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Abstract

PID controllers have been widely used for industrial processes but
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 Ist 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 systems that cannot be precisely described by
mathematical model formulation and 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 nonlinear fuzzy PID controllers with variable parameters.

At first, the fuzzy PID controller with fixed parameters is derived from
the design procedure of the conventional fuzzy linguistic controller. The
resulting controller is a discrete-time fuzzy version of the conventional PID
controller, which has the same structure with proportional, derivative and
integral parts but has nonconstant gains. However, all the gains of fuzzy
PID controller are nonlinear function of the input signals at every sampling
time. The resultant fuzzy PID controller has a simple structure of the
conventional PID controller but posses its self-tuning control capability. In
order to increase the applicability of the fuzzy PID controller using
low-level microprocessors, a simplified fuzzy PID controller is introduced.

At second, a fuzzy PID controller with variable parameters, named
variable parameter fuzzy PID controller, is suggested to improve the
shortage of the fuzzy PID controller with fixed parameters. The fuzzy
PID control action cannot be operated accurately when the scaled inputs
are greater than the normalization parameter of the fuzzy input sets in
case of the fuzzy PID controller with fixed parameters. If design
parameters are adjusted by comparing magnitude among the inputs of
the fuzzy controller at every sampling time, the partitions of all the
scaled fuzzy inputs converge within regions confined by the
normalization parameter and the resultant fuzzy PID controller with
variable parameters can always accomplish PID control action precisely

regardless of the input magnitude variation.
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At last, several simulations for various systems including a linear
time-invariant system and a nonlinear two-tank level control system are
executed in order to verify that the suggested fuzzy PID controller is

superior to other fuzzy PID controllers already discussed by comparing

control performances among them.
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Fig. 2.2 Fuzzification of e',7 and a
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>e*
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(IC7)1 | (IC8);
.y
(IC19: | aci15): | acie), | IC20)
% 2.6 eF o rFol HF Y B3 B

Fig. 2.5 Possible input combinations of e*and r*

a
A
(IC18)- (IC12)2 (IC11)e | UC17)2
L
(IC4); | (IC3)2
(IC13)2 (IC10)2
(IC5h)2 (IC2)-
iy > r
ace), |0\ acn, |t
(IC14)- (IC9)s
(IC7)2 | (IC8)
—L
(IC19)2 | (IC15): | (C16), | IC20):
a9 28 oo atel W 9 B0 B
Fig. 2.6 Possible input combinations of r*and o™
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JU— E(membership of member) X (value of member) (2.10)
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IF GRxIr(nT)l< GE % le(nT)| < L, (2.11)
_ 0.5XL

dU, (nT)= 5L GEXle )] [GExle(nT)l+ GR<Ir(nT)]

IF GEXIr(nT)|< GRX le(nT)| < L, (2.12)

dU, (nT)= 0.5 L [GEX|e(nT)l+ GRX<|r(nT)l]

2L— GEX|r(nT)|

o) =lel Motk M9, F *u prel [~ L L]9) T3k el EASH:
Aol g3t FAzke T 210 ehic
ge o WA AoLE 20 tiste] 2 AAYTL WNAG S

=
G glor} o] 2o YA B A F 1} ol

e
[—L, L] 9] HHE gl Aol tsiae E2.2904 YEAT

IF GAxla(nT)|< GR X |r(nT) < L, (2.13)
AU, (nT) = 0-25< L [GA X |a(nT)|]

2 2L — GA X |r(nT)|
IF GRxIr(nT)I< GA X la(nT)| < L, (2.14)
AU, (nT) = 025X L (G4 xla(nT)|]

2L— GA X |a(nT)l
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getuy qugs wotd ZHEC Q7 & ¢ e AAlEe] T uhDE
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dUnT)=dU,(nT)+dU,(nT) (2.15)
ola, &% du(nT)ol e AAFHY FH du(n)=

du(nT)= GUxdU(nT) (2.16)

7 2.1 ¥ »*7F BRI

10” EH—G]” o'T‘ %Eﬂ

Fue] %9

[= L, L] #3t& Blold B9 Hx Adq85

Table 2.1 The incremental output of fuzzy control block 1 when e*and/or r*

are not within the interval [—

L, L] of the fuzzification algorithm

Input combinations of e* & r*

Output of fuzzy control blockl,
dU,(nT)

(I1C9),1,(IC10)

[GRXr(nT)+ L]/2

(IC11),,dC12),

[GExe(nT)+ L]/2

(IC13)1,C14) [GRxr(nT)— L]/2

(IC15)1,C16) [GExe(nT)—L]/2
(IC17) L

(IC18),,acz20n 0
(IC19) -L
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=

Table 2.2 The incremental output of fuzzy control block 1 when r*and/or o™

are not within the interval [~ L, L] of the fuzzification algorithm

Output of fuzzy control block2,

Input combinations of »* ¢} o* ¢
dU, (nT)

(IC9)5,(IC10);
(IC13)2,dC14)
(IC11),,dC12),

05X GAXa(nT)

0.5 L
(IC17)2,dC18)2

(IC15)2,(IC16)2
(IC19)2,(IC20):2

—0.5XL
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HA AES 1,22 FEHE HETZRE 71 9% PIDAY 7] 2] Alo] &2
20wt a3 2ol vl 7hA dHE 2T 5 Ak

1) IFGRX|r(nT)| < GEXle(nT)|< L andGAX la(nT)l< GRX|lr(nT)I< L ,

05X LXGU
du(nT)= 57— GE<Te(nT)] [GExle(nT)+ GRxIr(nT)l]
0.5X LXGU
Y L= GRXIr(nT)| [GAxla(nT)]
(2.17)
2) IF GR X [r(nT)| < GExle(nT)|< L andGRX [r(nT)| < GA <la(nT)|< L ,
05X LXGU
du(nT)= 5L— GExlenT) [GEXle(nT)l+ GRX|r(nT)l]
0.5 X LxXGU
+ 2L— GA X la(nT)l [GA xla(nT)]
(2.18)
3) IF GExle(nT)l < GRxlr(nT)|< L andGA < la(nT) < GRX|r(nT)|< L ,
du(nT) = —O2XLXGU 1 op e (D) GRX I (n T)]
2L— GR X |r(nT)]
0.5 X LxX GU
+ 2L— GRX|r(nT) [GAxla(nT)]
(2.19)
4) IF GExle(nT)| < GRxIr(nT)|< L and GRX Ir(nT)| < GA <la(nT)|< L ,
05X LXGU
du(nT)= 57— GRA D) [GExle(nT)+ GRxIr(nT)I]
0.5 X LXGU
2L— GA X |a(nT)| [GAXa(nT)I]
(2.20)
fo A4 21D Bed gol BAE 5 Atk
du(nT)= 0.5 L X GU X GEe(nT) (2.21)

2L— GE X< le(nT)|
0.5 X LXGUX GR
2L— GE X< le(nT)|
0.5 X LXGUXGA
2L— GEX|r(nT)|

r(nT)

a(nT)
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du(nT)=K;e(nT)+ K, r(nT)+K,;a(nT) (2.22)

ANA KB vEelS, K AReS 1% K& viEel5ow 4oy o
&3 2
_ 05XLXGUXGE
K= 2L— GExle(nT)| (2.23)
_ 05XLXGUXGR
K, = 2L— GExle(nT)| (2.24)
K,= 0.5 X LXGUXGA (2.95)

2L— GRX|r(nT)|

f1e] AolM B wpel o] kol M 3k A A= error, rate, accl
gholl wheh Wstsh= mlEols K, Afols K, 1Pl MEels K& THA=
Y A PIDAI 7] FEE 7ML Slas & ¢ Stk 22 WRleR bE
zA% AT 499 PID A0S K, K, KA 4 (2.18), (2.19), (2.20)
& ol 7 2} . IS error, rate, acc7t 09 o}F 7V7be & 7HE
m, 5 A EH meqe wolle e $E M= HEels K, ARl

K' g vRelS kS A (22607 ¢S HEw 98 4 glon], o= )
Bk

ﬂl

A¥ HA PIDAIO7IE Fieshs A de + Ue PIDA| o] 7] 9] o]
Solth,
«_ GUXGR ., GUXGE ., GUxGA
K'=——F— K= K'=—(F— (2.26)

W, TAEe) FeRde mat 48 ARW Axge] AojAsu 4

% 9lghe] B wRoA welahs WA PIDAIAE A8 T A5, Aol7)E
F Qar ol A3l

T3l A AE PIDA]7|E AAAHA d&
g PID A|oA| 28-S FASHEE Hdts Al s F53] 945 5 UA

A
B3 opdR 528 A ohdR 1 Aloly] A shesit.
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g E geE 100, GRS 126.
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A 3% 7] 478 71 HeEE B PIDA7)

w FelMs 28elM AR A dEvlg A PIDAO 7] HAle B
3l HEgke] e WA &4 PID Alojszs dst=s Fawd[20]04
dtE 7HE gEtvE A PIDAIY 7] e AAMME TIestal 1 e HT
o Az 7F gepuly # A PIDAO] 7] 9] AjbES g 2AE A

3.1 7b3 IevE HA] PIDA|o|7] A A

b gkl # A PID A7 2 FE g3 A" &5 Alo]oA 24
St error, rate, accs W AMET A gkt SA-SE] o] T UG F S T+
oz Aolrle d#HS Aarst A7V A At vy Lo ghs 7HEA
A AT AEF o, o 0 F BE R (L 1] B S e
HOP )

,
Holth, oju] A sty RE AHWSE 29 259 ¥ 269 =gE HA
Pl A [—L, L] el EAsHAl Ak
HA =8 Ade 248t Aarst g g L2 s 22 rFHedl 9
3 A H}.

IF le(nT)l = max[lemD),lr(nT)|,la(nT)l]] THEN L(nT)= GEXxle(nT)|
IF Ir(nT)l = max [le (n T),Ir(nT)l,la(nT)]] THEN L(nT)= GRX|r(nT)| (3.1)
IF la(nT)l = max[lemD),lr(nT)|,la(nT)|]] THEN L(nT)= GA X|a(nT)|

e S Ln)E A HA AIEE 120 i JHTe Y
3.1 @ 29 3.29 Zo] [—L LTINS (IC1),~IC8)1, (IC1)e~(IC8)Ho =
ket



s}k
=

29 3.1 7FE AtE G E L) E A e 9 rF ol ik 3t E

Fig. 3.1 Possible input combinations of e* and »* using variable

normalization parameter L(nT)

s}k
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a9 3.2 7 At e LnT)E AR rf ok ool Ok E 3 &

Fig. 3.2 Possible input combinations of r*and «® using variable

normalization parameter L(nT)
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b SHE SAAHI ojde] 7] @l BAgle]l =l &

3.
4 PID 01 of BRE v HEH A

DIF GRX|r(nT)| < GEX|le(nT) < L andGA X la(nT)| < GRXIr(nT)| < L,
du(nT) = 0.5xL(nT)x GUXGE (nT)+ 05X LX GU(nT)X GR
Y LT — GEXlenD)] ©" 23L(nT)— GEXle(nT)]

0.25X L(nT) X GUX GA
2L(nT)— GRX|r(nT)]

2)IF GRX|r(nT)| < GEXxle(nT)| < L andGRX |la(nT)| < GA Xla(nT)| < L ,

r(nT)]

a(nT) (3.2)

05X L(nT) X GUX GE 05><L(nT)><GU><GR
du(nT) = 3L T)— GEXle(nT)| enT)+ 3L(nT)— GEXle(nT)| r(nT)]
0.25X L(nT) X GUX GA a(nT) (3.3)

2L(nT)— GA X|a(nT)|

3)IF GR < |r(nT)|< GEXle(nT) < L andGAX |a(nT)| < GRX|r(nT)| < L ,
0.5x L(nT) X GUX GE 0.5xL(nT)x GUX GR

dutnT) = ST arx o] D S - GRx ) )
0.25 X L(nT) X GUx GA
LT = CRx r D) 3.4
4)IF GEX e(nT) < GRXIr(vZT)I)g L andGRX |r(nT)| < GA(XIa)(nT)I <L,
0.5XL(nT)X GUX GE 0.5XL(nT)>xX GUX GR
dunT) = S - crxi ol "D 2L - crx ) T
n 0.25X L(nT) X GUX GA a(nT) (3.5)

2L(nT)— GA X |a(nT)|

weba (3.2)~(3.5)

Z7 0]
2 hds] mAES 4 4 Sk

i)

2 gla ARRE e gol shtel I

du(nT) = K;(nT)<e(nT)+ K,(nT)xr(nT)+ K,;(nT) < a(nT) (3.6)

olwj, PID Alej7]19] o5 K,nT)9 K,(nT), K,(nT)E The] 2] (3.7)el <3
Akt T},
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K,(nT)=05xXGU(nT) X GEnT)
K,(nT)=0.5x GU(nT) < GR(nT) (3.7
K,(nT)=0.25x GU(nT)x GA(nT)

a9 3.3 7hd vy HAH PID Alojr]el F2E JEeha ok 7hd

getrlg #H A PID Aloj7]= ¥ F HE Ao 7] o] AASE S mEARE b

et speu B S TPAAZ OB Ao el e gla o

M= ol wheEdt FEiZE Hal, AlaRY] FAYEto] o w
]

BEY A

WMSLE 7bel @ Ao PID AfYEe 4TS & 5 vk w3 W) AE
g Ak 45 dag sdes dmeFol FUhEE v, HA8 ¢
o] ool tgstel 93 AAsks 3ol A7) wiZol 5]y ALtk
of FolE/ Ho] AAl TE FHIAE FUFE & F vk
% 34%= ol 2 b setu|E A PID Ale7]e] dA HAE 5
gtk 2719 AA Al 14 setu e M PID A AdA st SA3})

Al S HE | AF3F B o] A Bl S F

‘ 3 Aol w2t 4 (3. l)Oﬂ ola) egtelo 7 A3}
st 8 L(nT)7F 7HA AL, 7}@% LinT)ol o8] o2 Qase ~7 e ua
e GEMT), GRnT), GAnT) FolA U= 277} 7P s A2 AR
"ot o W A st AHHEF X)), > T), of (nT)7F FE A 3.8)5 U=
N7 w2 27 sebE GENT). GRMT). GAT)7} 7FAET}

le*(nT)l= GE(nT) xle(nT)

lr*(nT)| = GR(nT) < |r(nT)| = L(nT) (3.8)
la*(nT) = GA(nT) Xla(nT)|= L(nT)
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Fig. 3.3 Design procedure of the variable-parameter fuzzy PID controller
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IF GR(nT) X lrinT)I< GExle(nT)| < L
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du(nT)=——7— GRWT) < r(nT)| e(nT)+ === GRWT) < r(nT)| r(nT)]
n 0.25x L(nT) X GUx GA a(nT) (4.10)

2L(nT)— GA X|a(nT)|

_39_



a9 438 AME 7 sebeg WA PID Alel7le] P2 el it

o 4EY A7 v stebEES WA oR s W o, o, o 7
T L. L) Aol EAS FoEA B PIDAC 98-S AR
# 5 Ams s Frolth w3 HA Aol AHUE Aol BhF A)F
e Agstel dEwsel 277 VR ok n 2o stetrlE el 2717k
SulZ AYS PAste] PIDACIS] BFPol MAAL B wA:
A& WANR PEEE BEGAE 45Ho] Ho] s 275 e,

W shebnlE WA PID Alelr] gudFel FAe @
Aot} 243 34N woldt 24 FeulE HA PID A

of7Itt 7bd stetvlE WA PID Alel7]& AHEE AlolAswe HAG 25l
= z7lo] 47 wetilEES exelon Ags] Folof st BPe wWEA
1

9 AASE Atels SEAEAA ME vlsl go] exaeld og A

shebele] A4 glol Lokl mE AYE A

9ee & 5 Ak mebd b BERe} el 275k WBE 1
i

1

o
o
N
)
(L
5=
ALy
=)
nj
iy
X
s
)
2
2
N
-
oX,
2
i |
o
ot
1
)
ﬂ
ALy
=)
nj

o2 AAsa olg& EUE PID Alejo]5& Alatety] wiitel &4 FHze
PID Ao &S E9stes A5 A

_40_



.I WAISAS Pa[0.auDn;)

un [ARSE
"l |||||||||||||||||| i
1
(IEEOp | BN |4}
i g o || pawen | 1 LTE \
|| Py R e
i h .-— “
] (Lre
E - T TR LLMYD
i
+ L+
L Y| yTzIng (4 (LMD [+
e (LUne &, iy
oo - (1M ED
i ot | S
| 1 " 13py " [ARYE) cImma
LImnpe || =g {1mIn __Hﬂa.w K
] N
L ——————_ v £ 1
T o003 Doy Azing
e
SJo]0Ueded STqRTIeL JO WYITIOHTY HUTIISS [+ gp7
Toams

¥ +

Indo
2IURRIAL

9 4.3 AgkE 7 kel HAPID Alofr]e] Fx
Fig. 4.3 Structure of a suggested variable parameter

fuzzy PID controller

_41_



¥(n)

]
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GU =4/GR

GR (ref )= GR
GU (ref ) = GU

v

e(m)= 37 — y(n)
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K, =(05xLxGUxGR)=(2x L -GEx|e|)
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Fig. 4.4 Execution algorithm of the suggested variable parameter

fuzzy PID controller
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u MHEEEH 8 - 14
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T, AHREH A 1.0 sec
g =9 9.8 m/sec’
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