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Stabilizing Inverted Pendulum System Using Fuzzy

Controller Based on State Variables Combination

Jong-Phil Kim

Department of Mechatronics, Graduate School

Korea Maritime University
Abstract

The inverted pendulum system is a typical nonlinear unstable system
because this system tend to fall down when its does not exert to proper
force. Therefore inverted pendulum system is a common, interesting
control problem that involves many basic elements of control theory. In
the early, controls of stabilization for the inverted pendulum system were
used classical methods like PD, PID controller. In recently, however,
control methods based on modern and intelligent control theory are widely

applied.

In particular, fuzzy logic controller which is often used in nonlinear
control is a little too hard to design due to increasing fuzzy rules rapidly
if the given system like inverted pendulum has many state variables.
Also, in case the state variables i1s tied with two parts, two fuzzy
controller is designed in the one control system. In this paper, therefore,
propose Fuzzy Controller based on State variables Combination(FCSC)
that applies only one of the fuzzy controller using the input variables as
two new reorganized signals by combination properly for the four state
variables of the inverted pendulum system. Proposed method apply to the
inverted pendulum system and control performance is demonstrated

through simulation.
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Nomenclature

ith row and jth column element of matrix A
fuzzy sets

fuzzy sets

fuzzy sets

fuzzy sets

matrices or fuzzy sets

viscous damping coefficient at the motor pinion
viscous damping coefficient at the pendulum axis
fuzzy sets

fuzzy sets

cart driving force produced by motor
gravitational acceleration constant

moment of inertia of pendulum

rotor moment of inertia of motor

scaling factor

scaling factor matrix

gear ratio in gear box

back EM.F constant of motor

torque constant of motor

lagrangian operator

pendulum length

cart mass, including the possible extra weight
lumped mass of cart, including the rotor inertia
mass of pendulum

coulomb friction force of the cart

coulomb friction force of the pendulum

fuzzy relation

armature resistance of motor

,iV,



I'mp motor pinion radius

S fuzzy relation

Te total Kkinetic energy of cart

Tt total kinetic energy of system

Tet translational kinetic energy of cart

Ter rotational kinetic energy of driving motor

Tt translational kinetic energy of pendulum

Tor rotational kinetic energy of pendulum

u control input

Vr total potential energy of system

W fuzzy relation

Xe position of cart

X, velocity of cart

X state vector

Xy, X9y X3, Xy state variables

Xp absolute x—coordinate of the pendulum center of gravity
Vo absolute y-coordinate of the pendulum center of gravity
0 pendulum angle

0 pendulum angular velocity

uAl(xl)’ /J’A,Z(xz)7
M4 ()

n

fuzzy membership function
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Fig. 2.1 An Inverted Pendulum System
y, = l,cosf (2.2)

EHAA AlzEe] T fANYA Vs Al2E 52 AAF 7L

Foz vrhdth A dUAE dutEom VEHAM e A

g T fA AR} 2zl ot FAAYATE Qo o7]M gl

T EAEA Fernw T fAAUAY uH P B At

& FHAela, FAWYES MR Fouz AlzEe] EF JXUAR
<

g gAAUANE el EASHE et k.

=

V=M, gl cosf (2.3)

=R Al2=ge] B REUA Tre tixke] Fdols FAUA(T,),
DCREE &3 3d EFAHA(T,), A2 Baols EAHA(T, )t
A EEAGA(T, ) Foz verd &

AR dake] FPols FsoluA T, = 224 2
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T, = My (2.4)

71 M2 F&5E AT tate dFs o
=4 Aol 9= DC ZEl ofd 3d EolvA T, 4259 2

K, \* -
Tcr: _Jm (_g) Xz (2.5)

A71 T, kg - m*]e RES FARARME r [m]E ZEO Ul

TL TCt+TL1’
2 K 2\ .
= Iyt Ly (22 ) Tareg, =) | (2.6)
2 2 o 2 Lot

AzLe] EAZS FAFA(COG : Centre of Gravity) 2.2 ¥ 3t1 =HA A}
E eolyuA T, ¢ A &EdUA T, & FTh

A e FPols FAUA T, & Tatd vt Ak

1 ( P '2)2
= EMD X +yp (2.7)
714 X #HEY x,E  x~lfcoshE FAHL, Y HES yE

—1,0sinf = FAH

o}
goz Ao AARWMES [ (= M) gosta QA9 3d



T = 116 (2.8)

gejBRRE A2 FAAQL EEduAE 2(26), 227 18 2(2.8)

2 ndsE 247 eEduA geow mAY & Ak Ged £9A A
O~

Tr=Ty+T,+T,+T,

= (M. M, )52~ M, X G eost+ (1, + MyI2)6® (2.9)
olAl x, ok el W HaRA WANS ustd At A
gt 2.
L( XX, 0,60)=T(Xes X, 6,0)—V(x..0)
%(%)_ S;C:Qxf (2.10)
(i(zg)_ L _q, (2.11)

4714 Q, & xo Hisl QushE Folx, Q, ool tisl AwrskA Fol
Coulomb PH&& 3 A4 &4 o vzl Fgats B2 FAta

agAGT Q ¥ Q2 E@FE e k.

L=T;—Vy (2.12)
— (Mo M,)x2 = M, 1, X feosd + (1, + M, )6~ M, gl,cos6

Q, =F.—B,x (2.13)

eqt ¢



Qs =—B,0 (2.14)

047]/d FC}T:‘ 1:Hi]'7]' E’_Eioﬂ 9/]:6}] ?—%H_}:j @, Beq}‘_——: Ey_‘ﬂ lqlzlo‘j_Q/] @;\éxﬂ%
A, B,E =@z HAgAE Aol

21(2.12), 21(213), 2(214)F 221003 221Dl tisiste] Aelstd ths
7} 7},

(M, +M,)x?(t) = M,l,0cosf + M1 6%sinf = F.— B, x (2.15)

eqrc
— M, x.cos6 + (I, + M,12)0— M gl sind= —B_6 (2.16)
2(2.15), A(216)F x.9 § tsle]l Falsha vhg 2

— (I, +M, 2)By X~ (M2 +1, M, 1) #’sin — M, 1, B, 0 cosf
(M + M) L+ MM, B+ MZ12=M? 12 cos®0

X, =

N (I, + M,12)F + M2 ¢ cosfsing (2.17)
(M, +M,) I, + MM, T+ M, [ = Mylieos™d

(M, +M,)M, gl sind — (M, + M, )B,0~ M 212 6%sinfcosf
(M. +M,)I, + MM, 5 +M 12— M?1? cos*d

. (2.18)
F M,l,cos0 — M, 1,B.x.cosf

P eq

+
(M +M)L+MM, B+MZ12—M? 12 cos®d

Table 21 EH% A28l £5ugA ol g8 sebre ojug 4z
@ Aot



Table 2.1 Parameters of the SIP system

Parameters Unit Descriptions
Xe m position of cart
X, m/s velocity of cart
0 rad pendulum angle
0 rad/s pendulum angular velocity
M. kg lumped mass of cart, including the rotor inertia
M, kg pendulum mass
I, kg-m2 pendulum moment of inertia
1, m pendulum length
g m/s” gravitational constant on earth
B, N-m-s/rad | viscous damping coefficient at the pendulum axis
B, N-s/m viscous damping coefficient at the motor pinion
F. N cart driving force produced by motor




b5 4 (working point)oll A1 2] 43 S}(linearization)= < HolA 3 x .o
0 S " A3 <AHTaylor approximation)® Al
Pt & 5 Ak HPFH F99 A2 Adx #HA dEiA, S5 09 Wt m
sattta 7Ase] =02l A sind =0, cosf =1, ° =002 AEE
a1 gt o Z2rh[4, 9]

ofs
o
Iy

— (I, + M,I2)BogX . — M,,B, 6+ (I, + M, 12)F .+ M1 g6

X, = o > (2.19)
(M, +M,)L, + MM,
i (M, +M,)M, gl,0 — (M, +M,)B,0— M,I,B.x.+FM,I, 290

(M, + ML, + MM, 2

aE FEA7IE @ FINI® 7% RE A7tEE A ulv]e 24
g Aeatd 2221, A2 ved 5 vtk o7]4 K [V/rad/s]=
RE BEAaF, R,[0R]e 2ES A7 A, r,,[m]e ZE S U nl

g, K, 2EHe o748 35 oda

~ Ryry, KK, . @913
YTRK, T T, e ‘
K K K 2K, K
=y (2.22)
Rmrmp Rmrfnp ¢

. M/ 12g
X.= 50
M., + M, I, + MM,




N — (LK 2K Ky + LBoR 2, + MK 2K K, 4 MI2B R 12

pPed™mImp piphhg p'pPed®mlImp -
R 2 (ML +M.I +MMI) *
m*mp c'p P p ¢ pTp

~MIB

pp—p

+ 2
M., + M, L, + MM, 12

N KK (I, + M,I2)
R fmp (M, + ML+ MM, 12

) u (2.23)

M,gl, (M. +M,) - M, (K KK, +B.Rnri,) .

eq-'m® mp

= XC
M, + ML, + MM, R, (M, + ML +MM,1)

—B,(M.+M,)
M, + M, + MM,
. K K M,
Rty (ML, + ML+ MM,

] u (2.24)

X| =X, (2.25)
- (KKK, F LB Rurh, M PKIK K +MEB. R )
X9 = X
: Ry, (ML + ML+ MM, I2) ?
Mflgg - M,LLB,
+ 5 X3 T 3 X4
M, + M, I+ MM, 12 M, + M, I, + MM,
KK, (I, + M,12)
+ 1 —u (2.26)
Ry (MIp + M, T + MM, 12)
X5 =X, (2.27)
=M, L, (KZK Ky, + B Rpuray) M,gl, (M. +M,)
X, = > o Xy T 5 X3
Royra, (ML 4+ ML +MM,12) M, + M, + MM, 12
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—B,(M.+M,) K KM,
X u
ML+ ML+ MM,I2 ™ Ryrp, (M, +M,I + MM,12)

(2.28)

21(295) ~ 212287442 Ae 37+ =

=

#obl v 2k [10]

x = Ax+Bu (2.29)
y =Cx
01 0 O 0
_ |0ay aszay, _ b _
A7, A=100 0 11 B=lol €= [1000] oL
0aypay3ay by

— (KK Ky, + LBeRpura, + MEKK K, +M,I’B R, r5,)

Aoy = pp g p'p—eq tm-mp
# Ry, (ML + ML + MM, 12)
Mlegg - MyLB,
gz = 20 o4 = 2
M, + M, I+ MM, ML, + M, I, + MM, 12
=M, L, KK Ky, + B Rura,) M,gl, (M. +M,)
Ayy = 3 9y 0 d43 = 2
Rpnra, (M, + ML +MM,I7) M, + M, I, + MM,
-B,(M.+M,)
Ay = D)
M, + M, I, + MM,
- KK, (I, +M,12) b= K K M,
2 Ryrp (ML, + ML+ MM, 12) Ry (ML, + ML+ MM, 1)
o] t}.

,11,
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A9 3.1 (HAAZF} L 2585
X7 94 x2 o]Fofz AA| Y& (universe of discourse)o]&H X #

H
g8 AAYY AT od g EAMoR FAR,

rr
o 2

A= {(xpuy X)) | x€X }, pa(x): X—[0, 1] (3.1)

A7IA uax)E JAE Aol et xo] A&ggola, o] AL 03 1A}olo] #t
= 7]'X1Dj|, A xeX 7} Pg%l— Ao 2dE= An
nae] grol 07 w17 Fe] Sz ww wER ol
o w, durH oz HAYIFY AE TSy
x4d49 5 o

0|4+

A= Xjex“A (x;) /% (3.2)
GE

A= quA (x) /x (3.3)

4714 H(32), 4B B T3 TTE i paG0)e] Folh Hwel
Abe] olvv} ohvel @A v, S el ddke] ojulzh ohue g

AAA N AT ALHE 2&TFAE A4E, AR, e sd,

oE

A9 3.2 (HA l‘%%ﬁ%‘)

AAAE X el = 7 AAHE Ask Be 2587 44 )¢
()Y W, 2= xol gis] "R pax)<ppx)old HAAHE A= AL B
of HA FEZH e (subset)olaL, 7|22 th53 o] R HET

AcB & pyx)<pplx), vx €X (34)
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9 3.3 (453

ST G0 W, A oW

Kz{&,mﬂX»IXEX}ZJ;uA&VX (3.5)

A3 stela s, o] 9ol Sugeno[12]e] o1 E

H H

BEESYROL & AE(—1,00))7%  Yarger[13]9] A F(py (x) =

0

1
(1—py )Y, @& we(0,00))% Ho] ARgHT],

A9 34 (FHAF)
AT X el = F AAHS Ak Be| &5

) }
s ®, H7) F3THunion) C = AUBS the3) 2o] maHY

C=AUB={(x, paypx)) | xEX }:j

sy (x) = max (uy (x), 5 (x)) = pa (x)V g (x)

X,U/AUB(X)/X (36)

714 VvV £ maximum AAHAE o] w| gk}

d9 e wE FAY

ol 9]o &= Yager(puy ,p(x) = min(1, () (x)+
1

+pg (x)™), &, we (0,00))7F AlRE

o
ot
)
%
oot
3
N
N
%9,
i3

A9 35 (¥
AAPE X del gl F AP Ash B 25

p(x) € W, Hx wFZ(>ntersection) C = ANBE v Zo] TdAH
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C=AMB=1{(x pysx) | xEX }:J"XMMB@()/X (37)

S, pp o (x) = min(uy (x), pp (%)) = gy (x)A pg (x)

o714 A+ minimum 4z}l T},

w7 ST Yager( iy g (x) =1—min[1, ((1—p,(x)"+

(1= pg (x)M)™]) 7+ #Aerat wHFE F57F ek

L3k “t-norm”¥} “t-conorm”& AF&3e] HA-AND$S} HA|-ORE 7}
2] 74 deHE AT % gt “t-norm”S HAF el ANDe| U
& AAAE, “t-conorm”> HA ] OROll theh JF A= @Wol A&

oH14].

L)
&

i oY

39 36 (FHF)

%j_iﬂ;é}?ﬂl_ Xla XQ) Ty Xn LHOﬂ 9\/1% Sﬂ;{‘l@?} Ala AQa B} An q iél:-(?:]!-‘{l:7]—
ZILZ}MAl(XJa MAQ(XQ)a it NAn(Xn) o u:H, Ap A27 Tty An 9] %%ﬂ] ;:IL
(cartesian product)< T3 Zo] ZdE.

Ay XAy XX A (3.8)
:{((Xsza"'aXn)aNM(Xl)/\MM(Xz)A"’/\MAn(Xn)) | VXiEXi}
A9 3.7 (HAHA)

AAAI X, X, o, Xy Ul = ARG Ay Ay, -, A8l 2557

212y par(xn), pa(x2), o, pan(xn)olaL, Xy, Xo, -, Xpo] Aol Xy x Xp x
5

- x Xpolghda, nxb9 9 ¥ A BA (fuzzy relation) RS #83 X; x Xg x -+
x Xpo #A FEFIFo A thg o] xAHT

R= {(lexgv"'uxn)v HR (X17X27"'7Xn )) | VXiEXi} (3.9
A7 pp (X1, Xz, -, X)) par(Xy) sk pas(xo) sk o sk pan(x,) TS palx)
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39 3.8 (AABA] }4)
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A& o)), “t-norm” & Sup-min&. & AL-8-31H, pr . s (x,2) =

V e ) A ps(y,z)} 2 Ak o714 ViE max, A ming 9u|aE <

S5

<
=

™

Aol

£

,16,



32 HAEZF A|2H

N

£, 9% ‘IF-THEN’ 774 2 H#%2<
ZIWHolth, dnky o w w22 Al 2wl (fuzzy
Fig. 3.19} #o] 3 A] 38} 5 (fuzzification interface),
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7 Aol oz wdHT HA s dHoReE e oy FEo] §l
S o F2 A= @%%ﬂxlﬁ}(singleton fuzzifier) ¢} 5o &

&
7F¢-A1¢F WA 3Hgaussian  fuzzifier) 2 AFzbE 9 A 3H(triangular

2) A2 Wolx=%

A4 o] ~F= dlo]E o] X(data base)9t TFF ulo] A(rule base)Z T
Axo] ) dlolE wola= HAXAHI, HAFHAS Ae=d dask 74E
ol & Hasts o= HAAQRTY olikst / Aatsl, o =9 &7 94

F&(fuzzy partition), & AEE A&t AE 5o sk JEE ¥
hatar vk 4714 ojitstE AEA Q] AARNFS HFH T AT
oAb Ql Fom o]itstat= Aol Arste HAAPHS AR WS
sk Ao, HARTE HAAFRAA Bojd AANIY =5 24 A
ojth. zelal ZF HAFS FAAQ o WEketr] Qe AAH= LAE

of wel 1 5ol Foxith FE AMSH= AEdeE

ac)
e

2 A7h4 (triangular type), AFchel% 3 (trapezoidal type), 75
Aletd (gaussian type) & Al 1R o] =3 (sigmoid type) & & A<= My

O FH Aree AARY Adse e AR A8l wel Wol 2t

Table 3.1 Membership functions of fuzzy logic system

AR aEeS e E Ak e
X—a 4 a<x<h
b_a,aSXSb b—a’" 7 "7

I (X)_ c—X [ (X)_ 1 ,bSXSC
ANV <x< AMY T d—x
C—b7b* =¢ ,e<x<d
0 , elsewhere d=c
0 , elsewhere
7H-2~8 AE3e Al 1RO Ed a3
_(x-m)’
2 2
pa (x)=e 7 ) 1
b \X )= -
@, m: mean 1+e ax—d
o standard deviation

FHMol 2 A AAFHel e §-FH W] A Ao A HA



Aot AE 2osta ot kg oz APHQA HAX A7 I-EE A
T e “IF-THEN"9] H el o] AA=™, Aot AAZAEL
T oAARGE A9k Cte] BAE ustnE HAX A RE, £E HA| 20T
F9] 715 “="2 AbgEte] A(31DH o] ‘A= C'® BT}
IF x is A THEN z is C A A=C (3.11)
AR

A7IA xst z= AdolA WFelm, Ask Ce A 25FF7F py (x)o
pe (z)elm, AAAF Xk Z el o= E= “Small”, “Big"s ¥ 2& #HAAH

dolth. “x is A& AAF(HAD, “zis C'E FAF(A &)t

HAZERE A FEFHE FU UE AAZA Axde] 94 By
o, WAzAY FAFA FEO6]S Asath FHuolxe 3 Aol

TS o835k ﬁixl%‘lﬁﬁ‘oﬂ e HAEHS FE8= Ve s 7HA A
[e]

.

R IF xiis A} and x2 is A and -+ xj is A} and -+ and X, is A

THEN z is C' Also, i€l j€] (3.12)

047]}\1 12{1,2,"',1'} y J:{l,Z,"',l’l} O]J_-’—, Rl(lEDT‘E l‘ﬂﬂﬂ‘o/] “—‘ﬂ;(] xﬂO]

FHE Gehie, re #A Aolite] folth Lem B4 AAA “Also’:
7 FHES AA@t x (GENS} 2= 77} =g Xj(jEJ) ERARNE I
= g FAshe oy wolul, AlGel je)) ¥ CleDe A%gie 2

ok GElell webr] S4o] Folx= dolH W] HA ol
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o FEW 1
nle HA AZFE AH A =x,A, =% A, =x,, 7F FE o,
Mamdani[17-19]¢] min 943} sup-min A T3S AL&sd C'9 &

R
F pel)e a3 2ol 73 4 9

=
2

b
ot

pe(z)= | J{IA} (x;9)=CT@IA - A[A] (x,0)=C )]}

el

=V {[Ai(Xm)/\--- /\Ain(xno)] A Ci(z)} (3.13)

i€l

= V {aciz)}

iel

A71A FA AIAE p'=Al(x) AAL ) A AAL(K,) B FEl W@
A H e APEE vEbir,

Fig. 322 F/A9 B3ad 98 x9 xx0] FoJ# 3, HX-ANDS} X
e

-OR AAikatel tieto] Z42 min A4t max A4bS ARE-SHE max—min 94
ke

A Al c!
£ pl
\ / min Cll
X X5 Z
R' : IF x,0 is Al and X20 is Al , THEN z!' is C! also
A? A c?
A\ . %
\ min P
/ \ 2
X X5 Z
R?> : IF x50 is A? and Xa0 i AJ, THEN 7* is C?
C
® * | -
-l
, N—
C
X10 X, X20 X, V4

Fig. 3.2 Fuzzy inference process of method 1
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o FEY 2
nlel A ASFE G A =x A, =Xy Ay =x, 7F S W], vk
Larsen[20]¢] product <A4F3} sup-product FA TS AF&3shH C'e 2%3H
T pe(z)= ofefj ok o] AR
pe ()= \/ {p-C'(z)} (3.14)
el
AZIA GRS X pl=Al(xy) Ab(xy) Al(xy) £ E90 dig idA
T AY¥=E etk Fig. 335 79 B88d 48 x09 xn°l Fo
A3, HA-AND<} #HA-OR A4kAtel] diste] Z+2b ) 4F (product) A4k}
x A4Hs AFEEHE max-product S A& wf FEW 20 tigh 2773
WA 2=2 A Ado] W22 Ay C'2 ojus AAs=x Koz
Al A}
A 1
\ prod. ="
Xi X5 Z
R' : IF xj is Al and Xz 18 A}, THEN z' is C' also
Al A3 c?
\ prod. | p’ o
N / \
Xi X5 Z
R? : IF xy is Al2 and Xo 1S Ai S THEN Z* is C?
® [ ]
X10 X, X20 X
Fig. 3.3 Fuzzy inference process of method 2

,21,



X
B
oo
=
g
Q
3
5
=
2

A4 t1'.13((Ienter Of Gravity : COQ) X
o]t}
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AgAEEe AG16)AY 0o A £EAES Yy 2ol ¢S 3
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rlo
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Fig. 3.4 Various schemes of defuzzification
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A 47 AR A7) AA

AEAQ 1A Aoyl FHL oA ool Wag NEE YPOoR of

s 249 AAA S Adetn Ao

2 97 Aolr)e AYow so] TYAAE A =

w4 @ mgAAde] A dAe 94, % 49 4w, AEEw v
o]

FoAhe FHAEE A o|F mE Aol st HAA
e

Agotd 5709 2&grw Jojsh 7 =2401709 FH o] HAFEE M=
FdE = He 2 AR AT Ade AAA e HA At
Faow A A7) A oA AT

metA] B oEirol A olet 22 B S sl dsty] 93 4] FEHHSTE
2709l MZE 232 Z%(combination)dt WEE H X A o] 7] (Fuzzy
Controller based on State variables Combination, FCSC) A A WS Aot

S @)

Ao gl A Ak deHl FEje] A A= FA A
o EYXIA} Alxdel] AHEste] Ao Hee Al Ao

4.1 Ae23 A A7) AA

¥
i

2712 Aj

NEE 2FgsE AA Aei7lelm ol WA ANE F AW AH§E

4

ool A Aljbsks Maexs HA Al 7= 4709 e
o

A =t

Z’:
EHRIAE Ao 2gel] de AL FEHyem Aoy Az A4l

o o
= ZAdE

P

u=—Kx = — Y k;x (4.1)
i=1
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x=[x'x*"1T (4.2)
o ox! =[x xy e XD]T, xPTt [Xp+1Xp+2' Xn]T S orgtc}
a8 ¥ A(4.2) v 2ol e & 9t
i=1 i=p+1

> k; o k; (4.3)
:_{klAZk_Xi—}_kIH‘l' Kk ! X]}

i=1"%01 j=p+1"p+1
R Ry e FE)

~ - o bk ! n k;
A7IA ky =k, ky =Ky, Xlezk—Xi, Xy~ K x;olal, F(-)

=151 j=p+15p+1

= HAARE oY

SR04 Azdl e e 920, WA SR, A4 Fx

(0), Ao ZA&(g)olmz thate] PHE Wl NAto] AHE WE F
Mz FrS = glemz x=[x": x*]T=[x x: 0 0]7 g o] ez
s 7T Ak 28d HJ43)E sy 2ol Al &

u= F(—{k x+k,x : +k;0+k,0}) (4.4)

244X & 5 Aol FE = Aoje} e W5 NE 2R thA|
2% HAA A7t A3E FEHE AlojdHol FAEM, F(-)&E HA AAb
S o|m] gt

W23 ¥ A Ao] 7= Table 4.19 2& 2702 AA

b, 4

)

9 W
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o
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)

A&E3teE [-1 1] Alo)l&® BIrslete] AL&E A2%F
S 42FA 9= (scaling factor)E& A A3 Ao sf=dl, & =dAs APFe

g B3 A4S Bk

ot

Table 4.1 Construction of fuzzy controller

32 Mamdani type

AND <4t min

OR €4+ max

H] 3 2] 8} FATAH

R 2N (& 447N AR

AT 9 [-1 1]

=9 1I7H(&&3 74 AR

=9 W1 [-1 1]

¥ A 513 4974

2719 483 14 =9 Wl AMgg AE3te = ZO(Zero), PS(Positive

Small), PM(Positive Medium), PB(Positive Big), NS(Negative Small),
NM(Negative Medium), NB(Negative Big)¢] 7712 A st o™, NB¥ PB
2 AaXol=(Sigmoid)d, UHA= 7F+AoHGaussian)d A Ego| )

Fig. 41= -9 25859 2Fe Hed Aot
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NB NM NS Z0 PS PM PB

0 L L L
-1 -0.5 0 0.5 1

Fig. 4.1 Membership functions(Inputs and output)

e

oA ALgE WA FHE TS AEIEE ol §8te] Table 423 2

= 4970 ] qFE o= A5t

Table 4.2 Construction of fuzzy controller

NB NM NS Z0 PS PM PB
NB NB NB NB NB NM NS Z0
NM NB NB NB NM NS Z0 PS
NS NB NB NM NS Z0 PS PM
Z0 NB NM NS Z0 PS PM PB
PS NM NS Z0 PS PM PB PB
PM NS Z0 PS PM PB PB PB
PB Z0 PS PM PB PB PB PB
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olZA AAE WMExF HA A7 o] A|~EE Fig. 423 21, o
w Al ®W-e Fig. 439 2t

Inverted Xo
Pendulum X3
System X4

FCSC

Fig. 4.2 Fuzzy controller based on state variables combination

Fig. 4.3 Control surface
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4.2 ARt HXA A7) AA

FLC2E& =& ’5}04 /‘]' sk}, olw] FLC1Z FLC29 ¢-&¢
S vgEA A9 £ JAT QM= HEERF

sdatA ARV E g
%, AA Alo}71e] A2 Table 413 o], -F€H
Fig. 4.1, 18]3 H{X|5F2 L2 Table 4.27 7ol A3t
FLC29] AW Fig. 433 2}

ol9} e AWHARl HA Ao]7]E o] &g AJA| ~ElS
vkl g ok a2 vEd K K, K, K, K, % J=g W] A4t
ola] e dfokst= $HAHAIS4=(scaling factor)E 2] v] 3o},

b 3
: Inverted X2

FLC1 ©—> Pendulum X3
System X4

FLC2

& Lo

B

dp>
Q o fZ

Fig. 4.4 Conventional fuzzy control system
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A5 FAEHNH H HE

A2 s 2 =] Aol A A
Azt Ay 2ds vt w9 4o s =g Al ="E Aolst
71 flal 71 HA Ao 77 ZEa e 2AES NS MaeEs HA4 A

i =

o715 AAsA Y. 28 vl

oAl A5FNM = A2FANM FE HAE BdS A4 A A|etst Mg
Z3 A=A Ao7le g5t Aordt Wl FEAS HAFsta, v HF
o2 AAG durHel A Aojr|e] $HE A AHRr|Z S}

51 934 A2 HdY 2d

B =59 =R Aladle] HAE Bde 'Quanser’ Aol A Al FdF=

P02 A=A AFE 21(2.25)A4 21(2.28)0] st the3 e v

o

714 x=Ix.x.00]" = FHE, fx)=[f& & L& &)
o]

=g a g gol F

f,(x)=x,
fy(x)= [ —0.1780 x, — 0.0025 x* sin(x;)
—0.000182 x,cos(x;) +0.0566 cos(x;) sin(x;)
+0.033F ] /(0.0386 — 0.0058c0s>(x;))
fi(x)=x,

f,(x)= [0.8717sin(x;) —0.0028 x,

— 0.0058 x? sin (x3) cos(xz) — 0.4101x, cos (x3)
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+ 0.0759 F cos (x;) ] /(0.0386 — 0.0058 cos® (x;))

F.=1.7235u—7.7236x, (5.2)
Fig. 515 E& Z71748E7F 091 A8 d9Ad &9-& vebd 3otk
o Ak mpe} o] tiAte] Y= AL AATFAL, A= op# wEgow o]

A #A55 AA EEID 9eE FAT 5 9

Position

rudiuvil x aiyic
w
T

0 5 10 15
Time[s]

Fig. 5.1 Cart position and velocity

52.1 494 HA A7 SHEA

oAl HEAow AW AwA HA Aor)e FE4e FoHir) 514
of WY wae AHFHAAI] el dAe] 9 2B dPow &

iy
>
o
30

L = 'él\‘ = H]
AA A % 2w} AEEE gHom i AA A 4
PN

t}. olw Fig. 449 #2A43(Scaling factor)= A8 &0 2 =3

7_]1—

AG3)eh 2
ol A4, AA Aoi71e] FAe Mamdani@ o, 2 QFsol] o)
3 zzdtar 247 TA, 4909 FHor A 149 Ml o)
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§9 59 a&Feeh FHL g WAL PHe TAF

K=[k kI k2 k3 k4] (5.3)

= [12.0 1.99 2.97 —9.02 —1.98]

Fig. 52 ~ Fig. 542 A= v& 3709 2713l g Al & ol4
Z ekl Zolth 2t 2ol A () thake] X9 1Ae] 2 (b)
o) e A ZEE, (0 TF REO AUbEE AgE HolFErh

Fig. 522 717487} x(0)=[0.1 0 0.2 0]"d wWe] $goz 50% o]
el WA BE kA E A4S B F vk Figo 53 X7 EH7
x(0)=[0.1 0 -02 01" & W= Fig. 5201 thatel thate] A=
7] AR Arkjolrt, o] Ag-ol % 5.0% oWl thxtel XAtz
kA E AL B 4 Yrl Fig 54 BE x7)gke] Exete 3 B
177k x(0)=[0.1 0.1 0.2 0.117 wje] &erolt} o] Afolw gdt g
d& Holil gt

Flr r
2 W
RN )

N

Jm
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-0.120

Time[s]

(a) Cart position(solid line) and angle(dotted line)

i
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
|
l
3
Time[s]

(b) Cart velocity(solid line) and angular velocity(dotted line)

SAI0ELIEA B1BIQ (A wa

Time[s]

(c) Control input

[0.1 0 0.2 01"

Fig. 5.2 Control response of FLC when x(0)
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3
Time[s]

SalgeLieA alelQ

(a) Cart position(solid line) and angle(dotted line)

saldelieA aleiQ

(b) Cart velocity(solid line) and angular velocity(dotted line)

3
Time[s]

N

_40

(c) Control input

[010 -02 01"

Fig. 5.3 Control response of FLC when x(0)

734,



3
Time[s]

(a) Cart position(solid line) and angle(dotted line)

(b) Cart velocity(solid line) and angular velocity(dotted line)

Sl0eLIBA 91RIQ Sol0eLIBA 91RIQ [A] wp

[0.1 0.1 0.2 0.117

Timel[s]
(c) Control input
_ 35 _

Fig. 5.4 Control response of FLC when x(0)



522 ¥HFZE HA Aoy $EEA

gEom 71E9 HA Aof7|7h zks Gl o he] HA A|o}7|7F Slofok

e REL AT AR WsEF FA Ao}r]e SHEHS AR} o
W AEEE SAAFE NAFeE B 4G4 ol AAsA HAH
Ae71el FH 3 P4 521404 4eF P FLo)

K=k kil k2 k3 k4] (5.4)

= [12.0 —1.94 —2.67 8.06 1.71]

1) 2718 ds 2 o A7t
Aokt Wz w4 A7 FEAEES Fdstr] & 4 Ay 27E
Aol thate] AlE#HlAES Fal glgtth Fig. 55& %74 EH7F x(0)=[0.1 0
02 0]"Y e $tem 50% ool Bt A BF AsHE AL B
4 9lth Fig. 562 2714 8H7F x(0)=[0.1 0 -0.2 0]" & W& o] FSol=
50% ool thxtel A7 B kAstE = AS & F Ak Fig. 572
BE Z7|go]l EASE dHE 27147 x(0)=[0.1 0.1 02 0.11"Y wWe
SHolth ol¢t T 27| AH= ﬂ%x}ﬂ o S HZIoH°‘°U:1 Y
o

[e:

deom BEgH F A4 AE gF] g YL FAs] 99
Fig. 589 20l #0127 04[s] AlHol 01[s]E<t ~02[radlel 2L 71ahs]
Y. E3 Fig. 59¢ 599 26lA 020radlel 9eE e F A4S w2
T agsl AolHe ¢+ Ank

29, Fig. 510& 24358 A8 500s] A40] -02[radle] ZHEelere
01[s]5<t 917kt 2903, Fig. 511& g 2A0A 02[rad]?] ZEele
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SolCelIeA d1e1Q

Timel[s]

(a) Cart position(solid line) and angle(dotted line)

SaldaelieA 1elQ

Time[s]

(b) Cart velocity(solid line) and angular velocity(dotted line)

Timel[s]

(c) Control input

[0.1 0 0.2 01"

Fig. 5.5 Control response of FCSC when x(0)
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SdlqeLieA 9jels

Timel[s]

(a) Cart position(solid line) and angle(dotted line)

T T
| |
| |
| |
| |
| |
| |

SdldelieA aleQ

(b) Cart velocity(solid line) and angular velocity(dotted line)

Timel[s]

(c) Control input

[0.1 0 -02 0]"

Fig. 5.6 Control response of FCSC when x(0)
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SalqelieA aleiQ

Timel[s]

(a) Cart position(solid line) and angle(dotted line)

Sdl0elIeA 9le1Q

Time[s]

(b) Cart velocity(solid line) and angular velocity(dotted line)

<

Timel[s]

(c) Control input

[0.1 0.1 0.2 0.117

Fig. 5.7 Control response of FCSC when x(0)
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sdldelieA aleie

(a) Cart position(solid line) and angle(dotted line)

SolaelieA alelQ

Time[s]

(b) Cart velocity(solid line) and angular velocity(dotted line)

Time[s]

[A] WA

(c) Control input

Fig. 5.8 Control response of FCSC with disturbance about the angle

[0.1 0.1 0.2 0.117(-0.2[rad] at 0.4[s], 0.2[rad] at 0.5[s])

when x(0)
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Time[s]

Sd|UeLIeA 81e1Q

(a) Cart position(solid line) and angle(dotted line)

-1.2o

Sdl0eLIeA a1e1Q

Time[s]

(b) Cart velocity(solid line) and angular velocity(dotted line)

Time[s]

(c) Control input

Fig. 5.9 Control response of FCSC with disturbance about the angle

[0.1 0.1 0.2 0.117(0.2[rad] at 0.4[s], -0.2[rad] at 0.5[s])

when x(0)
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dtate varianies

Time[s]

(a) Cart position(solid line) and angle(dotted line)

1.2 .
| | [} | |
| | I | |
0.8 —------- e R B e
| | | |
| | | |
g | |
= I I
= | |
g
g
n
Time[s]
(b) Cart velocity(solid line) and angular velocity(dotted line)
=
=
>

Time[s]

(c) Control input

Fig. 5.10 Control response of FCSC with disturbance about the angle
when x(0)=[0.1 0.1 0.2 0.11"(-0.2[rad] at 5.0[s], 0.2[rad] at 5.1[s])
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dtate varianies

Time[s]

(a) Cart position(solid line) and angle(dotted line)

1.2 T r
| | | |
| | | |
0.8--------- T T e e
| | | |
2 | : : |
5 | |
© | |
g
®
A
Time[s]
(b) Cart velocity(solid line) and angular velocity(dotted line)
=
£
>

Time[s]

(c) Control input

Fig. 5.11 Control response of FCSC with disturbance about the angle
when x(0)=[0.1 0.1 0.2 0.117(0.2[rad] at 6.0[s], -0.2[rad] at 6.1[s])
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2) e W3 2 Baze A}

A A7) o] ARl EQld Alade] Rddy oA A 5 gl
oA wstr] glste] =HAA Alzagle] sekue M, M, 1,0l ZF £30 %,
50 % We A0 75k Table 51¢ Wald debuje S vebuld

Table 5.1 Parameters change of system

Parameters | Unit 100 % +30 % +50 % -30 % -50 %

M, kg 0.2300 | 0.2990 | 0.3450 | 0.1610 | 0.1150
M, kg 0.9400 | 1.2220 | 1.4100 | 0.6580 | 0.4700
L, m 0.3302 | 0.4293 | 0.4953 | 0.2311 | 0.1651

Fig. 512 IevHE £30% W33k 4$
B2 2712487 x(0)=[0.1 0.1 0.2 0.1]7d we] S-S e}

= PN
eos A4 49 A AT F Qe
+

7] glete] Alzgl mdel @37}

Fig. 514 =& 23 +50%2 A-$=2 271487} x(0)=[0.1 0.1 0.2 0.1]"
ttolt}h, Fig. 5152 5147 FUe Z7]4eoA 2d 927} -50

%91 Agolth. F A EF FHol o3 dFS HEhARE A sA A o
3

°
R
o,
oo
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[0.1 0.1 0.2 0.11"(M,, M,, 1,

x(0)

Fig. 5.12 Control



Position (+50%)

Position (-50%)
Velocity (

-50%)

Velocity(+50%)

S9|qeLI_A dJe)S

Time[s]

(a) Cart position and velocity

A - velocity (-50%)
A - velocity (+50%)

|

|
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L
Angle (-50%)
Angle (+50%)

S9|eLIeA 3)e)g

Time[s]

(b) Pole angle and angular velocity
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