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RCGA-Based Fuzzy Controller for Container Cranes

Yun-Hyvung Lee

Department of Mechatronics Engineering, Gradiuate School

Aorea Maritime University

Abstract

This thesis presents the RCGA-based fuzzy controller for container cranes
which effectively performs set-point tracking control of trolley and
anti-swaying control under system parameter and disturbance changes.

The first part of this thesis focuses on the derivation of the mathematical
equation and Takagi-Sugeno(T-S) fuzzy model of a nonlinear container
crane system. The T-=S fuzzy model is described by several fuzzy IF-THEN
rules which locally represent linear input-output relations of the system
according to operation conditions and their parameters. The fuzzy
membership functions are adjusted by a RCGA.

The second part of this thesis presents a design methodology of the
RCGA-based fuzzy controller which guarantees the robustness for changes
to system parameters and disturbances, the fuzzy state observer which
solves the problems of unmeasurable state variables. Sub-controllers are
designed using another RCGA, which satisfy the given constraints for each
subsystem and then the overall controller is performed with the combination
of these sub-controllers by fuzzy IF-THEN rules. The fuzzy state observer
1s defined from the set of fuzzy rules with the state observer designed
using a RCGA for each subsystem in order to solve the estimation error.

The last part of this thesis performs a simulation to demonstrate the
efficacy of the proposed methods. In the results of simulation, the fuzzy

model with the membership functions adjusted by a RCGA showed almost
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similar dynamic characteristics compared to the outputs of the container
crane for the input signal of step and sinusoidal types. The simulation
results for the RCGA-based fuzzy controller showed not only the fast
settling time compared to that of LQ controller for the significant change in
parameters, reference input, initial conditions, and disturbances, but also
stable and robust control performances without any steady-state error. Also,
the fuzzy controller with fuzzy state observer demonstrated more robust
control performance than that of LQ controller and showed almost similar

response characteristics compared to the RCGA-based fuzzy controller.
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Nomenclature

fuzzy sets

fuzzy sets

fuzzy sets

fuzzy sets

matrices

viscous damping coefficient of motor
viscous damping coefficient of container
fuzzy sets

fuzzy sets

fuzzy sets

matrices in reduced-order fuzzy state observer
matrices with proper dimension

driving force of trolley

objective function with penalty function
gravitational acceleration constant
constraint conditions

armature current of motor

inertial moment of container

objective function

inertial moment of motor rotor

state feedback gain matrix

back e.m.f. constant of motor

gear ratio in gear box

torque constant of motor

observer gain matrix of the /th subsystem
length from trolley to center of container

mass of trolley with actuator motor



Tep
Tcr
T

Ttr

maximum overshoot

mass of trolley without trolley motor
fuzzy sets

mass of container

population size

teeth number of motor pinion gear

teeth number of driven gear

common positive definite symmetric matrices
population at generation k

penalty function

crossover rate

mutation rate

population after crossover at generation k
population after reproduction at generation k
weighting matrix

fuzzy relation or weighting coefficient
armature resistance of motor

radius of wire drum

fuzzy relation

string vector

sting vector after crossover

sting vector after reproduction

total kinetic energy of container crane or
maximum generation of genetic algorithm
translational kinetic energy of container
rotational kinetic energy of container
total kinetic energy of trolley

translational kinetic energy of trolley

rotational kinetic energy due to motor
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"

Yr

Mg
Mg
U

T1
T2

w1

rising time

settling time

control input or voltage applied to motor
potential energy of container crane

fuzzy relation or data window

output of the reduced-order fuzzy state observer
penalty constant of the /h constraint condition
horizontal position of trolley

state vector

augmented state vector

state vector of fuzzy model

state vector of linear model

state vector of system

horizontal velocity of trolley

state vector of fuzzy state observer

error state vector

system output or trolley position

reference 1nput

delay operator or state variable

swing angle of container from vertical line
swing angular velocity of container
efficiency of motor

efficiency of gearbox

coefficient of the reproduction operator
fitness of the sth fuzzy rule

torque of motor pinion

torque of wire drum

angular velocity of motor pinion

angular velocity of wire drum
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summation operator

— ™

product operator

U fuzzy union operator

A, V fuzzy maximum and minimum operator
C+ t-norm and t-conorm operator

* minimum or product operator

X cartesian product

. compositional operator

= fuzzy implication function

I norm
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Fig. 1.1 Outline of this thesis
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Aeeo] AuAzt AP +-E F& FHAAE 7H Jdo] HA Foh

A AxAE S A8 2 A AN Roulette wheel selection-based reproduction)[22],

EUYHEANg QA A(Tournament selection-based reproduction)[19], &9 7]

Z 348 A2 (Ranking selection-based reproduction)[47-49], T-Hi<} H-AF 3

A} A3 2F(Gradient-like reproduction)s ©] Stk £ =& oA = Pham¥} Jin[50]¢]
Alekgk gruf ok AR A AR ARS g

=)
==
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r—{%é"ziil]ﬂ
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9 (Simple crossover)[52], 2F& 4 X H(Arithmetical crossover)[53] % ©]
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TV — u <V H
Xj =AX;+ (@-NX;  (A<j<sn)

o714 xleh X't Aol Aud 2w daAe fAAon, 19 x

rr

-

k. AE #FASEMultiplien) 24 A HAY 2 FHx
B

T - ~u u ~Uu ~Uu u < u = — | U <u Su ~V vV <V
Su=| X | X Xi [ Xjsa| o [ Xna| Xa I:> Sy =Xy | Xo | o | Xj | X 0 | Xna| Xa
= | ov| ov —v | ov SV | oV = _|lov | ov =Sv | ou Su Su
Sv=| Xy | X3 Xj Xj+1 | Xna| Xq Sy =Xy | Xp| - Xj Xj+1 | Xna| Xa

Fig. 2.1 Modified simple crossover
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solution)t} AF# (Dead corner)oll W2 A € 4= 9lt}. =W o] (Mutation)E ©]
Holyr] 93 Aoz 5 EIWol(Uniform mutation)[53], ZA =AW

(Boundary mutation), %2 %W o](Dynamic mutation)[53]5°] o, ® =

=

¢
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LAl AE 4 EdHolE ALt o] EdWo]l A= MY 27 &
AMFE 5 FEE FAGUI At FretEA FAG 9 F9 A
HA o2 FAsH7] wio] EdWo] FES E AR AiAET A A
Ast= Aol 7hestth. Fig. 229 o] jilAl FdAelAd dRol7E dojuypd
xiv AQAHEFYH ZAAH ozl
5 =% | X, X (K] [ Koa| K| Bos = %[, X, [ Xl o [Xna| X,
Fig. 2.2 Dynamic mutation
X, +AK XY -X;),if 1=0
X; =9 - N (2.4)
x]-—A(k,x]-—xj ), if t=1

o714 x;E wE] AAE AR dAA YelA SAWol FEo] o3 HEw
A faged =7 Ve A4 A g4 dags Aegelw, e

J
0 mE 12 At wiolnh on Alk,y)E thee F571 AHgET

Alk,y)=yr-(1—=) (2.5)

,10,



T 97t

A g

214

ol
=

=

ﬁo
e
ol

Jo
N

A=

s

A} A A ol A

o
®
ﬂ\ﬂ

ol
Njm

A7 =

| ul
(Fitness evaluation)® Wkod A] 71 ¢},

&)
™

AAEA A o] HA

= H[ &0

a ATl Al AdE s o] A At s

Aol e o

ol A

g

o

ol

Toh

ol

ToR

# 23}
3 & Abd(mapping)

S5 O
ze

wepa vl s

KN
=

KR
=

o

o=
T

Hof sk A

(2.6a)

(2.6b)

L
R

] 7141

®

N

ol

ﬂ_mo

2.8t tH15,53].

"

3}

1= 2

A 3]

710 & A
oA =

=
=

o o} F Ae gom AT ey 4

Z
A

el
ﬁO
)

v

wl
=

o] 1A %W A e (Selection pressure)©]

&

Nfo
H

\mmo

el

FrEo 2

3|
)

215

A =4

5] &

k=

Wy

& WA 7}

A =la, 2 Ax} o]

ol
v

~O

il ]

)

A

oe) W

NAE

]

|

A

<

B/

A4

,11,



Masl Hel A9 AAPoR T FUSA Ak olsh Wz F AdE
guol FAAn AAE] & A FAZ TPl £ AA% 0 e AAE
FHsE el 44 @ A adnE 27dE §A49 GFPS FE

TAE F YdEH RAZY FHAd A%Ee d¥E ST, Frlde 2

(Linear scaling), AlZZ7} A (Sigma truncation), &2 274 ¥ (Logarithmic
scaling) o] Atk Fxo] By AA Jdo HFdd 2ALEH A= WE

of AEsts fAsteE Ao=2ZM 3ts AAY v HdolA HdxH=
AT o AE MAs F= Wy olvh Grefenstette[54]= Wl =70l uwhe}
Al A 2AdY REE Added FHdd AEdeld A3 We=12 497t

ATk WA 2 E=EAAE WE 12 A4 27

216 AYE A

Ve = A (Elitist strategy) S T AR HY AR 2EE YAt A
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of meE A 9r17h 44 @k U TAH gl gdolAt
FuelEe AN AR R A PHe AsAT wF AF A

AA AR GAA} w5 we Hel 2HAA RHA, AF AWFE F
o=

Ho
2

R

o =
2Ags gol H%

—

il



Current New
Population Population

e (1)
@

J !

JL hnu?;ﬂon
Gees)
Crossover

Fig. 2.3 Operation of a RCGA

Fitness ]
Evaluation w:> Reproductior

e |




2.2 Aol &

Ao £ Q1zke] ool W ALt I ofw)F (Fuzziness)& Fel 2oz A7
2~

s Aol Fhsarn, A

=1Ke) J:ET/\-]O] ﬁ}oq | atx%g_] Ho]"ﬂdgi 5}]@'3}7] 01%

)
o

2
z
)

2

2,

2
2
fd
4z
ol
ot
ot
o
o
=2
Ho
Ach

star, AEAQ =y agRyg A4

@il 2adeln BARE 44 mASH TR FPE Ak web

538, Adoly A 2ol A ol B WA Gz
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Faste Aol 7bs sk
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B2 A (Subset)o] 2, 7|E 2 thL 3 o] T A FTh.
AcB & AkK)< Bk), Vx €X (2.9)
AT XollA Aol s o83, 3T 2 w3l oigd AAHF9
Ao 25 (48

AARE Xl e AALT A 25U AL W, AA P

(Complement) A+ th&3 2ol maH}

A= / A(x)/x (2.10)

o, Al

~

= 1-Ax)

212105 x27 A-8T g sk, o] Yol Sugenol56]19F Yarger[57]9] o

H B
1% 5% 2ol AgHT
R 26 (FHW)

AAAY Xl = F AAFE Ak B 2537 474 A% Bx)Y

), H A & T (Union) C=AUBL &3 o] A}

C=AUB=/ C(x)/x (2.11)

& Cx)=max(A(x),Bx))=Ax)VvB(K)

o] 714V ¥ maximum GAAE v gt
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Aol 2.7 (23
AARAGE Xl d+= F AAFIFT A9 BY £25FF7 44 A9 Bx)
d u, Hx2 wFF(Intersection) C=ANBE W3 o] EdHT.

C = ANB= / Clx)/x (2.12)

&, C(x)=min(A(x),B(x))=A(x)AB(x)

o714 A& minimum A4kA}Fo] )

EE g G 49 v AR Yager[57], Dombil58], Dubois-
Prade[59]7F Al ebdk w3 F7b gl

T3 “t-norm” ¥ “t-conorm”S Al&35to] HA-ANDO} HA-ORE 717 o g
7t He e Ao £% 9], “‘t-norm”e A FFe ANDe| g A
AR “t-conorm”& HA FH 2] ORel Wt FAg A= wo] A4}

Fig. 24% A57tA A% v 7HA 9] 72 d3S =A8 ez
Fig. 25 W&o mE Sugeno[56]9 Yager[57]¢) o3 X e 34 ok el

, Fig. 26> Yager[57]¢] §H &+ g3 ALS vepdio

A 28 (F3F)

AART X, Xy, X, el e #J3A-8E ALAy),- A 257 42
Ay (xg)sAy(xy), AL (x,)Y ®, ALA,- A9 FH & (Cartesian product)->
a3 2ol AolHr

Ay XAy XX AL = {((xq,%9, %, ), A (X)) A AL () A=AA L (x,) | VX, EX, T
(2.13)

,17,



Membership grade

Membership grade

Membership grade

0 5 10

(a) Fuzzy set A and B (b) Fuzzy A

0.6+ 8

Membership grade

(c) Fuzzy AUB (d) Fuzzy ANB

Fig. 2.4 Standard operations of fuzzy sets
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A=-09
A=-05
< -
~_05 r=0
O A=2
A=10
0 L
0 0.5 1
a
(a) Sugeno’s fuzzy compliments (b) Yager's fuzzy compliments
Fig. 2.5 Sugeno and Yager class of fuzzy compliments

1 1
q) q’
T 0.8 3 08
) S)
2 0.6 2 0.6
Ny e
2 2
504 g 04
: :
202 202

0 ‘ 0 ‘

0 5 10 0 5 10

(a) Yager’s union (b) Yager's intersection

Fig. 2.6 Fuzzy union and intersection of Yager
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e 2.9 (HAAHA)

AARE XX Xl 9 AARE AvAy A8l 25357 247
Ar(x1) An(x2), -+ An(x0) O I, X1 X, Xo 8l FH FO] XixXoxoxX,0] 2, nael

9] HAFIA (Fuzzy relation) RS HF 3T XixXoxxX,9 HAA FEHTO ZA

U3k 2ol ®AlE

R={(x,%9",%, ), R(x},X9-,x, ) | VX, EX;} (2.14)

I 71 A R(xi,xo,xn) e Ar(x) CAs(xo) [ CANxe) =X Al(x) + As(xo) + -

3

+A(x)E RY &2&%%Fol, 713 “L"E “t-norm”, “+ 7+ “t-conorm”& 4}

A 160,611
A 210 (HAXFA TA)

RbeF R S7F Z47) XXY, YxZolA Aol E = HAwRAgE F AxaA F
A (Composition) R o S& th&3 Zo] W= AHoEHm dAA wHx#AA7 F).

W=R-8S = {(x,2),W(x,2)) | xEX,zE7Z } (2.15)

= o]t}

9 W(x,z)=R(x,y)[S(yz) E¥ REy)+Syz)=24 R-59 2% .
“t-norm”& sup-min& 2 AF&8E, Wixz) = \/ {Rx,y)AS(y,z)} 2 @0

o714 V£ max, A+ ming oHstE AibAbol
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N

0 AAFES

222 HAZZF Ax2H
, A “IF-THEN” 7%
|9 o] o}
(Fuzzy logic system)d 7|EFtxE= Fig. 2.73%
vl

]

2] A 2H
Hko 2 gl A xd 7
How HAZZ
] 3 %] 8} §-(Defuzzification interface)<]
R RS d e

=
=

= o)
£E4&

oA =
|
Al =¥
| ¥ A 3} ¥ (Fuzzification interface), A 2] o] 2% (Knowledge base), ¥ A3

(Fuzzy inference engine)

o
25
How olFojx glom ztzte] 7]5 Y
Crisp value
Fuzzification
> Interface
Fuzzy value
Knowledge Base
N Fuzzy Inference
Data Rule Engine
Base Base
Fuzzy value
» Defuzzification
Interface
Crisp value

Fig. 2.7 Basic structure of fuzzy logic system
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1) A A sF

¥ %] 3} 5 (Fuzzification interface)= Al Z8lolA EAdts AA 44 tolg =
wolEo] YSHE HAPFoR WEASE Fiolth F, AlxdldA SAE o
ol¥ = W & & (Crisp) #kolal, HA = A

7Rtz ol Fojxlmr A AY g AASF dasty. o #EA 2717}
Z

£ 3 A 3}(Singleton fuzzifier)?} FLo] 3

S0 ALg3= 7 A eF 3 A B (Gaussian fuzzifier) 2 4F2E 9 A 3H(Triangular

2) A A o] 27

2] A ) o] 2~ B (Knowledge base)= ©|o]E ] o] ~(Data base)$ T+ Hjo] 2~
(Rule base)® o]0l 9t} dHolEuolAx= Aa Aoz AAAdo oFkx3t/
A3, 4-F8 T B AR (Fuzzy partition), T+ ol AlEE A&
Kl e ARE EFeA vt o7]A FAS= A&5= i

LEH
FE Tl

)
re
N
2
N
o
tle

o

2
< Aoz WEs= Aoy, HA LTS HAAHTANAM Aod HAHFH
T8 ZdAste Aot ada Z4 AAHRLE FAAA goz WHstr] 9
AAEE 25dr TR FHe we I 54 Fojxn. F2 AMEH=
&g A4, AdEE, vhe2d 2 MEE sy, 259 A o
TH Ars AAAY d3e e AAAQ A8 we wel ey

Aol A= A AojgtH td J-EY W] Adga dojAed HA
Aot A e et vk dwbgom AgAd AAAY 428 #A=
A “IF-THEN"S] el o Z2A =Y, AojqtHe AAZHEL F
HAFY A9t C3He] #AE oustr = HAHA RE, £ HA 2A0TF
7% =T AbEskel 4 (216)3 o] A= C'E 28T & Uy

IF x is A,THEN z is C A A=2C (2.16)

>
j=9)
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o] 71 A1 x9F z& doA WFola, A¢t Cv 77 AE5TF7F Ax) C(z)o]
o, AARE X} ZWel Ao EE “Small”, “Big”s ¥ 2 AXFA ol “x is
AE AAR(CAA), s C'8 R EB)gy do AAFHY A =218
‘A= C'E AATZAZ HEs= IS F2 3 A conjunctionoZ &4 3=
W 34 disjuncton &2 s A sk W o] ATH63]

A Aol A Fo A HEAF “and”et “also”ol WiE AAbE iAo A$
Zk 7} “t-norm” ¥ “t-conorm” ARALE AlE
23 FAE ol#d AojFASE T&HoR Five W, g e

2 A el Aleksol gl

&)

of¥

(@) A7ke] Agelu Al asate A A& ol &3t H64]

(b) Ao e HALDL o]

() At H S +48 A 57 Fodst= WHl66]
o] =

(@ %d8 2449 A

3) HAFE

¥ X 2 2 (Fuzzy inference engine)x °17te] FE2FHZ T e HR =3
ANaeo] &4 BE oz HAzAI AT
2o 9l HA Ao A S o] Fsle] A E

5% A3 g

R 211 (FATFA) 2AFE)

Rol Xlel Q= A48T Ash zolel A= AAPF Cohel HAABA ],
A'Zb Xuel Qi AAR Gl et ol “sup—” FAFH FERo| F
At

C'=A">R={(2,C"(z) | z€2}
o, C'(z) =sup{A’'(x)*R(x,z)} (2.17)

xEX

AQ2IDANA 713 “ o "= sup—x FAAMAES e, AA S8 ZoFelA



x* '+ HE% min =+ product@AAE A5+ sup—min¥ sup-productd At

o 3 -d &2 (Multiple input single output ; MISO) H A 27 A A€ 9]
Aol n/le] AAFZ o] FAAF rle HA “IF-THEN” 728 7}7 HA] A o

4 R ved ge gz 549 5 o

R IF x; is A} and x» is A}, and -+ x; is A; and - and x, is Al
THEN z is C' Also, i€l, je] (2.18)

47]A1 I:{172a"'ar}y J={1,2,---,n}0]3’_, RI<IEI"€_‘ tHaH"] “ﬂx‘l Zﬂoi—ﬁl—

o

Hg e, r& A Aol A ) felrh aela ¥4 A4 “Also’t 7 it
A5 AR x (EDY zi 4 wdd XGED 22U Ade @e
Aste dojA WMFolm, ATGEL j€] 2 CUEDE 25359 THo Fu
wekd] E4o] FolAi dold Mo A5 el

T AAZAH AmFAM AF ARGEHE B A ST FEW tsM A

=S

)
ot
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wFEEH 1

n7hel HA AdEE 9

I

A1:X107A2:X207"'vAu:Xnoﬂ' Fold uf, nkef
Mamdani[68-70]¢] min ¢4t3} sup-min FATFHES Agsd C'9 2%

C'l)E Be3 2ol T & Utk

C'z)= Ul )=C @A AA](x,))=C(z)]}

= V {AIGyo)A - AALGx)] ACHz)) (2.19)

I
<
_
S
>
a
&
=

047]k1 :H.i_]l_q] @-—‘9——70]—-13:— pi:Ail(Xlo)/\Aiz(Xzo)/\"' /\A;(Xno)l\:— %Eﬂoﬂ EH@' 1

(T

sk A= x09F x00] FoJAar, HA-AND9 HA-OR
242y min A4 max 9SS A&l max-min A4S 4

A SHAFE A% C'E

ofo

rf
£,
>

)
| 9
2
Ll
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Al A; ct
£. ' \\ L
min ct \
X1 X, z
R : IF xp is Al and axis AL, THEN 7 is C aso
A? A c?
Jriy /
\ min /]
AN i pd cl,
X4 X2 z
R®:IF xpqis A? and  ,xis A2 , THEN Z is C
C
[ ] [ ] |
~¥
CI
X10 X1 X20 X, z

Fig. 2.8 Fuzzy inference process of method 1
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nel HA AEFE UH A =xp Ay =xyg o Ay =x b e w, o wkep

(2

aQ
o,
b
b
e
y

Larsen[71]19] product $3At3} sup-product &4 112 <& AL-&3)

C'(z)e obehe ol +& & Ath.

C'z)=\/ {pCl(z)} (2.20)

iel

A7NA FH BFE pl=Allxy) rAb(xy) o

=

L(Xn())\—‘:‘ =5 dig iHA F

A

2ol AEg=E vEeldth Fig. 29+ 79 533 499 x09 x00l FoA 1,

#H A -AND<} HX]-OR AAbztell tisto] 27t 4= (Product) A4t max o
=

7]
AFS AFR38FE max-product AL AL W =

2,
o

Nzglo] MAFE A3 O’ o9 AR eEA
Agetne #2714 &
whob X -ANDS} %A -OR A%A}e] A

=21

7}
product-sum-gravity FE=%0] 0™ o]l FEW 3o Am )
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Al Al ct
4 1
prod. P \
X1 Xz z
R : IF xp is Al and Xis AL, THEN Zis ¢ also
A? A2 c?
\ prod.| p® c
AN \ i
X1 Xz z
R?2:IF xp is A? and Xis A2, THEN Zis C
® ir
X10 X1 X20 Xs

Fig. 2.9 Fuzzy inference process of method 2
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wFEH 3
F 29 32 Mizmottos [72-75]1 &3] #|° U 0 2 product-sum-gravity
wHozrw B, 2 HA “IF-THEN” 739 $d%= F29 1, 28 vz

Az AAQFor TAH A

wek e WA AFE QY A =x0, Ay =xy, . A, =x,07F Fo14 ],
Mizmotto®] product @14+# sum @A TFHE ALgsH C'o 2&3F C'(z)
shefsh o] T3 & 9l

rr

Z{p Ci( (2.21)
A7 A FE p=A(x) AL(xy) Al(x,) E g0 g v 1
Ao AFEZ e

s
-

o] F&WolA product AA4HS min A4 ® sum A4S max Ao R )
9

79 24 19 Mamdani W3 59§ zol Ar} Fig. 210& T4 9
33 A x09 x00] FO]A AL, HA-ANDS} HA-OR drkzto] tjsho] z+zt
Product A4t sum Q4AFE AL-&3lE product-sum TA S 2 £ wf =2 39
e 293 HAFE A zglo] DA HAAFE A C'E AAFEAE Ho
=t

o] FEWAA Wk FURIV AR ASECRE AHoHo] oW AL
FAS 71 E 4+ A= simplified product-sum-gravity F&W([76,77]0] =W,
Fig. 2.11¢] F&2 WA& =24402 veuyddrt. o & A= product-

o
=
sum-gravity F¥ Ao} AR erboln, AFAQl FEAAS Hd.
= s

AFAA Adee Fey 19 F29 2 281 F29 38 &
A

Bz oy 74A v A s Wy T sty B A5 Hojof Al Alxwe] A4
7bed HolE7E Bt AL ool du(FEW 3 n A A s Y FolA
FATAMS Absts Aow AFoso .
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prod.

Xl X2

R 1 IF xp is Al and aXis A},

THEN Z is ¢ also

prod.

X10

X1 X20 X2

THEN Zis ¢

Cv - Crl+ CIZ

"""""
~~~~~
S

s

Fig. 2.10 Fuzzy inference process of method 3

,30,



Al A
/ 1
prod. pT hi= p")
X1 X> z' z
R'IF xpois Al and  ,xis Al THEN Z' is z' also
A? A;
\ prod. p h?
N /| \ !
X1 3 zZ z
RP:IF xpois A? and  xis A2 THEN Z is Z
[ ] ®
X10 X1 X20 X5 zlAZ 2 Z
2 .
Z pl ZI
z =4

Fig. 2.11 Fuzzy inference process of simplified product-sum-gravity method

,31,



EEEEE

H] ¥ %] 3} ¥ (Defuzzification interface)

rlr
o
il
2
™
=2
x
o
i
c

s
>
il
I
o
il

AA A zdo] ApgE7]ol = AfelA gonw HHASE S HEI =9
o2 WA A} P}

HAAZHo g wH A5 Bgels ofg7bA Wl ol ow[79], Ao
gy AlgEE UEe FAFAE(Center of gravity ; COG)¥ FHofH ¥
(Mean of maximum ; MOM)e°]t}.

FATAME AT AAFHGe

Areke, A(222)8F 2ol HoH

IRSE

7 = ’_17 (2.22)

ZC'(Z)

i=1

3714 C'(Z)(1<i<n)E= AAZ(Support value) 28 2% gtoli, ne =29
o Azt gl s Se]
HAOFTHS AQ22)AHHE Ho 2KAHAEE UEUE 849 #HE Hos o
B 288 FIte wWyolt)
DIVE
=l
7z = (2.23)

AN Zl<i<n)E HAEHORZ dojd HXFE Aoy Hy 2E5HYLE
T A A g (Support value)o] a2, n& o] 23 A A gkl A =0T},
] olYolx WAoo E W (Bisecter of area ; BOA), H W (Largest of

O

maximum ; LOM) % & A ¥ (Smallest of maximum ; SOM) 5°] 329 Fig.
212 2 71X 9 vy A S ZAH02 YERA Aoy,
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c@ A

SOM J

LOM

COG
BOA

MOM

Fig. 2.12 Various schemes of defuzzification
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223 FEH v

AG7HA Amd HAAZA Azged A g EdA ARt FEHS FE
H 17 22 Mamdani®] min-max FE°|t}h o] WHo] EE HX kS
oA A WHelgta & FE glAW, gREe] 4 =
ATk 2 o & F& ¥HEol AAUIA min-max °]9 9 WHE
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otk HZ ole e ZEEXNS o] g3}
PID Alol7]¢h Q@ @55 o] MRS 3 QIEH74,75,79).
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o

o

fd
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Fig. 2.13 Interpolation results of some inference methods
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23 T-S AARA
Aeoly Aed2 AelA AHd diz v &Y AtolE vitk Aoy A
Fol 2a, 24 Fdel= TolAES spolojrx o7t WMEshE A AH o]
ool AL stetE Wstel] & ¢ = A7 BT o/ E Alw T
ol Hal E =& ASHAAME T-S HAARDS o] &3 HAAAVE A
ctato] spetmE] Wstel] & 5 A= HAAAAZIE ML Fojr. A7|A =
T AgEsta AL sk A A7) o] A wjAe] B T-S HAZAo] el

ol

2.3.1 Takagi-Sugeno &%

T-S HARAL Takagi-Sugeno wo] #A|ekst &
Aed HA o]Eo] A FEHS AHH Y tgoZ T-S HAZdo j

’

o,

Nt
mi
_
=
Lo
)
o
o
fru
s
a

2240l A F2W 1& HAAR WME7 S5 BAY ZFho] A ¢=F
A Abole] AT FAA S
A= Aol uf$ oH YAt Takagi-Sugeno FE2HE olo] wh3t shrtel thst

oz Adsgon, et ol FAR PFFE A8 AAFHoE o] F

)
&)
-
¢:3
=
L)
b
)
—11::
4>

R : IF x; is A} and x2 is A} and -~ and x; is Al and -~ and x, is A}

THEN 7' = f(x1, X3, = , Xn) (2.24)

3714 RG=1,2,---,r)= A4 AojFHe Ao sta, r& 2 ol
A;(j=1,2,---,n)‘—‘f P

=

Axe ANAZIRL, 2/ =f(x), x,  , x)E FARLRA

N
N
=
N
rlo
of,
o
o
e
I
fifo
N
N
B
N
R=)
Mo
=
23
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e
I
rlo
N
_,d
o:L
Bl
=
@,
™
=
—t+
D
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Al AL ! = f(x1, %)
fr] min ) 1
or P
prod.
X1 X Z
R IF X is A! and axis Al THEN Z' =f(xy, ;) also
A? A2 7 = f(Xq, Xo)
/\ min M
\ or p2
N\ \ prod.
X1 X5 Z
R?:IF xpq is A? and axis A2, THEN 7 = f(xq, Xo)

cmany
—————d

paN
X10 X1 X20 X, z z

Fig. 2.14 Fuzzy inference process of Takagi-Sugeno method
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232 T-S 4 =d

e AAAHRD TACNAM Az A A A& “IF-THEN" 3 & AH8-3}

of HA Azde Bdg 2ot oA BAVF b dd, o AE ¥

R : IF x; is M} and - xj is M! and - Xq is M} (2.25)

THEN y' =al+alx, + - +a;Xj+---+aLXn, for i=1,2,--r

A7) x=[x; x, - x,|]ER"E FHNE, RE A AAFH, r& AR FH9
A%, ae FANe] 4% FenE, ME A0 AR o a

Folzx A xo d& HAXEDY HF =52 y= JtsHAs T F
et

A% 42252 dehis Axeds Fo4 gus ddueg xb 324 4
Al oa 540 ARl wA wyziel A w, WA Az FHe
FAF FFREEH G448 449 S tFFE et FaddE 2AE 90
Eig=
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10r

R':IF x is THEN y'=0.6x+2

Big

R%:IF % is THEN y?=0.2%+6

Fig. 2.15 Example of Takagi-Sugeno fuzzy model
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222057 Fd¥E T-5 AARLL FA727F 4o ol o8 &4
Alzaglel Bl A wAl sk A (2.26)3

AP rd=z 7sste Aol 753k,

SISk

R : IF x; is M} and -~ x; is M! and - X, is M}

THEN x=A'x+Blu, fori=1,2,---,r (2.26)

A7 x;oF MjE A4zt dzne wgsk HAgFe|n, r& “IF-THEN”
Ao folth, x€R: AHwE, ueR™: YYWEol1, A'ER™, BER"™ &
Bsle otk 53 FRe] A
(subsystem)o]2}a1% F 20 F3] AMEA 2L HHAPA A o] F2H
ol A % 3}sto] AofxIth[17,80-82].

whek 49 4 (x, weol FolAH HFAQ HA Alxd] S8 g} Lo

S
ey,

x+Buz A HAPIRP S MHAxE
_‘1

Epi{Aix +B'u)
i=1

= (2.27)

A

i=1

x=[x;, Xy, 5 X, ] (2.28)

Pi:]:IMJi'(Xj):.UM} , for i=1,2,---,1 (2.29)

i=1 , for i=1,2,--,r (2.30)
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HE2)NA pie Ml H@ A%85 x o 2&AEo £8 eI Po
CEER
gi=-"L (2.31)

x= 3¢ {A'x+Bu} (2.32)

i=1

714 & 423007 ARIVERE G2 #AS 44T + Yk

D=1

i=1 ) fOI' i:1a27”'7r (233)
£&=0

,40,



A3 A" A 2

3.1 AHelY =AY Aea

A"l AHAe AeHooY B ool e (Apron)2 Y $ol A H o
Aukal f4 Abelol A At H FstE @EstE A Agu otk o] HFSES
5, F°, AAYA T w2 MEF A A(Gantry crane), RMQC(Rail
mounted quay side crane)5 o2 T 9]

Aoy AL Fig. 3.1 Fo
wdole EEgrt Ao o
ool 2x EEg o] Ho] AHE

Adold ZAL FHe ArjER FiE F dded JHEERE AY T7x
(A-frame type), &4 ¥ A% TZModified A-frame type), 2% TH2 & AY
TZ(A-frame with articulated boom type), & ™z % FZ(Long back reach
type), = 29 FZ(Long span type), =% T =23 A FZ(Low profile type) 5 0]
gom ZyEEE Ju &2 (Feeder type), #1122~ 3 2 (Panamax type), &2~
E-vuts A (Post-panamax type) 5ol ok @A e vt F=AH
AY Fxo X2E-mhymta Aol Aol A S 7P wol ARgstaL At

Adold ade] F4& Aozt 9 ohelz o] Fate HoliE T4, i

Aol olBA el AEY Ba, 54 FeolAe YL FoliE FA3} =89
Eape] W oz o) o]tk

Egde W7 Er FAGIYE Er 4202 olF)e A6 AAd
E2Yg TE BH A At HEE A Augor FEAY oA
st ol WA mEe EAE Sue] AAH] gt soaE Eaio
Egeg stolo] =@ AAATII, o EYel 47 U Solojnmr} ESe
FEoz ARl soloj2me] of: HEL FPozH EBY oFo] of
FolAd. @@, FolAES TE REE s|Ade sojo] EgddN A FRE



X
{rm

=279 A H(Sheave)E E 33t 2= g ve 42 sozr AZEHY
o]2ES ofolofRIE AAY FoA 2ZHEE 9 oty R § o)A

fol

p
L

%2,

kv

ZAeely AYAe e 2 FAEZ FAH Ak AHde] AF Fol
vpgto] gAY dojA A @xE 7] 93 997 (Anchor) B ERo]th#-(Tie
down) &=, &9 Fo utde] LA FEE 7] 9 dY FHEZ(Rail
clamp) 59 A HAAA7F Ak EEd EFEE foloRZE zFo] ofd XA
dggom Qg EEg FAAA HAE 93 EEgE dolojrxe A4S
T+ 22X ddY (Rope tensioner)7} o o] AX & &olojzx EFF
Aok Abg g 2Elan HAEoly Adubeolu ofo Z]goj A ALY vl Eo] A %o
A ZEoUE vtz 7] YA 1 AR BA ~2ZEdE vlEole d
A (Tilting device)7t Jov EH F#9 FH+= EH(Trim), =7 (Skew), @
2 E(List), ZH o] ¥ (Rotating), NE -~ (Anti-snagging) 5 °| Ut} »A 4

S AHE HE W BS Al FEECA 2AHAA B8 ol ZE
4 FA4 &A 871 A% = #A(Boom latch) &= 7F o

Aol Al T3 5L A

EF 722 AAYE 2Zgddgd gt 2ZdH Y AlREe AHolde my A

228 (Corner casting)ol 2Z# el FZ(Cone) 79 90°2 I AAA oaxm

Hoz AHIUE AYT + UYES

r-{n

FolFE EY2E E(Twist lock) 715, &°] &4 A"l & E047le s
it TS e F2H( Flipper) 7%, AH ol 54 Zo](20, 409 E)el
w3 HAFYE F YEE ATy E A=A = dy 23 F(Telescopic) 7% 5 0]
gtt. 2ZeuE % EQAE 2o o8 3 =82 (Head block) &9 850
AZAEH dom ~xyye MEFHL b AAE FEFA A 9
A5 g,

,42,



48174

Machinery house
/'/\ (Hoist & trolley drive)
\ \\\ A Cross tie beam
\\V IS :
Festoon cable \ < Apex leg
Trolley girder —/ -

Tie beam——1

Boom operating cabin

<— Fore-stay

Operating cabin
Boom
Trolley

Diagonal beam Trolley rail

Leg —»

3 '\‘, /,.'1
Portal beam—— ) 2
v Y /.
Sill beam iz / N
T4 S <) S

Head block

S Rail clamp ¥ Spreader

. v
3
&°

Cable reel g
Gantry drive

Fig. 3.1 Structure of a container crane system



Adoly Adle 4L ESS} Bo|~E B0 o]fojAE TEu

2elo] tjHHo] 7] wEof

& 4 a1, Fig. 3200419} 2ol
A

2
A"old 2 S Adetd 2xzgygrt &9 HAEoysE J= F

hiAs

ZF(Picking), ZAHolUE HAH EolzZ E0LdE Tol2E ¢ (Hoist up) 53,
So] 2d AHoUE EX AX7A o] F E Z g (Trolley) %%, 7H o]
HE date AA7HA dgs o] 2~E th(Hoist down) &%, U E A
AA ol F+= AXHA (Placing) 59 O 7HAZ Y= 5 vk drbzel A
ojfe] TEHHL Fo]2E § FAo] o]Folx F dul FoF EEEF b0
o]FoAATYI TEHEEFS i, Hx A T AH A

=
2E e §Hoz AF BEAAC 295 B wE S g
W

oy ESYL A FAG HA Lm, Egelt BE A w2 Aol A
Aeolvel EEUe ARt AAG ] EEee] A-FHo] WASA % Aol
W Fadt dusw dudes Adols Hu EE(Hold)e 4 sfol=

(Cell guide)oll 9&3A Eo7[AY Ed U3 A A (Trailer chassis) Yol <A
SHAl el AY 2ZEg e EYAE Fo] dEoYe 3y A"l Fe glo]
So17b7] A e AHelyy 2zdg e 5% Fo| 7hsd g Aolof &7

wolth. whop E5do] 2W R A9 FEE A U 21 s Es
Ast= Aol AaaA HAAINA X

Aelojd A Fae wWE Hi olsHEe To2E FAY AE 90
[m/min] (AL o), EEZd 49 4= 220 [m/min], WEZ 52t 4
G+ 45 [m/min]o]t}h. o] 2E & T Aol AAsS 40.6E] g
48 EEY &%l AV U, EEY w249 d5ole dA=E Aol = (Festoon
cable)?] o] F&L=7t AL MEY F2o] Aol AU AA TFow UF
Z A9 wEol folA A Ha olgEHEolA o ol /HAHA Kot U=

A7t

ol
o

2
fr
N
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Adoly Al

2} A

o

|
e
EE
4r
Ho

r
N

NI

Ho

o)

jod

A

Eal

) <2 o]

AZE 7

!

=2
Aol wolxm Yrh

!

o
<

kol A 4

S
=

Tl

=0
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Machinery house

M Trolley
Festoon cabl % Wire rope
<Tlley> > < / Spreader
Hoist

Container
% A

Chassis

Container ship

Fig. 3.2 Working cycle of a container crane system



32 Adoly Aw A 534 wa

A"loly Z#HAY 3ty nds de dAge o2 ZA[L10]0A Fot &

F At B =R fdawA(Lagrange) 5 A4S ol &8 RdS o

B RS ANz S oA FE(Newton)] 5744 3}
HEol @ ezl muw My Fol shfolth BadA WAl oy 443
A S BA kel 1 $¥g g WA BNT 4 A AEAS

1
AET F oot Aotk o o] A% 3 REA FaE REE % A4
o 9

AL vF= qGA7F 7PA R = AFE shubetibel skl bz 1714 9 2
F7F b Eojof e AL dusty, o] 22 =S F 2> (Holonomic) %
Aolet gt

Adely e Aojs AT A&®E A Ed, AHY, E€d TF

G54 A Hu AEAS weste]l JoW Rolxm, of AEEZVEY F A
A &

4 FEHNZ B o ALWN ar Bo]AES Selojzze FHo] o
# ZweA AA gel d9 Zolw, 4t AR, x= 2B FHYE 9

= EEd ZtefA = Folt

Holyo FAHARE (xo, yo)= Fig. 3322ZFF AG.1DH o] A&

>
)
ol

Xy =x—{sina (3.1a)

yop = —£cos (3.1b)
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Trolley wire rope

Trolley (M) .
ﬁ\ <L> F
oxQ () / &ax_@@ >
0; i / X
<«— Hoist wire rope
(04
Head block &
spreader
Container (n )
X
vy
Fig. 3.3 Coordinate system of a container crane
Adeld adl Azdel F AAAUA VE ALY F& Axd FHLL
AR FoF Yeidth, HAoYAE ARt o R J|EHAAY FAEY
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EEdE £4UNE AAA 97, 04 FRouy &5y wEel Ao
ade Azde F AANUAE Adolue Fd JAAUADBL e EH
A webd Vi e g

V=—mglcosa

(3.3)

714 MieE T8 5 At EEY IS et oz FF
ol 93 3d EFoyA T,= F3t4H

047]/\1 Jm% EFJP/] 35:1%:]_3":]—/{6] E’—E’ﬂE, = EE%P/] qu?j %X]%y Kg——t‘ 7101
sreme] sleful & ojv] e},

Mo EZee & £EoluAE 4339 NG FoemA i 2o

e
Gerw + 9

T,= T, +T,
. 1 -2 1 Kg 2
g Mex +2Jm(rd)x (35)
=éM>’<
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e

U5 AHeHe & EFdUAE eyl As WA dHcelY e HPole
=

[e]
RS

x, =x—{ @ cos (3.7a)

vo = —{ asina (3.7b)
o Aoy 3d EEldA Tee T8t &3 2o €

T, = 5la (3.8)
o714 e B3 2ol A= Aoy #HAdRwEC.H.

I =—m¢ (3.9)

Werd AHoldel & £EUAE A36)% 4GB FomA ey 2
o] e 4 ol

T.=T,+T

c cp cr

1 S5\ 1. -2 (3.10)
=5m( X0+y0) +510¢

C
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T=T,+T,
—Lye2e L AENET) LR D
= M+ om( 5+ + S a (3.11)

= %(M—l—m)};{Q*mff(d cos « +%d2 (Ic—l-mEQ)

ofAl x¢F acl WE F 7HA HawA WAANS uHs ww oAt
a

(Lagrangian)®} &}

L(Xv}'(vavdvt):T(X7}.( ,O[,d)‘V(X, a7t) (312)
d [ oL oL
dt(a)'() Y. = Qy (3.13a)
d [ oL oL
It Ba) Q_Qa (3.13b)
L=T-V
1 . .. 1. (3.14)
= E(M—l-m)XQ*mﬁxa Ccos « +5a2 (Ic+m£2)+mg£cos 1o
Z % (Coulomb) vl & FAJ3t1 2 (3.13)S thA] 2H th3 2}
Q, =F—Bx (3.15a)
Q.= —B,a (3.15b)

714 Qot Q= x8 acl WiE drutstd 3, Fe= EE7E ZHd o8 &



=

oot

, B EH FYdAd dAAFASF, B, AHOIYY HAA S Aot
21(3.14)9F A(3.15)5 A (3.13) vigsted AEstd o3 Zrh
M4+m)x?—mlacosa+mla’sina =F—Beqk (3.16)

—m/ xcos a +(Ic+m€2)&+mgésina=*de (3.17)

olAl A(316)7 A(3.17& x9 a tete] H A ofet g2 27 vy

Ay MEPFHS 22 & U

— (1B +m/¢’B )k-(m2€3+1m€)d2 sin o
ceq eq C
(M-l-m)IC-l-MmE?+m2€2—m2€2(;os2a

(3.18)
—m(B, acosa—m*¢*gcos asina + (I, +m¢*)F
(M+m)I,+Mm#é*+m?£*—m* ¢ cos® o
B —mEBeqf(cos a —m?¢?a’cos asina
- (M+m)Ic+Mm€2+m2€2—m2€2cosza
(3.19)

— (M-!—m)de —(M+m)m gflsina+Fm/lcos a
(M+m)I,+Mm¢*+m*¢*—m*¢*cos® o

Table 3.1 v ZA Aol yetd Aeoly Al Z5 setng o on s
A g Aot
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Table 3.1 Parameters of the container crane

Parameters Unit Descriptions
Beq [N-s/m] Viscous damping coefficient of motor
B, [N-m-s/rad] | Viscous damping coefficient of container
F [N] Driving force of trolley
g [m/s’] Gravitational acceleration constant
I [kg-m?] Inertial moment of container
v [m] Length from trolley to center of container
M [kg] Mass of trolley with actuator motor
m [kg] Mass of container
X [m] Horizontal position of trolley
x [m/s] Horizontal velocity of trolley
Q [rad] Swing angle of container from vertical line
o [rad/s] Swing angular velocity of container
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322 EEY +5F

FEREA DC REHE 43183 A(319)0 ksl Egdd WAE @ F
o 7% mEHd A7HE A

Fig. 34= EHE X943 EEdE F&75 vehdx doh

A
o

lo
e
B
Gl
-4
(ot
iuf

Gear box
u ( N ) I’ll, Tl f (’01
n, 7, M, ( +
Wire drum

Fig. 3.4 Actuator part for the container crane
EEZYE DC EH A4S 7std Ego| sdge] @Ay, o] 311 o]
2
DC EH QA7MAAE u, AVIAAFE i, 97178 445 Ky, ZEH A
j

2 0, BE 070G 1, dolo] £
F

=g ol vEy

u=1i, R, +K,w, (3.20)
T — Kt ia (3.218)
™ =Fry (3.21b)

,54,



71ojut o] 7)ojH] Ke=ni/n2 ©|H, gtojo] =5 o] I AEE ot 3 MY e
Z7F we=o1/Kg, T2=KeTi0] H T

EEY o]FEHE x=rqw0l B2 9 AE5E v AEsd tgd go] EE

glol wAE= @ Fek 5 EEel b= Ay ue #AE 72 5 ok
K,n, K K2n, KK, .
po sl 2o, Jee o 207 o (3.22a)
R111 I'q R111 Iy
R111 I'q KgKb .
u= F+ X (3.22b)
ngKgant I'q

o

AZIA nok m, S A7 Vlojubae] &9 RE O HV]-VAA E&S 90

ate, &4l gl Ao A @ Table 32 75%9 72F FHvHES

Table 3.2 Parameters of the container crane actuator part

Parameters Unit Descriptions
ia [A] Armature current of motor
Ky Back e.m.f. constant of motor
K¢ Gear ratio in gear box
K [V/rad/s] | Torque constant of motor
ni Teeth number of motor pinion gear
ny Teeth number of driven gear
Rm [Q] Armature resistance of motor
T4 [m] Radius of wire drum
u [V] Voltage applied to motor
T [N-m] Torque of motor pinion
T2 [N-m] Torque of wire drum
o [rad/s] Angular velocity of motor pinion
sy [rad/s] Angular velocity of wire drum
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o Aol A 3 x& adl WiF 274 WY AY MERAAAA oo W}
nAstrkar 7hAg st o= 02wl A Bl A (Taylor) w5 A7fste] A& 3}aar

Aelshd et 2ol ey & o

- (Ic+m€2)Beq).< —m/{B, at+ (I +me?)F—m?l’ga
(M~+m)I,+Mm¢?

X =

(3.23)

*méBeq)'( *(M—I-m)Bpo'z* (M+m)mg€a+m€F
(M +m)I, +Mm¢?

(3.24)

—m'lg a+ 4 «
(M+m)I,+Mm#¢? (M +m)I,+Mm#¢?

X =

—{(K2K,K,(I,+ m€%) + B, Ry 13 (L, + m(?)}

Ry, 2{ (M +m) I, + Mm %)) *
K, K, (I, +m¢*)

ST u (3.25)

Rmrd{(M—Fm)IC—FMm@ }
_ —(M+m)mg¢ N —(M+m)B, .
(M+m)I.+Mm¢? (M+m)I,+Mm¢?
—{m(K2K,K,+ B, R,r3)} iy K,K,m/ .
Rt {(M+m)I, +Mme¢?)} R,r{ (M +m)I, +Mm¢2}
(3.26)
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21(325)37 2 (326) M x, =%, xy=a, X3=x, X, =a=Z FHHUFS A

SoHEAA R YehiW thg 2o

x=Ax+Bu (3.27)
y=0Cx
00 1 O 0
o A |00 0 L o fof o
1714 A= [ o agag |- B=|by|» C= [1 0 0 0Jelth,
040 ay3 ayy by
1‘—4———7
—m?lig
332: 9
(M+m)I,+Mm?/

—{(K K, Ky (I, m¢?) + By Ryr3(I, +m £2)}

Qaq =
% Ry, ra{ (M +m)1 +Mm1z )}
—m/B,
Aay —
(M4 m)L+Mme?
. = —(M+m)mgt
? (M+m)I,+Mme?
—{m (K2K K+ B, Rur?) }
-
3 R,1; {(M-Fm)IC—FMmEQ)}
—(M—l—m)Bp
a =
Y (MAm)I,+Mme?
. K, K, (I, +m¢?)
P Ryrg{(MA+m)I, +Mme?}
K, K,m/
b, = —

Ry raf{ (M +m)I,+Mm ¢%}
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3.3 RCGAE °]&% denyg =4

32804 73 Aol Aee] 34 wao FHEE mu YR seue
el Aol o ARHY J1&d Fe #AH BAR R devee

AEG e G4 Raks A9 NAE BAHNE Frh o] FfelE Az

ke FAo B3 7]E AFE Mathew® Fairman[83]¢ t5zE &
AbRel AT ol ded, ot tTAHREoR A X7 A w4

G glel £l F4dE ARSA GTh Sagara F[841E o1F Res7] 9180l
oznE oA IS Pu Fdo FAWL Hgae 7
W AR o BME Aah At st ol dne st

et AAHA Grurhs BAA} Az A5 AW A
A

=)
0
fru
—
o
Ho
l

ga7) olele vAe AT ED 44 BAAAE AL =Y A9 $A
34 soz gaFrte] BB Muliimodelel Hol oA ABE e Py

[¢]
93 (Local solution)ol #H st 7540 =1},
el B =Fd s AHoY A H-== dHolHIt
2}

‘?__
WE FAe] bsEEs RCGA /WS mdzgs¥e o8 sheul

FAHES At st

2 dzA 719 (Model Adjustment Technique)< Fig. 359 Zo] Ao thArz
HEz ddd 2A4drdd Fdd 98 HEsty, Bde] FEAo] A|xHEl
FEAA NAEAEE AR BRdo FEguHE 23 E YHOEA o
o] &3l Alx~®lo] Heln|E FAo] 7}53hr).
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Actual

XP
Container crane syste“vj

Xm

+

Input [V]
— Adaptation

mechanism

—

Adjustabla, model
\

Fig 3.5 RCGA-Based model adjustment technique

r
[
S

AR 23279 AF-AIEH FeHHA o] AlGEHER PE A9
BY Y47 2AEY HE WIlUE2 RCGAE AH&3t22 g4 v
2ol FAHEY
s=(as, am, a4, a2, a3, au, b3, b (3.28)
A QA s9 ZF FAAESE U £00] BHSHESE HAH A AT
lim[x,—x,|=0 (3.29)
t— oo
MAL Ad=E Hr szl fs) A@307% 22 HEAISE AMEstdoed,
RCGAT T340 2 Axgy ARG Aol FeHE w(Norm)o] HAZE &
TE 879 detvEE g A Hrh
kT
J(¢)=/ llx, — x,,/ldt (3.30)
(k—=W+1)T
A71M ¢= vA el stetvlE WE, W HolE =59 Aol x 9 x, <
ztzy A" ey A Alagy 2R Aot HATFE AAET] 9
AMAe RS 278ty A He 49 deoly By RdE FFs] 9



d Wil 949 wlolEl o] wHel AgH ol Ak WA FHFEE W
A7l dgstE @A WA AdEE, AR dolH
xp(kT)]e] Aol d winlth W oo 4L 4 ZE(shif)¥ a2 A AT} Fig. 362
dole WHe FxE HolF1 gt}

o
—_
=}

—~
=
=
N

1 data for model initialization

L[] T
L [ 1 | | xakm)
L [ | L | xukm)
k-W k-W+1 k

L1 | L} wm

W data for model run

Fig 3.6 Data buffer for model identification using RCGA
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A 474 AdHy =AY T-S HARL

3243 3349 WS B e APRAL Axwle sein g
Agh e Aeely 2wl Axe g Abe] 2
L AHelE 053 uA ZolnEG sholojz
283 33"elA P WU APRAL spevEst Weh

=
N

N
o
N
X
E
ol
fal
it
w

M= A" oly Ze el
M APA2ES gaAow TdAeE Aol 753 T-S HARAS THa=
BAE k. o)A FAY TS AR AEFFE ASTAN A
RCGAZ 8t s 2 A o] 7] AAo] 2tz A}&H 7] wio] E =80 glojr T-S
AR TP Ao7] A7 o] d @A o] FolAc s Fad FAolr)

|

4.1 ABA 2=

Ak o g T-S HARHY dAR = 2(226)01A4 A3 5 glxo] AHA
gl e S Foll stuE FAET ozl 23doA AW Uz vy
Alzdle 99 FAANA dojx = AF R BA~)o] HAAFOT FA
g 4 9)eg ouay, ze A”olY Zglele 9 3w (External variable)$l
SO 2ES ofolojmx o] ¢} e oY A meol whel A BA o] Ao
Heg AANTEE 234 mSs A} HAARDY HAR HeEe 7]1E T-S
HA XD ta2A R AFe 23 moRE FdE.

B =R REAPEGAY AYS neste] 9 7hed WEE 2 04 [m]

A 1.2 [m]Z 7F4sta, A &A&T5FE o] &35te] SM(Small), MD(Medium),
LG(Large)Z ¢4 F7HS HA 23 , m9 7t WskE2 0.2 [kgldlA
06 [kegl® 7FA38ta, LT(Light), HV(Heavy)® H A& 3} z2ed Adoly

A T-S AARDL thF3 o] 6709 A2 FdHs = o] 7hesit),

%1
ok
)
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o714 M. g

o] o},

Table 4.1 Description of premise fuzzy sets

IF

IF

IF

IF

IF

IF

is

is

is

is

is

is

<
=
o =

rr

M1
M2
M?
M7
M3

M$¢

and

and

and

and

and

and

)
L

m is M; THEN
m is M2 THEN
m is M3 THEN
m is M, THEN
m is M} THEN
m is M THEN

Table 413} %

x=A'x+B'u
x=A’x+B’u
x=A’x+B’u
x=A'x+B"'u
x=A’x+B’u

M! Description M} Description
M; Small M, Light

M? Small M3 Heavy

M3 Medium M3 Light

M7 Medium M3 Heavy

M? Large M3 Light

M$ Large MS$ Heavy

42 AAFH ) F&

21 (4.1)°ll

A

o £3} me] FolAw

(2.29)9} zro] o] HA T FE2ANRE
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_Zpi{Aix +B'u}
X = (4.2)
0

i=1

=Y ¢ {A'x+Bu}, for i=1,2,-,6 (4.3)

i=1

3714 e A023)Y Fde )

4.3 RCGAE ol &% 25359 4 =4
W Aol el MAF AL AU 2L TS HARDA ¥

So Fe ARG sn, HA 25 %50 HeprgE 448 x7 9 okl
=g 2 =9 R

97 Bgo] o] gt NAPFOE Fo|A2EE Solojnx Po] £o] jaAt
N e AE B ol o R (Exterion” HAA T H(45)% 2L
H7E Gl W (nterion” AAFFOZ P, Aol A% mel ol

e A@5)s 2 At Z Feo A5FFE ST

>
(o
2
(N}
o
C,
o
2
o}l
(ot

kv

J_
Vi~ % = vi<p
T 5 aij = V] = ij
bij _aij
j
_ 1 , bij = Vi = ¢y
1
Mj: (4.4)
Vi oy < vi< d
d..—c.. » Gy = Vi= Gy
ij ij
0 , otherwise
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A Oij j
;0 =12Zj = Py
pij ij
i .
.= |
Mi=1 g - L (45)
— ____» Dbijj =127 =0qy
qij le
0 ,  otherwise

2AE AAE st {o, p,
% mAE 9AE Yedh
& Mi={G) | (LD, (1,2), (2,1),
(2,2), (32), (42), (5,1), (52), (6,1), (62)) olx, }7d £2&£T+E 74 Ad
FoAAFEe M=) G, Dol AR HARF dHvEHE ay
bii, ci, dig®k oy, pi, aiZt HH, olTel 2R HE HAIIE S ay, by, ci &k o,
a7k €.

oj¢} o] AARAY A£%HFFE HAoZ A= WAY A3 BAE
FAs7] 9 Hg WIAYEZLE RCGAS H83d RAxA7HS A&,
o] #4S T HARDAH HHAPA 2"l FEAo| MNE JAIAEE H A
7} 2ARY. gy 29 me AANFEE AAse] FAHL, 25
Arde defuErt WstoE AP 2de] FEAS TA
9dth Fig. 412 AF7-A A9d v« 2dy 7|9HE el

b
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o

fru
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]
>
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Fig. 4.1 Schematic diagram for fuzzy modeling of the container crane
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S8 e GRE goE 0o BAgFRY AU 59 B4P5
20t FAAE Q7] Askel AU6) Lol FHA Bry Adw
kT
io)= [ I, — xlds (46)
(

A7IA x, 9 x= ZzE Aoy A vAdFA LI HARD AE
oliz, Wi dlolH 9%=%9 =724 HAmdo AFarol AAAZE Aol o] A
HAsHA B HE a2 FAAE 47 A FHTE /@ AL
Aol A AxEw, mds 273kt A 409 4= oy Ay ndS

Tat7] 1% WS 4= dolg o] wHo A olof drh AR H
ole] & [u(kT), x,(kT)Jo] dold wiufet W3 o] Ul&2 4 ZE(shift)¥ i 73

P

¢

AE vk Fig. 42+ o2 g dHolE w3 425 BT 3t
1 data for fuzzy model initialization
L[ | [ | xakm
L[ | [ | xetkm
L[ | [ | xm
k-W k-W+1 k
L [ | [ | uwm

W data for fuzzy model run

Fig. 4.2 Data buffer for fuzzy modeling

,65,



RCGAE 2529 A5/ fol gaste sebrest gaae 447
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Fig. 4.3 The expression of chromosome
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A5 A AElY A AAA 2 AA

Aol dag]Fe] WEES Alado] F2 A TAA FIA do
Agrde] 7sto] AAS G, 2y Aeely Al kelM A%

o
e AHgEtel AAT AoEE Akt AEAL TSI WS

kA B s Aoy A Ay e wE devu|E Wl & 3H
o7 Y& £ A HAAANNE AAFTG. o] Aoyl A4FAA AW
T-S HARA 7zt B A~ s A B A o] 7] (Sub-controller)& A A 3} aL,

olg HARWY 25852 JIANAFFORZH Aol T},
51 A3 A B A7 AA

$24, AL AXARA dE HAAAGZ WA W vAZA HAwel
72 B zgel sl AR ezl AAshe AHel el A,
T-S AX R 72} ABALDS g go] Aukstsie] thA A4sA.

x= Ax + Bu (5.1)
y=Cx

o714 x(t)ER"= Al2=d"eo] AHHE, y(t)ERE FHOEA EE Y 94,
wt)ERE Aol Hola, A€R™, BER", CER™olt}. &9 A28 (A4, B)7}
7HA| o] (Controllable)3tH, e I =ul A o7} 7hs it 228 2 o] F7bsh4& o

&3 o] el gl
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2(5.2)¢] Hrtds HaRshe AulelA A= Aoy A v g

u= —-Kx= —-R 'BTPx (5.3)

4714 K& s osades dfdde Pe A(GA% 2E Riccati W
e EEREEER

AP+ PA—-PBR 'BTP+ Q=0 (5.4)

21(563)7 22 AoAge = Aoffide] 18 Al =" (Type 1 system) o2 2 A g

A $-o FZFA o] (Tracking controD)®} ©Eo] ZA7](Regulating) ¥Ao] =

)

@9, Aoy e AYRALS AP N wlvie} 2ol 19 Az
B2 4(53)9 Aol E & Al gl m
Agradel siegkolu el EASE B4 SANE Fol Azgdel F
Bt glol 4 23 % X 7] A4 PIES) Fesw Aoi) g g
a8

4659 2ol £ WAL A Ams FHRE 25 4B

7z = /(y— v, )dt (5.5)

A(5.1)9 ABA2HE 2G5S AFEA eI go] AxwEe] EFoo
e 4 o9
X A O B 0
- o | (5.6)
7 C o0 0 1
A (5.6)E s FAsE e 2o
x,=A.x,+B,u-D,y, 57)
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A O

, B.= , D.= ol t}.

C o0 0

Bl
FdE FHANEEE THA o s HH85]

g zde 2Ad A6 B 248 BAGEE AT F AT

Jy = / (XEQCXC‘F uTRCu>dt (5.8)
0
AR 234949 Frpse 1,2 HAAE sdA FdEw Ax"S Hdodoew

A G s A= Aol gde 45.9)% 2.

u=—-R,'B!P.x,
= —Kx,

= —-K;x+ ka(yr— y)d‘c

(5.9)

o714 K=[K, kl&e = o538 Pt TS Riccati A2 9 s &do|)
A'P,+P.A .- P.B.R,'B'P.+Q.=0 (5.10)

69N & F xol Fev=y oY PL Aol/e] FUE 2F @

= =
At Fig. 512 PIF 9 ey =) Aloj A 2¥l& v gl
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System

Fig. 5.1 Block diagram of PI-type state feedback control system

G A AW 7]ES] ABE A AA 7IHE A(52) e 2GR FAF
TE HALE FEE Ke dv AFAQA vAGY HAAs wA=Z B 5 vt
gl o] AL AARNA FAAE A" AAANYY e ASdxdS A6
aFshA] Revhe EAAS AT, olelek A ofxdo] FybEw ok Wby
e HAs ZA7E Hol siAA HHoRE AT & A A

wekA 7|4 = RCGAE Ab&ste] Akx 5, HAAAYG] Folx A=
K A48 + e ABA7] A 7|HE& At} ol ¢4+ RCGA7H
Folzl AFzAE OdE F oo gt duty oz fHd g Fo A Az
AL A= wHe A 75 AdF(Rejecting strategy), 74 2F(Repairing

m
1=}
strategy), 4 Aol e] B9 A (Modifying genetic operator strategy), &

A A ZF(Penalizing strategy)s ¢l o E E=foiAes HAASFE AL

ool ThAAR ek i E% S,

MAAGE687]S FA FuelFol FAFE F9e VA HwW wHE
Rahst etk ol AGEAS AL AA% BASY ATV AGH
deat RAYE JYor FAHI Wy wep dmFel FAFH I4L
Al @ W BHe RAsm, o) WHS PAGF A wdFHA Atz
Aol Wt AHE FAS Adrdel g BAZ AHY 5 97 @) 7
@ ol

B oERAAE AdolY AdAY AEHE medtel Bg Aol F/d
4% 4790
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w EE 0] o|§A oW FESL WATA Qolop @)

w EZYE BEIAAA A58 o] FAA Arole W oo 7158 o}
B,

w EZe)7 BugAe 2Rd Aot 38 E59L wAL o A
o of T

w Az FEB A AQE L Azd A ZAN FEsA ook Bk

SwAel slge] talA Aol £EYL Al Bt

N

Hd e FEM,), AL

A 242 wEA7)7] 9ste] AGIDIY 2o
(t), At EEY Day,), Al 9 (00 He AGzae ne .

go © A At
N . (5.11)
gy A EEE ey,

g A e (0,0

SR Alokxe R Awel we WA PARES WAYS Pw)E A
(G FHe AR FARE Fwe Bs 2o
F(w)=J(w) P (w) (5.12)
714 Ply)e thea 2ot
vk ARE A A
(5.13)

AZIM w24 AGzel dHeHe HAFFEA AAA o AdsA
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olFA FomMA Ak HAS EA= A" WAAS WSt A Fy)
HAirw o HAGAY HAs EAR MY Fig. 52 RCGAE ol &3 HH
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u Container Crane| X - y
System
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Real-coded
Genetic Algorithm
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F(Y)=30 )+Py f—

Fig. 5.2 Optimization of a constrained state feedback gain using RCGA
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al
Y

W o
At HAA o7 = A4l HABE T-S A RA 7zt A H A 2E o
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5.2.1 RCGA7I%t HA A o]7] A

A4 A Adloly ZH Y T-S HAERL L Fo]|~ER golojZEZ 7o
¢33 Adoly AT mol wEl o33 o] FolH .

A B
R 1 IF ¢ is M} and m is M}

THEN x=A'x+B'u, for i=1,2,--,6 (5.14)
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il

R EE

Lo IF ¢ is M} and m is M}

THEN x.=Alx,+Blu-—

(5.15)

o - [At o B!
& x.=[xT 2] eR, Al= , B o]t}
C 0 0
B' A'
Aefe] 7zt B A 2~Eo] 7bA| o] LA, rank =n+19] #A7} THHHH
0 C

SN 2d = ThA o A = HH93].

. 1 6. 6. 0

x= 5 (ZflAl)xﬁ' ZSBE)U Vi (5.16)
Zpl i=1 i=1 1
i=1

A € =L o
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A o] 71 71

R': IF ¢ is M! and m is M}
THEN u'

i
—K'x,

= —Kix+ kgf(yr— y)dt , for i=1,2,-,6

o714 K

=K' k= "4 JFHel
W, HAAA 7Y
RCGAE o] &3 71

a3 RCGAZIRE H A A10)7] o) 29L& v

DITAS

A 6
1761 . :.Zzlglul
DI

u=

6
- Y ¢K'x,

i=1
= ii]léi (* Kix+ k;/(yr — y)dt)

2 (5.18)3% Z& Feel AW ¥ L Tanaka & ©]

Tanaka &
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Fig. 5.4 Schematic diagram of the proposed RCGA-based fuzzy controller
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522 AAZHASZT] 23 A A A7 2A

de AFANE oz ymA ANsE FASA Ak ojzle hEAd ol
uh2 AE]#=7]9 49, Luenberger A El#Z71[95-9717F H %9 Az A
91Tt Luenberger JEl#Z7]= v A GPA 2l Ay mddo] HQgstr] wio
#2719 Aee Alad mdeo] Ao A oEekA k. wkof AA Al
g3 dAstE RS A7) oe AS, e U A Al geivEH S o
HEsks Afods 4 a5 frdsta o2 Qste] HA AlojA] =gl &b
sHA 3 & v

mEka] B oERoAE oyd HE UdAF HAT F UAEF ] fs HAAA
BaZ715 AAs e A4S e

WA 25149 Ae ey ZeEd HARLAAN yeR' F, EEF Y A AE
e AZde 84S 1Hste] yo uE FH AA AEHESEE FAHs e A
FH a7 2AE AHE

FH4 (AL, C)(1<i<6)= A3FoA AFek vpep o] 7pRZsnz, A8
Azaele) Zh AR A e s Luenberger 39 dAA4 AHASE
AASH ths 3 2o

x=A'x+ButLiy—Cx), for i=1,2,,6 (5.19)

8™ oS HAGFHoR AT £ J3u, gSy 2ol ¥d e HAS
¥ %] A} 8] B = 7] (Full-order fuzzy state observer)E 42 4 9t}
A2 H 2B S
R' ! IF ¢ is M| and m is M},
THEN x=A'x+But+Li(y—Cx), for i=1,2,--,6 (5.20)
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2ol

et A5 HAALHBSI S B

~ i=1
X = 6
2 (5.21)
6. .
= Zfl(Alx-l— B'u+L'(y—Cx))
i=1
ukok A1(521)9] Lizt orA s PAolgtd AEHB=79 Z7|ZA0] AlAH
Mz e 4= x= x5 F48E Aol 7h5sit
Aaks AAGHASZ7IE AR Aoj71e] AA T HE 461N AR,
Axe HAGHBSE77 A S AA 7Y S8 HAFAHoE v 2o
Fedg
(5.22)

6
Z i
2upu , '——.Xﬁlfi(KipE"'kig/(y—yr)dt)

o] 71 A x=x—x2 Aolsta, o2 A (522)0] HAsE us e g},
(5.23)

u=

- zﬁzfi(Kﬁ(x—i) +k§/(y—yr)dt)

i=1

aBER AA AFE AA"ES ey 2

(5.24)
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AZbserha=2)a A4 HE, FLA5 FoBs

R': IF ¢ is M| and m is M},
B,

: i i
21}_[ 11 12}[21}_’_

: = i i i
Zy 21 22 Zs B,

y=11, 0lz= z, (5.25b)

THEN u, fori=1,2,---,6 (5.25a)

q71M z= [z z,]|" ola, Al (qxq), Al(ax(n-q), Al ((n-q)xq) =27 i

AL((n-@)x(n-g)E 44 EAE 'Z5H AAdd AUs 25 289 P20

s 239 PHola, I(gxa)=

fifo

t}, Bi9} Bi: EB'ZRY AAH 249
SEEEDES
21 (5.25a)8] BWAE 2(5.25b)ol ALt w, mx el WL z,e R h3 A4
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;2=(Aiﬂ*LiAm)zAQ-!-Azly-l-BQu-!-Liy' (5.27)
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R': IF ¢ is M} and m is M}

THEN w=H'w+D'y+ G'u, for i=1,2,---,6 (5.29)

@, H' =A)—-L'Aj,
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6
_Zpi(Hiw-f— D'y+ G'u)
W= — ; (5.30)

6
= Zfi(Hiw-l- D'y + G'u)
i=1
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mA o 2 z=Fx o BARRE Fe@Ere 29 0gat 2o Wn
x=Ny+Mz, (5.31)

7] N7t M& E'=[N: M| #AE 7Hxe= ddojt) o FolA y&

, B AHBET)7 #2ee AE A 2,5 2((5.28)

A5 ANGHBEZAE AFES A9 AojdE e FTERAoR A(523)%
2o geolAw x=x—x= (Ny+Mz,)— Ny+Mz,) =Mz, @47 A3}
= %}

B og A(G22)d Yhaw 445 AALYBS7)
EER s

o
rr
m\(

u= - 2635 (K1 +k2/(y*yr)dt)

i=1

6 (5.32)
=— Zgi(Kﬁ(x—MEQ)+k§f(y—yr)dt)

i=1

6 6
_ZgiBi)(_Zgi( il(x—MZQH-kin) (5.33)
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Fig. 6.1 The experimental apparatus for container crane

9 okA F2a@ RINPPA] neeE g Table 6.1 EAFAT. 72

gepr Bl 9] 9w = Table 3.1% Table 3.2¢ A5 o 3ltt.

Table 6.1 Parameter values of the experimental apparatus

Parameters Value [Unit] Parameters Value [Unit]
L 0.0079  [kg m’] m 0.23 [kg]
K, 371 M 0703 [ke]
Kt 0.0076  [V/rad/s] R. 2.6 [S]
V4 0.33 [m] T4 0.0063 [m]
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weba] B =Fo A u iy (Differentiating filter)o] ZF3 A &S 24
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Transform)ste] EX3 ZAHAZ Fig. 629 YeElAtt. 2dF 3= (Cut-off
frequency):= F A3 BF 10 [Hz]E2 A AT 93 nEHAEE A& 3
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Fig. 6.2 Magnitude spectrum of trolley position and container swing angle
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1[0 —1.953] 1 _[—19.815 0 1 [2.288]
An = 10 —22.057]" Ay = | —37.153 —0.2] » By = 1 4.291 |
2 _ [0 —5.174] s [ —17.492 0] 2 [2.020]
Ay = 10 —28.095]" Ay = | —32.789 0] B, = | 3.788]
3 [0 —1.953] 3 [ —19.815 0] 3 [2.288]
An = |0 —11.028]" Ay = | —18.576 0]’ B;= | 2.145| (6.12)
+ [0 —5.174] + [ —17.492 0] 4 [2.020]
An = |0 —14.047]" Ay = | —16.399 0]’ B,= | 1.894 |
5 _ [0 —1.953] 5 _ [ —19.815 0] BS — [2.288]
2 0 —7.352]" 27| —12.384 0] 27 11.430]
¢ [0 —5.174] ¢ _ [ —17.492 0] 1 [2.020]
Ay = 10 —9.365] "’ Az = | —10.932 0]’ B, = 11.262]
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=% (AL Q)7 ZtREs ez (AL, Al
BZ7)8 g3 Lol FAT & Ao
FaAs A RS
R' : IF ¢ is M} and m is M},
THEN w=H'w+D'y+G'u, for i=1,2,---,6 (6.13)
o714 L'e ivlA FHe 245 FHBZ7] o)5hPB2X RCGAE o &
dtol A H'e ;o] oo e ZEE g ETH41]
L1:[8.744 —3.811] Lg:[5.759 —0.790]
4.877  0.341) 0.622  2.574
5 [3.926  0.232 4 [ 5.918 —1.400
L_[12.699 2.703]' L_[14.128 1.606] (6.14)
Ls_[uos —0.688] L6_[ 8.078 —1.630]
“11.033  1.813]" "113.528  1.472
w2lA H, D', G (1=i<6)E 472 g3 2.
[—28.560 — 3.811 [—28.560 1.857 | [2.288 ]
H'= >~ Sk , G'=
| —0.548 —42.031 |—42.031 —22.605 | | 4.291 |
o [—23251  0.790 [—23.251  — 4.384] [2.020 ]
H= , D= , G*=
| —33.421 —2.574 |—33.421 —30.670 | | 3.788 |
[—23.741 —0.232] [—23.741 —2.186 [2.288 ]
H= . D= G-
| —31.276 —13.732] |—31.276 —13.732 12.145 |
7 7 (6.15)
—23.411  1.400 (—23.411 —3.774 [2.020 ]
H'= , D'= . G'=
| —30.528 —1.606] |—30.528 —15.654 1.894 |
~[—24523  0.688] [ —24.523 —1.265 [2.288 ]
H;): , Do: , G5:
| —13.418 —1.813] | —13.418 —9.165 1.430 |
[—25.571  1.630] [—25.571 —3.544 [2.020 ]
H'= , D= . G%=
| —24.461 —1.472 | —24.461 —10.837 | 1.262 |
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Fig. 6.19 Responses of the nonlinear system and the reduced-order fuzzy

state observer
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Fig. 6.20 Step responses of the RCGA-based fuzzy controller(solid line) and

linear controller(dotted line) with reduced-order fuzzy observer

(sinusoidal change of parameter :

- 116 -

¢, fixed parameter m : 0.6 [kgl)



1.5

I I I I
I I I I
Y R NS S
c v’ | | |
2 g | | |
= 2 | | |
8 0'5777’7\77777\77777\777777 77777
o A I I |
- I I I I
0L | I 1 |
0 2 4 6 8 10
(@) Trolley position Time [s]
|
I
= |
B
= |
© T
D |
= |
< I
I
1
8 10
(c) Swing angle Time [s]

Input [V]

(e) Control input

Time [s]

' Velocity [m/s]
Angular velocity [rad/s]

Parameter [m]

0.8

0.6

0.4

Time [s]

(d) Swing angular v elocity

|
|
|
|
|
]
|
|
|
|
1
8 10
Time [s]

Length of hoist rope
[ N

(f) Change of parameter

|

|

1

8 10
Time [s]

Fig. 6.21 Step responses of the RCGA-based fuzzy controller(solid line) and

linear controller(dotted line) with reduced-order fuzzy observer

(stepwise change of disturbance : 0.1 [rad] in transient state)
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Fig. 6.22 Step responses of the RCGA-based fuzzy controller(solid line) and

linear controller(dotted line) with reduced-order fuzzy observer

(stepwise change of disturbance : 0.1 [rad] in steady-state)
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Fig. 6.23 Step responses of the RCGA-based fuzzy controller(solid line) and

linear controller(dotted line) with reduced-order fuzzy observer

(Initial values :
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