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Abstract

Many studies have been donc in the field of fuzzy logic theory, but
it’s application to the ship’s steering system is few until this date,
This paper is to survey the effect of application of fuzzy logic
control by new compositional rule of Inference to the ship’s steering
system, The controller is made up of a set of Linguistic Control R~
ules which are conditional ‘linguistic statements connecting the inupts
and output, and take the inputs derived from deviation angle and it's

angular velocity,

The Linguistic Control Rules are implemented on the digital compu~
ter to verify the performance of the fuzzy logic controller and sim-
ulations have been done in six cases of initial condition and disturb-
ance type.

Consequently, it was proved that the ship 's steering system by int~
roducing the F,L.C, is performed efficiently and less energy loss sy-—

stem compared with the conventional autopilot,
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oF

ul

oh. &, Al ez YH O H#EEHRAE B} KT e

o

a1 o]  pEHIS  Linguistic Proposition 2 £Hg H, 4 Lingui-
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281, #%& Linguistic Proposition o] ¥3 Fuzzy BRES X3 H,
o] 5o #A/oR 28 LCRo ¥3 Fuzzy BHBE Xstx, oo #
3 Fuzzy Reasoning & {73}l #IEATA HIE HAHT XKstH, o
HlEHhd #rgoR A4S #iEsAl =, 2w Affol
Az e WHRe AMS #@tgo]l "o AMEs Y7 «HE
of wHe olwlg o] wold #kY TR FHELEE BE
dE 4A9 ol KEWHolet. kA, ol MEE RET
dv MES BBEH Hik — Fuzzy REER-o LEsHA ==}

2-1 Fuzzy £ 6%

XE 2 ( Space ), *& EXe stx. F, X=({=zx}. o
W 226 Xo| glel49 Fumzy%ds AZ¥ o+g3} L  membership
function pao] k3 EHEHE EBol).

pa : X—- M (2-1)
, M= (0,1) |

EEE A: g3 o] RHG.

X7b HBRES (%1, %z v NE
A=Y m (%) /% (2-2)

1=

X7t E\BREEY A
A= [f: pa(x)/x (2-3)

#£4 Xt Fumzy %4 A9 BlEsdolel 2ag. /9 8%

éiﬁgg} Bgolm UFL 2 BEEY Membership flio] o},
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Xoi WG W Fuzy 589 &, &, i G4 = oo @

TS =

AUB = [pa(x) V #y(x) /x (2.4

ANB = [ pa(x) V ooy (x)/x (25

A = (1= Ju, (2)) /5 26
bounded sum ¢ bounded difference ©i= & cHE I Pt

A@BB= [ 1A (x)+py (x) /% (9.7

AOB = [0V (palx)-#y (x)/ x {2-8)

HBa X9 Yo HEHE XxY9 Fuzzy Sao%ke

R':fxxv PR(x,y_)./(-x',y) {2-9)

= Hsl Fuzzy BfRet Ealot.
2 {52 Fuzzy 45 AcC X, BcCc Y9 HH

AX B = [y ta(x) Ang(y) / (x,5) (2-10)
Fuzzy ifRe] RE#el  #lolo.

AcXe RcCXxYe 389 mAES &K —maxmn & — o

rio

eb st Y¢ Fuzzy A% &S K.

AeR = [y SUP Cuy (&) Apelw,))/y  (2011)
Lol AW o) Fuzzy 49 MR wd W@ XS RS
o]  AocEbd SRS @R sssh we. 5 A= {al,
a; =#, (x.), R= {71}, 15 = e (xi, 3 ), AR = {0,},
by = paen (v;)ebx b4,

b, = \/(a.'/\T-'j) (2-12)
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(e, VE Maximum, A+ Minimum)
t} S o] Linguistic Proposition o] %¥3le RS2 3}, F&

Fuzzy 44K #&E, PE Linguistic Propositiono} 2t 3},

xeXolet &"d, P P=x is F2 Jed + Q=g #E
Eo] P=2x is small integer & X={1,2,3, - , 10} o] H3
FH3HA,

small intéger= 1./1+1./2+ .8/3+ .6,/4
+ .4/5+.2/6+ .1/7+ .0/8
+.0/9+.0/10 (2-13)
o2 Jepd + 3.
¥ {9 Linguistic Proposition P=1x 1is F, Q=y is G,
FcX, GcYs Fo3g al, 2 AFeE: —#&wHeoz (P,Q)
= (x,y) is R, PcXxYsax Fxdt.

2:2 M2e &&HA TdA¢Y Fuzzy reasoning 16)
Fuzzy reasoning o] &
grg1 : If x is A them y is B
BTE2 @ x is A (2-14)

= #o y is B’
B 1-22 4 EHRET #HHSl= Aoe=x Compositional Rule of
Inference g} E33tk. LITFeA= AR vret %S BE1IE @

B3 “If A then B”, A—-B %Koz %£Hszu, = REL Ra-ws,
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Raw Heoz %KHez g, A B %2 g Fuzzy $ & o] =},
Gl ARE BRES E#Hsh se] wEaS A =, RAK
( bounded - product ) o

x Oy =0V (x+y-1) (2-15)
olete o] HWEE HAHEo=ZM M2e A8 —Max- O4®R 0" —
hedt Aol s o

AvR ot (y) = V{m (DO ez, ) (2-16)

rio
alo

ubeb 4],
B = A"no (AxXB) (2-17)
Sotw(3) = VL e () © ( #a(x) A #a(3)))
AZNA, w=pa(x), v =#a(3), v = (3) et W ANAY o
=V A{e@(uMv))
f)=ug(ulv)el Fad (2-15)Ro8 2y
fFu)=0V!Iust+ (ulNv) -1 )
= {0V (2u-1)) A{OV(u-1+0)} (2-18)
wetd, f(#) % % Parameter 24 Jebulsl Fig. 1 3 o},
: &
flu) = HEREe zko] x

o

Fig. 1[4 ov=0.2¢

o v'=\{f(u)=o.2i 5]

(8]

, —KWoR EF v
Hal g =0z 55 3

LY < 3.

O .
Fig. 1 f(u) of Eq. (2-18)
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2222, A’=A9% ol B '=Bst dolA .

Compositional Rule of I[nference o4 st 9tE A'AAL W
B'~Bz HE AMolt. g, 2 LlEY Hel A—-BE2 4H i
e WeEde] Ao ez Rt

gEFo] s o MmNl “ If A then If B then C” = A — B
- C9 o=, R=AxBxC=z s A, B’7} Folzxd Fu-
zzy reasoning ¢ &R C & g3} 7o 5 o},

C’=B'm (A'm Ra-s-c) (2-19)
=%, 289 implication A, —+B, =& A,—B;9 or, and &
Che

Ay —B, or A; »B, = R=Rai-s1, U Raz-s2

(2-20)
AI_’BI and Az —’Bz => R=RA1-'B!1 n RAg-‘BZ

o] =t

3. Fuzzy Logic Controlel #al EAERY i@

fAlo] EBEAE MEY HE RMEBRRERE BRI BX

2L HEBEACH, WACH, £ 2 MM, Compass Fol sleh. =]
BEALE obu T ARl KT BAEY HBdAE HBRER KRF
Quarter Master 7b, & #3ol4 ©Fxx s& Fuzzy Logic Con-
troller o #kat #Aee H@ole Fuzzy Logic Controller 7} 5o}
AA ", ole HAERE Block @ = Jeld Fig. 2% #
c}.
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Fuzzy Logic Controller ¢] #iifle& o] 9 2 Q/MY by e
B WRES&RSEZ %8 LCRE fEmstd o LCRe  HI
Fuzzy BitRE K3baL, Rite Fuzzy reasoning o] {3 HE AN
for 0% porsel MEE sEsA do.
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3-1 {EAad #H3 Fuzzy Logic Control

A @A E QMY &&d ¥l Fe FEAY 2o AZ  HH
ity AL FOoEM MMET HEY +F Adde 44 H@E
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A MEBAEOSAE AT F k. oo eld e BEEa
fael #4144+ SB, SM, S$S, SV, SO, PV, PS, PM, PB o 91
s, fRfFmel AEMmel %4 P17.5, Plo, EP, P2.5, ZE, S2.5,
ES, S10, S17.59 9z K& @ratct.

chool+=, Fuzzy Variable o & &4S @M [ -27.5, 27.5 )2 %
st al, Fuzzy Variable < i S = 1 Membership Function & #huE
gbeh. Membership Function & &k &2 EHbsld Sy +x 9
AL, HiEdbetel  @E Y @mBEEE EBY £S5 o, oi4gn
B%EGs EEBtstd g Tablel s o] RESAZ  Fhc}.

Table 1, Membership Function of fuzzy variables in the chse of

considering on deviation angle,

-27.5 -25 =225 =20 -17.5 =15 -12,5 -10 -7.5 -5 =25
SB .0 0 .0 .0 .0 .0 .0 .0 .0 .0 .0
SM 0 .0 .0 .0 .0 .0 .0 .0 .0 .0 .0
SS 0 .0 .0 .0 .0 .0 .0 .0 .0 0.1 0.3
SV. 0 .o .0 .0 .0 .0 .0 .0 .0 .0 0.3
SO .0 .0 .0 .0 .0 0 0 .1 .2 .3 .7
PV 0 .0 .0 .0 .0 0 0 .0 .3 .8 1.0
PS 0 .0 00 1.3 5.7 .8 1,0 .8 .7
PM 0 .1 .2 .3 7 10 .7 3 .2 1 .0
PB 1.0 .8 60 .4 L2 .0 .0 0 .0 .0
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0 25 5 7.5 10 125 15 175 20 225 25 27.5
SB o .0 .0 .0 .0 .0 1l .2 .4 6 8 10
SM o 0 .1 .2 .3 .7 Lo .7 .3 .2 .l 0
SSs 5 7 .8 10 .8 7 S5 3 1 0 w0 .0
SV .8 Lo .8 .3 .0 .0 0 .0 .0 0 .0 .0
so 10 .7 .3 .2 .1 .0 0 .0 0 .0 0 .0
PV 8 .3 .0 .0 .0 .0 0 .0 .0 .0 0 .0
PS S5 .3 .1 .0 .0 .0 .0 0 .0 .0 .0 .0
PM .0 0 .0 .0 .0 .0 0 .0 .0 0 .0 .0
PB .0 0 .0 0 .0 .0 0 0 0 0 0 .0

oo #@mElY LCRS Mmad QMo @& BiEe
HE EHEm 2 MAESRA B9 EESNY #AKE BB
S Table 29 o] MK

Table 29 LCRo|AY #gEs #®AEES o& Fuzzy Rl

Table 2. Linguistic Control Rule in the case of

considering on deviation angle.

if DE = SB them RU= P17.5
if DE= SM then RU = P10

or
or

or if DE = SS then RU = EP
or if DE = SV then RU = P2.5
or if DE = SO then RU = ZE
or if DE = PV then RU = S2.5
or if DE = PS then RU = ES
if DE = PM then RU = S 10

or
if DE = PB then RU = S17.5
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A28 Fuzzy Logied ik BHAEHERS i

vk, DE | Deviation Angle RU : Rudder Angle
SB ; Starboard BIG P17.5; Port 17.5
SM ; Starboard MEDIUM P10 ; Port 10
SS . Starboard SMALL EP ; Port Easy
SV | Starboard Very SMALL P2.5; Port 2.5
SO | Starboard ZERO ZE ; Zero Rudder
PV ; Port Very SMALL S2.5; Starboard 2.5
PS ; Port SMALL ES ; Starboard Easy
PM ; Port MEDIUM S10 ; Starboard 10
PB ; Port BIG S17.5; Starboard j7 5

tE&olliz  Fuzzy Logic Controller o] A HMEHS kst Fuzzy
Relation & fiizshiz  fHikel #al Hadstsl2 ceb. wig %
Linguistic Proposition o ¥{2&k Fuzzy Variable & Fuzzy §.° 2 v} Ef
War ofge ¥ Fuzzy BEBES  (2-10) Kol Kkal K3k,

#l5  Eol, Fuzzy Variable SBZ Fuzzygo veluld e}

SB = 04275+ .0-25+ .0-225 + .0~20 + L0~175+ . 0~15
+ 07125 + 0410 + .0~7.54+ .05+ .0/~2.5 + .00
+ .025+ .05+ 0775+ 010 + .0/12.5 + .1/15

+ .2/17.5+ 420 + .6/225+ .8/25+ 1.0/27.5

Fuzzy Btk Rsp-rizs & Kel 2=  Table 33 o},
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Table 3. Fuzzy Relation R s~ p7.5

)

.0 0
.0 .0 .1 .1 .1 .1 .1
0 .0 .2 .2 .2 .2 .2
.0 .0 .3 .4 .4 .4 .3

.0 .0 .3 .6 .6 .6 .3 .0
.0 ,0 .3 .8 .8 .8 .3
L .0 .0 .3 .81..0 .8 .3

aels, 28 LCRq $t3t Fuzzy R RS (2-20)Re] &3
Ko, F,
R=Rsp-pins U Rswepro U Rss—er U R sy-pzs |J Rso-ze
U Rpv-szs U Res=es U Rem=sio U Res-sms
t} & o, Fuzzy Logic Controller o] fEf& _Lac Rz %H #Ha#msh
o e ol K.
ow Bl o148 A ( Rudder Angle ) & KUzt s (2
16) %oz ¥
R/\U=A(DE)DR (3-2)
o W KU amas KU = (Aule sd, BE nol 3
qe A a0 2
On = 0 a1 +_Aru*, ﬂ;ﬁ;(‘nru*)=max ey (dru)

(3-3)
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ol=l. A el Mo § = Sampling Higg C- cbo g dol th
e, Y
T = G5 S = Spectrum el G R )

e, el BB f,,. % 0.5 ess o] B R T= 0.1 sec
BECIeh.  2ev, e BEfs ol 2oz BAE 0.2 sec
BEZYS FH4Hsco).

(3-2)Kel gleld 9 A(DE): {FML Fuzzyfication gk Ao}
b, #lE E¢ DE = Starboard 10° gl shd

=275 =25 7.5 10 12,5 -ees 25 275

.0 .0 .0 Lo 6 .0 .0

2t o] Non Fuzzy o2 ety =45 sleh. e, HEL

DE=10"2t3 slt BIBEQ Mgz Axds mos 19 e,
T¢ BEEY BREE Fddz e BEANE o @& Mo-

differ Nearly jEjig2 Fuzzyfication s}o @Bl =
Flsket.

i) of" HEE “if Aism10° " g
RAY o mE modifier 2} 3} 1
a2, ol aol ol Kbo] ey
A ®ES Y REst g

oh. %, Fig. 33 o] =

T T—— e

10

< &
8

10° DSt E e zZe Fig, 3 Fuzzyfication of

tor 2 XHYT ¢+ Q. nearly 10
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3-2 M 0 BAMEC FHF Fuzzy Logic Control

—fpweo2 Q/ME fREme ZA¥w oz wEAY BiES M

o EEBsld HAEI. t}4] 2 PD Controiler of] Y EY -

wEe do. K@mAdE oy e #@std LCRS Msha

T MMBIEY EAst: @REd B Restid TH.

A {FEAd E3 Fuzzy Variable 2+ Eaets EEI Fuzzy

Logic Control o 5@ MW—% AL HAsn, @AY Bt

#a4x= BI,SI,ZI,SD,BD¢ oAl &fEEL Aol HHA

HP, P17.5, PP, P10, P7.5, EP, P2,5, ZE, 82,5, ES, §87.5,

[N
oy

Si0, SS, Si17.5,HS 9 15 @E &£& #EANNE gk},

t}&, Fuzzy Variable 8] &#42, AT it HilAde EM

( -27.5, 27.5 J 2, WA BMLE (6 (T+1) - 6 (T) FEfER AL B )

o HaAE, KMMI B BAEY BEEL °FF T si&etof

Bxsld EM(-15, 156]2 3
s Q= Table 1, A SB{E

# 1.5°/secBE Mo BT

Membership Function 2, {F#e]

of %aAe Table 4, fEfaol H3A & Table 59 L @& A

A ot |
)

2e3, LCRE QM9 m®s MMHRRS REHS W W
o WHEEE 2 Erergy#ikel #u AREKT B@std  wEel

Wy
L %A

How, Table 63 ol KRt
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oleb. o7l Y o = Sampling Bgg T cohooak gl B
e, ¥

1 N = 7
= 20 fmi%( fmax = bpectrqu] i )

ax

Latdl, el BB £, v 9 0.5 ¢ s o] B R T= 0.1 sec
BECleh. e v, e mEfe e 2m2 EAL 0.2 sec
BIEZ Y #45sFo}.

(3-2) Kl lelde] A(DE) = fHfAE Fuzzyfication & 7o)

*t. #E <S¢ DE = Starboard 10° el &}d

-27.5 =25 e 7.5 10 12,5 - 25 27.5
A (DE) = ( )

.0 .0 0 Lo 6 000

2t Aol Non Fuzzy fio2 uJehd S5 gleb. =22, 3HEE

DE = 10" 2tz 3&le BHEEY BEE fEds @\mas 7 deH,

T BEREY HEEE EH e BEAAE o #e Mo-

difier Nearly B2 Fuzzyfication sted @EES= = 0] oo (&

ket

at) olel HEE “if Aism10° " g
MY o mE modifier g} 3 1
AL, oo ol gho] BRfbel]  #ia
A @Ee #AY ZEs g

b AL Figo33h ol Fe T

10° Lol A e @e e

g

Fig, 3 Fuzzyfication of
tor 2 ERHRY T o nearly 10
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3.2 fmA W RAMEC BT Fuzzy Logic Control
—gwoz Q/ME: fRAY 2% odz EAS Btms M
ol ZMstel L. oA wel  PD Controller of  FffE¥] 1=
&Es . EK@dAdw oy ZHE FEstd LCR HEEsty
o] E famIENel BEMste @R WA RestnA .

£B%  Fuzzy

iy

A A fEfge] %3 Fuzzy Variable 2% HFEAULS
Logic Control ¢ 3i82 M—% RE& EAstz, "AY L & ol
4= BI,SI,ZI,SD,BDY o4ifl, #fF&ES AEMAe HehA
- HP, P1i7.5, PP, Plo, P7.5, EP, P2.5, ZE, 82,5, ES, 87,5,
S10, SS, Si17.5, HS 9 15 @S £& #Hs712 4.

t}-&, Fuzzy Variable o &%4<, EAT fEfd #HAA=s ER

( -27.5, 275 J 2, RAme SELE (O (T+1) - 0 (T) HEEL:B)
d HAAL, TR HE EAY SMLES F  Silelo
@ 15"/ sec BE Hos e BEsd EM(-15, L5)2 Tk

Membership Function &, RAad HIA = Table 1, fRAY BE
o MHAL Table 4, MEfmol WAL Table 5% & A& 7l
A c}.

adx, LCRE QMo @@ MinseEFel Rasm’e W
o PEEE u EnergyHiAo] HY AMEME F@sid ol

O -
i

$ow, Table 6% o] M3 o
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Tabie 4, Membership Function of angular velocity of deviatien arngie
in the case of considering on deviation angie and it'c
angular velocity

-L5 -2 -0y -06 -03 0 0.3 0.6 09 1,2 1.8

B.1. .0 .0 .0 .0 0 .0 : 4 .8 1.0

5.0 2 .4 .7 1.0 -7 4 .2 .0 O U ¢
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o 25 5 7.5 10 125 15 17,5 20 22,5 25 275
HP o .0 .0 .0 o© o o 0 0 0 0 .0
P17.5 ¢ o0 o© w0 w0 0 o0 6 0 0o ¢ 0
P o .0 w0 .© w00 0 0 o0 0 0 0 .0
P10 9 © WO o o G o0 o 0 0 ,0 .0
P75 .5 .3 .1 o o 0 0 ., 0 0 .0 .0
EP 2 o o .0 o0 ¢ 0 ,0 .0 0 0 .0
P75 .8 .3 .0 .0 6 0 0 0 0 0o .0 .0
ZE 16 .8 .7 5 3 1 0 0 0 0 .0 .0
S25 .8 1,0 .8 .3 .0 0 0 6 0 .0 0 .0
ES 2 .7 16 7 .2 0 0 0 0 .0 0.0
75 5 .7 .8 le .8 7 5 3 .1 .0 .0 0
S10 s .0 .2 .7 10 7 .2 0 0 .0 6 .0
SS .0 .0 00 .3 .8 1.0 .8 .3 .0 .0 .9 .0
si175 .o .0 .8 .0 1 .3 .8 190 .8 .3 .i .0
HES o .0 L0 .0 .0 .,0-.3 .8 1.0 .8 3 .0
Table 6. Linguistic Control Rule in the case of considering on

deviation angle and it’s angular velocity.

if
if
if
if
if
if
if
if
if
if
if
if

DE= SB then
DE=SB then
DE=SB then
DE=SB then
DE=SB then
DE = SM then
DE = SM then
DE = SM then
DE = SM then
DE=SM then
DE =SS then
DE=SS then

if
if
if
if
if
if
if
if
if
if
if
if

CDE=2BI
CDE=SI
CbE=2Z1
CDE=SD
CDE=BD
CDE=BI1
ChE=81
CDE=2Z1
CDE=8D
CDE=BD
CDE=BI
CDE=SI1

then RU=HARD PORT
then RU=HARD PORT
then RU=PORT 17.5
then RU=PORT RUDDER
then RU=PORT RUDDER
then RU=PORT RUDDER
then RU=PORT RUDDER
then RU=PORT 10

then RU=PORT EASY
then RU=PORT EASY
then RU=PORT 10

then RU=PORT 7.5




A 23

D =85 then
Dl = S: then
Div= 88 then
D=8V then
DE = 5% then

Y then

- Fuzzy Logicd

D= 8% then 1
2= Y then 1f
K y thea if
D7 then if
D=0 then i
DE =80 then if

®= 80 then i
DEZ=PV then if
DE= PV then if
DE=PV then if
D& =PV then if
DE =PV then if
DE=P3 then if
DE=PS then if
DE = PS then if
DE = PS then if
DE=PS then if
K = PM then if
DW= PM then if
DE = PM then if
DE=PM then if
DY = PM then if
DE - PB then if
DE - PB then if
DE = PB then if
DiE =PB then if
DE = PB then if

{ CDE==21

ChE=5SD
Ciulk=EBD
Cokb=81

s -
ChE=81

ChE=Z1
ToE=3D
CDE=3D
Chu=351
CDE=S1
ChE=Z1
ChE=SD

DE=BD
ChE=B1
CDE=S1
CDE=Z71
CDE=SD
CDE=BD
CDE=B1
CDE=SI
ChE=Z1
CbBE=SD
CDE=BD
CDE=RI
CDE=S1
ChbE=Z1
CDE=SD
CDE=BD
CDE=BI
CDhDE=S81
CBE=Z1
CDE=S8D
CDE=BD

FSDIEYA (17, 1F: A ST o i

then Rl ORT EASY
then Ri= 2.5

then BU=2
then #U=7P7

RUDDER
T ASY

then oll=

then ;(\T =1

then k
then pil=
then BU=P

then
then
then
then
then
then
then
then

then

then
then
then R
then
then
then
then
then
then
then
then
then
then
then
then

[y~
.
[Ss]

o
o

RU=Z£R0 RUBDER
RiJ=STARBOAED 2.5
RU=STARBGARD EASY
RU=PORT 2.5
RU=PORT 2.5
RU=STARBCARD 2.5
RU=STARBCARD EASY
RU=STARBOARD EASY
RU=ZERO RUDDER
RU=STARBCARD 2.5
U= STARBOARD IASY
RU= STARBCAED 7.5
RU=STARZCARD ¢
RU=STsRBOARD ZASY

[
AREDARD HATY

0

i

RUDDER

RUDDER
ER0ARD RUDDER

QJ—- bT TBOARD 17,2

AU =HawD STAREOARD

RU=HARD STARBOARD

RUDDER
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gk, CDE ; Change in Deviation Angle
BI ; Big Increase
SI ; Small Increase
Z1 ; Zero
SD ; Small Decrease

BD : Big Decrease

wetAl, Fuzzy Logic Controller o] AN2 t}23 o] s o),
ol| Bl o149 AN ( Rudder Angle ) & KUz sl (2-19)
Koz 4y

R/ﬁzB(CDE)u(A(DE)uR) (3-4)
oleb. ol o BH nel goidq A#Mmd MA . (3-3)
A3 FZH.

Sampling fjf8 T+ WA EEBF Fuzzy Logic Control 9 #%i8
o RA—% @& #AsH, =3 (3-4)R44 A(DE) ¥ B(CD
E)e &% RA 9 WAEEY Fuzzy goltl. o #HEds DE
¢t CDEY {Efas]l I H3Z Fuzzy Logic Control ¢ 3%iel m}xir}x]

2 Modifier Nearly & (#fisle] ME3}c).

4. EEH AFdHold ¥ EH
3HEeA FEL RMREMFRA #HIL Fuzzy Logic Control & &3
tst7] B A=, Mol Micro Processor & REBEsd EH 2=
Hgol uhA sl ou, HiaMol FEHE HEsc MEE LR
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I Y 1 = G el BN 7 Q10 ) NN 4 44 (P B SR BT s

Rl A o SR R o] AL el BIEAS AL D BaPe e
Aok,
#IE L JERE silel  #isted kel vl 4 Fuzzy Logic
Control o]  Eig el ftske] PD Control o Hi&L ih#gs] % &= 3
o AldrElel S K Mo, 1 BB EABY MAastd
R A =

BAEel Rk Al WmAERS (3-1) 3 ol EK#dch. 4
srelel Al MiAHS] MB) MRS Runge -Kutta j59 BAsld W
shalom, ol Bl (3-1) K& MuEpHELez KHsd (4-1)
Az ol ulv},

X = AX+ Bs + (D(6)) (4-1)
Y = CX
£}, ]o 1 0 0 (o\i
A= |0 ~(T:+T,),T,T, 1 B= |T;Ts/T,T, D=0 {
0 -/, o [ Te/T,Te) ‘ir?f

X'= (0,6, x4) (’=transpose ), C=(1,0,0)
el MAUREE] WAL Easl Kastebe B TeA @
WAL S GEET Mol WO R Mikslel FEnergy ik o] %3l
FEEBE cbSh ol iAReldek. o o FE =42 5
A et

J = [ (024 n52) d¢
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Main Program & o}z} ¢] Flow Chart ¢} o+, HaErkie 300
2 stx, FMEEAT ALY 2AF 4% Feste AR 5538
o %a #H®|E &gk, ( Program List = B#e 2R)

Main Program ¢ Flow Chart

( START )
|

[wm mmke 2 el %t Membership Function & 9ot
CALL Minimx ( Min #fijo] 48] R &
A3t Fuzzy Logic Control 9] #58 Fuzzy
Bk R<& Xs& Program)

CALL Minima (Min#iflo] %3 ®A R &
i o] HEB3 Fuzzy Logic Control ¢] 35
i@ Fuzzy iR R< 5}?8}% Program )
WA s (R, WA, BAYE, RAMEE)
Model #ol BitFIRBER, Bk e B,
Gain % 4@lel =7, 4ELY AME d =T




AZS Fuzzy Logicd Al SSRERAES S S

l
CALL SIMUL ( Fuzzy #Ego| K3 #g
fiizk PD o dilgdgol] o 3k fE Aol ¥ sl
HEOMARSl BN RLUSL 2 HERE
S HRELS Runge Kutta gho 8 F31
B J & itBsted, 2 HE S Wyl
Ha WA 9 AEEEE Rlsted £H
&bz Program,)
J

( stor )
™ END )

Alaretol el AR AaAe MEEWMclW, T MM Bt

D
JR T, Te, Tooh HBMAGEN Ts: K% o923 3.

Ty =45, T, =6, T3=10, Ts; =0.08

PD Controller ] 51 ANREMAL o0=-K,0-K,6 = EHs o,
o] Hiel Kp, Kss= _EE Model fafe]l Auto Pilet 2 Fi¥ET 5
Hol HU BEAEME @ASdo, 2 o A& Gow ol
Ky=1.0, K, =5.0 =@ JF@EER I K=12 a9}

% slel @ Aol AEL oS 2o

ob¢l Fuzzy Logic Comtrol & #kie| weh LCRS BEA 7 4
gobt KB AMAse MEAS Mol He o0l~lofsrx 8
(A7 FHEBE KT BR, RAS 06659 o b Pe

2% et ubetq, o3 & S8 dol4 9 Fuzzy Logic Control
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FR- £Ae Fmd W 0.6f5% stqd K% ALE wHEc
i) BEHBRd BHE

TS AEY 2% &% ZElste A4k Case o gl
o] Ao #FEHE Fig, 4-1~Fig 4-6 3% %},

28pyo 2  Fuzzy Logic Control & PD Control of sl  #AZét
g2 ol Solst: Mol eolAE =& =AW, £E: A
FREsto s Rt Energy BEme oAt MHESN REF K
B2 Jeiz .

=3, fEfge] BT Fuzzy Logic Control i fRA R WAHE
o HHT 87 FEHKZ SHo gERE 2 Energy BKEA oA
Y REFE MRS Moz ASE ¢ F Uth

ii) FEMBHERS] RB

@EEHBRS FAAANZ gAskA  Caseo] #HI HRe Fig 47
~Fig 4-129 zow, 2o 2 Fuzzy Logic Control & PD Co-
ntrol o] (b3 Energy #i%ol ¢ FEEEK J7t ®BUA HEL
g "4 HA Jetdg Holx 3.
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[Case 1] #mel ffol

20° RAEE 0o, SElel Ax N

(T

Fig. 4-1 (a) Result of Control in the Case 1.

gk,

——PD Controller

———fE ] FHBE Fuzzy Logic Controller

—— M %

R A K

BEH3 Fuzzy Logic Controller

[Case 1] #8318 fRfol 20° mAFEZL oolx, f&lol U= K&

T(DA-B)

) ™)

- 30 L]

Fig. 4-1(b) Criterion Funtion in the Case 1.

t} ,—————PD Controller
¥ BH3% Fuzzy Logic Controller

—em = {RE F )
— R

o]
ES

@ A3 L o

¥ B3t Fuzzy Logic Controller
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[Case 2] HHS fRAC] 20° WAKES 1.0°%seco|x, siflo] ¢l & il

) 2% T

— Fig. 4-2(a) Result of Control in the Case 2,
tt,——PD Controller

———{RHd HFEHE Fuzzy Logic Controller
——kKA 2 EAFEEJ EBEHIF Fuzzy Logic Controller

[Case 2] %ol fRAmol 20° RAEEZ 1.0 /seco] x, SElol = mi

——

v » 00 o F) = ]
Fig. 4-2(b) Criterion Funtion(J) in the Case 2,
PD Controller

_____ BAo #H3Z Fuzzy Logic Controller
—-—1RKA 2 WAEEJ FHI Fuzzy Logic Controller




MEE Fuzzy Logicd FiHier SiliiaeA o) Hlid 549

[ Case 31 el f{RAol 20, WHEEE 7 0o]i, #élo] 1208 U
240 Bbol] £4 1.0%5ec, —-1.006ec &2 Fr#dlv 58

» § G i >z —— L .-//’:m
M / -

_./
Fig. 4-3(a) Result of Control in the Case 3,
t} ,———— PD Controller

—e—e—{f ol HEHY Fuzzy Logic Controller
—--—EfA Y EmEEY HEHI Fuzzy Logic Controller

[ Case 3] #Iio] WAMAol 20° RARE

0ofi, #@lel 1208 %
240 B &%

1.0sec, —1,0)sec & fr{rsl = 58

k] 200 9

Fig, 4-3(b) Criterion Function (J) in the Case 3. "
——PD Controller

o,
——-—{ii fgo] HEH3Z Fuzzy Logic Controller
—--—EHA Y EAEEY FB3I Fuzzy Logic Controller
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[Case 4] #A EAo] 205 RAHEZ oolx, #@le] 1208 H
240 o] %% 1.025ec, —-1.0sec & fF{ESIE HiB

=

Fig. 4-4(a) Result of Control in the Case 4,
t} ———PD Controller

——— 1Rl FEEHZF Fuzzy Logic Controller
—-—1Ff 2 FEAHEEJ #HFEF Fuzzy Logic Controller

[ Case 4] #MY {REAol 20° EAMEZL ooz, #Ale] 1208 %
240 o] £ & 1.00sec,-1.00sec 2 FHESI= BEE

Jn- *
t
1
i+ a——— ‘—___-—_’-4
3 / —_— e ——
et =
5 .____._————-""":_/"
/——---/“
#
¥
i’
&
1
° ; 0 - 249 ) ——t

Fig. 4-4(b) Criterion Function(J) in the Case 4,

o, PD Controller
—e—e—{R@ Aol #HFBJ Fuzzy Logic Controller

———RfA 4 FAEEY HEHI Fuzzy Logic Controller
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[Case 5] ¥ WAl 205 RAEE7L 1.00secol i, #Hale] 1208
2240 o) KK 1.008ec,-1.0%sec B {FFESIE HIE

Fig, 4-53) Result of Centrol in the Case 5,
ot ~-PD Controller
—— e EH % Fuzzy Logic Controller
o — A Y RAEEEY FB3 Fuzzy Logic Controller

[ Case 5] ®I19 fRAgol 205 {RAMEZF 1.07sec o] 3, 4i&l o] 120 B
22408 e &K L0sec, - 1.0 6ec B fFfESHE HEE

B =
//”/
..//
.//' .
s e / e ———— e e
[ o
’.-’/--
Fig, 4-5(b) Criterion Function(J) in the Case 5.
30 ad 750 200 Sk (T
o, —PD Controller

——1{F o FHBY Fuzzy Logic Controller
—--—FfH 4 RFEAFEEY HEBHE Fuzzy Logic Controller



552 WEEEAE A8 RE Hol

[Case 6] #Me @l 20° MAEESL 1 Ysecol i, Shlel 120 B
9 240 o] KBE -1.07sec, 1.0v%6ec & TSI %K@

|

PD Controller
——— R o] BEB3§ Fuzzy Logic Controller
————iEf % AW Ed HEHT Fuzzy Logic Controller

=k,

[ Case 61 @9 Mol 205 RBEEEsL 1. vsec o], SHELO] 120 B
ol 240 Bl &4 -—1.0/8ec, 1.0%6ec 2 #FESE A

Fig. 4-6(b) Criterion Function(J) in the Case 6.

— e

o ® 700 750 F7] H —335 €1

PD Controller
—e——{ffge] BHAE Fuzzy Logic Controller
—-—Ff 2 REA#EEN HET Fuzzy Logic Controller
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[Case 11 #MY fRAC] 20° RAEE/ 001, sifle] A= 4

8

\\"

» wy 1R o =0 »
Ron
fig, +-7(2) Result of Control in the Case I, {Non ~linear)
& ,————PD Controller

——e—e—Fi fjol £33 Fuzzy Logic Controller
—-—wH 9 BEAFEEM ¥ H3 Fuzzy Logic Controller

[Case 11 BAIe] (EACl 20° RAEE/F 0oz, #lElo] o= 558

T(2R: =)

5

w T

3

] » — - o ) T:'
«TH

Fig, 4-7(b) Criterion Function(J) in the Case 1. (Non - linear)
&k, ————PD Controller

—v——1{R@ Aol T HIF Fuzzy Logic Controller
—--—RA 2 RFAEEJ FHIF Fuzzy Logic Controller
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[Case 2] #®I#ie fRAcl 20° RWAFE 1.0° /sec o] i, #@le] Wt HEik

, =

- "w___._
» ] [T} - .

Fig. 4-8(a) Result of Control in the Case 2. (Non- linear)
PD Controller

———{Efd ¥ B3% Fuzzy Logic Controller

- Efs 2 RAEEC EHZ Fuzzy Logic Controller

[Case 2] #IWIS fEfmo] 20° (RAEEsL 1.0°/sec o], Sflol as B

g,

T
en

S—— e — .
L) » 3 ]

Fig. 4-8(b) Criterion Function(J) in the Case 2, (Non-linear)
PD Controller

Efel EH§ Fuzzy Logic Controller

——-—Ef 9 EAMEEY HEHBF Fuzzy Logic Controller

&,
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AR5 Fuzzy Logicd FLUSE U AE S dlae

fCase 31 #/BHY @0l 20° RAEEZ oo, #éle 1208 ¥
240 ol &K 1.02sec,-1.00sec & FHEsIs B8

—
it \\\\\\?\\4—‘\/\ f>\
v Eil ] ) = # T;)
Fig. 4-9(a) Result of Control in the Case 3. (Non-}]inear)
e, —————PD Controller
—ee—f Aol £ H g} Fuzzy Logic Controller
———— Y EMEE {FEHa Fuzzy Logic Controller
[ Case 31 #1#8e] {RAmol 20° wWAEEZL o0clx, #lEle] 1208 o
240 ol £4& 1.005ec,-1.00sec & FHLESE B8
T
ER S /
B /
" / o
s
[} » 08 » o = =

Fig, 4-9(b) Criterion Function(J) in the Case 3., (Non- linear )

gt ,—-———PD Controller
———e—{@ Ao FHZ Fuzzy Logic Controller
—-—-—{Rf U RAHE HHZ Fuzzy Logic Controller
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[Case 4] Bl Mol 205 WAREZ 0oL, sifo] 1208 %
240 o] &% 1.00sec,-1.00sec 2 FFfEsIE 58

—

Fig. 4-10(a) Result of Control in the Case 4, (Non- linear)
&}, PD Controller
——e—fE s ¥BT Fuzzy Logic Controller
— s ¥ EAEEY HEHZ Fuzzy Logic Controller
[ Case 4] FWY Al 20° REAFEZ oolxm, sfle] 1208 H
240 o] #%& 1.00sec,-1.0sec & HF#&s= K&

v I w W ] =
Fig, 4-10(b) Criterion Function(J) in the Case 4, (Non- linear)
c} ,————PD Controller
—o—e—{g o] #HBE Fuzzy Logic Controller
—-—Ffs 2 EAa#Eo ¥EBF Fuzzy Logic Controller
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[ Case 5] ¥ {HAol 20° RAMEsL 1.07sec o], #élo] 1208
U 240 o] & 1.0°/sec, -1.075ec 2 LSS HE

Fig. 4-11(a) Result of Control in the Case 5. (Non- linear)

t} ————PD Controller
—e——{Eg Aol FHI Fuzzy Logic Controller
—--—HEA 9 REAHEEN FEHI Fuzzy Logic Controller

[ Case 5] #3e] {RfMel 20° RMAME 7L 1.07sec o], 4idlo]l 120/
9 240 Bpol &4 1.0 /sec, —1.006ec = FE{rsl s 55

/
: e ——
Z
. /
$
g » oo ue - - ?’
Fig, 4-11(b) Criterion Function(J) in the Case 5. (Non- linear) ‘
&t ,————PD Controller

—e—e—{R A FB3{ Fuzzy Logic Controller
—--—Efs % EAFEEA FHIZ Fuzzy Logic Controller
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[Case 6] #AS RMel 20° REAFEE 1.0secoli, #@lo] 1208
R 2408 &K -1.0)sec, 1.00sec & FHESI = HB

oM

Fig. 4-12(a) Result of Control in the Case 6, (Non- linear)
t} ,————PD Controller

———fR o] FHT Fuzzy Logic Controller

——FEfE Y EAWEN HBI Fuzzy Logic Controller

[Case 6] #HRS} fmfHo]l 20° (RAEE} 1 secolx, fiflo]l 1208
9l 240 o] K& -1.0¥sec, 1.00sec 2 FfESIE KB

e

] L - X ) - (T

Fig. 4-12(b) Criterion Function(J) in the Case 6, (Non - linear)

tt ,——PD Controller

~——f{REfel] HEH3Z Fuzzy Logic Controller
e _ B Y Ha¥EEY FEHF Fuzzy Logic Controller
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5 . %5 il

Bl Foll 4 #fBAER S Fuzzy Logic Control 5K HAsh+ e
Kol Hs BRUs o HEEAFaolAde @ HEHERE BRE
PD Controller o} & 3F% o

2 #R REMA Y REAEEA EHS Fuzzy Logic Control of 55&
FEE® J= PD Controlef fal g« HA epures, THK
o2 FHst HEsr wHREY L mEAstdch.  obgd  Fuzzy Logic
Control o] [E%°] Soft Ware o oz £4A HEARTE BES
o stdd #HES HAEYT F dt BE EEE «, oo HAML
v =A EARRE ok

A B4 E Q/Me Kot hEM fMHEG ARERLEZE &
A# 4 LCRES Hmsle Bbol a2, System Behavior o ¥ 3
wmEY WHES BEBREN, BEsStz A7d9 BHE #i7dH A
= EEMELR % HARMNY HRERE HATH Fd B2EZ
@# LCR-% BES Jzod, of% REIF Controller o HKit7zt
rrgestel el EAES A, =3 MMEERA @ass FRBERA s
Ay smme Was wEstelel AA"d. =, Rfad BT B
/s e #@Esl  Fuzzy Logic Control of ¥ HZ7E %AfTH
A3 oy WERBEZE declzs BEAC.
=7, A @mFAHE AEEBEA UAH no AL 42 3tH 4
Falolda FHFEZS detd o, 9 o] BMdd 1 KBRE o4
R Areel Bado.  =Held, e doE oS HRsicr ¥
3 I R
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M 4 : Programing

SIMULATION COMPAIRING FUZZY CONTROLLER WITH PD CON-
TROLLER OF SHiP’S STEERING SYSTEM THROUGH SOLVING
THE THIRD ORDER DIFFERENTIAL EQUATION

REAL M1,M2,M4 M5 ,1%, VT

COMMON N,DT,T,TP,TD,T:,T2.T3,T5,LW,LWT,W(3)

COMMCN FUZZ(23,23),FUZZ21(23,23),FUZZ2(23) ,FUZZY(23,
11,23),1FUZZY1(23,11,23),FUZZY2(11,23) ,FUZZY3(11,23),
FUZZY4(23)

CCMMON W1 ,W2 ,W3,YK1,YK2

CCMMON NN

COMMON A(23,23),B(11,11),C(23,23)
READ(7,703)((A(I,J),I=1,23),J=1,23)

FORMAT(16F5, 1/7F5,1)

READ(7,707)((B(1,J),1=1,11),J=1,11)

FORMAT (11F5,1)

READ(7,711)((C(1,d).1=1,23),J=1,23)

FORMAT( 16F5,1/7F5_1)

CALL MINIMX

CALL MINIMA

NN=1

RETURN= 0,0

CONTINUE

READ(7,261) N,DT,T ,W(1),W(2),W(3),TP,TD,T1,T2,T3,T5,
LW, LWT '
FORMAT(15,F5.2,F5,2,F5 2,F5 2,F5 2,F5 2,F5,2,F5,2,F5,2,F5.2,
F5,2,1F5,2,F6.2)
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WRITE(8,2) T1,T2,T3,T5

FORMAT( 1H1 20X, '"MANEUVABILITY INDICIES OF THE MODEL
SHIP' /20X, T1=1",F5 2,3%, T3~ *F4_1,3X,°Ts~ *F5.2//)
WRITE(8,3) TP, TD

FORMAT (20X, "GAIN' 20X, "T2="F4 1,3X, "TD =’ ,F4. 1)

WRITE(S, 45 T,W01 5 W02y A 03) LW, LWT

FORMAT(20X, "INTIAL CONDITIONS /20X, T+ . iX.F4.i,3X,
CXCL) 7L IX R LB, T @) = L iX L Fd L L XL K(3)= L 1K,

Fa 1,3X, LEE WAY=" | 1X,¥5 2,23X, *LEE WAY TIME INTERV-
AL="  IX, K6, 2/77)

WRITE(S,8)

FORMAT (503, * PRINT COMPUTER SOLUTIONS EVERY 5 SECONDS *
)

WRITE(S,7)

FORMAT (18 x, ‘PD CONTROLLER’ , 15X, ‘FUZZY P CONTROLLER’ ,
12X, 1°FUZZY PD CONTROLLER®,///)

WRITE(S,6)

FORMAT (56X, ‘T’ , 9X, ‘X (1)’ ,€x, ‘X(2)’,5X, ‘DA’ ,7X, " AJ’ , 9%,
Y (1) ,5X,°Y(2),5X, YKL’ ,7x,“BJd’ ,9X,Z(1)*,5X,*Z(2),
25%,‘YK2? ,7x,Cd’ )

CALL SIMUL

RETURN =RETURN 4 ] ,0

IF(RETURN GE_,6.0) GO TO 262

GO TO 260

NN = NN+ |

IF(NN,EQ.3) GO TO 264

GO TO 9
CONTINUE
STOP
END
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SUBROUTINE SUBPROGRAM
SUBROUTINE MINIMX

REAL M1 ,M2, LW, LWT

COMMON N,DT,T,TP,TD, T1,T2,T3,T5, LW, LWT,W(3)
COMMON FUZZ(23,23),FUZZ1(23,23),FUZZ2(23) ,FUZZY (23,11,
23),1FUZZY1(25,11,23),FUZZY2(11,23) ,FUZZY3(11,23) .FUZZY
4(23)

COMMON W1 ,W2 ,W3 ,YK1,YK2

COMMON A{(23,23),B(11,11),C(23,23)
DO 11=1,23

DO 1J=1,23

Ml =A(1,1)
IF(A(1,1),GT.C(5,J))M1=C(5,J)
M2=A(6,1)
IF(M2,GT.C(8,J))M2=C(8,J)

IF (M1 .LT.M2)M1 =M2

M2=A(9,1)

IF(M2 .GT.C(10,J))M2=C(10,J)
IF(M1 LT M2 )MI =M2

Mz = A(11,I)

IF(M2 GT.C(11,Jd))M2=C(11,J)

IF (M1 ,LT. M2 )M1=M2

Mz=A(12,1)
IF(M2.GT.C(12,J))M2=C(12,J)

IF (M1, LT M2)M1=M2

M2=A(13,I)

IF(M2 ,GT.C(13,J))M2=C(13,J)
IF(M1.LT.M2)MI1 =M2

M2=A(15,1)

IF(M2 .GT.C(14,J))M2=C(14,J)
IF(M1,LT, M2)M1=M2

M2=A(18,1)



MEE Fuzzy Log.ed #iifs < afiges ¢l i

PIOM2 6T C(16,0))M2=C(16,J)
TF(M) LT M2)M1=M2

M2 A(23,1)
TFOM2 GT . CC19,0))M2=C(19,J)
IF{ME LT M2 ) M1 =M

FUZ4{T,d ) - ML

TONTINUE

L TURN

ND

SUBROUTINE SUBPROGRAM
SUBRCGUTINE MINIMA

COMMON N,DU,T,TP,TD,T1,T2,T3,T5,IW, VT ,W(3)
COMMON FUZZ (23,23),FUZZ1(23,23),FUZZ2(23) ,FUZZY (23,11,
250, IFUZZY 1(23,11,23) ,FUZZ2Y2(11,23),FUZZY3{11,23),FUZZY4

(23)

COMMON W} W2 ,W3 ,YK1,YK?2
COMMON A(23,23),B(11,11),C(23,23)
DO | 1=1,23

DO 1 J=1,11

DO 1 K=1,23

M4 =A(1,I)

IP(M4,GT B(2,4))M4=B(2,J)
IF(M4,GT C(4,K))M4=C(4,K)
Ms=aA(Y,1)

1F(Ms ,GT_B(4,J))M5=B(4,J)
IF(Ms5 . GT . C(4,K))Ms5 =C(4,K)
IF (M4 LT M5 )M4=M5

M5 =A(L,1)

IF(M5 .GT . B(6,d))M5=B(6,d)
IF(M5.GT _C(5,K) )M5 =C(5,K)
IF (M4 (LT M5 )M4=M5

565
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M5 =A(1,1)

IF(Ms GT . B(8 J))M5=B(8,J)
IF(Ms5,GT ,.C(7,K))M5=C(7,K)
IF (M4 LT M5 )M4a=M5
Ms=A(1,1)

IF(Ms5 .GT . B(10,J))M5=B(10,J)
IF(M5.GT ,C(7 ,K))M5=C(7,K)
IF(M4,LT M5 )M4 =M5
Ms=A(6,1)

IF(M5 GT.B(2,J))M5=B(2,J)
IF(Ms5,GT ,C(7.K))M5=C(7,K)
IF (M4 LT M5)M4=M5
Ms5=A(6,1)

IF(Ms5 .GT.B(4,J))M5=B(4,J)
IF (M5 ,GT C(7,K))M5 =C(7 .K)
IF (M4 . LT Ms5)Ms=M5
M5=A(6,1)

IF(M5 .GT.B(6 .J))M5=B(6,J)
IF (M5 _GT C(8.K))M5=C(8,K)
IF (M4 LT M5 )M4 =M5 '
Ms5=A(6,1)

IF(Ms .GT.B(8,J))M5=B(8,J)
IF(M5 _.GT .C(10,K) )M5=C(10,K)
IF (M4 LT M5 )M4=M5
Ms=A(6,1)

IF (M5 _,GT . B(10,J))M5=B(10,J)
IF(Ms.GT ,C(10,K))M5=C(10,K)
IF (M4 LT M5M4 =M5
M5=A(9,1)

IF(M5 .GT . B(2,J))M5=B(2,J)
IF (M5 ,GT.C(8,K) )M5 =C(8,K)
IF (M4 LT M5)M4=M5
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M5=A(9,1)

IF(M5 GT .B(4,J))M5=B{4_J)
IF(Ms GT .C(4,K))M5 =C(9 _K)
IF(M4 LT M5 )M4 = M5
M5=A(9,1)
IF(M5.GT.B(6,J))M5=B(6,J)
IF(M5 ,GT.C(10,K))M5=C(10,K)
IF (M4 LT M5 )M4=M5
M5=A(9,1)

IF(Ms .GT . B(8,J))M5=B(8,J)
IF(M5 .GT.C(11,K))M5=C(11,K)
IF(M4 LT M5 )M4=M5

M5 =A(9,1)

1F(M5 GT B(10,J) )M5=B(10,J)
IF (M5 GT.C2 ,K))M5=C(12,K)
IF(M4 . LT _M5 )M4=M5
Ms=A(11,1)

IF(M5 ,GT ,B(2,J))M5=B(2,J)
IF(M5 GT . C(10,K))M5=C(10,K)
IF(M4 LT M5)M4= M5
Ms=A(11,1)
IF(M5,.GT . B(4,J) )M5=B(4,J)
IF(M5 ,GT ,C(10,K))M5=C(10,K)
IF(M4 LT M5 )M4=M5
Ms=A(11,1)

IF (M5 ,GT .B(6,J))M5=B(6,J)
IF(Ms5 GT _C(11,K))M5=C(11,K)
IF(M4 LT M5)M4=M5
Ms=A(11.1)

IF (M5, GT B(8,J))M5=B(8,J)
IF(M5.GT,C(13,K) )M5=C(13,K)
IF(M4 LT ,M5)Mi=M5
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Ms5=A(11,1I)
IF(M5 .GT . B(10,J))M5=B(10,J)
IF(M5 GT.C(13,K))M5=C(13.K)
IF(M4 LT M5)M4=M5
Ms=A(12,I) _
IF(Ms .GT ,B(2,J))M5=B(2,J)
IF(Ms5 .GT.C(10,K) )M5=C(10,K)
IF(M4 ,LT M5)M4 =M5
M5=A(12 ,I)
IF (M5 ,GT ,B(4,J))M5=B(4,J)
IF (M5 ,GT.C(11,K))M5=C(11,K)
IF(M4 LT M5)M4=M5
M5=A(12,1)
IF (M5 GT B(6,J))M5=B(6,J)
IF(M5,.GT.C(12,K))Ms5=C(12,K)
IF(M4 LT M5)M4 =M5
M5 =A(12,1)
IF(Ms _GT.B(8,J))M5=B(8,J)
IF(M5 .GT,C(13,K))M5=C(13,K)
IF(M4 LT M5)M4 =M5
Ms =A(12,1)
IF(Ms5 ,GT ,B(10,J) )M5=B(10,J)
IF(Ms .GT ,C(14,K))M5=C(14,K)
IF(M4 LT M5)M4 =M5
M5 =A(13,1)
IF(M5 .GT B(2,J))M5=B(2,J)
IF(M5,GT.,C(11,K))M5=C(11,K)
IF(M4 LT, M5)M4 =M5
M5=A(13,1)
IF(M5.GT.B(4,J))M5=B(4,J)
IF(Ms .GT.C(11.K))M5=C(11,K)
IF(M4 ,LT,M5)M4 =M5
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M5=A(13,1)

IF(M5,GT . B(6,J))M5=B(6 J)
IF (M5 GT ,C(13,K) M5=C(3,K)
IF (M4, LT M5 )M4=Ms5
M5=A(13,1)

IF(M5 . GT B(8,J))M5=B(8,J)
IF (M5 GT.C(14,K)M5=C(14,K)
IF(M4 LT _M5)M4= Ms

M5= A(13,1)
IF{M5,GT,B(10,J))M5=B(10,J)
IF(M5,GT.C(14,K) )M5=C(14,K)
IF(M4,LT M5 )M4=M5
M5=A(15,1)

IF (M5 ,GT B(2,J))M5=B(2,J)
IF (M5 ,GT . C(12,K))M5=C(12,K)
IF (M4, LT M5 )M4=Ms
M5=A(15,1)

IF(M5 . GT_.B(4,d))M5=B(4,J)
IF (M5 .GT,C(13,K))M5=C(13,K)
IF (M4 LT M5)M4=M5
M5=A(15,1)

IF (M5 .GT.B(6,J))M5=B(6,J)
IF(M5 GT,C(14,K))M5=C(14,K)
IF (M4 . LT M5 )M4=M5
Ms=A(15,1)

1F (M5 ,GT .B(8,J ) )M5=B(8,J)
IF (M5 .GT.C(15,K))M5=C(15,K)
IF (M4 LT M5)M4 = M5
M5=A(15,1)

IF(M5 ,GT ,B(10,J))M5=B(10,J)
IF(M5 .GT.C(16,K))M5=C(16,K)

IF(M4 LT M5 )Mé= )5

|

500
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M5=A(13,1)

IF(M5,GT . B(6,J))Ms=B(6 J)
1IF(M5 GT ,C{13,K))M5=C(]3,K)
IF (M4, LT M5 )M4=M5
M5=A(13,1)

(M5 GT . B(8,J))M5=B(8,J)
IF(M5,GT.C(14,K) )M5=C(14,K)
1F (M4 LT M5 ) M= M5

M5= A(13,]

IF(M5_ GT ,B(10,J))M5=B(10,J)
IF (M5 ,GT.C(14,K) )M5=C(14,K)
IF(M4 . LT M5 )M4=Ms
M5=A(15,1)

IF (M5 .GT . B(2,J))M5=B(2,J)
IF(M5,GT.C(12,K))M5=C(12,K)
IF (M4 LT M5 )M4=M5
M5=A(15,1)

IF (M5 GT.B(4,J))M5=B(4,J)
IF(M5 ,GT.C(13,K))M5=C(13,K)
IF (M4 LT M5 )M4=M5
M5=A(15,1)

IF (M5 .GT B(6,J))Ms5=B(6,J)
IF(M5 ,GT,C(14,K))M5=C(14.,K)
[F (M4 LT M5 )M4=M5
M5=A(15,1)

IF (M5 ,GT ,B(8,J))M5=B(8,J)
1IF(M5 GT _ C(15,K))M5=C(15,K)
IF(M4 LT M5 )M4= M5
M5=A(15,1)

IF(M5 . GT ,B(10,J))M5=B(10,J)
IF(M5 .GT.C(16,K))M5=C(16,K)
IF(M4 LT M5 )Mi= Ms

500
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M5=A(18,1)

IF(M5 .GT B(2,J))M5=B(2,J)
IF(M5 .GT ,C(14,K) )M5=C(14,K)
IF(M4 LT M5)M4= M5

M5= A(18,1I)

IF(Ms5 ,GT .B(4,J))M5=B(4,Jd)
IF(Ms5 ,GT.C(14,K))M5=C(14,K)
IF(M4 LT M5)M4= M5
M5=A(18,1)

IF(Ms .GT .B(6,J))M5=B(6,J)
IF(Ms5 .GT.C(16,K) )M5=C(16,K)
IF(M4 LT Ms5)M4= M5
M5=A(18,1)

IF(Ms GT,B(8,J))M5=B(8,J)
{F(Ms5 GT.C(17,K))M5=C(17,K)
IF(M4 LT M5 )M4= M5
Ms=A(18,1)

IF(Ms GT.,B(10,J))M5=B(10,J)
[F(M5 .GT.C(17 ,K))M5=C(17,K)
IF(M4 LT Ms5)M4= M5
M5=A(23,1)

IF(Ms .GT B(2,J))M5=B(2,J)
IF(Ms5 .GT,C(17 ,K)M5=C(17,K)
IF(M4 LT M5)M4=M5
M5=A(23,1)

IF(Ms5 .GT .B(4,J))M5=B(4,J)
IF(M5.GT,C(17,K))M5=C(17.,K)
IF(M4 LT M5)M4=Mb
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M5=A(23,1)

IF(M5 .GT.B(6,J))M5=B(6,J)
IF(M5,GT . C(19,K))M5=C(19,K)
IF (M4 LT M5 )M4= 5
M5=A(23,1)

IF(M5 ,GT_ B(8,J))M5=B(8,J)
IF(Ms5 GT ., C(20,K))M5=C(20,K)
IF (M4, LT M5)M4= Ms
M5=A(23,1)

IF(M5 GT,B(10,J))M5=B(10,J)
IF(M5_ GT,C(20,K))M5=C(20,K)
IF (M4 LT M5)M4= M5
FUZZY(1,J,K)= M4

CONTINUE

RETURN

END

SUBROUTINE SUBPROGRAM

SUBROUTINE SIMUL

REAL LW,LWT

DIMESION FAA(21),FA(21),FAAA(21),DX(3).X(3),DY(3),
Y(3),DZ(3),2(3)

COMMON N,DT,T,TP,TD,T1,T2,T3,T5, W, LWT ,W(3)
COMMON NN

COMMON A(23,23),B(11,11)

T6=T

T7=T

T8=T
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N1=N

N2=N

N3=N

DT1=DT

DT 2=DT
DT3=DT

DO 34 I= 1,3
X(I)= W)
Y(I)=X(I)

- Y
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M5=A(23,1)

IF(M5 ,GT_B(6,J))M5=B(6,J)
IF(M5,GT.C(19,K))M5=C(19,K)
IF (M4 LT M5 )M4= w5
Ms=A(23,1)

IF(M5 GT B(8,J) )Ms5=B(8,J)
IF(Ms .GT.C(20,K))M5=C(20,K)
IF (M4 LT M5)M4= M5
M5=A(23,1)

IF(M5 .GT . B(10,J))M5=B(10,J)
IF(Ms . GT.C(20,K))M5=C(20,K)
IF (M4 LT M5)M4= M5
FUZZY(1,J,K)= M4

CONTINUE

RETURN

END

SUBROUTINE SUBPROGRAM

SUBROUTINE SIMUL

REAL LW,LWT

DIMESION FAA(21),FA(21),FAAA(21),DX(3),X(3),DY(3),
Y(3),DZ(3),2(3)

COMMON N,DT,T,TP,ID,T1,T2,T3,T5, W, LWT ,W(3)
COMMON NN

COMMON A(23,23),B(11,11)

T6=T

T7=T

T8=T
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N1=N
N2=N
N3=N
DT1=DT
DT 2=DT
DT3=DT
DO 34 I=1,3
X(I)=Ww()
Y(I)=X(I)
Z(I)Y=X(I)
34 CONTINUE
KA1=0
KA 3=0
KA 4=0
AA4=1,0
AJ=0
BJ=0
CJ=0
10 L=3
M=0
L1=3
M6=0
L2=3
M7=0
50 CONTINUE
IF(T8.EQ.(LWI«AA4)) GO TO 111
GO TO 222
111 KA4=KA4+1



222

100

98

v
=1
St
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IF(KA4 NE 2) GO TO 222

X(2)=X(2)+ LW

Y(2)=Y(2) + LW

7(2)=4(2) + LW

AA4 =AA4+ 1.0

KA4 =0

LW:- ~1W

CONTINUE

CALL RUNGE(T6,DT1,N1,X,DX,FAA,L1,M6,JA,1JA)
CALL RUNGE(T7,DT2 ,N2,Z,DZ ,FAAA,L2 ,M7,JB,IGB)
CALL RUNGE(T8 ,DT3,N3,Y,DY,FA,L,M,JC,1G)
IF(M.EQ.1) GO TO 10

GO TO (100,200,210),L

W1=Y(1)

W2=Z (1)

W3=Z(2)

CALL INPUT

DY(1)=Y(2)

DZ(1)=2(2)

DX(1)=X(2)
DX(Z):—(T1+ff2)*szx/rL/T2+X(3)+T3*T5*DA/T;/T2
DY(2) ==(T1+ T2)*Y(2)/T1,T2+Y(3)+T3«T5+YKL/T1/T2
DZ(2) —=(T1+T2)+2(2),/T1 /T2+Z(3)+T3+T5YK2,T1,/T2
GO TO(98,99),NN

DX(3)=-X(2),/TL/T2+T5+DA/T1, /T2

DY (3)=-Y(2 )/I‘I/PZ+T5*YK1/T1/I‘2
DZ(3)==Z (2 ) TL/T2+ T5«YK2,/T1,/T2

GO TO 50
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99

200

209

268

210
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DX(3)=-X(2)/T1,/T2+T5+DA/T1,/T2-X(2)**3
DY(3)=-Y(2)/T1,T2+ T65*YKL/T1,/T2-Y(2) **3

IV (3)==Z(2)/T1,/T2+ T5+xYK2,/T1,/T2~Z(2)* *3

GO TO 50

PRINT RESULTS

CONTINUE

CALL ESFU(X(1),DA,AJ)

CALL ESFU(Y(1),YK1,BJ)

CALL ESFU(Z(1),YK2,CJ)

KAl =KAl+1

IF(KA1 .NE, (10*KA3+1)) GO TO 268

WRITE(8,209) T8,X(1),X(2),DA,AJ,Y(1)Y(2),YK1,BJ,
Z(1),Z2(2),YK2,CJ
FORMAT(1X.F5.1,7X.F7.3,2X,F7_3,2X,F7,3,2X,F8 _1,4X,
F7.3,2X.F7.3,12X,F7.3,2X,F8.1,4X.F7.3,2X,F7,3,2X,
F7.3,2X,F8.1)

TEST FOR TERMINATION

KA3=KA3+ ]

IF(T8.GE,300.0) GO TO 210

GO TO 50

CONTINUE

RETURN

END

SUBROUTINE ESFU(A,AY, CCJ)
R=4.0

CJ=Ax*2+RsAY*=*2
CCJ=CCJ+CJ

RETURN

END
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SUBROUTINE SUBPROGRAM

SUBROUTINE INPUT

REAL LW, IWT ,MAX,MA

COMMON N,DT,T,TP,TD,T1,T2,T3,T5, LW, DVT ,W(})

COMMON FUZZ. (25,230,000 ZZ 1 (20,230, FUZZ2(23) W UZ2Y (25,11,

280, WWUZZY 2 (23,11,23) ,FUZZY 2 (11,23), FUZZY 21 1,23
4(23)

COMMON Wi W2 W3 ,YK1,YK2

COMMON A(:23,23),B(11,11)

CALL MAMA(W1 ,K1)

CALL MAMAMW?2 ,K2)

DO 2 J:=-1,23

DO 2 I=1,23
FUZZ1(1,J)=AK1,1)+FUZZ(1,J)-1
IF(FUZZ1(1,J), LT, 0, 0) FUZZ1(1,d)=0_0
CONTINUE

DO 4 J=1,23

AMAX=FUZZ1(1,J)

DO 3 I=1,23

IF(AMAX,LE FUZZ1(1,J))AMAX=FUZZ1(I_ J)
CONTINUE

FUZZ 2 (J ) =AVAX

CONTINUE

CALL FAFA(FUZZ?2 M6 )

DO 5 I=1,23

DO 5 J=1,11

DO 5 K=1,23

FUZZY (1, ,K) =A(K2,1)+FUZZY(I,J,K)-1
IF(FUZZY1(1,J,K) LT 0 ,0)FUZZY1(I1,J,K) = 0.0
CONTINUE

), FUZZY
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DO 7 K=1,23
DO 7 J=1,11
MAX =FUZZY1(1,J,K)
DO 6 I=1,23
IF(MAX ,LE FUZZY1(1,J ,K) )MAX=FUZZY1(I.J ,K)
6 CONTINUE
FUZZY2(J ,K) =MAX
7 CONTINUE
CALL PAPA(W3,J1)
DO 8 K=1,23
DO 8 J=1,11
FUZZY3(J,K)=B(J1,J)+FUZZY2(J ,K)-1
IF(FUZZY3(J ,K) .LT,0_0)FUZZY3(J [K)=0.0
8 CONTINUE
DO 10 K=1,23
MA=FUZZY3(1,K)
DO 9 J=1,11
IF(MA LE, FUZZY3(J,K) )MA=FUZZY3(J ,K)
9 CONTINUE
FUZZY4(K)=MA
10 CONTINUE
CALL FAFA(FUZZY4 ,M7)
AK 3=FLOAT(MS6 )
AK4=FLOAT (M7)
YK1=(AK3-12.,0)+2.5
YK2=( AK4-12.0)*2.5
RETURN
END
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SUBROUTINE RUNGE(T,DT,N,Y,DY,F,L.M,J,IG)
DIMENSION DY(3),Y(2),F(21)
GO TO (100,110,300),L

GO TO (101,110),1IG

J=1

L=2

DO 106 K=1,N

K1=K+3+N

K2=KI1+N

K3=N+K

F(K1)=Y(K)

F(K3)=F(K1)

F(K2)=DY(K)

GO TO 406

DO 140 K=1,N

K1=K

K2=K+5«N

K3=K2+N

K4=K+N

GO TO (111,112,113,114),d
F(K1)=DY(K)+DT
Y(K)=F(K4)+0,5+F(Kl1)

GO TO 140

F(K2)=DY(K)*DT

GO TO 124

F(K3)=DY(K)«DT

GO TO 134

Y(K)=F(K4)+(F(K1)+2 0« (F(K2)+F(K3))+DY(K)«DT) 6.0
GO TO 140

Y(K)=0,5F(K2)

~
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Y(K)=Y(K)+F(K4)
GO TO 140
134 Y(K)=F(K4)+F(K3)
140 CONTINUE
GO TO (170,180,170,180),d
170 T=T+0,5sDT
}80 J=J+1
IF(J-4)404,404,299
299 M=1
GO TO 406
300 IG=1
GO TO 405
404 1G=2
405 L=1
406 RETURN
END

SUBROUTINE MAMA(C,K)

Q=-28.75

DQ=2.5

DO 50 I=1,23

ZQ=+DQ

IF((C.GE.Q).AND, (C.LT.ZQ)) K=I
50 Q=Q+DQ

K=24-K

RETURN

END

SUBROUTINE PAPA(D,J)
Q=-1.65
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DQ=0_3

DO 50 I=1,11

2Q=+DQ

I[F((D.,GE.Q)_.AND_ (D_LT.ZQ)) J=1I
Q=Q+DQ

J=12-J

RETURN

END

SUBROUTINE SUBPROGRAM
SUBROUTINE FAFA(A,K)
DIMENSION A(30),B(30)
AMAX = A{1)

DO 55 I= 1,23

[F(AMAX.LE A(I1)) AMAX=A(1)
CONTINUE

DO 77 I=i,23

K=24~1

B(1)=A(K)

CONTINUE

K=24

DO 9 I=1,23

K=K- |

IF(AMAX BEQ_.B(I)) GO TO 66
CONTINUE

CONTINUE

KK=0

DO 88 J=1,23
IF(A(J).EQ.AMAX) KK=KK+1
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48 CONTINUE
KK=KK 2
K=K~KK
RETURN
END



