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A Study on the Design Method of a Nonlinear Fuzzy

PID Controller with Variable Parameters

In Hwan Kim

Department of Control & Instrumentation Engineering,
Graduate School, Korea Maritime University

Abstract

PID controllers have been widely used for industrial processes due
to its simplicity and effectiveness. They provide high sensitivity and
stability of the overall feedback control system and reduce overshoot
and steady-state error. It has been well known that PID controllers
can be effectively used for lst and 2nd-order linear systems, but they
can suffer from problems on higher-order and nonlinear systems.

On the other hand, fuzzy controllers in general are suitable for
many  nontraditionally modeled industrial processes such as
linguistically controlled devices and systems that cannot be precisely
described by mathematical formulation, have significant unmodeled
effects and uncertainties.

There are several types of control systems that adopt a fuzzy
logic controller as an essential system component. The majority of
applications during the past two decades belong to the class of fuzzy

PID controllers.



This thesis describes the design principle, tracking performance,
and stability analysis of a nonlinear fuzzy PID controller with fixed
parameters and a nonlinear fuzzy PID controller with variable
parameters.

Firstly, the fuzzy PID controller with fixed parameters is derived
from the design procedure of fuzzy control. The resulting controller is
a discrete—time fuzzy version of the conventional PID controller, which
has the same linear structure in proportional, derivative and integral
parts but has nonconstant gains, all the gains of fuzzy PID controller
are nonlinear function of the input signals. The new fuzzy PID
controller has a simple structure of the conventional PID controller but
posses its self-tuning control capability. To increase the applicability
of the fuzzy PID controller to digital computer, a simplified fuzzy PID
controller is introduced. After a detailed stability analysis using ‘small
gain theorem’, from which a simple and practical sufficient condition
for the bounded-input/bounded-output stability of the overall feedback
control system is derived.

Secondly, the fuzzy PID controller with variable parameters is
proposed to improve the fuzzy PID controller with fixed parameters.
The fuzzy PID control action is not used at all or cannot be operated
accurately when the input is much greater than or much smaller than
the reference input decided at design procedure. If parameters are
adjusted by comparing magnitude among the inputs of fuzzy controller
at each sampling time, the partitions of all the fuzzy input converge

within variable normalization parameters and the resultant fuzzy PID
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controller with variable parameters can always be applied precisely
regardless of the magnitude of inputs.

Finally several computer simulations are executed to confirm the
effectiveness of the fuzzy PID controller with variable parameters. To
verify the performance of nonlinear control, the position control of the
hydraulic system is simulated for fuzzy PID controller. The outputs of
the suggested control system are compared with those of the
conventional linear PID controller and the fuzzy PID controller with

fixed parameters.
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Nomenclature

A B set

e error

” rate of error(rate)

a accelerated rate of change of error (acc)

An7) error at nT

An) rate of error at nT (rate)

A n7) accelerated rate of change of error at nT (acc)
Py normalized error ( @&x«A #7))

P normalized rate ( GRx« #7))

& normalized acc ( Gdxe( #7))

e n7) tuning error at nT

7 A n7) rate of tuning error at nT

@ \n7) accelerated rate of change of tuning error at nT
Ne An7) 1th slave cylinder’s incremental position error for

position tuning at (n+I)T

Ap change of error

A%, rate of change of error

Aot incremental PID control input
Ay change of plant of response
20, output of fuzzy control block 1
20Uy output of fuzzy control block 2
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Y,=Y¥,0S))
Y,,=Y¥,(Sy)
GE

GR

GA

GU

GE n7)
GR n7)
GA(»7)
CUA »7)

ST T IR B e s B

L(n7)

n ()

gain of system 1
gain of system 2

fuzzifier gain of error
fuzzifier gain of rate

fuzzifier gain of acc

fuzzifier gain of input
variable fuzzifier gain of error
variable fuzzifier gain of rate
variable fuzzifier gain of acc

variable fuzzifier gain of mput

proportional gain of conventional PID controller
integral gain of conventional PID controller
derivative gain of conventional PID controller
proportional gain of fuzzy PID controller

integral gain of fuzzy PID controller

derivative gain of fuzzy PID controller

steady-state proportional gain of fuzzy PID controller
steady-state integral gain of fuzzy PID controller
steady-state derivative gain of fuzzy PID controller

normalized fuzzy space
variable normalized fuzzy space at nT

membership value of 4 in 4
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N nonlinear system

[| M| norm of nonlinear system

” number of rule

ref n7) reference input

/S fuzzy set

s Laplace operator

sup A) support of fuzzy set 4

S,y Sy system 1, 2

sup abbreviation of ’superium’

7 sampling time

W n7) control input at nT

Uy conventional PID control law / input
i fuzzy PID control law / input
Va4 universe of discourse

w, ith element of fuzzy set
An7) output of the process at nT
y plant response

=z Z—-transform operator

[Hydraulic Systeml]

A, head side area of piston

A, rod side area of piston
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me

%N B

s

average area of piston

area of piston

effective bulk modulus of fluid

viscous damping coefficient

discharge coefficient of orifice

external leakage coefficient of piston

internal leakage coefficient of piston

total leakage coefficient of piston

external disturbance force include external load disturbance,

coulomb friction force, friction force of piston and etc

force generated by piston

gain of position transformer

flow-pressure coefficient of servo valve
gain of servo amp

gain of servo valve

gain of torque motor

gain of electronic proportional control valve
spring constant

total mass of system

head side pressure of cylinder

rod side pressure of cylinder

load pressure between head side and rod side

supply pressure
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head side flow of cylinder

rod side flow of cylinder

load flow of cylinder

time constant of electronic proportional control valve
head side volume of cylinder

rod side volume of cylinder

total volume of cylinder

displacement of piston

spool displacement of control valve
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Fig. 2.1 Membership functions of 3 fuzzy sets for the speed of a car
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1 A 1
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Fig. 2.2 Basic operations on fuzzy sets
FH 7= [0,11= YEE W, FE T /x7-7F BYHL A (26)9

A7VA] AV & WS E o) o] 45 T-=w(norm)oletal gHU}

Zlx,1)=x Z7Tx,0)=0 : boundary condition (2.6a)

<1 o] T, )< 7Ty, ») ©  non-decreasing
(2.6b)

w, )= 7Ty, 2) : commutative
(2.6¢)

x, 7y, 2)= 7T 7x, ), 2) : associative
(2.6d)
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2 (26)0 HFo= WEAA T-=a2 4 QDI 2

Minimum Toin(t,) = min(x,y) = /N »
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Drastic product Tu(x,y) = { v if =1
0 if <1
(2.7d)
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2 By wu @e s oo A A8 A Aol
AARE 4o darel pela Ao AAAE B £22FEE 4 (29)
o= e ury.

SUP ey LUA(D] if S ()FD

0 otherwise
A AN A e 'superium’® AR LU (HATAA M 2 S

Aot Aatpolt,

213 HAAAA L AAHA

HAAA  p AAZYTE UL Vel dlstel ZFEEIAIQE A (Cartesian
product) &%t UxVelA AYxle HAAHFOZ pY &

Sy

=] A~
= wve U
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N

214 A
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[Fx s A THEN y s B (2.10)
of 7]41 A%t B g R el &&FHO A= HAAZ G, o = Ao
A Wgolt. &35 'x is A'E A F(premise) 'x is A'E AR
(consequence)et -2t} 99 3 S 1Hd3d] A-BZE RdH+= HATY
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HEAQ AATe FHEE e He A5l v
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THEN apply less jorce to accelerator (2.17)

AZNA, " pight | fess E 25Tl gd ARG, HAAAHLE o]

st IF-THENTT 2 9] A
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-
oX,
)
i

(1) =53 HR A 2H=
(2) Takagi-Sugeno- Kang(TSK) 5 4] A] 2 €l
(3) AA 7] ¢ HHA BT E 2zt HAAZH

Ead HA Aage gd Zdol

2 olgg ZAE A7 S Takagi 52 4=} &9 gho] HEg
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A HAN~EE Actdnh 1Y 245 w5 HAA 26

o
3
N
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iy

Hol~E JF-THENTFHER TAHL, 37 FE2AWL o
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Fuzzy Sets in I/

Fuzzy Inference
Engine
J Y

Fuzzy Sets in U
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Lil'l:
IF x, is F} and - and x, is . N oy
THEN y' = ¢y + ey + = + ¢t
xel Weighted _‘,.-(_x)ef’
average L2
7,40,
\ IF x s FY and -~ and x, is FY d w™ M
THEN v = &' + oy, +  + i,
% 25 TSK HAA 26 9] g &
Fig. 25 Configuration of the TSK fuzzy system
TSK 9 A A 28e] #aAE g8 F 77 ook,
(1) THEN F-%o] FAdH=Z Fdgozn Qe A4S xdT
UE TEE AFeLA FEH
(2) AA =g & dEdES 488 A HE7F Bo] gl
ol# g wAE A7 A HAX s v HAFIE e HA
S AFE St e HAA LS 3 A 2"l A 8oty 93
Zof] AA#HS HAZYFoZ W= HAII G FHFo HAH
AAGeE WEst= HHAS7|E Frhen ol H A 5|9 Hw
7€ Zv HAAA2HE &5 HAA A TSK HAA 259 o
S5 F o HA rF Wols B HA FE2AME =7 HAA
I Fdetal, HAA "] AojrlE AbEE u] H A= Aol 7]
th. ol & WWE Mamdani7h H 2= Alekete] 0 akqiA)ol 43
thFet Al A 8= vk
HA 57 9 v A 7S ke HAA 2R Zte AHE vy 2
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29 262 WA} MAA S 2 AL A AR U@ A wol o),

Fuzzy Rule Base

X inlU yinV
Fuzzifier Defuzzifier >

v

e EE— v

| Fuzzy Inference
Fuzzy sets = Engine Fuzzy sets
in U in V/

a9 26 AA 7} HAA T B e HAA 2w AYE

Fig. 2.6 Configuration of a fuzzy system with fuzzifier and defuzzifier

kAl 2 oAk HAS TS HH AT E e HAA 2" 2
& Fxo FLCE AASA Hro=z, o71A= FLCY FAF 2o 3] 7t
3] Yol

2.3.1 ¥ A 3} 7] (fuzzifier)
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Azt A 87 o] ek,

£8E AR R e A2E AA8], 29 AR5, 242

AbgstH, o= AAF e s HA

1 if =2
(2.19)

0  otherwsse

UA'(I)

\/
]

a9 27 A AEE

Fig. 2.7 Fuzzy singleton

2.3.2 HZA & o] A(fuzzy rule base)

A FH el st WA wAxde] A gL 4
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R o Foa s F oand - and x, s F, , THEN v s &
(2.20)

oAZldA R ¢S A e pR e pIM AR AAF G
A,or= (r, a0’ € Ux - x U, R yepc 9014 dgoin

olgl gt HA 3 wol=s F=3hel glo] BT v 2

(1) AA IF-THEN ##& ojvdlA +& 21712

(@ £ gl W EETEE o 9A AT AU

AwH oz WA [F-THEN 82 QL 5 A4 7a8 pyon:

(1) AZ7ke] A3 A4 o] g,

(2 249 doltlel /|28 =dold YuelFS ol &3t Yol

dlolgell ojel AAE = A FH Aol WA 25T w2

n .o BEHE AEsta, SA4H" HolHE Zlxetd EdodE T &
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U (x, )= md V4 (x) >0 } (2.21)
Wz, = (2 1) (2.22)
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W@ =m0 (), -, W (x,)) (2.23)
B (D=1 (), 0 () (2.24)
HoAdAgoe Ao ‘and’ Aol 2] (2.23)¢ min AMAE, ¥ A3
o] elate] A (2219 min AAAE, §A Ao sup-miny e A&

shw o] wjo] FEAN B'= 2 (2257 o] AitH

B = Ao (A— B (2.25)

e = V{0 () A B (2, 9}

o A {UA'(JK) A (UA(JK) A UB(J/) )}

VoA (@) A By() A B}
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Fig. 2.9 Graphical representation of the center of gravity method
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Hel% o] gste] AT MY tAY PIDA 2R E AA I
99 BIBO M4 =S ngste 14 sebvg 94 PIDAC7 Y B8 %

[e) o] =
Z231& fFEs.

y
=
>

>.

Sh

31 7124 =x

MAY WA PID ASE FAE WA =eAelle AFHA Aol
Azt Aol Age Akl HE shE WA =dE EOE
5
9L A teEe FE0) e A%, FIARAL 2 @ E

%

of Aoj7] Ao r= Aolr]e HA o

=

gtk Aol HAG Ak BAC} A Brste] Axglel w

Aol Mol supm seAe] AR AA Aol AR AN e Boa
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ref(nT)

e(nT) ( :
r(nT), .
anT) .

Fuzzifier

F(+)

Fuzzy Control Block 1

Fuzzy |_
Control || 4, @7)] Defuzzifier 1
Rule 1

amT)

Fuzzy

Rule 2

y(nT)

1

|

_ 1
Control || 42@7T)| Defuzzifier 2 ||}
|

|

|

du,(nT)

unT)

unT-T)

I Plant

a9 31 @4 stehlE A4 PIDAlC} /9 &

Fig. 3.1 Structure of a fuzzy PID control system with fixed
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a9 312 #HA =Aerle Y A gtebvulE 3 PIDAo] Al
2~ " 9] :eréEo]E}[lo,mg].

FLC= S3gkel e exbel e apo] wsts Teal Ao Waka o

B Wa e s QPoR Agaa, o A PPt HA AolFH} WA
H71% 27 Tgse AR 02 F oY WA Aol 2Rom TyHT

webd FLCY =82 F ¥4 Ao=ge 8 gs ddo=x 72

—

F Atk 28" 316 AC)E AL E RAEc)] A sE g
.

Anl) = refn7) — A\ nZ) (3.1)
e = GExdAnl) (3.2)
A n?)=dnd) — n7T— 7] T (3.3)
7= GRx AnT) (3.4)
dn?) = [ An?) = AnZT— D T (3.5)
= [dn?) — 2 nT— 1)+ n7—-201] 7* (3.6)
&= CA*x A n7) (3.7)
U nl) = diln?) + tn7— 7), dedn7) = GUx dX»7)
(3.8)
dAn7) = dU,(n7) + dUy(n7) (3.9)

ANA ne el A4S e T AE
A n7), dn?), An7), ad »7) !

o] &9, X (error), &2 AZF Wsl&(rate), 29 AlZF W&o W
st&(acoes YE- WM gz oR A, GU= AR error rate ace u
of HAs =AY Faoln, HA PIDA|e] 7] €] Alo] o] 5ol Hnt. gz,

J05 = A A BE 1 2049 2HE EARDL, L= Ao 9 o
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3.2 AA3} ¢undgF

a9 32¢ 2AAdE dHEEFEY] HAASE B Fu

error= 19Y 3298 o] EP(error_positive)®t EN(error_negative)2

T Mo Ww =Szt ratex RP(rate_ positive)®t RN(rate_negative)?]

T 0 WY, acce AP(acc_positive)®t AN(acc_negatve)® F+ 719 W

w2 el oumut1e 28 3304 wBE Anp 7o)

OP(output_

positive), OZ(output_zero)2} ON(output_ negative)2] Al 7§ WWZE zZta

output?= 19¥ 3494 HE= ZAI} 7ol OPMl(output positive_middle)}

ONM (output_ negative_middle)®] 5+ 71¢ ®WH = zr=t}

Membership
A
EN, RN, AN EP, RP, AP
1.0 4
0.5
—L L e*, r*, ax
a9 32 o S HAE

s

Fig. 3.2 Fuzzification of ¢, * and ;"
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Membership
A

ON 0Z (0)
1.0

[

-L L outputl

1% 33 HA AEE 1o I =3 HAF

Fig. 3.3 Output fuzzification for fuzzy control block 1

Membership
A
ONM OPM
1.0 T
0.5
—L/2 0 L/Z OUprlLZ

a9 34 HA A e 20 I =9 AAF dad=s

Fig. 3.4 Output fuzzification for fuzzy control block 2
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(R2): LF error= EP and rate= RN THEN oulput= O
(R3),: [F error= EN and rate= RP THEN owulput= OZ

(R4): LF error= EN and rate= BN THEN output= ON

A Ao &Z20] gk A Aot He ThgH 2t}

(R1)y: IF rate= RP and acc= AP THEN output= OPM
(R2)y: IF rate= RP and acc= AN THEN output= ONM
(R3)o: L rate= RN and acc= AP THEN output= OFPM

(RA)y: [F rate= RN and acc= AN THEN owlput= ONM

ANHH (£1),~ (R4)). (R1), ~ (R4, Zadeh®] AND =27}
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(IC18), (IC12), (IC11), (IC17),
L
(IC4)1 | AC3)
(IC13), (IC10)4
(IC5)4 (IC2),
» o*
~L| (ce), (Icn),
(Ici4, (IC9,
(IC71 | (IC8),
—L
(IC19), | (c15), | aC16); | dC20),
¥ 35 o9 el dig d8g 3 2
Fig. 3.5 Possible input combinations of ¢* and
a*
A
Ic18), | (C12), | AC1D, | 4C17),
/L,
(IC4)z | (IC3)2
(IC13), (IC10),
(IC5), (IC2)»
» ¥
L1 ace), acn, | -
(IC14), (1C9) »
1IC7) 2 | IC8),
—L
1c19, | acis, | acie, | aczo0,
%Y 36 9 L o Ui 4™ ¥ 2

Fig. 3.6 Possible input combinations of ,* and
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3.4 M¥ A3 FizF

A F= A (298)0] Z=AHFNE ALsAr. nyx gy =Ho
2 (3.10)37 zro] A o] g

Z uoﬂlj)yxwz)xwz'
U= —"=" (3.10)

7
ZZOU 0%&7;{‘ Wz)

AZNM n2 A F, i W G, 2w, (w)E E2EHES

Jepu,

A A=, 20 WA EH AAYEL Lo T WA w3 A
shstwl thgat ol Lhepd 4 it

IF GCR\AnD)| < GCEX|d»nD)| < L, (3.11)

_ 0.5x /L
dh(n?) = 5, CENAn D) [GCExAnT) + GRx A nD)]

IF GEX|dnD)| < GR<|A»n7)| < L, (3.12)

_ 0.5x /2
dh(n?) = 5, CEN AT [GExAnT) + GRx A nD)]

99z Wolvk Wel, = S ol [-L, LIS F7 bl £

d7e ¥ 3100 e g,
2o gyoz WA AojBE2el tste] 2 AAPFL A5

W A3 2ol UEd & gen o zdd AgaA fe A

AU 2 ghel FRH-L, Ll M9E dolus A%l dalAE E 32

o A thebd ook
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IF GAx|\ad nD)| < GRx|\A»nD)| < L,

. 0.25x /L §
dO(nD) = = Am i T L GAx dn )] B13)

IF GR\NAnD < GAx\ad n7)| < L,

_ 0.25x 2 o

me FLCO %% Zn7)e AA AAE=219 29 J0(22)%
dU(n7)E #atol FaA I, of7]e 8 27

A8 e HwitE ZAE A7 @ F dE AT

5 A A o] &2 20

ofN

= U n?)

AdyHo s FLCY &8 dUn7)=

dO0n7) = dU(n7) + dUy(»7)

ola, &9

(3.15)
I N A& AAA=H) FF Ml n7)E

ddl n7) = GU<dX »7) (3.16)

ol t}.
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E 31 g S AAS dugFY [, L] #3E Hod A5
A AoJEF1o] ot
Table 3.1 The incremental output of fuzzy control block 1

when ¢ and/or ,* are not within the interval [-L, L] of the

fuzzification algorithm

(IC9); , (IC10),
(IC11); | (IC12)
(IC13)1 , (IC14)
(IC15); , (IC16)
(IC17)
(IC18)1 , (IC20)
(IC19)1

Outp
Input combinatio@ e
[

9

fuzzy control block 1,

’.f]Uz(nT)

LCR*An7)+ L]/2
[CExAnT)+ L]/2
[GR*xAnZ7)—L]/2

[GExAnT)—L]]2
L
0
L
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X 32 A9 g7 A g¢agF [L L] S Hod 459
54 Aol B2 @ 28 2
Table 3.2 The incremental output of fuzzy control block 2

when ,*and/or 4* are not within the interval [-L, L] of the

fuzzification algorithm

(IC9),, (
(IC13),,

(IC11),, (IC12),,

(IC17),, (IC18); 0.5%Z
(IC15),, (IC16),

(IC19)s, (IC20), —0.5%Z
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35 14 wuE A PIDA o]7] Ao}

Aol 2 1, 22 FRHE BET2E A A PIDA Y Aol

D) 77 GRNAnDSGEXN A nD)<L and CGAX| A n )< GRX| A nD)|< L,
_ _ 0b5x/IxGU y o

L0252 G §

2) IF GR<| AnD\ < CEX\ L n DS L and GR<| AnD < CAx| A n <L,
_ Q0 5xIxGU X y

M g
ZL GAxld(ﬂj)l[G‘A d(ﬂj)]

3) IF CEX\ & n D)< CRX| AnDLL and GA*| A n )| < GRx| AnT)|< L,
_ 05 x/IxGU y y

L0252 G §

4) IF GCEX\ A n DS GRX\ AnDI<L and GR*| AnD|<CAx|\d n <L,

_ — 0.5xZxGU y y

L 0.25xZxGU y
ZL GA x |d(ﬂ7)|[GA d(/¢7)]
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EAT vk

99 4 (317D tet ol

05X GUGE.
wMnD) =9 [— crldan) D

w
025 xLx GUXGA
YL x| A D7D
dl n?) = K, dn?) + K,An?) + K, n7) (3.22)
A7 wEAAD A, AEARJN A, LR VAR A s vhe ek 2
_ 05X GUGE- 23
A= 97— GEX| A n D) (3.23)
0 5xIxGUXGR.
K= e dAn )] (3.24)
K= LGl (3.25)

2L — GRx| A nZ)

Ao Aol HE upel ol o] A.+3k ¥4 PID Al°7I= error,
rate, acc®] #kol webA Wstsk= HlE ARl A, ALAN 4, 1 v

A A2 7HA<= HAE HA PID A7zt & & dv. 22 WU

0% e T A &, &, A= A (B18), (319), (3200 Fae] F
st 4 . 3 error, rate, acc7t 09 o}F Jl7be TS A u, =

ARl A s HA S vEAd &, ARA) 4T 2 v

A 44 A (32607 e FHE 4% &+ U
szﬁ%é‘jf’ @ZQ%GE, A’jzﬁ%ﬂ (3.26)
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AA AL S AsE A F 333 o] Yol AT

¥ 33 HAF7 ) g BEHE HA dHA T

Table 3.3 Fuzzy spaces generated by fuzzifier

below — £ | between — 7 and /£ above [/

e -7 GE- ¢ L
7 -7 GR- » Z
a -7 GA: a L

Ao AgE dE =24 kol A E 31, 329 4 (317)~(3.200= EFst

et ge 7usk Feel w4 PIDA /] Aol HS fET & gtk

IF GE- el > L THEN GE-|ld= L
IFGR- N> L THEN GR-|#A=L

IFGA\al > L THEN GA-ld=L

aRD) = 1 il GE A n D), GRA A D)) 7D

0.5xLxGUXGA

4(L25_L_QLGZI—
T 0L = mad GRA\ A D), GAX A n D)) DD
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3.6 114 sev g HA PIDAI7] AA AX

Avdon mdge Jven @ gREe Aojsue e mARA
2 AAE Azt @ BAelA AVE mde oX, aew
Jow Ras mdgd 5 gl Axdel daldr 48577 o
aeg 14 setug s PID Ao}
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Fig. 4.4 Design procedure of a fuzzy PID controller with variable

_62_

parameters




A5 H AeEdold #

Fol 22k A9

)

7bd shetul e 3% PID Alo]7]9] 45

Re sl

Sl

B Al g o]

HE

243

B

el

dA e A

59
Ak,

AR BEAAD £, , A2AL A, 2L VR

=
=

A7) AA At

ke
T

o]7], A zetvE H A PIDA 7], 7k stelul g 3 x] PIDA| o 7] ol

—_
o

14 % wlas 2

9|

of o

e A=

g 7hA e

G(s)

=
T

3}

3 ®At

&

(5.1)

s(s+1)

()

4AE A

Y

1

N2

iy

ol
TR

]

E

G A=

Al
2

TH

ol

jze]

il
To

oo

!

G

513 2t

_63_



,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Fig. 5.1 Unit step response of nominal closed-loop system
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Table 5.1 Parameters of linear digital PID, fuzzy PID with fixed

parameters and fuzzy PID with variable parameters for linear system
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Linear digital PID
Fuzzy PID with

fixed parameters (L=100)
_ Fuzzy PID with

fixed parameters (L=300)
Fuzzy PID with

variable parameters

Fig. 5.2 Response curves of controllers in case of reference 0.5
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Fuzzy PID with

fixed parameters (L=100)
_ Fuzzy PID with

fixed parameters (L=300)
Fuzzy PID with

variable parameters

| wwwwne T inear digital PID

Fig. 5.3 Response curves of controllers in case of reference 1
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Linear digital PID
Fuzzy PID with

fixed parameters (L=100)
_ Fuzzy PID with

fixed parameters (L=300)
Fuzzy PID with

variable parameters

Fig. 5.4 Response curves of controllers in case of reference 3
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Linear digital PID
. Fuzzy PID with
fixed parameters (L=100)
__ Fuzzy PID with
fixed parameters (L=300)
Fuzzy PID with
variable parameters

Fig. 5.5 Response curves of controllers in case of reference 5
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Table 5.2 Parameters of linear digital PID, fuzzy PID with fixed

parameters and fuzzy PID with variable parameters for nonlinear system
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Linear digital PID
_ Fuzzy PID with
fixed parameters (Z=1500)
. Fuzzy PID with
fixed parameters (Z=3000)
Fuzzy PID with
variable parameters

Fig. 5.7 Response curves of controllers in case of reference 1
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Linear digital PID
_ Fuzzy PID with
fixed parameters (L=1500)
Fuzzy PID with
fixed parameters (L=3000)
Fuzzy PID with

variable parameters

Fig. 5.8 Response curves of controllers in case of reference 10
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Linear digital PID
_ Fuzzy PID with
fixed parameters (L=1500)
. Fuzzy PID with
fixed parameters (L=3000)
Fuzzy PID with

variable parameters

Fig. 5.9 Response curves of controllers in case of reference 30
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+ Linear digital PID
_ Fuzzy PID with
fixed parameters (Z=1500)
Fuzzy PID with
fixed parameters (Z=3000)
Fuzzy PID with
variable parameters

Fig. 5.10 Response curves of controllers in case of reference 35
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Fig. 5.14 Schematic diagram of a hydraulic position control system
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Table 5.3 Parameters of the hydraulic system

Parameters Dimension Value Description of parameters
A, em'? 33.07 Average area
v, en® 410 Average volume
A, om 2 50.24 Head side area of piston
A, em 2 159 Rod side area of piston
B, g, slcm 5.46 Viscous damping coefficient
Z %94 cm 55 Spring constant
B, ke fon’ 12000 ffiflfizctive bulk modulus of
M, hgse $en 1500 Total mass of system
Vo o/ he, s 1952 z‘gosvz;s(r)(iisal;‘ri coefficient
A, V/em 10 Gain of position transfoer
KA, ' Ve s 91.97 Gain of servo amp, torque
motor and servo valve
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AAF2 Ao 718 AHE T

Aol FEeho] 91Xz

Fd

54 FxAo FdAl=" e wEtvE (1)

Table 5.4 Parameters of hydraulic systems for tuning control(1)

) ) Value Description of
Parameters | Dimension
Master | Slave parameters
A,. K 33.07 33.07 | Average area
vV, cnd 410 410 | Average volume
H i f
4, g2 | 6024 | Nsggq | Sead side area o
piston
Rod side area of
2
A, cm 159 159 .
Viscous damping
5y ke/ slen i g coefficient
Vs Ao/ cn 55 59 | Spring constant
Effective bulk
2
B, #g] cm 12000 12000 modulus of fluid
M, kof s/ cem| 1500 1200 | Total mass of system
Flow-pressure coefficient
5
Koo en®/ hes~ g 1252 12T of servo valve
Gain of position
A, Vem 10 10 transfoer
Gain of servo amp,
KKK, | o’ V. s| 9197 93.42 | torque motor and
servo valve
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@) Aol e F A FAAAL] 4§ o

A Azwle] A BxANE FASE d dolA Aol e B
% 297 Ak E 558 wol AFL B F

Ayl skl FxAE AAstth o] wl ¥ 5249k ¥ 5259

F 54 FxA FuAI=Ee] I E(2)

Table 5.4 Parameters of hydraulic systems for tuning control(2)

Value
Parameters | Dimension Description of parameters
Master | Slave

A, cm > 33.07 63.17 | Average area
v, cm 410 810 Average volume
A, cm 2 50.24 90.24 | Head side area of piston
A, cm 2 15.9 45.9 Rod side area of piston
5, Ao/ slem 5.46 8.66 Viscous damping coefficient
Vs g/ cn 55} 79 Spring constant

M, fof s°/cm| 19500 1200 | Total mass of system

Flow-pressure coefficient of

5 . 1.252 1.279
A, an’/ kg s servo valve

Gain of servo amp, torque

KwKqu cm 3/ V- KY 9197 9342

motor and servo valve
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