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ABSTRACT

Consideration for Stability on Changing Fuzzy
Variables of Membership Function in Fuzzy Logic

Controller

Lee, kyoungwoong
Advisor : Prof. Hansoo choi
Dept. of Control and Instrumentation Eng.,

Graduate School of Chosun University

It is hard to design FLC because it has a nonlinear characteristic. For this
reason, FLC design usually requires a quite amount of trial and error
procedures based on computer simulation. This paper describes a simple method
for designing FLC based on a describing function method and a circle criterion
in frequency domain. Proposed method is simple and easy to understand, since
it 1s based on the Nyquist stability criterion that is used to analyze absolute
stability and relative stability, a phase margin and a gain margin, of linear
system. To linearize in frequency domain, FLC is represented by a describing
function using a plecewise linearization of the response plot of FLC. This
describing function is represented as the function of magnitude of input sinusoid
and nonlinear parameters z,; and =z, which change consequence fuzzy variables
and nonlinearity of FLC. The describing function is redefined without the
magnitude of sinusoid input because the maximum values of the describing

function can explain the stability of system. This redefined describing function

_Vi_



iIs used to get minimum stability characteristic, an absolute stability, phase
margin and gain margin, of FLC. Using this function, we can explicitly figure
out the various characteristic of FLC according to the width of consequence
fuzzy variables in frequency domain.

In this work, we suggest a minimum critical point(MCP), a minimum phase
margin(MPM) and a minimum gain marginMMGM) for FLC which can be used
to determine whether system is stable or not. For simplicity, we use one-input
FLC with three, five and seven fuzzy variables. For various nonlinear response
of FLC, changing fuzzy variables of a consequence membership function is
used. Simulation results show that these parameters are effective in analyzing

FLC.
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B A& o Fely o]ake] Ao A= Convergence Point Attractor, Period
Point Attractor, Closed Curve Attractor, Strange Attractor 5 ©] St
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Z}. Chaos
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Table 2.1. The comparison characteristic between linear and nonlinear system.

LINEAR SYSTEM NONLINEAR SYSTEM

r= Ax r= flz)

EQUILIBIUM POINTS UNIQUE MULTIPLE

A point where the syst |If A has rank n, then|f(z.)=0




em can stay forever wit

hout moving.

x, =0, otherwise the

solution lies in the null

space of A.

n nonlinear equations in n

unknowns

0— + oo solutions

ESCAPE TIME

r—+ 0 as t—> + ©

The state can go to infinity

in finite time.

STABILITY

The equilibrium point is
stable if all eigenvalues
of A have negative real
part, regardless of initia

1 conditions.

About an equilibrium point:
® Dependent on IC
® J.ocal vs. Global stability
important

® Possibility of limit cycles
LIMIT CYCLES

® A unique, self.excited os-

cillation
® A closed trajectory in t-

he state space

® Independent of IC

FORCED RESPONSE

z= Az + Bu
® The principle of sup
erposition holds.

I/O stability — boun
ded input, bounded o
utput

Sinusoidal input — s

inusoidal output of s

ame frequency

= f(z,u)

® The principle of superpo-
sition does not hold in ge
neral.

® The I/O ratio is not uni-
que in general, may also

not be single valued.

CHAOS
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Complicated steady.state be
havior, may exhibit randomn
ess despite the deterministic

nature of the system.
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Vz) = 27(A TP+ PA)z 2-11)

Alz="o] ol sty YA T A (2-12)8 wEsoF sh A (2-10)9 QT FAY
g Holojof s} 4 (2-13)& Lyapunov Ul WA 2 o]} ok,

ATP+PA<0 (2-12)
ATP+PA=—Q Q=QT>0 (2-13)
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2. wAg N2 g

a9 24004 o]l HHAHE x=00]gt2 T o e} olFIE z=02F H

Stable unstable stable
9% 24, x—q oA 9HA.

Fig. 2.4. Stability at x=0.
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Fig. 2.5. Concept of stability.
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A7) z= [z, 3,]T9F L 23 Alad"o] FolHe G A (2-11DE W)
T AT Viz,z,)E Fstar Vie,z,)7F 74T 49 19 259 2ol HE
Aoz YHo] s A H V(zy,z,)7t Autonomous 4% Vi 2 (2-18)7 7

of Folxth Aol a=f(x)+g(z) « ust 2ol FolHL w A7l

=g A
- HJ
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V(z) >0 V=0 and V(0)=0 (2-17)
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7 oz
f:[fl — | and VVIi= a_V’a_V
fol |z, o, dxy
V i

@

19 2.6. positive definite function V(z,z,)
o] 7] HH.
Fig. 2.6. Typical shape of a positive

definite function V(zy,z,).
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¥ 22. Lyapunov °FA &=,

Table 2.2. Lyapunov stability in pictures.

Condition

Picture/Comments

V(0,t)=0

Need to check this condition W(x)=0atx=0. We
need x=( to coincide with V=( because the

method relies on making 7—.

V(z,t) is positive definite,

l.e. there exists a
continuous, non-decreasing
scalar function a(x) such

that a(0)=0 and
Va=0,0<alr)< Viet)

Need to check this.

V(x)

""4‘7_’7
-

o([fxI1)

==,
-

Simplifies to a(z) < V(z).
The level sets of q are circles. We are used to
dealing with the definition of positive definite to

mean V(z) > 0 everywhere and V(z)=0& 2=0.
— V)

-]

3‘.:*
— ’<:
\./\ Ix/[=p
A/ L

9

X

I:l"a /
\
%‘z‘d o’
<
1

a(p)= min V(x)

|l|=peircie

V(z,t) is negative definite,

that is

Similar interpretation to that of (ii), only looking at
— W x) If the condition does not hold, we can use

LaSalle’s (time-invariant cases).
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Vizg,t) <—~(llzll)<0
where v is a continuous

non—-decreasing scalar
function such that v(0)=0

V(z,t) < (I 2 Il )where S

is a continuous non-
decreasing function and

B(0)=0,
1e. V is decrescent, ie.

the Lyapunov function is
upper bounded

Doesn’t matter for time-invariant systems

Simplifies to V(z) < g(llz )

V(x,.x,)

V is radially unbounded,
that is

alllzll )>coas Il Il —c0
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Fig. 3.2. Response for fuzzy variables A

Influence of the characteristic of a proportional
fuzzy controller without overlapping in the input
membership functions(a) and with full overlapping

in the output membership functions(b).
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Fig. 3.3. Response for fuzzy variables B

Influence on the characteristic of a
proportional fuzzy controller with full
overlap in the input membership functions(a)
and without overlap in the output

membership functions(b).
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Influence on the characteristic of a
proportional fuzzy controller with full
overlap in the input membership functions(a)
and with reduced support in the output

membership functions(b).
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Fig. 3.5. Response for fuzzy variables D

Influence on the characteristic of a proportional
fuzzy controller with full overlap in the input
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Fig. 3.6. Response for fuzzy variables E

Influence on the characteristic of a
proportional fuzzy controller with full overlap
in the input membership functions(a) and with
a large support in the output membership

function AZ(b).
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Fig. 37. Four types of simple nonlinear curves.
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Fig. 3.8. Premise and consequence membership

function of fuzzy controller.
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(3-2)

- yel3a, (2 —H )+, (3—e?)]
u— =
3[22, (1—e2) +y, (2le|—e?)]

289l A% e0] wWel 37kx gHoz PRF FEAH 4 (3-3), 4

(3-4), A (3-5)¢ #rh

R é[3(1—x%)+3xf|é|—x%ea] . N
u= ~ = (0 é |€|§ ed) (3_3)
3[2&71 +2(1 —x1)|e|—x162]

. ey leli3z, 2 —lel)+y,(3—¢ )] y,e 13— A)x -yl o~ ~
o coplelln 2 = L (e<led<i—e) (3-4)
3|e| 2.561 l—e +y2 2|e’—e *yled]

ez B2 (1 +el+ R —yyz, [3—y, (1—el+e?)]
u:

C(1—e,<lel< 1) (3-5)

3|é|[zl(2+a:122)—y223]

AN 2y, 29, 252 A 3607 £ g gy A (3-1DF £
2z =1—lel,z, =1+lel, z, =1—2lel (3-6)
Yy =x Yy = 1y (3-7)
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Fig. 3.9. Two cases for fuzzy output aggregation.

(a) Case I
(h) Case 2
(c) Case 2
(d) Case 2
(e) Case 2:

X=Xy

x1>x 4 Range Al 0 < lel< eAd.
x>, Range Bi e,<lel=1—e,
x>, Range Ci 1—e,<lel<1.

x >4 Three ranges with respect to e.
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Fig. 3.11. premise and consequence Membership function

of fuzzy controller with three fuzzy variables.

(3-8)

Rl:if(e is NB) then (uis NB)
R2:if(e is AZ) then (uis AZ)
R3:if(e is PB) then (uis PB)

O Tl Il x
B\l

a9 312. dy,dy®] W3] wWE H XA ] 7]
Fig. 3.12. The Response curve for changing d;,d,.
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Fig. 3.13. The response curve for changing d,(a), changing d,(b).
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Fig. 3.14. The piecewise linearization of a response of FLC.
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Fig. 3.15. premise and consequence Membership function of fuzzy

controller with five fuzzy variables.

=do<d<1)
=(d0< d<0.5)

=do<d<1)

R1:if(e is NB)then (uis NB)
R2:if(e is NM) then (uis NM)
R3:if(e is AZ) then (uis AZ)
R4:if(e is PM) then (uis PM)

R5:if(e is PB) then (uis PB)

571 Aol o7t WA Si=ade 9 3163 Ak ¥ 3160014 &

(3-9)

(3-10)
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Fig. 3.16. The response curve for changing di, d,, ds.
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Fig. 3.17. premise and consequence Membership function of fuzzy controller

with 7 fuzzy variables.

=(d0o<d<1) (3-11)
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=(d0 < d<0.33)

=do<d<1)
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(3-12)

Rl:if(e is NB) then (uis NB)

R2:if(e is NM) then (uis NM)

R3:if(e is NS) then (uis NS)

RA:if(e is AZ) then (uis AZ)

R5:if(e is PS) then (uis PS)

R6: if(e is PM) then (uis PM)

R7:if(e is PB) then (uis PB)
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b
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Y 4.3, W48 A 2~¥ 9] Describing Function % &.

Fig. 4.3. A nonlinear system and its describing function representation.

= —+ Z a,,cos (nwt) + b, sin (nwt) (4-2)

n=1

1 / t)dwt

:%/ y(t)cos(nu)t)dwt

b= [ yl®)sin (ot dot

Describing Function ¥WHolA &= 7| &3k g oz stoz 24 (4-2)& 4

(4-3)3} o] zreFs & 4 Qlth
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y(t) = a,cos (wt) +b;sin(wt) = Msint (wt + ¢) (4-3)
M(A,w)= \/af —l—b%

o(A,w)=tan” ' (=)

E4FdYgz 598 F9= 2 (-0 Zo] T dE oA 3L Describing Function

y(t) = M(A,w)ej(wﬁ”f)) = (b1 —i—jal)ej‘”t (4-4)

__ phasor representation of output component at w

N(A,w)=

(4-5)

phasor representation of input component at w

M(A, w)ej(wH #(A4,w))
Aelt

M(A,w) 0 (4.0)
A

1 )
= Z(bl—i_jal)

ghof vl g aart v R d AR AR 2487 )1E B9 =00 #
o] Describing Function® 2 sined<e] Z7|o] gk <=7 Ho] 2] (4-6)7}

o] E = X

N(A)=—b, (4-6)
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¥ 41. ¥A8 249 Describing Function.

Table 4.1. Describing Functions of nonlinearity factors.

HI A3 8 4 A Describing Function

m\:G yl_/ N(A):O, AS(S
Dead zone ] m j)_Q(a) 1_(5)2}

5 x N(A):—{ﬂ—Qsin_l—
™
A>6

m,=m y N(A):m A<é
my;=10
. md —-I D)
Saturation L; Qj{sin-1(5)+(5) 1_(5)}

m,=0

58— 0 y

g — dm,0 4D
Ideal rel =1 ==
eal relay - N(A) =

cruw B _

m!—'—o-o D TJ 4D
Preload mé =D NA)=—+m

®oATME HAACIY oF FAL odw Y BE 24 AFgsta o F

B3R 48 78k )3 Describing Function®] A7} & Q3sjv} B& A& d)v
Rl 75 EAS zte wAFg s 19 463 2o 74zbe] Wyl A

o] %™ Describing Function< 4] (4-11)3} o] vepd 4 ok

ol

(4-10)7} 2Eo]
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Fig. 4.6. General piecewise-linear odd memoryless

nonlinearity.

0 <z<d, y=mz+D (4-10)
§,<x <34, y=(m;—my)d +myx+D

S, <z <68 y=(my—my)d; +(my—my)d, +myz+D

by <z y:(ml—m2)51+(mQ—m3)52+(m3—m4)(53+m4x+D
) ) é.
N(A) = %4‘ (my —mg)f(zl)-i- (m, —Tng)f(i)-i- (my —m4)f(z“)+m4 (4-11)

a9 462 vWEE] g4 diE] JEeERA Hed gheF uHddE e 47y a9 47
I o] WEY HHAE 949 S|AHEAAE FAXA HH 4 (4-12)¢F 2ol v}
_}'\_

B 5 Qon 4 (4192 Bal 4 (412 4 (-1d)sh el vehd
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Fig. 47. Hysteresis characteristic with input and output
waveforms.
2] [T . —
NA)="- | y(Asiny)e Y dy (4-12)
TAJ
. ¥, ) Py ™ .
= ﬁ{/ (—D)e”wd@b—i—f 0d¢+/ Deﬂ/’dw}
7TA 0 Py Py
_ %(eﬁwl +e )
. . 10
Asiny, =6(1—e) or ¢, =sin Z(l_g) (4-13)

Asiny, =5(1+¢) or y =sin -(1+¢)
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Table 4.2. The general type of describing function.
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Describing Function

Ayl A

= A&

1 O

(general dynamic nonlinearity)

J
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27

y(Asing, Awcosv)e 7 di
0

AukA ¢l FA HdE
(general static nonlinearity)
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J

TA

2

y(Asiny)e ¥ dyp
0

715k A wdd
(odd static nonlinearity)
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_ 2 / y(Asing)e 7 di
TA J

g4 o] A
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H] ] &

(general memoryless static

2 AH Ay

nonlinearity)
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71k wiH e A vAdd

(odd memoryless static

nonmemority)
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Fig. 4.8. A nonlinear svstem.
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HAE 947 35 =949 9 2 (4-16)2 24 (4-173 o] Describing

Function® Z7] ¥ sinedto] =7] A9 <7} Hr}.
Gljw) =— NA) (4-17)
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19 49. DFE o] &3 limit cycle.

Fig. 4.9. A limit cycle using DF.
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Fig. 4.10. A limit cycle of frequency

dependent cycle.
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Fig. 4.11. The solution of G(jw)N(A,w)

with A.
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Fig. 4.12. Oscillation characteristic on nyquist plot.
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5, <A< 6,F(A1)
§, <A< (SS,F(A,Q)
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Nyquist Diagram

Imaginary Axis

Real Axis.

Y 415, 3HA WM Nyquist A=A —1/DF.
Fig. 4.15. —1/DF of FLC with three fuzzy variables on nyquist plot.

X 43, 39 A WG9 AV W& —1/DF %
Table 4.3. —1/DF of FLC with three fuzzy variables.

-2 di
do 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
0] -1.3027| -0.1926( -0.3389| -0.4907| -0.6734| -0.9405( -1.0786| -1.1262| -1.1788| —1.2373| -1.3027|
0.1]-1.3366| -0.2011| —0.3549| -0.5138| -0.6948| -0.9849| -1.1039| -1.1532[ -1.2078| -1.2685| —1.3366

0.2] -1.3783| -0.2103| -0.3736| -0.5257| -0.7848| -1.0306| —1.1336| —1. 1854 —1.2426| —1.3064( —1.3783
0.3] -1.4276| -0.2244| -0.4037| -0.557( -0.8215| -1.0709] -1.1688( -1.2234( -1.2834| -1.3512[ —-1.4276
0.4] -1.4884] -0.2451] -0.4469[ -0.6879] -0.88) -1.119] -1.2117] -1.2697| -1.3337[ -1.4059) -1.4884]
0.5] -1.564|-0.2881| -0.4967| -0.7853[ -0.9973| -1.2086| -1.2658| —1.328( -1.3964| -1.4746 —1.564'
0.6| -1.6654] -0.3361] -0.6712] -0.9218[ -1.2081] -1.2777| -1.3409 -1. 4064 -1.4793[ -1.5657| -1.6654]
0.7]-1.8127] -0.4181| -0.8272| -1.2071[ -1.2988| -1.3804| -1.4574( -1.527( -1.6028| -1.6967| -1.8127
0.8] -2.0486| -0.6469| -1.2051| —1.3383| -1.4535| -1.5578| -1.6512| -1.7399( —-1.8144| -1.9123| -2.0486
0.9] -2.5399| -1.1141| —1.4484| -1.6455[ -1.8081| —1.9525]| -2.0899 -2.2135( —-2.3255| -2.3836[ —2.5399
1] -5.6407| -4.7279| -3.4991| -3.9332| -3.9905( -4.5729( -4.6112| -4.6392| -4.6605| -5.6147| -5.6407|
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Fig. 4.16. System response on d; =0.1,d, =0.
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200 250 350

9 417. d; =0.5,dy =004 2] A|~¥ &t

Fig. 4.17. System response on d;, = 0.5,d, = 0.

% 418, dy,dy o] WEel] uigt —1/DFe] Hulgk 1=
Fig. 4.18. The max value graph of —1/DF for changing d,, d,.
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d, =0,0.1,0.2,0.3,0.4,0.5
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a9 4.19.

Imaginary Axis

Hyquist Diagram

Fig. 4.19.

Real fade

X 44 SHAIR T HA Mg AV mE
Table 4.4. —1/DF of FLC with five fuzzy variables.

—1/DF .

53 x| W o] th3lk Nyquist A=A —1/DF.

—1/DF of FLC with five fuzzy variables on

nyquist plot.

T dg

ds dz 0 0.1 0.2 0.3 04 0.5 0.6 0.7 038 09 1
0 -0.9166 [ -0.8934 [ -0.8988 [ -0.9005 [ -0.9053 | -0.9056 | -0.9229 | -0.9207 | -0.919 [-0.9063(-0.9166
0.1 -0.9398 [ -0.5151 | -0.758 | -0.7828 [ -0.809 | -0.8227 | -0.8313 | -0.9246 |-0.9237(-0.8423(-0.9398
0.2 | -0.8881 | -0.2959 | -0.5151 | -0.6629 | -0.7592 | -0.7762 | -0.7981 | -0.8221 |-2.2051|-0.8405 -0.8831

0 0.3 | -0.8332 | -0.2093 | -0.4105 | -0.5217 | -0.687 | -0.7478 [ -0.7702 | -0.7927 | -0.8059( -0.8266-0.8332
0.4 | -2.2311 | -0.1803 | -0.2941 | -0.4412 | -0.5586 | -0.6933 | -0.7455 | -0.7653 | -0.7864|-0.7978| -2.2311
0.5 | -0.8046 | -0.1449 | -0.2382 | -0.3984 | -0.4739 | -0.5779 | -0.6962 | -0.7428 |-0.7583|-0.7834| -0.791
0 -0.8981 [ -0.8752 [ -0.8821 | -0.8824 | -1.2462 | -1.2486 | -0.9038 | -0.9018 | -0.9003[-0.8887(-0.8981
0.1 -1.0009 [ -0.5401 [ -0.7725 [ -0.7979 | -0.8124 | -0.824 | -0.8658 | -0.9755 | -0.964 | -0.884 [-1.0009
0.2 | -0.8633 | -0.2953 | -0.5401 | -0.695 | -0.7862 | -0.8025 [ -0.8226 | -0.8377 |-0.9485|-0.8641|-0.9312

01 0.3 | -0.8895 | -0.2194 | -0.4304 | -0.5469 | -0.7204 | -0.7796 | -0.8006 | -0.8144 |-0.8392-0.8498| -0.8895
0.4 | -0.8548 | -0.1744 | -0.2939 | -0.4626 | -0.5856 | -0.7269 [ -0.7751 | -0.7984 |-0.8109-0.8314| -0.8446
0.5 -0.826 | -0.1519 | -0.2498 | -0.3554 | -0.4969 | -0.6059 | -0.7299 | -0.7777 [-0.7973]|-0.8181|-0.8402
0 -0.4217 [ -0.8752 [ -0.8866 | -1.2458 [ -0.8957 | -0.896 | -0.9113 | -0.9094 | -0.9079(-0.8967(-0.4217
0.1 -0.9978 [ -0.5671 | -0.7923 | -0.8223 [ -0.8363 | -0.8492 | -0.8627 | -0.9736 | -0.9626(-0.8864(-0.9978

0.2 0.2 | -0.9372 | -0.3101 | -0.5671 | -0.7864 | -0.8038 | -0.8192 [ -0.8307 | -0.8517 |-0.9465|-0.8634|-0.9372
0.3 | -0.8701 | -0.2304 | -0.4519 | -0.5743 | -0.7564 | -0.8154 [ -0.8372 | -0.8581 |-0.8733| -0.865 |-0.9365
0.4 | -0908 |-0.1831|-0.3086 | -0.4857 | -0.6149 | -0.7633 | ~0.8118 | -0.8303 | -0.8491|-0.8811 | -0.908

67 -




05 | -0.8794 [ -0.1595 [ -0.2623 | -0.3732 | -0.5218 | -0.6362 | -0.7664 | -0.8265 | -0.8427[-0.8709(-0.8948
0 -0.5896 [ -0.8621 | -0.872 | -1.2528 | -1.2564 | -0.8807 | -0.8965 | -0.8947 | -0.8933[-0.8826(-0.5896
0.1 | -0.9989 [ -0.5958 [ -0.8142 | -0.8323 | -0.8462 | -0.8611 | -0.8598 | -0.9757 | -0.9782[-0.8946(-0.9989
0.2 -0.901 |-0.3258 | -0.5958 [ -0.7668 [ -0.8379 [ -0.8505 [ -0.8628 | -0.8856 [-0.9805|-0.8992]|-0.9777
03 0.3 | -0.9107 | -0.2421 [ -0.4748 | -0.6034 | -0.7947 | -0.8523 | -0.8788 | -0.8996 | -0.8987[-0.9082[-0.9805
0.4 -0.963 | -0.1924 | -0.3242 | -0.5103 [ -0.6461 | -0.802 | -0.8687 | -0.8919 [-0.9167|-0.8934| -0.963
0.5 -0.899 | -0.1676 | -0.2756 | -0.3781 | -0.5482 | -0.6684 [ -0.8053 | —0.8683 [-0.8903]|-0.9139| -0.899
0 -1.2771 | -0.8422 | -0.8507 | -1.2608 | -1.2651 | -0.8601 | -0.8744 | -0.8728 | -0.8715(-1.2761 [ -0.5954
0.1 | -1.0042 | -0.6258 [ -0.843 | -0.8629 | -0.877 | -0.878 | -0.885 | -0.9666 |-0.9714[-0.8997(-1.0042
0.2 | -1.0466 | -0.3422 [ -0.6258 | -0.8053 | -0.8807 | -0.8932 | -0.9254 | -0.9438 | -1.0666 [ -0.9572(-1.0466
04 0.3 | -1.0475 | -0.2543 [ -0.413 | -0.6338 | -0.8347 | -0.901 | -0.9181 | -0.9289 | -0.9482(-0.9559(-1.0475
0.4 | -1.0077 | -0.2021 [ -0.3405| -0.536 | -0.6786 | -0.8423 | -0.9113 | -0.9357 | -0.9207[-0.9343(-1.0077
05 | -1.1067 | -0.176 [ -0.2737 | -0.3971 | -0.5758 | -0.7021 | -0.8458 | -0.9121 | -0.9461[-1.0895(-1.1069
0 -0.6042 [ -0.8343 | -0.8446 | -1.2708 | -0.8534 | -0.8529 | -0.8664 | -0.8648 | -0.8637 [ -0.8746-0.4209
0.1 | -0.9604 [ -0.6563 [ -0.873 | -0.8921 | -0.8937 | -0.906 | -0.9184 | -1.0302 | -1.0368(-0.9564 -1.0699
0.2 | -1.0926 | -0.3404 [ -0.6563 | -0.8446 | -0.9262 | -0.9473 | -0.9649 | -0.9766 | -1.0952(-0.9918(-1.0926
05 0.3 | -1.0777 | -0.2485 [ -0.4142 | -0.6646 | -0.8754 | -0.9302 | -0.9544 | -0.9593 | -0.973 [-0.9824(-1.0777
0.4 | -1.0003 [ -0.2119 [ -0.3394 | -0.4819 | -0.7117 | -0.8833 | -0.9546 | -0.9732 | -1.099 [-0.9892(-1.0828
05 | -1.1464 [ -0.1673 [ -0.287 | -0.4008 | -0.8679 | -0.8679 | -0.8679 | -0.9489 | -0.9772(-1.1261(-1.1462
0 -0.6158 [ -0.8411 [ -0.8372 | -0.8453 | -1.2814 | -0.8463 | -0.8581 | -0.8566 | -0.8555(-1.2727(-0.4263
0.1 | -1.1042 | -0.6862 [ -0.9164 | -0.9258 | -0.9417 | -0.9554 | -0.9764 | -1.0604 | -1.0671[-0.9878(-1.1042
0.2 -1.127 | -0.3559 | -0.6862 | -0.883 | -0.9691 | -0.9853 [ -1.0087 | -1.0235 [-1.1396|-1.0366| -1.127
06 0.3 -1.135 | -0.2598 | -0.433 | -0.6949 [ -0.9153 | -0.967 | -1.0962 | -1.0128 [-1.0287| -1.04 | -1.135
0.4 | -1.2406 | -0.2216 [ -0.3548 | -0.5038 | —-0.903 | -0.903 | -0.9909 | -1.1248 | -1.1393[-1.0408(-1.2406
05 | -1.1906 | -0.175 [ -0.3001 | -0.4191 | -0.9074 | -0.9074 | -0.9074 | -0.989 | -1.008 [-1.1652(-1.1904
0 -0.4337 | -0.825 [ -0.8353 | -0.8437 | -0.8444 | -0.8447 | -0.856 | -0.8547 |-0.6317(-1.2956(-0.4337
0.1 | -1.1478 | -0.7142 [ -0.957 | -0.9703 | -0.9815 | -0.9988 | -1.014 | -1.1001 |-1.1051(-1.0276(-1.1478
0.2 | -1.1629 [ -0.3704 [ -0.7142 | -0.919 | -1.0925 | -1.1088 | -1.0458 | -1.0544 | -1.1593[-1.0603[-1.1629
07 0.3 | -1.1833 | -0.2704 [ -0.4507 | -0.9337 | -0.9337 | -1.0189 | -1.1351 | -1.1508 | -1.1653[-1.0836(-1.1833
0.4 | -1.3059 [ -0.2306 [ -0.3693 | -0.9398 | -0.9398 | -0.9398 | -1.0307 | -1.052 |-1.1837(-1.1992(-1.3059
05 | -1.2394 [ -0.1821 [ -0.3124 | -0.6763 | -0.9444 | -0.9444 | -0.9444 | -1.0326 | -1.0642(-1.0861[-1.2394
0 -0.8605 | -0.816 [ -0.8252 | -1.2783 | -0.834 | -0.8343 | -0.845 | -0.8437 | -0.4466(-0.8354(-0.6496
0.1 | -1.1914 [ -0.7385 [ -1.0784 | -1.0273 | -1.0358 | -1.0458 | -1.0571 | -1.1314 | -1.1457(-1.0649(-1.1914
0.2 | -1.1006 | -0.362 [ -0.9604 | -1.0385| -1.0618 | -1.1435| -1.1595 | -1.1766 | -1.2016(-1.0997(-1.2054
08 0.3 | -1.3435 [ -0.2796 [ -0.6816 | -0.9658 | -0.9658 | -1.0642 | -1.0872 | -1.1924 | -1.2089(-1.2227(-1.3435
0.4 | -1.3812 [ -0.2385 [ -0.6095 | -0.9719| -0.9719 | -0.9719 | -1.0694 | -1.0916 | -1.1148(-1.2547(-1.3812
05 | -1.1463 | -0.1883 [ -0.5604 | -0.7284 | -0.9766 | -0.9766 | -0.9766 | -1.0678 | -1.0988(-1.1214[-1.1463
0 -0.8583 [ -0.8132 | -0.817 | -0.8249| -0.8246 | -0.8251 | -0.836 | -0.8347 | -0.4668(-1.2799[-0.4738
0.1 | -1.2404 [ -0.9861 [ -1.0831 | -1.1442 | -1.1585 | -1.1718 | -1.1001 | -1.1787 | -1.1922 -1.107 [-1.2404
0.2 -1.451 | -0.6127 | -0.9922 | -0.9922 [ -1.1103 | -1.1371 | -1.1644 | -1.2605 [-1.4273]|-1.2818| -1.451
09 0.3 | -1.4622 [ -0.5263 [ -0.9954 | -0.9954 | -0.9954 | -1.1085| -1.1329 | -1.1584 | -1.1867| -1.475 [-1.4622
0.4 | -1.1993 | -0.4455 [ -0.6606 | -0.997 | -0.997 | -0.997 | -0.997 | -1.1293 |-1.1535[-1.1785(-1.1993
05 | -1.1805 | -0.4111 [ -0.5924 | -1.0016 | -1.0016 | -1.0016 | -1.0016 | -1.0016 | -1.1314[-1.1547[-1.1805
0 -0.6146 | -1.0514 [ -1.0521 | -1.2434 | -1.0549 | -1.0551 | -1.0687 | -0.7205 | -0.6161[-1.0572(-0.7183
1 0.1 | -1.3759 [ -1.0168 [ -1.0168 | -1.2076 | -1.2374 | -1.2706 | -1.3107 | -1.3388 | -1.3498(-1.3641[-1.3759
0.2 | -1.3003 | -0.9264 [ -0.9264 | -0.9264 | -0.9264 | -1.1932 | -1.223 | -1.2563 |-1.2816(-1.2901(-1.3003
0.3 | -1.2719 | -0.646 | -1.017 | -1.017 | -1.017 | -1.017 | -1.181 | -1.2083 |-1.2387[-1.2599[-1.2719
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04 | -1.2449 | -0548 | -1.017 | -1.017 | -1.017 | -1.017 | -1.017 | -1.1706 |-1.1963(-1.2229(-1.2449
05 | -1.2138 | -0.4397 [ -0.6941 | -0.9392 | -0.9392 | -0.9392 | -0.9392 | -0.9392 | -1.1568( -1.187 [-1.2138
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Fig. 4.20. The max value graph of —1/DF for changing d,,d,,d,
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d, =0,0.1,0.2,0.3,0.4,0.5,0.6,0.7, 0.8, 0.9, 1.0 (4-22)
dy =0,0.1,0.2,0.3
dy =0,0.1,0.2,0.3

d, =0,0.1,0.2,0.3,0.4,0.5,0.6,0.7,0.8,0.9, 1.0

7 WA AN HAMF wle] oiF —1/DF WIS dolr ] £3)
9 4213 o] Nyquist Ad&/del Fgstddnt. adolA spasel ol Hdigte

l_::‘,__
R Al 2~dlo] obg e ol o] §Eoj T

A

Nyquist Diagram

198 T T T T T T

Imadinary Axis

&
&
5}
&

&
o
&

2}

)

&
&
&
&

)

-5 45 El 34 3 24 2 s 1 s o
Real Axis

19 421 7THA MG ) Nyquist A =42 —1/DF.

Fig. 421. —1/DF of FLC with seven fuzzy variables on nyquist plot.
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Table 4.5. —1/DF of FLC with seven fuzzy variables

—1/DF 3.

T

di

d4| d3| d2 0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8 0.9 1
0] -09662 | -0.9644 | -0.9654 | -0.9657 | -09659 | -0966 | -0.9661 [ -0.9661 | -0.9662 [ -0.9662 | -0.9662

01 0955 [ -0.5563 [ -0.8441 | -0.8875 | -0.9359 | -0.9454 | -0.9471 | -0.9516 | -09529 | -0.954 -0.955
0 02] -09468 | -03794 | 05609 | -0.7932 | -08425 [ -09194 [ -0.9437 [ -0.9455 [ -0.9461 | -0.9464 | -0.9468
03] -09454 | -0.3151 -043 -0.6913 | -0.7683 | -0.8285 [ -0.8748 [ -09151 | -09312 | -0.945 | -0.9454
0] -05639 [ -0.5597 | -0.562 | -0.5628 | -05633 | -0.5635 | -0.5636 [ -0.5638 | -0.5638 [ -0.5639 | -0.5639
01] -0.7253 | 05563 | -0681 | -0.6964 | -0.7066 [ -0.7141 [ -0.7179 [ -0.7203 | -0.7222 | -0.7238 | -0.7253
o1 02 -0.78383 [ -0.3794 [ -0.5609 | -0.7274 | -0.7539 | -0.7683 | -0.7756 | -0.7786 | -0.779% | -0.7802 [ -0.7883
03] -0.8188 | -0.3151 -043 -0.7324 | -0.7556 | -0.7939 [ -0.8114 [ -0.8165 [ -08176 | -0.8183 | -0.8188
0 0] -0569% | -0.5653 | -0.5676 | -0.5684 | -0.5689 | -0.5691 | -0.5693 [ -0.5694 | -0.569 [ -0.5695 | -0.5696
01] -06694 | -0.5563 | -0.6209 | -0.6336 | -0.647 | -0.6586 | -0.6631 | -0.6652 | -0.6668 | -0.6682 [ -0.6694
02 02] -0.7143 | -0.3794 | -05609 | 06678 | -06801 [ 06031 [ -0.701 [ -0.7034 [ -0.7042 | -0.7127 | -0.7143
03] -0.7474 | -0.3151 -043 -0.7287 | 07123 | -0.7268 | -0.7375 | -0.7443 | -0.7458 | -0.7468 | -0.7474
0] -05684 | -0.5641 | -0.5664 | -05672 | -05677 | -0568 | -0.5681 [ -0.5682 | -05683 [ -0.5684 | -0.5684
0.1f -0.6379 [ -0.5563 [ -0.5881 | -0.599% | -06115 | -0.6219 | -0.6273 | -0.6307 [ -0.6335 | -0.6358 [ -0.6379
03 02| -06757 [ -0.3794 [ -0.5609 | -0.6371 | -0.6487 | -0.6506 | -0.6603 | -0.6638 | 06726 | -0.6743 [ -0.6757
03] -0.7013 | -0.3151 -043 -0.6423 | -06707 | -0.6836 | -0.6926 | -0.6985 | -0.6999 | -0.7007 [ -0.7013
0] -0958 [ -0.9567 | -0.9578 | -0.9581 | -0.9583 | -0.9584 | -0.9584 [ -0.9585 | -0.9585 [ -0.9585 | -0.9586
01] -095471 | -05833 | -0.885 | -09263 | 09339 | -0.9381 [ -0.9397 [ -0.9430 [ -0.9452 | -0.9462 | -0.9471
0 02 -0.9394 [ -0.3977 [ -0.5881 | -0.8316 | -0.8834 | -0.9324 | -0.9365 | -0.9382 [ -09387 | -0.9391 [ -0.939%4
03[ -0.9381 | -0.3303 | -0.4508 | -0.7248 | -0.8056 | -0.8687 | -0.9172 | -0.9329 [ -09341 | -0.9377 [ -0.9381
0] -06001 [ -0.5956 | -0.598 | -0.5988 | -0.5994 | -0.5996 | -0.5998 [ -0.5999 -06 -0.6 -0.6001
01] -0.7604 | -05833 | -0.714 | -0.7301 | -0.7408 [ -0.7487 | -0.7527 | -0.7552 | -0.7572 | -0.7589 | -0.7604
ot 02] -0817 | -03977 | -05881 | -0.7%627 | -0.7504 [ -0.8044 [ -0.8091 [ -0.811 | -08116 | -0.812 -0.817
03] -0.8415 | -0.3303 | -0.4608 | -0.%679 | -0.7922 [ -0.8279 [ -0.8341 [ -0.8392 [ -0.8403 | -0.841 | -0.8415
o1 0 [ -05923 | -05879 | -0.5903 | -0.5911 | -05916 | -05919 | -0592 | -05921 | -05922 [ -0.5923 [ -0.5923
01f -0.7018 | -0.5833 | -0.651 | -0.6643 | -0.6783 | -0.6905 | -0.6953 | -0.6974 [ -0.6991 | -0.7006 [ -0.7018
02 02] -0749 | -03977 | 05881 | -0.7002 | -0.7131 | -0.7266 | -0.735 [ -0.7375 | -0.7383 | -0.7472 | -0.749
03[ -0.7861 | -0.3303 | -0.4508 | -0.7825 | -0.7479 | -0.7631 | -0.7756 | -0.7827 [ -0.7844 | -0.7854 | -0.7861
0] -05913 [ -0.5869 | -0.5893 | -0.5901 | -0.5906 | 05909 | -0591 [ -05911 | -05912 [ -0.5913 | -0.5913
0.1] -06688 | -05833 | -0.6166 | -0.628 | -06411 | 0662 [ -0.6577 | -06613 | -06642 | -0.6667 | -0.6688
03 02 -0.7085 [ -0.3977 [ -0.5881 | -0.668 | -0.6801 | -0.6933 | -0.6923 | -0696 [ -07062 | -0.707 [ -0.7085
03] -0.7353 | -0.3303 [ -0.4508 | -0.6734 | -0.7032 | -0.7167 | -0.7261 | -0.7324 | -0.7338 | -0.7347 | -0.7353
0] -09548 | -0.9525 | -0.9537 | -0.9542 | -09545 | -0.9546 | -0.9547 [ -0.9547 | -0.9548 [ -0.9548 | -0.9548
02| o | 01] -05434 | -0.6124 | -09224 | -09266 | -0.931 0935 | -09365 | -09404 | 09416 | -0.9426 | -0.9434
02] -09361 | -04176 | -0.617 | -08702 | -09226 | -0.9295 | -0.9334 [ -0.935 [ -0.9355 | -0.9358 | -0.9361
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03[ -0.9349 [ -0.3469 [ -0.4734 | -0.7611 | -0.8459 | -0.9096 | -0.9256 -093 -09312 [ -0.9345 [ -0.9349

0| -06249 | -0.6202 | -0.6227 | -06236 | -06242 | -0.6244 | -0.6246 | -0.6247 | -06248 | -0.6248 [ -0.6249

01f -0.7985 [ -0.6124 [ -0.7503 | -0.7666 | -0.7779 | -0.7861 | -0.7904 | -0.793 [ -0.79651 | -0.7969 [ -0.798

o1 02] -0834 | -04176 | 0617 | -0.7998 | -08159 [ -0.8215 [ -0.8262 [ -0.828 | -0.8286 | -0.829 -0.834
03[ -0.8651 | -0.3469 | -0.4734 | -0.8063 | -0.8318 | -0.851 -0.857 | -0.8628 | -0.8639 | -0.8646 | -0.8651

0 -0617 | -06125 | -0.6149 | -06158 | -06163 | -0.6166 | -0.6167 | 06168 | 06169 [ -0617 -0.617

01] -0.7449 | -06124 | -0684 | -0697% | -07123 | -0.7251 | -0.7318 | -0.736 | -0.7394 | -0.7424 | -0.7449
02 02 -0.7864 | -0.4176 [ -0.6175 | -0.7348 | -0.7483 | -0.763 | -0.7718 | -0.7744 | -0.7753 | -0.7846 [ -0.7864
03] -0.8144 | -03469 | 04734 | -0.7554 | -0.7889 [ -0.8019 [ -0.8072 [ -08124 [ -08134 | -0.814 | -0.8144

0| -06164 | -06119 | -0.6143 | -06152 | -06157 | -0.6159 | -0.6161 | -06162 | -06163 | -06164 | -0.6164

01] -0.7244 | -0.6124 | -0.6667 | -0.67%5 | -06935 [ -0.7057 [ -0.712 0716 | 07192 | 0722 | -0.7244
03 02] -0.7513 | 04176 | -0.617 | -0.6966 | -0.7095 [ -0.7232 [ -0.7222 | -0.7408 | -0.7448 | -0.7483 | -0.7513
03] -0.7721 | 03469 | 04734 | -0.7071 | -0.7384 | -0.7516 [ -0.7615 [ -0.769 [ -0.7706 | -0.7715 | -0.7721

0] -09537 | -0.9515 | -0.9527 | -0.9531 | -0.9533 | -0.9535 | -0.9535 [ -0.9536 | -0.9536 [ -0.9537 | -0.9537

0.1] -095429 | -0.6435 | 09229 | -09268 | -0.931 [ -0.9348 [ -0.9362 -094 09411 [ -0.9421 [ -0.9429

0 02 -09359 [ -0.4388 [ -0.6488 | -09143 | -0.923 | -0.9296 | -0.9334 | -0.9349 [ -09353 | -0.9357 [ -0.9359
03] -0.9348 | -0.3645 | 04974 | -0.7996 | -08453 [ -0.9215 [ -0.9250 [ -0.9294 [ -0.9312 | -0.9344 | -0.9348

0] -06456 | -0.6409 | -0.6434 | -0.6443 | -0.6449 | -0.6451 | -0.6453 | -0.6454 | -0.6455 [ -0.6456 | -0.6456

01] -0.8293 | -0.6435 | -0.7899 | -0.8045 | -08146 | -0.8216 [ -0.8242 [ -0.8250 [ -0.8272 | -0.8283 | -0.8293

ot 02| -0.8675 [ -0.4388 [ -0.6488 | -0.8403 | -0.8489 | -0.8546 | -0.8594 | -0.8614 | -0.862 | -0.8624 [ -0.8675
03[ -0.8798 [ -0.3645 [ -0.4974 | -0.7996 | -0.8472 | -0.8706 | -0.8745 | -0.8777 [ -08791 | -0.8795 [ -0.8798
03 0| -06436 | -0.6388 | -0.6414 | -06423 | -06428 | -0.6431 | -0.6432 | 06434 | 06434 [ 06435 | -0.6436
01f -0.7959 [ -0.6435 [ -0.7319 | -0.7466 | -0.7627 | -0.7767 | -0.784 | -0.7886 [ -0.7924 | -0.7944 [ -0.7959
02 02] -0824 | -04388 | -0.6483 | -0.7736 | -0.7883 | -0.8032 [ -0.8102 [ -0.813 [ -0.8215 | -0.8229 | -0.824
03] -0.8416 | -0.3645 | 04974 | -0.7937 | -0.7937 | -0.8280 [ -0.8343 [ -0.8387 [ -0.84056 | -0.8412 | -0.8416

0| -06443 | -0.6396 | -06421 | -0.643 | -06436 | 06438 | -0644 | -06441 | -06442 | -0.6442 | -0.6443

0.1f -0.7565 | -0.6435 [ -0.6965 | -0.7099 | -0.7244 | -0.737 | -0.7436 | -0.7477 [ -0.7511 | -0.754 [ -0.7565
03 02] -0.7894 | -0.4388 | -0.6488 | -0.7319 | -0.7455 | -0.7598 | -0.7588 | -0.7784 | -0.7826 | -0.7862 | -0.789%4
03] -0.8164 | -0.3645 | 04974 | -0.7429 | -0.7429 [ -0.7921 [ -0.8051 [ -0.8119 [ -0.8147 | -0.8157 | -0.8164

0] -09545 | -0.9524 | -0.9536 | -0.954 | -09542 | -0.9543 | -0.9544 [ -0.9545 | -0.9545 [ -0.9545 | -0.9545

01] -05442 | -0.6759 | -09251 | 09289 | -09329 | -0.9365 [ -0.9379 [ -0.9415 | -0.9425 | -0.9434 | -0.9442

0 02 -09376 [ -0.4609 [ -0.6815 | -0.9208 | -0.9253 | -0.9316 | -0.9351 | -0.9366 | -0.937 | -0.9373 [ -0.9376
03] -09365 | -03828 | -05224 | -0.715 | -09199 [ -09238 [ -0.928 [ -0.9314 [ -0.9331 | -0.9361 | -0.9365

0] -0673 -0668 | -0.6707 | -06716 | 06722 | 06724 | -06726 | -06727 | -06728 | -0.6729 | -0.673

0.1f -0.8602 [ -0.6759 [ -0.828 | -0.8406 | -0.8469 | -0.8523 | -0.855 | -0.8567 [ -0.858 | -0.8592 [ -0.8602
0.4 o1 02] -0.8843 | -0.4609 [ -0.6815 | -0.8682 | -0.8721 | -0.8759 | -0.879 | -0.8303 | -0.8807 | -0.881 [ -0.8843
03[ -0.8938 [ -0.3828 [ -0.5224 | -0.715 | -0.8811 | -0.8848 | -0.8386 | -0.8918 [ -0.8931 | -0.8935 [ -0.8938

0| -06724 | -06675 | -06701 | -0.671 | -06716 | 06719 | -0672 | -06722 | 06723 | 06723 | -0.6724

01] -0.8246 | -0.6759 | -0.7%641 | -0.7794 | -0.7961 [ -0.8106 [ -0.8167 [ -0.8193 [ -0.8213 | -0.8231 | -0.8246
02f 02| -08579 | -04600 | -0.6815 | -0s100 | -08263 | -0842 | -0s482 -0.85 -0.8554 | -0.8567 | -0.8579
03] -0.8722 | -03828 | -05224 | -0.715 | -08538 | -0.8592 [ -0.8646 [ -0.8692 [ -0.8711 | -0.8717 | -0.8722

_73_




0] -0679 [ -0671 | -0.6736 | -06746 | -06752 | -0.6754 | -0.6756 [ -0.6757 | -067658 [ -0.6759 | -0.6759

01f -0.7935 | -0.6759 [ -0.7307 | -0.7447 | -0.7599 | -0.7731 -0.78 -0.7843 | -0.7878 | -0.7909 | -0.7935
03 02] -0829 | -04609 | 06815 | -0.7%687 | -0.783 | -0.7981 [ -0.8108 [ -08175 [ -0.822 | -0.8258 | -0.829
03[ -0.8545 [ -0.3828 [ -0.5224 | -0.715 | -0.8159 | -0.8306 | -0.8428 | -0.8499 [ -08528 | -0.8538 [ -0.8545

0] -0.956 -0.954 | -0.9551 | -0.9555 | -0.9557 | -0.9568 | -0.9559 | -0.9559 [ -0.956 -0.956 -0.956

01] -09462 | -0.7088 | -0.9278 | -09315 | -09353 [ -0.9388 [ -0.9401 [ -0.9435 [ -0.9445 | -0.9454 | -0.9462

0 02] -09398 | -04833 | -0.7146 | 09238 | -0.928 -0.934 | -0.937 | -0.9383 | -0.9393 | -0.9395 | -0.9398
03[ -0.9387 [ -0.4014 [ -0.5479 | -0.7498 | -0.9228 | -0.9266 | -0.9306 | -0.9338 | -09355 | -0.9384 [ -0.9387

0] -0.7019 [ -0.6968 | -0.6995 | -0.7004 | -0.7011 | -0.7013 | -0.7015 [ -0.7016 | -0.7017 [ -0.7018 | -0.7019

0.1f -0.8882 [ -0.7088 [ -0.8653 | -0.8715 | -08779 | -0.883 | -0.8348 | -0.8359 [ -0.8868 | -0.8876 [ -0.8882
o1 02 -0.9073 [ -0.4833 [ -0.7146 | -0.8913 | -0.895 | -0.8988 | -0.902 | -0.9033 [ -09037 | -0.9039 [ -0.9073
03] -09168 | -04014 | 05479 | -0.7498 | -0.904 [ -0.9078 [ -0.9116 [ -0.9148 [ -09161 | -0.9165 | -0.9168
0o 0] -0.7043 | -0.6992 | -0.7019 | -0.7029 | -0.7035 | -0.7038 | -0.704 [ -0.7041 | -0.7042 [ -0.7043 | -0.7043
0.1f -0.8622 [ -0.7088 [ -0.8003 | -0.8163 | -0.8337 | -0.8489 | -0.854 | -0.8567 [ -0.8588 | -0.8606 [ -0.8622
02 02 -0.8969 [ -0.4833 [ -0.7146 | -0.8509 | -0.8665 | -0.8822 | -0.83868 | -0.8887 [ -0.8943 | -0.8956 [ -0.8969
03] -0.9107 | -0.4014 | -05479 | -0.7498 | -08916 [ -0.8972 [ -0.8029 [ -0.9076 [ -0.9085 | -0.102 | -0.9107

0] -0.7089 | -0.7037 | -0.7064 | -0.7074 | -0.708 | -0.7083 | -0.7085 [ -0.7086 | -0.7087 [ -0.7088 | -0.7089

01] -0.8321 | -0.7088 | -0.7663 | -0.7809 | -0.7969 | -0.8107 [ -0.818 [ -0.8225 [ -0.8262 | -0.8294 | -0.8321
03 02] -0.8694 | -04833 | -0.7146 | -0.8066 | -08212 | -0.8369 [ -0.8502 [ -0.8573 | -0.862 -0.866 | -0.8694
03[ -0.8936 [ -0.4014 [ -0.5479 | -0.7498 | -0.8545 | -0.8699 | -0.83813 | -0.8387 [ 08918 | -0.8928 [ -0.8936

0] -09566 [ -0.9547 | -0.9557 | -0.9561 | -0.9563 | -0.9564 | -0.9565 [ -0.9565 | -0.9566 [ -0.9566 | -0.9566

01] -05471 | -0.7411 | 09284 | -09331 | -09367 | -0.9401 [ -0.9413 [ -0.9446 [ -0.9456 | -0.9464 | -0.9471

0 02] -0941 | -05064 | -0.7472 | -09257 | -09297 | -0.9355 [ -0.9388 [ -0.9401 [ -0.9405 | -0.9408 | -0.941
03] -094 -04197 [ -05728 [ -0.784 | -0.9247 | -0.9284 | -0.9322 | -0.9353 | -0.9369 | -0.9397 -0.94

0 [ 07329 | -0.7276 | -0.7304 | -0.7314 | -0.7321 | -0.7324 | -0.7325 | -0.7327 | -0.7328 | -0.7329 [ -0.7329

01] -09236 | -0.7411 | -09016 | -0.908 | -09144 [ -09182 [ -0.9201 [ -0.9213 [ -0.9222 | -0.923 | -0.9236
o1 02] -095413 | -05054 | -0.7472 | 09248 | -09287 | -0.9326 [ -0.9359 [ -0.9372 [ -0.937 | -0.9379 | -0.9413
03[ -0.9532 [ -0.4197 | -0.5728 | -0.784 -0.94 -0.9439 | -0.9478 | -0.9511 | -0.9525 [ -0.9529 | -0.9532
00 0] -0.7364 | -0.7311 | -0.7339 | -0.7349 | -0.7356 | -0.7359 | -0.7361 | -0.7362 | -0.7363 [ -0.7364 | -0.7364
01f -0.9015 | -0.7411 [ -0.8367 | -0.8535 | -0.8717 | -0.8876 | -0.8929 | -0.8957 [ -0.8979 | -0.8998 [ -0.9015
02 02] -09377 | 05054 | -0.7472 | -08897 | -0.906 | -09224 | -0.9273 | -0.9292 | -0.935 | -0.9365 | -0.9377
03] -09522 | 04197 | 05728 | -0.784 | -09323 [ -0.9381 [ -0.944 -0.949 0951 | -09617 | 09522

0 -0.7345 | -0.7292 | -0.7321 | -0.7331 | -0.7337 | -0.734 | -0.7342 | -0.7343 | -0.7344 | -0.7345 [ -0.7345

01] -0.8672 | -0.7411 | -0.7983 | 0814 | -08306 [ 0845 [ -0.8525 [ -0.8572 | -0.8611 | -0.8644 | -0.8672
03 02] -09309 | 05054 | -0.7472 | -0.862 | -08779 [ -0.8352 [ -0.9098 [ -0.9175 [ -09226 | -0.927 | -0.9309
03] -0937 | -04197 | 05728 | -0.784 | -08546 | 09107 [ -0.9241 | -0.9319 [ -0.9351 | -0.9362 | -0.937

0] -09545 | -0.9527 | -0.9537 | -0.954 | -09542 | -0.9543 | -0.9544 [ -0.9545 | -0.9545 [ -0.9545 | -0.9545

01f -09455 [ -0.7713 | -0.9275 | -0.932 | -0.9355 | -0.9387 | -0.9399 | -09431 | -0944 | -0.9448 [ -0.9455
07 0 02 -093% [ -0526 [ -0.7777 | -0.925 | -0.9283 | -0.9343 | -0.937 | -0.9387 [ -09391 | -0.9394 [ -0.939%6
03[ -0.9387 [ -0.4368 [ -0.5962 | -0.8159 | -0.9308 | -0.9275 | -0.9312 | -0.9342 [ -09357 | -0.9384 [ -0.9387
01 O -07627 | -0/7571 | 07601 | -0.7611 [ -0.7618 | -0.7621 | -0.7623 | -0.7624 | -0.7625 | -0.7626 | -0.7%627
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01f -0.9609 [ -0.7713 [ -0.9384 | -0.945 | -0.9513 | -0.9652 | -0.9572 | -0.9584 [ -09594 | -0.9602 [ -0.9609
02 -09793 [ -0526 [ -0.7777 | -09621 | -09661 | -0.9702 | -0.9736 | -0975 [ -0974 | -0.9757 [ -0.9793
03[ -0.9917 [ -0.4368 [ -0.5962 | -0.8159 | -0.9779 | -0.9819 | -0.986 | -0.9895 [ -09908 | -0.9913 [ -0.9917
0] -0.7613 | -0.7558 | -0.7588 | -0.7598 | -0.7605 | -0.7608 | -0.7609 [ -0.7611 | -0.7612 [ -0.7613 | -0.7613
01f -09407 | -0.7713 | -0.8718 | -0.8893 | -0.9083 | -0.9249 | -0.9317 | -0.9346 | -09369 | -0.9389 [ -0.9407

02 02| -0976 -0526 | -0.7777 | -0.9259 | -0.943 -0.96 -0.9651 | -0.9671 | -09731 | -0.9746 | -0.976
03[ 0991 | -0.4368 [ -0.5962 | -0.8169 | -0.9703 | -0.9763 | -0.9825 | -0.9876 [ -09897 | -0.9905 [ -0.991

0] -0.7651 | -0.7595 | -0.7625 | -0.7635 | -0.7642 | -0.7645 | -0.7647 | -0.7648 | -0.7649 [ -0.765 | -0.7651
01f -0.9034 [ -0.7713 | -0.832 | -0.8479 | -0.8652 | -0.83802 | -0.888 -0.893 -0.897 | -0.9004 | -0.9034
03 02 -09698 [ -0526 [ -0.7777 | -0.898 | -09146 | -0.9326 | -0.9478 | -0.9559 [ -09612 | -0.9657 [ -0.9698
03] -1.0072 | -04368 | 05962 | -08159 | -0.941 [ -09632 [ -0.9814 [ -0.997 [ -1.0034 | -1.0056 | -1.0072

0] -0948 [ -0.9462 | -0.9472 | -0.9475 | -09477 | -0.9478 | -0.9479 | -09479 [ -0948 -0.948 -0.948
0.1f -0.9394 [ -0.7976 [ -0.9222 | -0.9265 | -0.9298 | -0.9329 | -0.934 | -0.9371 [ -09379 | -0.9387 [ -0.939%4
0 02 -0.9338 [ -0.5439 [ -0.8042 | -0.9197 | -0.9234 | -0.9287 | -0.9317 | -0.9329 [ -09333 | -0.9336 [ -0.9338
03] -0.9329 | -04617 | -0.6165 | -0.8437 | -09253 | -0.9222 [ -0.9257 [ -0.9285 -0.93 -0.9326 [ -0.9329
0] -0.7856 [ -0.7799 | -0.783 -0.784 | -0.7847 | -0.785 | -0.7852 | -0.7853 [ -0.7854 | -0.7855 [ -0.7856
01f -1.0007 | -0.7976 | -0.973 | -0.9799 | -0.9872 | -0.9934 | -0.9965 | -0.998 [ -09991 | -0.9999 [ -1.0007
o1 02] -1.0199 | -05439 | -0.8042 | -1.002 | -10062 [ -1.0104 [ -1.014 [ -1.0154 | -10159 | -1.0162 | -1.0199
03] -1.0297 | -04617 | -0.6165 | 08437 | -1.0212 | -1.0227 | -1.0267 [ -1.0285 | -1.0293 | -1.0295 | -1.0297
08 0] -0.7885 | -0.7827 | -0.7858 | -0.7869 | -0.7876 | -0.7879 | -0.7881 [ -0.7882 | -0.7833 [ -0.7884 | -0.7885
01] -0975 | -0.7976 | -09031 | -09212 | -0.941 [ -0.9582 [ -0.9671 [ -0.9702 [ -0.9726 | -0.9747 | -0.9765
02 02] -1.0092 | -05439 | -0.8042 | -0957% | 09751 [ -0.9927 [ -0.998 [ -1.0001 [ -1.0063 | -1.0079 | -1.0092
03] -1.0331 | -04617 | -0.6165 | -0.8437 | 10113 | -1.0176 [ -1.0241 [ -1.0295 [ -1.0318 | -1.0325 | -1.0331
0 -0.7926 | -0.7868 | -0.7899 | -0.791 | -0.7917 | -0.792 | -0.7922 | -0.7923 | -0.7924 [ -0.7925 [ -0.7926
01] -09362 | -0.7976 | -0.8621 | -08786 | -08965 [ 09121 [ -0.9203 [ -0.9254 [ -0.9285 | -0.9331 | -0.9362

03 02] -1.0061 | -05439 | -0.8042 | -09306 | -09478 | -0.9665 [ -0.9823 [ -0.9907 [ -0.9962 | -1.0009 | -1.0051
03] -1044 | -04617 | 06165 | -0.8437 | -09731 | -0.9983 [ -1.0173 | -1.0334 | -1.0401 | -1.0424 | -1.044
0] -09352 | -0.9335 | -0.9344 | -0.9347 | -09349 | -0935 | -0.9351 [ -0.9351 | -0.9351 [ -0.9352 | -0.9352

01] -0927 -0818 | -09107 | -09147 | 09179 [ -0.9208 | -0.9219 [ -0.9248 [ -0.9256 | -0.9264 | -0.927
° 02] -09217 | -05578 | -0.8247 | -09083 | -09118 [ -09169 [ -0.9197 [ -0.9209 [ -0.9212 | -0.9215 | -0.9217
03] -0.9208 | -0.4633 | -0.6323 | -0.8653 | 09136 | 09107 | -0.914 [ -0.9167 [ -0.9181 | -0.9205 | -0.9208
0] -0.809 [ -0.8037 | -0.8068 | -0.8079 | -0.8086 | -0.8089 | -0.8091 [ -0.8093 | -0.8094 [ -0.8095 | -0.809%
01] -1.0338 | -0818 | -1.0021 | -1.0153 | -1.0229 [ -1.0294 [ -1.0318 [ -1.0324 | -1.033 | -1.0334 | -1.0338
o1 02] -1.0423 | -05578 | -0.8247 | -1.033 | -1.0352 | -1.0374 [ -1.0392 -1.04 -1.0402 [ -1.0404 [ -1.0423
0.9 03] -1.0478 | -04633 | -0.6323 | -0.8653 | -1.0418 [ -1.0426 [ -1.0448 | -1.0466 | -1.0474 | -1.0476 | -1.0478
0 -0.813 | -0.8071 | -0.8103 | -0.8114 | -0.8121 | -0.8124 | -0.8126 | 08128 | 08129 [ -0.813 -0.813
01] -1.0158 | -0818 -0.932 | -09508 | -09713 | -0.9892 [ -0.9985 [ -1.0044 [ -1.0092 | -1.0133 | -1.0158
02 02] -1.0396 | -05578 | -0.8247 | -0.982 -1 -1019 | -1.0279 | -1.0301 | -1.0365 [ -1.0381 | -1.0396
03] -1.0501 | -0.4633 | -0.6323 | -0.8653 | -1.0417 | -1.0449 [ -1.0471 [ -1.0480 [ -1.0496 | -1.0499 | -1.0501
0 [ -08159 | -0.8099 | -0.8132 | -0.8143 | -0815 | -08153 | -0.8155 | -08157 | -08158 [ -0.8159 [ -0.8159
03 0.1 -09644 | -0818 [ -0.8878 | -0.9049 | -0.9234 | -0.9395 | -0.9479 | -0.9632 | -09575 | -0.9612 | -0.9644
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02] -1.0358 | -05578 | -0.8247 | -09586 | -09764 [ -0.9958 [ -1.0121 | -1.0208 [ -1.0265 | -1.0314 | -1.0358

03] -1.0342 | -04633 | -0.6323 | -0.8653 | -0987% [ -1.0052 -1.02 -1.028 | -1.0321 | -1.0333 [ -1.0342

0 -09147 | -09131 | -0914 | -09143 | -09145 | -09146 | -09146 | -09146 | -09147 | -0.9147 [ -0.9147

01 -0907 [ -0.8304 [ -0.8916 | -0.8954 | -0.8985 | -0.9012 | -0.9022 | -0.9049 [ -09067 | -0.9064 [ -0.907

° 02] -0902 | -05663 | -0.8372 | 08394 | -08927 | -0.8975 [ -0.9002 [ -0.8012 [ -0.9016 | -0.9018 | -0.902
03] -0.9012 | -0.4703 | -0.6418 | -0.8784 | -0.8944 | -0.8916 | -0.8947 | -0.8973 | -0.8986 | -0.9009 [ -0.9012

0] 08423 | -0.836 | -0.83%4 | -0.8406 | -0.8413 | -0.8417 | 08419 | 0842 | -08421 [ -0.8422 [ —0.8423

01] -1.0642 | 08304 | -1.0147 | -1.0358 | -1.0487 [ -1.0598 [ -1.0621 | -1.0628 [ -1.0633 | -1.0638 | -1.0642

o1 02] -1.0738 | 05663 | -0.8372 | -1.0641 | -1.0664 [ -1.0687 [ -1.0706 | -1.0714 | -1.0716 | -1.0718 | -1.0738
03] -1.0796 | -04703 | -0.6418 | -08784 | -1.0733 | -1.0742 [ -1.0765 | -1.0784 | -1.0791 | -1.0794 | -1.07%6

! 0] -0.839 | -0.8327 | -0.8361 | -0.8372 | -0.838 | -0.8383 | -0.8385 [ -0.8387 | -0.8383 [ -0.8389 | -0.839
01] -1.0536 | -0.8304 | -0964 | -09839 | -1.0055 | -1.0244 [ -1.0342 [ -1.0404 [ -1.0455 | -1.0498 | -1.0536

02 02] -1062 | -05663 | -08372 | -09957 | -1.014 [ -1.0333 [ -1.0437 | -1.0473 [ -1.0583 | -1.061 -1.062
03] -1.0678 | -04703 | -0.6418 | -08784 | -1.0603 | -1.0625 [ -1.0647 [ -1.0666 | -1.0673 | -1.0676 | -1.0678

0] -08378 | -0.8316 | -0.8349 | -0.8361 | -0.8369 | -0.8372 | -0.8374 [ -0.8375 | -0.8377 [ -0.8378 | -0.8378

01] -09924 | -0.8304 | -09125 | -09303 | -09496 [ -0.9664 [ -0.9752 [ -0.9807 [ -0.9852 | -0.9891 | -0.9924

03 02] -1.0669 | -05663 | 08372 | -09815 | -1.0049 [ -1.0251 [ -1.0422 | -1.0613 | -1.0572 | -1.0624 | -1.0669
0.3] -1.0557 | -0.4703 | -0.6418 | -0.8784 | -1.0049 [ -1.0231 [ -1.0411 | -1.0499 [ -1.0535 | -1.0548 | -1.0557
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Phase Margin)2 49 st¥th 1/DFY #HA3e #HA2YAA Minimum Critical
Point, MCP) 2. & A oJslal 2 (4-29)¢ #o] CP,., (d,,dy) 22 A3}tk MCPZ

=& S#4Y HA Describing Functione d, 3 d,o i3k g2 T F oA

CP,. (d,,d,) =min(1/DF(A,d;,d,)) 0 <A <1 (4-29)

A (4-2908] CPyi, (ddy) & ©1§3ke] MGME: 2] (4-30034 ol GM,y;, (d).dy) 2
AelFol A w, Azg Ghw)el A 94 FaA5E UL Atk MGME
E2a A2 Ghw)e Aot EE HA A7 A HAHEGFe A7|E e
W dy,dye] R A oA

m[m

411

CPmm (dl’dQ)
GM, . (dy, d,) = ———— (4-30)
1 2 ‘G(]wp)‘
2 (4-3D2 Al=® Gjw)e] dAMA S vebda itk
|GGw),,_ ;= CPy, (dy dy) (4-31)

MPME 4 (4-32)¢] $1delf5 Tz 42 T8l Py, ldd)=2 B2 & gl
= 4 (432 b 19 e MPME tehia 9t w, & H4 ol% Faks

& vehia ok

min

PM,;, (dy.dy) = 2 G(jw,) +180° (4-32)
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Fig. 5.1. Control system with nonlinear gain.

z= Az+be (5-1)

Y= clx

G(s)=cl(sI— A) % (5-2)
HHel o]5o] werd] AdE o]5L JHd A F Ul(y) =ayd Ao AA A€

P7F gL Aels vs SRy =Ee] orF uAdEd Aol Aladle]

4
y¢0:>k1§7y>gk2 (5-3)
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Fig. 5.2. The sector condition.
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Fig. 5.3. Sector nonlinearity.
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Fig. 5.4. Presnting D(a,3) on the Nyquist plot.
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Fig. 55. Presenting on Nyquist plot in 0< a< .
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Fig. 5.7. Presenting on Nyquist plot in

a<0<g.
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Fig. 5.8. Premise and consequence membership

function of fuzzv controller.
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Fig. 59. The gradient of the response of FLC with (d,,d,).
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Fig. 5.10. D(a,p) according to (d,d,).
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Criterion®] ©]3F P X & A|~"Ho] obysly] 98t o xThE A gkt

51 FAY XA =17)0] whE —1/4,

Table 51. —1/83 according to the size of fuzzy variable.

g 8o 02 | o4 06 0.8 10

0 -0028 | -0.019 | -0.016 | -0.015 | -0.016 | -0.100

02 -03% | -039%6 | -0448 | -0582 | -1.023 | -1.003

04 0877 | -0877 | -0.882 | -1.152 | -1.071 | -1.003

06 -149 | -1363 | -1.25 -1.153 | -1.071 | -1.003

0.8 -149 | -1363 | -1.25 -1.153 | -1.071 | -1.003

10 -149 | -1363 | -1.25 -1.153 | -1.071 | -1.003

dz

05
d1i

29 511, wly)2e MCP X%(d, & dyo] s 1/382] h.

06

Fig. 5.11. MCP plot on Circle Criterion.
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1. Fuzzy Logic Controller A] 2" A
A EY o)L 9 Aad FxE I¥W 61 3 £ gddd 94U EHH(SISO) L
2 PASY e dY e(n)& dxgl¥ o] Fuzzy Logic Controller?] @& o] =

ol 98 %% ale,n)ol B A G-De FHol hF A

} Fuzzy Logic Controllgr
Rule base
e(n) eln) | uln) u(zyn)
—>| Preprocessing ~ fuzzification — I Defuzzification —— Postprocessing —>
Inference
engine
a% 6.1 A A} &
Fig. 6.1. The structure of fuzzy logic controller.
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5, (dy) = 0.2 dy —0.6941 X d, +1.497 (6-2)

’LL(?’Z, dg) =S, (dg) ><u(n) (6-3)
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1 | | ! | 1 l | !
1 08 06 04 02 0 02 04 0B 0B 1 08 06 04 02 0 02 04 DB 0B 1
g

a9 6.2, HAA0]7]e] drkstd .
Fig. 6.2. Normalized output of FLC.
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Fig. 6.3. FLC with constant gain.
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Fig. 6.4. The structure of simulink for simulation.
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Fig. 65. Nyquist plot of G(s).
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Fig. 6.6. The response plot of G(s).
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Fig. 6.7. The response plot of G(s) with constant gain.
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Fig. 6.8. The unstable region of G(s) on MCP plot.

- 107 -



/\(\Af\/\ Apin nton ﬂ.
RITARUAVAWA AR AWA WAL [TTTTTVVN N

i
IV e
v i

(a) (b)
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Fig. 6.9. The response plot for d;,d,, (a) d, =0.3,d,=0.2, (b) d, =04,d,=0.2.
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a9 6.10. G(s)ol Wt PM,;, (d.dy).

Fig. 6.10. PM,., (d,,d,) for G(s).
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Fig. 6.11. The stable region for crossover point 0.7 on FLC

with five fuzzy variables.
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Fig. 6.12. The response plot for z;,zy, x5 (a) d; =0.1,d, =0.4,d; =0.4, (b)

d,=0.1,dy=0,dy =0.5.
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Fig. 6.13. The stable region for crossover point 0.7 on FLC with seven

fuzzy variables
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Fig. 6.15. The system response for changing d,,d,.
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Fig. 6.16. The time response characteristic of G(s).
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Table 6.1. The characteristic on time response.

T LA by A Az e s AR
G(s) 72.1% 0.97 0.75 6.12
G(s)+ FLC 6.8% 1.35 1.96 29.12
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4. Circle Criterion 3|4
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Function®] H]8] EZ %<l ¢tAEE ZASL Yrl. 18 6218 Cricle Criteriond
P EA A= dy,dy o] F9E v 9

Describing Functionel] ]38t A4l Hojgs Eobd 99 Hr)

N

e Ed BAE Gls)ol gF Aol

th. 19 6.16

lo

1
s

flo

g mel Fx glvh

%2

fot = it
Mo B
i 1 i
0.1 2

I
0.5
x1

29 621 AR (-0.7,50) e M) B9 G

0.

Fig. 6.21. The unstable region at critical point (—0.7,50).
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<X : Mathlab 22>

9% Describing Function 3}7]
aaa=L1; yyy=Ll; yyyi=ll; aa=[]; s=1;

for kk=0:0.1:1
% MF % SB ¥ A7|E& A3
for jj=0:0.1:1 % x1=x2Y o2 ¥k& 2|

>

% MF < Z W9 2718 243k

kY

I

[p,slop,Ip]l=findParam(jj,kk);
if kk==1
kk=0.9999999;
end;
if kk==0
kk=0.0000001;
end;
if jj==
§3=0.9999999;

end;

if jj==0
13=0.0000001;

end;

%[ p,slop,Ipl=findParam(kk kk); %x1=x2¥ 7% Al-&a
% s=> 7177 WA HE A
% d-> A Ao 7]&7]
% f-> FHA A 7]&7]

% Ip —> PHA e} xe] g

yy=L
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yvi=Ll;
%aa=[1;
for a=0:0.1:1
if(a<=p(10))
y=slop(1);
yy=lyy vI;
yyi=lyyi -1/y)];
elseif(p(10)<a & a<=p(11))
y=(2%(slop(1)-slop(2))/pi)*(asin(p(10)/a)+(p(10)/a)*sqrt (1-(p(10)/
a)"2))+slop(2);
yy=lyy vl
yyi=lyyi (-I/y)k
elseif(p(11)<a & a<=p(12))
y=(2%(slop(1)-slop(2))/pi)*(asin(p(10)/a)+(p(10)/a)*sqrt(1-(p(10)/
a)"2))+(2#(slop(2)-slop(3))/pi)*(asin(p(11)/a)+(p(11)/a)*sqrt(1-(p(11)/a)"2))+slop(3);
yy=lyy vI;
yyi=lyyi -1/y)];
elseif(p(12)<a & a<=p(13))
y=(2%(slop(1)-slop(2))/pi)*(asin(p(10)/a)+(p(10)/a)*sqrt(1-(p(10)/
a)"2))+(2x(slop(2)-slop(3))/ph*(asin(p(11)/a)+(p(11)/a)*sqrt(1-(p(11)/a)"2))+(2x(slo
p(3)=slop(4))/pi)*(asin(p(12)/a)+(p(12)/a)*sqrt(1-(p(12)/a)"2))+slop(4);
yy=lyy vI;
yyi=lyyi -1/y)];
elseif(p(13)<a & a<=p(14))
y=(2%(slop(1)-slop(2))/pi)*(asin(p(10)/a)+(p(10)/a)*sqrt(1-(p(10)/
a)"2))+(2x(slop(2)-slop(3))/ph*(asin(p(11)/a)+(p(11)/a)*sqrt(1-(p(11)/a)"2))+(2x(slo
p(3)=slop(4))/pi)*(asin(p(12)/a)+(p(12)/a)*sqrt(1-(p(12)/a)"2))+(2*(slop(4)-slop(5))/
pi)*(asin(p(13)/a)+(p(13)/a)*sqrt(1-(p(13)/a)"2)) +slop(5);
yy=lyy vI;
yyi=lyyi -1/y)];
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elseif(p(14)<a & a<=p(15))
y=(2%(slop(1)-slop(2))/pi)*(asin(p(10)/a)+(p(10)/a)*sqrt(1-(p(10)/
a)"2))+(2x(slop(2)-slop(3))/ph*(asin(p(11)/a)+(p(11)/a)*sqrt(1-(p(11)/a)"2))+(2x(slo
p(3)=slop(4))/pi)*(asin(p(12)/a)+(p(12)/a)*sqrt(1-(p(12)/a)"2))+(2*(slop(4)-slop(5))/
ph*(asin(p(13)/a)+(p(13)/a)*sqrt(1-(p(13)/a)"2))+(2+(slop(5)-slop(6))/pi)*(asin(p(14)
/a)+(p(14)/a)*sqrt(1-(p(14)/a)~2))+slop(6);
yy=lyy vI;
yyi=lyyi -1/y)];
elseif(p(15)<a & a<=p(16))
y=(2%(slop(1)-slop(2))/pi)*(asin(p(10)/a)+(p(10)/a)*sqrt(1-(p(10)/
a)"2))+(2x(slop(2)-slop(3))/ph*(asin(p(11)/a)+(p(11)/a)*sqrt(1-(p(11)/a)"2))+(2x(slo
p(3)=slop(4))/pi)*(asin(p(12)/a)+(p(12)/a)*sqrt(1-(p(12)/a)"2))+(2*(slop(4)-slop(5))/
ph*(asin(p(13)/a)+(p(13)/a)*sqrt(1-(p(13)/a)"2))+(2+(slop(5)-slop(6))/pi)*(asin(p(14)
/a)+(p(14)/a)*sqrt(1-(p(14)/a)~2))+(2+(slop(6)~slop(7))/pi)*(asin(p(15)/a)+(p(15)/a) *
sart(1-(p(15)/a)"2))+slop(7);
yy=lyy vI;
yyi=lyyi -1/y)];
elseif(p(16)<a & a<=1)
y=(2%(slop(1)-slop(2))/pi)*(asin(p(10)/a)+(p(10)/a)*sqrt(1-(p(10)/
a)"2))+(2x(slop(2)-slop(3))/ph*(asin(p(11)/a)+(p(11)/a)*sqrt(1-(p(11)/a)"2))+(2x(slo
p(3)=slop(4))/pi)*(asin(p(12)/a)+(p(12)/a)*sqrt(1-(p(12)/a)"2))+(2*(slop(4)-slop(5))/
ph*(asin(p(13)/a)+(p(13)/a)*sqrt(1-(p(13)/a)"2))+(2+(slop(5)-slop(6))/pi)*(asin(p(14)
/a)+(p(14)/a)*sqrt(1-(p(14)/a)~2))+(2+(slop(6)~slop(7))/pi)*(asin(p(15)/a)+(p(15)/a) *
sart(1-(p(15)/a)"2))+(2x(slop(7)-slop(8))/pi) *(asin(p(16)/a)+(p(16)/a)+sqrt(1-(p(16)/
a)"2))+slop(8);
yy=lyy vI;
yyi=lyyi -1/y)];
elseif(a>1)
9%y=(2:x(slop(1)-slop(2))/pi)*(asin(p(10)/a)+(p(10)/a)*sqrt(1-(p(10)
/a)"2))+(2+(slop(2)-slop(3))/pi)*(asin(p(11)/a)+(p(11)/a)*sqrt(1-(p(11)/a)"2))+(2+(slo
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p(3)=slop(4))/pi)*(asin(p(12)/a)+(p(12)/a)*sqrt(1-(p(12)/a)"2))+(2*(slop(4)-slop(5))/
ph*(asin(p(13)/a)+(p(13)/a)*sqrt(1-(p(13)/a)"2))+(2+(slop(5)-slop(6))/pi)*(asin(p(14)
/a)+(p(14)/a)*sqrt(1-(p(14)/a)~2))+(2+(slop(6)~slop(7))/pi)*(asin(p(15)/a)+(p(15)/a) *
sart(1-(p(15)/a)"2))+(2x(slop(7)-slop(8))/pi) *(asin(p(16)/a)+(p(16)/a)+sqrt(1-(p(16)/
a)"2))+(2%(slop(8))/pi)*(asin(p(17)/a)+(p(17)/a)*sart(1-(p(17)/a)"2));

y=1; yy=lyy vl yyi=lyyi -I/y)];
end;
end;
yyy=lyyy; yyl yyyi=lyyyi; yyil;
end;

end;
aa=[0:0.1:1]; figure(10); hold off subplot(2,1,1); plot(aa,yyy); grid
subplot(2,1,2); plot{aa,yyyi); grid

%%2%%% yyyi®] max #< T3 WHE T H
yyyimax=[]; yyyimax2=[];
for(ij=1:121)

Pl

yyyimax=[yyyimax max(yyyi(ij,)) I;

il (mod(ij,11)==0)
yyyimax2=[yyyimax2 yyyimax J;
vyyimax=[1;

end;

end;

% Describing Function®] ¥ X&3} s&vlg 3}
function [p,slop,lastPoint] = findParam(dl,d2)

% p—> 71717k A= A

% slopl-> FAWA 249 7]&7]

% slop2-> FHA 2 X 9] 7]-&7]
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% lastPoint —> v}FA| % xo] 7k

for x=-1:0.01:1

xx=[xx;x1;

% HAZAe &gk AV|7F -1,1 olHolof skl TE A HA| gof T4
2 g A Foh

% WA & FFe A7) dlol wet derith

kk=0.2+d2"2-0.6941+d2+1.497;

yy=lyy;fuzzyfcn2(x,dl,d2).xkkl;

end;

sz=size(yy); sz=sz(1,1); theta=atan(yy(sz));

rot=[cos(theta) —sin(theta); sin(theta) cos(theta)l;
rotV=[xx yyl*rot;

96969696962696969696969696%696 9696 %6
plot(xx,rotV(:,2));
9696969696269696269696 96962696 962696 %

[maxy,maxpl=max(rotV(:2));

[miny,minpl=min(rotV(:,2));

if(maxp<minp)
sl=maxp;
sZ2=minp;
else
sZ2=maxp;
s1=minp;

end;
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pCenter=round(sz/2);
9626969626%69626 9626262626 %696 26 %6 96962626 962696 %6 9696 %
%%% T3 AL T3 %%%9%6%%%
9626969626%69626 9626262626 %696 26 %6 96962626 962696 %6 9696 %

theta=atan(yy(s2)/xx(s2));

rot=[cos(theta) —sin(theta); sin(theta) cos(theta)l;
rotV=[xx(pCenter:s2), yy(pCenter:s2)]*rot;
[maxy,maxpl=max(abs(rotV(:;,2)));
pll=pCenter+maxp;
9626262626%626%6% D12 9626%6%9696%696%626%6%
if (xx(sz)-xx(s2))==0
theta=atan((yy(sz)-yy(s2))/0.00000000000001);
else
theta=atan((yy(sz)-yy(s2))/(xx(sz)-xx(s2)));

end;

rot=[cos(theta) —sin(theta); sin(theta) cos(theta)];
rotV=[xx(s2:sz), yy(s2:sz)]*rot;

[maxy,maxpl=max(abs(rotV(:;,2)));
pl2=s2+maxp;

2696262696262626% A T T 26962696%62696%6%6

theta=atan(yy(pll)/xx(pl1));

rot=[cos(theta) —sin(theta); sin(theta) cos(theta)];
rotV=[xx(pCenter:pll), yy(pCenter:pll)]=rot;
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[maxy,maxpl=max(abs(rotV(:;,2)));
pll1=pCenter+maxp;

9626262626%626%6% Dpl12 2626969696966 %6962626%6
theta=atan((yy(s2)-yy(pl1))/(xx(s2)-xx(pll)));
rot=[cos(theta) —sin(theta); sin(theta) cos(theta)l;
rotV=[xx(pll:s2), yy(pll:s2)]*rot;
[maxy,maxpl=max(abs(rotV(:;,2)));
pll2=pll+maxp;

9626262626%69626%62626% D121 96269626 969626969696 9626969626 %6
if(pl2>sz)
pl2=sz;
end;
if((xx(p12)-xx(s2))==0)
theta=atan((yy(pl2)-yy(s2))/0.0000000000000000001);
else
theta=atan((yy(pl12)-yy(s2))/(xx(pl12)-xx(s2)));

end;

rot=[cos(theta) —sin(theta); sin(theta) cos(theta)];
rotV=[xx(s2:pl2), yy(s2:pl2)]*rot;

[maxy,maxpl=max(abs(rotV(:;,2)));
pl21=s2+maxp,

26262626262626%6% D122 26962626262626%6%62%62%6%6

if((xx(sz)-xx(pl2))==0)
theta=atan((yy(sz)-yy(p12))/0.0000000000001);

- 132 -



else
theta=atan((yy(sz)-yy(pl2))/(xx(sz)-xx(pl12)));

end;

rot=[cos(theta) —sin(theta); sin(theta) cos(theta)];
rotV=[xx(pl2:sz), yy(pl2:sz)]*rot;

[maxy,maxpl=max(abs(rotV(:;,2)));
pl22=pl2+maxp;

9626969606%6%6269696%6%6% 3 WA PF7] 2696969696%626%

if(p11==0) pll=pll+1;

elseif(pl1>sz) pll=sz;

end;

if(p12==0) pl2=pl12+1;

elseif(pl2>sz) pl2=sz;

end;

if(p111==0) plll=plll+1;

elseif(pl11>sz) plll=sz;
end;

if(p112==0) pl12=pl12+1;

elseif(pl12>sz) pl12=sz;
end;

if(p121==0) pl121=pl21+1;

elseif(p121>sz) pl21=sz;
end;

if(p122==0) pl22=p222+1;

elseif(pl22>sz) pl22=sz;

end;
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p21=pCenter-(pl1-pCenter);
if(p21==0) p21=p21+1;
elseif(p21>sz) p2l=sz;
end;
p22=round((sz-pl2));
if(p22==0) p22=p22+1;
elseif(p22>sz) p22=sz;
end;
p211=pCenter-(pl111-pCenter);
if(p211==0) p211=p211+1
elseif(p211>sz) p211=sz;

end;
p212=pCenter-(pl12-pCenter);
if(p212==0) p212=p212+1
elseif(p212>sz) p212=sz;

end;
p221=pCenter-(pl121-pCenter);
if(p221==0) p221=p221+1
elseif(p221>sz) p221=sz;

end;
p222=pCenter-(pl122-pCenter);
if(p222==0) p222=p222+1
elseif(p222>sz) p222=sz;

end;

p=[-1;xx(p222); xx(p22); xx(p221); =xx(s1); xx(p212); xx(p21);
xx(p211); xx(pCenter); xx(plll); =xx(pll); =xx(pll2);
xx(s2); xx(pl21); xx(pl2); xx(pl22);
xx(sz)];

262696262626269696 6262626262626 2626969626 %6
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262696262626269696 6262626262626 2626969626 %6
2696962626262696%6%6%

%% Z24e] 7le71E 7R
26262626262696%6%6 2626962626

al=yy(pl11)/xx(plll);
if((xx(plD)-xx(pl11))==0)
a2=(yy(pl11)-yy(p111))/0.0000000000000001;
else
a2=(yy(pll)-yy(plll))/(xx(pll)-xx(plll));
end;
if((xx(p112)-xx(p11))==0)
a3=(yy(pl12)-yy(p11))/0.000000000000000001;
else
a3=(yy(pl112)-yy(plD)/(xx(pl12)-xx(pll));
end;
if((xx(s2)-xx(p112))==0)
ad=(yy(s2)-yy(p112))/0.0000000001;
else
ad=(yy(s2)-yy(pl12))/(xx(s2)-xx(p112));
end;
if((xx(pl21)-xx(s2))==0)
ab=(yy(pl21)-yy(s2))/0.00000000001;
else
ab=(yy(pl121)-yy(s2))/(xx(pl21)-xx(s2));
end;
if((xx(p12)-xx(pl21))==0)
a6=(yy(p12)-yy(p121))/0.00000000000000001;

else
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a6=(yy(p12)-yy(p121))/(xx(p12)-xx(p121));
end;
if((xx(p122)-xx(p12))==0)
a7=(yy(p122)-yy(p12))/0.00000000000000001;
else
a7=(yy(p122)-yy(pl2))/(xx(p122)-xx(pl2));

end;

if((xx(sz)-xx(p122))==0)
a8=(yy(sz)-yy(p122))/0.0000000000001;

else
a8=(yy(sz)-yy(pl22))/(xx(s2)-xx(p122));

end;

slop=lal;a2;a3;ad;ab;a6;a7;a8];

lastPoint=yy(sz);

969696 262696969696 969696969696 962626262696 96269626 %
%%% y=ax+be] b e Tt
969696 262696969696 969696969696 962626262696 96269626 %

bll=yy(plll)-a2*+xx(plll);
bl2=yy(pll)-a3+xx(pll);
b13=yy(pl12)-ad*+xx(pl12);
bl4=yy(s2)-ab+xx(s2);
b15=yy(pl21)-ab*+xx(pl21);
bl6=yy(pl2)-a7+xx(pl2);
bl17=yy(p122)-a8*+xx(pl122);

b21=yy(p211)-a2*+xx(p211);
b22=yy(p21)-a3+xx(p21);
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b23=yy (p212)-ad*+xx(p212);

b24=yy(sl)-ab*xx(sl);

b25=yy (p221)-ab*+xx(p221);

b26=yy(p22)-a7+xx(p22);

b27=yy (p222)-a8*+xx(p222);

b=[bl1l bl2 bl3 bl4d bl5 bl6 bl7 b2l b22 b23 b24 b25 b26 b27];

9% Describing Function #A% +-3}7]

969626%6262626%6%6%6 962696966 9696262696 %6 9696 %6 %%

%contour of FL.C

figure(5);

hold off;

tyyyi=yyyi’;

datai=max(tyyyi)+(tyyyi(1,)+tyyyi(11,:))/10;

datai=datai’;

datat=[1;

X=[0:0.1:1];

Y=X;

for 1i=1:11
%data=datai((ii-1)*11+1:i*11,1)./0.679;
data=datai((ii-1)*11+1:1ix11,1);
datat=[datat datal;

end

[c,h]=contour(X,Y,datat’*-1,0:0.2:10);

clabel(c,h)

xlabel('x1");

ylabel('x2");

grid

%
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%
9626969626%62626 26 269626269696 96 %6 9696 2696 962696 %
%626%% contour of PM
w=[0:0.00001:301;
g=datat;

totalang=[1;
totalmag=/1;

totalf=[1;

tof=[1;

tang=[1;

tmag=[1;

xx=[0:0.1:1];

1=20./(=31%w."3-10.%w."2+91*w+2);
ang=180+angle(f)*180/pi;
mag=abs(f);

for 1i=1:11
for jj=1:10
tang(jj,ii)=ang(1,min(find(round(mag*100)==round(g (jj,ii)*-100))));
9%min(find(round(mag=*1000)==round(g (jj,ii)*-1000)))
end
end
figure(20)
[c,h]=contour(xx,xx,tang’,0:10:180);
clabel(c,h)
xlabel('x1");
ylabel('x2");
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9% Circle Criterion 1-3}7]
ppl=L1]; pp2=L1;

for(d2=0:0.1:1)
for (d1=0:0.1:1)

if(d1==0)
d1=0.001;

end

if(d2==0)
d2=0.001;

end

if(d1==1)
d1=0.99;

end

if(d2==1)
d2=0.99;

end

[p1,p2]=findCircle(d1,d2);
ppl=[ppl pll;
pp2=[pp2 p2l;

end

end;

xp=[0:0.1:2+pil; xp=[xp 0J; rr=abs(1./ppl-1./pp2)/2; bb=-1./ppl-1T;
figure(40); hold off
cnum=[20]; cden=[3 10 9 2];

nyquist(cnum,cden);
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hold on

for(ii=1:121)
if(pp1(1,i)>pp2(1,ii))
bbl=-1/ppl(1,iD)-rr(1,ii);
else
bbl=-1/pp2(1,ii)-rr(1,ii);

end;

drpp=11(1,i1).*exp(i*xp)+bh1;
plot(drpp,’'1");

hold on;
end;
o Hulgk A& xds]
figure(3);
cnum=[20];

cden=[3 10 9 2];
nyquist(cnum,cden);
hold on
for (ii=1:121)
plot([-1/ppl(1,iD)+ii*0.1%] ~1/pp2(1,ii)+ii*0.1%j1)
end;

%

9%%%% contour 12| 7]
figure(35);
datai=—1./ppl;
datai=datai’;

datat=[1;

X=[0:0.1:1];
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Y=X;

for 1i=1:11
%data=datai((ii-1)*11+1:1i*11,1)./0.679;
data=datai((ii-1)*11+1:1ix11,1);
datat=[datat datal;

end

[c,h]=contour(X,Y,datat’*-1,0:0.1:10);

clabel(c,h)

xlabel('x1");

ylabel('x2");

grid

2626962626269696%6 962696262626 969626262626 26262626
296962 contour of PM 969626262626%6%6%6%6%6%6
2626962626269696%6 962696262626 969626262626 26262626

w=[0:0.00001:30]; g=datat; totalang=[l; totalmag=[1;
totalf=[1; tof=[1; tang=[]; tmag=[l; xx=[0:0.1:1];

1=20./(=31%w."3-10.%w."2+91*w+2);
ang=180+angle(f)*180/pi;
mag=abs(f);

for 1i=1:11
for jj=1:11
tang(jj,ii)=ang(1,min(find(round(mag*100)==round(g (jj,i))*-100))));
9%min(find(round(mag#*1000)==round(g (jj,ii)*—1000)))
end

end
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% Circle -3}7]

function [pl,p2]= findCircle(dl,d2)

9696266962626 2696969696 2626 969626969696 9696 96 %6 2696 6 %6 969696 %6 %6 %6
% To find the parameter for circle criterion

% as changing dl,d2

9696266962626 2696969696 2626 969626969696 9696 96 %6 2696 6 %6 969696 %6 %6 %6

xx=[1; yy=L1l;
for x=-1:0.01'1

x=0.0001;

end;

xx=[xx;x1;

kk=0.2+d2"2-0.6941%d2+1.497; % U= WHWAE -1<=e<=1 =Es}7] 93 =A7] 3
7(0.99999 41 =)

kk=1;

yy=lyy;fuzzyfen2(x,dl,d2)=kk];
end;
pp=abs(atan(yy./xx));
pp(101)=mean(pp);
co=find(pp==max(pp));
col=find(pp==min(pp));
if (co==101)

co=102;
end;
if (col==101)

col=102;

end;

ppx=xx{(co);
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ppy=yy(co);
ppx1=xx(col);
ppyl=yy(col);
pl=ppy/ppX;
p2=ppyl/ppx1;
figure(20)
plot(xx,yy)

hold on
plot(xx,pl*xx,'1")

plot(xx,p2#xx,'r’")

92626262626 % % 26 %696 %6 26 % % % %6 %6 26 %6 % %

% Circle Criterion #A# -3}7] %%%%

92696262626 % %26 % %6 %6 26 % % % % %6 %6 %6 %

datai=-1./ppl;

datai=datai’;

datat=[1;

X=[0:0.1:1];

Y=X;

for 1i=1:11
%data=datai((ii-1)*11+1:1i*11,1)./0.679;
data=datai((ii-1)*11+1:1ix11,1);
datat=[datat datal;

end

[c,h]=contour(X,Y,datat’*-1,0:0.1:10);

clabel(c,h)

xlabel('x1");

ylabel('x2");

grid
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2626962626269696%6 962696262626 969626262626 26262626
296962 contour of PM 969626262626%6%6%6%6%6%6
2626962626269696%6 962696262626 969626262626 26262626

w=[0:0.00001:30]; g=datat; totalang=[1; totalmag=[1; totalf=[];
tof=[1; tang=[1; tmag=[]; xx=[0:0.1:1];

1=20./(=31%w."3-10.%w."2+91*w+2);
ang=180+angle(f)*180/pi;
mag=abs(f);

for 1i=1:11
for jj=1:11
tang(jj,ii)=ang(1,min(find(round(mag*100)==round(g (jj,i))*-100))));
9%min(find(round(mag=*1000)==round(g (jj,ii)*-1000)))
end
end
figure(60)
[c,h]=contour(xx,xx,tang’,0:10:180);
clabel(c,h); xlabel('x1"); ylabel('x2);

962262626 96 % %6 %6 %6 %6 %6 96 %6 %6 %6 %6 96 %6 26 %6 %6 %6 %
%%%%%% Fuzzy Logic 9696269 %%% %% %
962262626 96 % %6 %6 %6 %6 %6 96 %6 %6 %6 %6 96 %6 26 %6 %6 %6 %

function y = fuzzyfcn2(errorl,dl,d2)
temp=errorl;
if temp>=1

temp=0.9999999999;

end;
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if temp<=-1
temp=-0.9999999999;

end;

if (d1==0)
d1=0.9999999999;

end;

if (d2==0)
d2=0.0000000000001;

end;

x=-1:0.001:1;
y=-1:0.001:1;

% Premise Membersip Function
N_mf=trapmf(x,[-1 -1 -1 0D);
Z_mi=trimf(x,[-1 0 11);
P_mf=trapmf(x,[0 1 1 1]);
antecedent_mf=[N_mf;Z_mf;P_mfT;

% Consequence Membership Function
%low_ml=trapmf(y,[0 0 0 5]);
CN_mf=trapmf(y,[-1 -1 -1 -1*d2]);
CZ_mf=trimf(y,[-1xd1 0 d1]);
CP_mf=trapmi(y, [d2 1 1 11);
consequent._mf=[CN_mf;CZ_mf;CP_mfl;

if temp==1 ind=max{{ind(x>0));
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else ind=min(find(x>temp));
end;

dof1=N_mf(ind);
dof2=7_mf(ind);
dof3=P_mf(ind);
dof=[dof1;dof2;dof3];

consequent=min(CP_mf,dof3);
min{CZ_mf,dof2);

min(CN_mf,dof1)];

output_mf=max(consequent);

center= defuzz(y,output_mf, centroid’);

y=center;
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