiz A Ey ol

fj

N

A BT olFdAE 198 153(SISO) Al2"e gEAA At
S gisE (MIMO) Alagde 385 7158 Zojt),
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Al 3 % Singleton M A A 2dl o 7o W3

31 4 A

AN LG AT A8 FHEHAYY, 445 @&, 95 A5
o A F)ol o e

AAFH) AEHIE YA AAN LY, 5 TSK HAA 292 7
& Fo) ATz BYY Nx9e 3 FA @ 4 gon 4EY

dlelHE B Q1Yo AAHoR HA o)F) A & dup. T FER

ol

7b AFAR HE ol gdte AL BFsE WA}y dAd B

A= Bel 5o} vh4,4569,72,85).

dH AATHe] AE2Rrt 4590 el singleton HAA AL
TSK siAA 2 ekstd Hel2 F3o] Aoy Heolme o] 33
717y 43, Ao 2AFo] gold FHol ok

WetA TSK HAAN 293 singleton HA A28, F Hx|A)2de] 3

e A4E F de Weo] Fesiy, o weto sz TSK HAAAHS
singleton A A2 WHAE BHo] BEHT Yoy} T A~

ol U d4EY BAS 2 M e oy wEHz 91 9t}
[5,86]. olol & FllME o= & TSK AN x8lo] FoJHS w 71 9
AN2ge 9T UEY BAE RE singleton HAA 2B 0z W3

A7IE RS A, A BEe HARDY AT WX Ao
A $88 F S A
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32 4% g

o] AolXe TSK HAARAY Y93 Q=3
HAELDE Fate PEe 499

TSK HALA ks 3o g3} 2o s
RV If x is A* then y*=al+(a®)Tx (90)

A7, x=(x x5  x,)Te 49 WF WE, y = 29w
At=(A} A} AR)Te RAR HAx PGS Wy,
a*=(af af - at )= A2 ety Wy,
a; & AERY F5o|r,
HARD] y MY AXNFHAER FHY 4, 2 HxrEdz Ry 2

y & B8 43 go] g,

Z A*(x)y*
==l (91)

A7, ANxE kdA Fde) HFES Yrhhel, x, o4 Q%

A7 9 WA ge Alx)ed g 2y
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Ar(x) = lI__iAf(x,-) (92)

4007 2 ANFHEE FAHE TSK HARdLe A Aeo i
=8 HolHE ol83te] wEojATHI2L TSK HA=HE <4 o 7}
HA Aol & AL AAR AXYF) Peolrh. AAE X Yt
A FrEE oY Furt AlgHL Qo o] Mo Ak w4 g
B YA 2y 249 2L Al EE ABHES W wy
1 249 Zo] ¥ XA Fe WH4 Fho] 002 AFH= Hol A
AAGTE WY ol 1= ARHE P ANGER dof, = 19
24994 py & HARAAY FolAes du4 gto] 12 AZge A o] A
HAAZ FpllMe A4 o] 092 AZHE Foz sl mags
A FHZ sgo.

bs P D2 P3 Dy )03

Fig. 24. Fuzzy sets in TSK fuzzy models
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T A ol ANYUL FE AT 4 ODAA P A*=12

BEEE 4 & F ATk gy o] AoxE 4 99 BEs gy

—

2 BT olsh e ABe N2de 92 HolHE o] 4% TSK # )
299 @AY de Holme Awyel: AL gdn By a9
2914 psSt pr& WA wllo] Mg AP Wre Ha g 2 Ao
golrt,

A€ TSK HAZLE singleton AL e] WL 4 (90)2] 7
THY AERAN WE 2, xp e, x, B SFUH AAGS By
FA Fo2H o] FolA, WEE HUA AAT duitk WA A
T 37t MEE AeRA AASE gueEe tee A8 ofo)
HolE Abg3it) &, 4] (93)8 e TSK H A& singleton ¥ 2%
92 FHFWE 9 259 2obd g ol gu.

If x is F then y= ayt ax (93)
a9 25 HAEde] 282 g zo)
(FOVF () - Cagt ay x)+(FNF D@ - ( g+ ay x,)

I S253] (93)8] 23e F(x) - ( agt ax )l A (94)e) 1 F
AH7F FAE HAT FHo HFE A (92)9) Aol TS A}
ez 19 25 2 4 9994 A A intersection TAE 9

% F (FNF)x)=Fx) - Fs(.
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X2

If x s F(\Fs then y=apyt+ a; x;

If x is F()F, then y=ay+t+ a; x,

Fig. 25. Singleton fuzzy model of the TSK fuzzy rule (93)

(FmFS)(x)( agt a, x1)+(FmFL)(x) - ( apg+ a, xZ)

=F(x) - ( Fs(0) - (ay+ a, )+ Fr(x) - (ag+ a, xX9))

(94)
X— x

X9~ 1
peyp— (ag+ a; x4))

=F(x) - ( g

X
X, '( ao+ a, x1)+

=F(x) - (ay+ a;x)

TSK SAR2s) AERold Wrg sy AAs: dngze 2
Aol 2 Mo} A, wek oW 1 WAYTe) et 1
Fy Fy F3 3o ol 879 et Ea

AFHEH 4 (909 HAXFH FAERM WS ¥ & AAR= G

T2 4719 caseE UFolr MHw i)
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T
x=(x % Xim] Xig1 X, ),
b~ k k k k ENT
AT =(A] A - Al Al AT,
k— _ k k EANT
a =(a a; - ai, @ity @y )

2 Aolse, dnFel 4ot HANUG B~Byd 1 Aw4 gt

e o
1
B, \ B, B\ / B, B By B, By
0 ' —
bs h ¥ b3 7 43

Fig. 26. Fuzzy sets in transformation algorithm
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Bl(xz') = (171“95,’)/(?1—175) : Ds=x;<ph
0 :

otherwise

By(x)= (x;—p/(p,— pg) o psx Sy
(py—x)?/ (b — p1)* D p<x<py

0 > otherwise

Bi(x;) = 4(1?2—96;‘)(96,‘*?1)/(&_.01)2 D pixK by
0 1 otherwise
Bi(x) = (x;— p)*/(p3— p1)* L piSxi<py
(p3—x)/ (35— po) D Dok xi=ps

0 : otherwise
Bs(x:)= (x;— p)/(p3— o) S AT
(65— x)*/ (by— p3)* D py<x<py

0 1 otherwise

Bi(x;) = 4(.ﬁ4—x,‘)(xi—ﬁ3)/(174_173)2 D p3lxLl py
0 : otherwise
Bi(x;) = (xl.—p3)2/(p4—p3)2 L D3=x < py
(pL—x)/(bL— b4) N NR¢ 79,33

0 . otherwise
Bg(xi)= (xi_ﬁ4)/(1’L‘“p4) : Pilx; <Py
0 : otherwise

HAAF By ~Bg& 29 249 50 73 ([ ps 11, [, 221,
[ 22 23] [ 23 41 [ by 22 1)) Al 29 259 2o A
st Aol HAAG ST 1Y 26904 HARG B,y Bee 9
Aol wui4 kel 025012 PF38tod (normalize) 12 ST
T A Byt Beol si@ets 739 AR A5 g 1/4u2 FoE
o}.
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case 1 : 2 (90X x9 HAAF A7l 29 249 F, A o

A (90)9] RfF AAFH L te 4 A FHoz gAu

RM: If x™ is A*, x, is B,

then y* = agtiplaf+ﬁ/;—)rx_ (95)
RE: If x” is A, x; is By

then v%=al+ pyat+(a*" )T~ (96)
BB - If x~ l-sAk—, %; is Bs

then %= at+ pya*+(at™) Tx~ (97)
R": Ifx™ is A*, % is By

then y™ = aﬁzmaf N (az—)rx_ (98)

A (909 AAFH R 4 (95)~(98)9] RE~RM 47)e] A Hs
2 OAE 3¢ AARdERY FEHE A9 gLy o

_ ZBA@Y+ BAT OB et 5 Ay

> A%

WA A (95)~(98)8) RU~RM 479 HAFHEZ gAF HAza

y (99)

4 FHA A (997 dA) W A HARDe Zee) 4 (9])%

EATL wold g Ho| BEEe THW U}
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A%y =AY (x7)By(x) v+ A* (x7)By(x,)y"

(100)
+ AR (x7)Bs(x )y + A* (x7)By(x,)y™

proof :

HA 2" 24904 [p p,] T2l dis) 2 o TRl E W

T

ek

g THAE FAN A 9% ©96)9 249 HAFHo] HEH o] ohe
2ol Fue.

&

A (x7)By(x )y + A (x7)By(x)y2 + A*" (x7)Bs(x,)y®
+ A (% )By(x,;)y™

k k —
=AY OBy (AL (@]
+ By (x;)(ag+ prat+(a*7) Tx7))

=A*"(x7) ;;:112 ( ﬁj:;‘ (a§+ prat+ (a*) %)

+

TPkt pat ot (a) o))
D2— by

= A* (x7)AMx,)( ak+ ax+ (af )Tk )
=A% af+(a®HTx)

=A*(2)y*

HEAFE [py bl 5y pd) WEMAE A (100)0] wEgS

flo

2 Weg Z9d 5 g

case 2 : 4 (90X xo HAYYF Af7t 2Y 249 F, A o

- 88 ~



4 (909 R* HAFAL ge 37 HA7Ho= o A B o}

Rkl .

If x~ is A*", x; is B

(101)
then yﬂ:a{f—i-psaf-l—(ak_)Tx*
Ifx~ is A*, x; is B,

(102)
then y&=a5+p1af+(ak_):rx_
If x~ is A*, x; is B,

(103)

k k k=T
then y®= aOZan, +A@4) x”

case 3 : 4 (0)AA x9 HAAG A%7 29 249 Fy d o

4 (909 Rf AAFHL g 3 HFHozm o A g o}

Rkl .

If x~ is A*”, x; is B,

k k b T (104)
then yM = % ¥ Paa; L) x
4 4
Ifx~ is A, x; is B,
(105)
then y&=a§+p4af+(ak—)Tx*
If x~ is A*”, «x; is By
(106)

then y®=alt+ praf+(a* )Ty
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case 4 : 4 (90)ol A HA o] W2 x; 7 & o
4 (900 R* HAFAL e o) HxFHoz A € o}
RY: Ifx™ is AF, x, is Bs
(107)
then Y= af+ psat+ (a* ) Ty
R%: Ifx™ is A*, x, is B;

(108)
then y%=at+pa*+(a*)Tx™

? 4 AANFYY Bt Be tes 2o

Bg(x;) = (bL—x)/(pr— bs) Do ps=x<pp
0 : otherwise

Bi(x;)= (x;— 0/ (P~ ps) o Dps=x<py
0 I otherwise

case 2~case 4 ANXNE 4 (90)9 H=x|7FH R NZE HAA 7=

=

2 dAsE HARY2RY FEFHE AR W) gon o

poY
rlo

case 19]A A

ol

T yoz Fgdr

AN Hd9d gdue)Foz TSK HARW| H2H Wiz s
U AAGE ARR) gy HAH HFEHOoR singleton H
ARDZ MB=o)2n, 1 singleton HA|m L d#ée TSK HA =9
W TdF dEd BAE 2o 89 singleton SRR RO
b RS FHE] Ue o glen (g2 4 (959 (103), 2} (98)=

(100 AAR7E 2vh) 2299 FHEL AR 44 e Fobo] 5
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He] HRFHe s greg

Ak 22 ¥Rel 95t singleton WAL E WHHAS o =57
A AeE B2} 2ok TSK AR R Do) A Mg, o Frho] N; 7}
2 UAAA e W(2d 24E 32 UHA 9= A9 singleton
HAARDo M= Ay, o F3ho] 243(N,—DAZ U¥o] Atk TSK

AR R AR Wy, 7 Qe FSE N=12 o wepd W

F AT n AL AS TSK ANZYY 74 A%E A [INAel

3 WBH singleton FA T FH i Ho ZI:L(2+3(Ni—1))7H

ol .
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33 A XNxg mdgde g g

331 HA R <y

HAZLYe Fone Axde dEeEe offst: By, Aad
AE7H doiHel AAg ol g3t WPoz s & 3. TSK #x)

=l B9 Ao Aoz Nade) &Y Yol E: Aade A%
T 71€%E F4E ugog 293 oo uha) singleton 2] % dl

o A%, HEE 2o} gy Nxg A8 dojy XL wtoz

Aol AAR ANolTh ol s AAY A4 o] o] Foixw ABY A4
AYNL) heulE Y FEe 22 o) S 47 oF Ak
A" 428 HolEe 048 TSK HARdY AJe 47 ol
Ak dksted TSK AARDe He 59 FHoz Bgat vay A
2% A% A 29 ¥ F Qo) mde] 7z A4o] AANoD ¥w
A A o1l & Ank ool Wl singleton HARDY A A2
dol BAsn 4 Wt Bokxd FHol S0} s)s Foegon wo

A dEH HolHE o) &% mde 72940] oy}

- 92 -



W TSK #HARDL AERs dY4olmz Agnst A

n
4
L

singleton HX|Zdel] W3] T o]s7} i on Wag HEge &)
AHom £A43877} olhd). = AANZY T= GA Tg o83 &

o TSK #Amde) 4 AWee 924 HolHE o) gstd Yoy

DA obe} Rabat ge o= @ 24 g5¢ 42 352 g 2

TSK #HAwde) gz FH9 40| o)quh o) wa) A2dg
singleton HAZAZ FTHE 97} TQ o et FAo] BeF w
B S0 9990z 4% + Ao

web g el Be uag Axgel tsl 959 dolgw ol
A% ™, 2 dolEg olgste TSK AA R ANstd 7 wae o

Aol A3 o Z singleton WA RW R WHEA) 7 2 g

%
4

P $AE 5 A8 B8 Fo nao

332 WA 47 HARDY AEYolA

o = black-box3 ¢l W ESo] Wo| A4
H, 2 PYo2E look-up HOlE, 2Bl §4 TRNY o
Tol At 2y look-up HOlES Be g Be Wew su, A%
el FrE W E 2o A nEgHon, TRHY FaE 7hg
AR AHEst g dojHh waby oM 32dd AokE W@
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1©

LHEE WHEA 22 549 AARAYo g2t}

MEA 22k FolA B o 93 mdo] me =g o] F

U4 GaAs FETY AF A SAH4TNe mdgo) A&t md9

THS =¥ ARl d¥e = AgH Aoe Aol
Chuae black box# ¢l Z&a o) StE T8 (piecewise-

linear) R Atstgom, Fe TSK HxgL EESAG. 1 o®

dEL AN 2 Y29 HolgE o] &3t 7 3) 2 TH8B,89].

FRABIY TSK A4l AAY HgEe ¥ 3 A)=10)

+H[69]9) TEAY Yo 2945L 242 wor 23 2894 TSK
HAARL] TEAY B 44 e 32 Yguxg =gl A
Wol 0 B9 =8 BRI 0o] HA %2 glon we =39 Ak

S Aole AgtelN =ee AR}

rf

ZZ7HA @1 Aok ol
5% FEe £3L TSK Axzde duzt ojgn. was TSK

AR DS singleton WA RWZ WA 7|7, $do] Was T A8
T AT U FEoE 2AAY.

19 29% 2449 singleton A 29 Yo Wiy singleton )
AR HAR ANYF A4 G5l A HEe Aarg reFs)
= A3 Ad FHE ngon, AER A% GoM BE %o £xEo
Z4st71 A groln

a9 309 A9 singleton WX Rd Z¥Q 2

i



If vy s A then ip=1.04+0.86v,+16.69 v,
If vy is Ay and v, is B, then ip=85.1+27.51 Ves +3.78 vy
If vg is Ay and vy is By then ip= 69.66 +27.75v,+2.16 vy

Fig. 27. The TSK fuzzy model for GaAs FET
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Fig. 28. The outputs of GaAs FET
circles : the measured data,
solid lines : the TSK fuzzy model,
dashed lines : the piecewise liner model
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Ay
o U ds
0 1.3 4
B, B, B,
» U gs
-2.5 -1.85 0
Ugs Vs Ay A, A, Ay
B, 0 (-1.1) 25 (5.2) 45 (3.1) 89
B, 0 (-0.5) 12 (9.9) 21 27
B, 0 (0.1) 15 (9.2) 28 32
By 0 (LO) 27 9 100

Fig. 29. The singleton fuzzy model for GaAs FET
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Gate-to-source yoltage.{volts) = 0

05

Fig. 30. The outputs of GaAs FET
circles : the measured data,

solid lines : the singleton fuzzy model
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34 HAY A2g Fo)j7] Ao &

3.4.1 TSK 9 XA ]7]9 singleton HRAo]7)2 9 W

HAAN 7)) AA PPo 2= Ao £dse x4 =2 o] &3t A
YA L (trial-and-erro ¥ Q) WP N2e mdzRE dgye Azte
4 AASE oz 3 Y 5 Yok AR} singleton E # =]
BIAA ARAN7 e F2 Ao S@7he) 242 o] g5t MAHG. 1
ol W, TSK s2)Ao17)e) 49, A8R7 d¥4e Fhe o] 45
TALE nEsAN HARLERY AN 04 ez 449
3,

ali

2ol H49d A Zo] WA gy A2"e TSK HARd=Z g3
8k, 7 HARdzHy = B 2% (pole placement)2 o] &34 TSK
AAAN7IE dAGG o] W MAY TSK Hx#o}7|= TSK ¥ 2] 7
49 22 sk $9R Aot gle & Qe wi Ao}y e8x
75 4FeA A7) 45e 24T Bast e 4% A o)y
@ 3 TSK #HAA719 ezt 2Ho] 4x o} a3, 32 "
A dE PYPoz TSK HAA712 singleton HAA A7 2 HF
AZIE g BREA GA Aolr)e 2o A=

AAA dAE TSK HAA|712 singleton x| A]o}7] 2 WA
A5 Felsior & Hol 3tk TSK HAA A 7)o A 7o) & w(k)g +

& w A}E== consistency condition 4 (62)= TSK #Hxmeo)r =
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22 7% W AREHE 4 0D ot Ak = 4 BN = AAw
HEE w' ol 2he) (B A% b b BAAY. Gery 32 el
T A8 singleton HAA}ZZ WBAA ©, TSK B 407
ABF AYAol b & W7 Fakeo] wBHW Wo 46599 A7

TAE TSK HA A7} e g singleton 3 X&) o] 7] T
HEE AT} skt

S If (B is Gi, vy(B) is Gh, -, v,(B) is G,
. , (109)
then w'(k)=¢

22 919 singleton ¥2)Ao]7) 2B Aol AHFL 4 (62)o) 9)&) b
=3 o] A

== (110)
gw’(a b

o 7] A, wg(v)=zle{(v,-)‘—:— singleton ¥ A Ao}7] AR HFgxoln

¥s = singleton B XA oj 7)o A F2 9] Aol
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342 A EH ol A

O A"l ta) HxAojr)e AAGAT o] W) o Hojy A
T WU o] WA TSK H =) A)o) 7] = AABLL o] HA Ao}z RE
singleton ¥ 2| A|o} 7] & A A 3o},

_ VR E—1D+uk
Wkt D)= 1+ y(k)?

(111)

WA TSK HARDS A48 o8 73+ [-1, 110 Adet) B
W) & 4 11D JH3ted 100074 923 yojg = Fahm, 7 g

olElsh BAU12)9) ¢ueFOR TSK HARAL AAshe] ARy

)bl-

M

HE U2 i F3 29 319 2dg Fagy.
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M

M

M

y(k)
~0.879 0 0.817 >

If y(k) is F\ then
1_{—0.081 —0.636 0.564 —0.072
x(k+1) ~( ; ; )x(k)+( : )u(k)+( ;
B =(1 0)x(k)
If y(k) is Fy  then
2_ (—0.091 —0.003 1.065 0.002
x(k+1) —( ; ; )x(k)+( 0 )u(k)+( 0 )
(B =(1 0)x(k)
x(k+1)3:(—01.094 0'314)x(k)+(0'805) u(k)+<0'875)
y(R)=(1 0)x(k)

Fig. 31. The TSK fuzzy model of equation (111)
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dg
o
rie
o
L
P
2
o
e
S
o

2 3te 29 31e2 2 4AEE TSK HAAAo 7= gem 2o

C': If Wk is F, then

L[ $1+0.081  $,4+0.636 0.072
”(k)‘( 0.564 0.564 )x(k)+0.564

C': If Wk isF, then

é,+0.091 ¢2+0.003) (112)

0,002
1.065 T.065 ) %P~ 065

u(h?=
C*: If Wk is Fy  then

0075
(k) =605

u(k)3:( 6,+0.094 ¢2—0.614)

0.605 0.605

HEFEZ Al2® Aggs) dsts 2o 0.5(¢,=0.5, ¢,=—0.25)
2 3 TSK HAXA7)|& @E1, 47tx) 273 (-1, -05, 0.5 1))
Hal 2 HAANNE Hesge o e a9 329 Bt

LH 3294 AAA 29 A= Snte] AL u|2:

ol wek Holgy RN Astt SuT 2Z Holrh g Huo

ok
2
e
I
)

Aok oleid Aol eaELe JUIDY A AAAT} 29 319 TSK
AAZde] Hoo s b Zolul, TSK Alo7] degze 1 oxs g

B717F o) F ). 8t 9 singleton A7) Fejo s Aoj7) gado] 2
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A7l sebve zHe) ztHstnz, A (112)¢] TSK #A A o}7)|&
32804 MY WHo= singleton W2 Ajo]7)= A7, dad
e G EE 24Uk 2 HEHE 2ol BRE I s}
T singleton X7 HAen o= AL A wHor =g
A},

=¥ 33 singleton HA A7) 2 WEHTD 29 A Bl 1
Y 3B AER A5 golN BEAY k2= z2ge] A s}2tu) g
e, AARE A7 Ay Foolq = T2 Al reksiE

A3 AN dH2 9y 9o, Wk—1) WEE TSK 93 40} 7]9)

L9 34°] =4 E singleton Hx|R)o]7| S A}g 35 $9E Hol
M, 2 $He dake 9w A Axge = T Ath  TSK 3= A
4718 AASS 23e wgeA) gu ez 29 337 2 singleton
AXA 71 & HAS 7= 9 olFu}. shx)ak 3278 o) A] Ch R
He AHE3HE TSK 5 x4 o] 7] 9} singleton A Ao7)¢) FHe = A

44922 4 4 du.
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Fig. 32. Reponses of equation (111) in pole 05
solid line : the TSK fuzzy controller,
dashed line : the desired responses
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A, As
AN A, Ay Ag 7
y(k)
1 088 0 082 1
w(k—1)
-1 0 1
(k= 1) B B B
( k) 1 2 3
A, 15 (-1.3) 1 0.7
A, 09 (-1) |-05(-073)| -043
A, 0.2 |-005 (-0.18)] -0.16
Ay 0.21 0 (0.001) -0.21
As 0.45 0.1 (0.2) -0.07
Ag 1.61 0.5 (0.8) | 0.02 (-0.06)
A, 1.85 1 0.25 (0.17)

Fig. 33. The adjusted singleton fuzzy controller
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Fig. 34. Reponses of equation (111) in pole 0.5
solid line : the adjusted singleton
fuzzy controller,
dashed line : the desired responses
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# TUdT dEY BAE 2 singleton HHA2dS Tihe WS
AT 88 ol BT TSK HAA|Aelo] = HAAAE D4
FE AT EE & Ae TSK FHAA2dn mge HEy #AE
< singleton HAA2e 44 78 = AN,

Add W ARG o) 83U F AAAHe Fyo T A4d 5 g
T2 HAth WA HARdyge s g2y golya JA4E TSK o
AELE singleton WAL HBHAA dgps 2po ZAsA. o
S B, U2 dolHE Axndy g W mye 29 FHoE ma
T Al MmA He TSK Hxgde Ay wa A A =
dol A& singleton HA 2D FHL B o) gy = VL By}

AA A7l AANNE, TSK HAxndeny = AL o] g5l
TSK # XA o718 HAsSn 2 Hojr= singleton HX|Ao}7)12 W3
AA dod 28e 24394} o] 24 TSK HA R HAERI}
A e ol &3t HAAo7] HA} 8ol FHH olgsty] g3 m
Ml 78] ol singleton WA Ao}7)e] Bxo B A S gles

HA
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= =8

flo

! o ¥3
FohEA, e MAY Arde AEe g
A9}

ZOANEES s TSK A~

r HU
_}L
2
o
_L_.

HAANEDAN 249 5 e 59 vrdNe oRE mag 2487
Asted Aed7) 2ol golatn datulge xHo) A singlton =
AANERE TSK HAA 280 22E Mg wue A b3t o},
THIL B =R AT FER} gL Axx o S5
FEHl N AF7AA 9 d7ste gg ZER M3
AR e A FH oz TS TSK HAA 2L g2}
A 27l A,
® TSK #AEdL AN2"le] Q%8 go|guoz dA 2501

T Ao, B wA8 N2de 4L fo WAFAS2 Ay

® TSK HARAL wdzrg 3 HYH e A

ot

x

3 goz

2™ Jacobian matrix2) I-Ztel o) a) APl BAFE 5+ e
= B4t

* WAM IHHYE RASY, HFZ Alxde o) dote Ay
Mz g9 PolNEE F wAWe o)fsd TSK 3 2] A
1718 HAE 5 o, ® A¥golx Apgw - Aeg A

* 1 Au ZEA AW HHY 242 1ee TSK H=] H A
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B ANA2RE AR 1 By dzaac
LY TSK AAN 2L AA72 B2 G54 42 gRo) o s
7 e enl, 237 wySE Hetuy e zho] oy,

W2 TSK HA) A 2dle] $xe ez 54 FEdAMY o5 5
A7) A% getee x4o] o) wme Hsta,  singleton ¥

AAHD 22 Q43 Ao)7] A} oS
Al 37,

AV
)
to
T
e
_°|l'.
X
)
ok
2

® TSK HAAIA® 9] singleton HAA Ao 2] W wye A gt
A AL,

* HAEAF o A As Wy wyow UEH dlolEl & o) g3}
A A2 Fo FHoz FyHE TSK AxmAL eysx

=
singleton HA2Ag <148 & gleg,

°
H

AAAA7] B A, TSK HAAA} 20 Abe e

W E o183kl singleton HAAA7)E AAo AAY = g
< &8 98 B9 2y,

= A% TSK AN~ B9 Q49 So)dn HgYS 0 ey

A AAAA Aojs) DAY Ass g9e A2 3, singleton A A| 29

o Qold ols) 2 A9 wetuE 2qo] golsed sk Su

°1F UEE B4 Rrolde 948 $9Y ¢ dr 4ue 4y -

Aees AEHoIHE S3) Ry
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