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ABSTRACT

This thesis proposes the design principle and stability analysis of Mamdani fuzzy PI+PD
control systems. The proposed controller is the rearrangement of the conventional PID structure.
The Mamdani fuzzy PI+PD controller composes of fuzzy PI controller and fuzzy PD controller.
Each controller has two same inputs, error and change of error. Thus the same input membership
functions, output change membership functions and fuzzy rules of the two fuzzy controllers can
be applied. As a result, it is easy to design and adjust the two fuzzy controllers. Then the control
signal of the proposed controller is the average value of the output of the fuzzy PI and fuzzy PD
controllers. The sufficient condition for stability of the Mamdani fuzzy PI+PD control system is
derived based on small gain theorem. The simulation and experimental results are presented to

show the satisfactory system performance and stability.
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1 o ; aca a ¢l g o, ¢
Ygeosnaeny e o =15un35aiadvioees i ndunsovaals@ 01095 (Centroid
{a o { & 1 °y o d
defuzzifier) W3t AflonlFMnnaiigamszidiumsmgannansraiminvsseoniyailad
VINNYAN )
3 a = o y U = o
o= FunitalsdWrotees i liuesduundiuan4Evi9es(Mean of
. . ¥ a I'd Py P a
maximum defuzzifier) tﬂumimmmawmmmwﬁﬂmmwummﬂﬂuﬁm%ﬂqaqﬂ My

o oy 9 ° 9 vy ¥ o
mﬂiuszuvmmmﬂﬂmaﬂumsmmmuammz1umaamsmmgmmmnun



unii 3

Inssairamazmsesnuuudinruguladivio+ia

(4
a

3.1 Insaadavesdinuguilefdudy

) dc’: a o o 9 o <4 -
suunIugueusasnii leAnuAudaaslugn 3.1 Yszneududniuguiiled

1 4
ﬁ'amu u’nzﬂizn?umi(process)

' ;
i '
> 1 !
E |
]
sp(t)  e(t) . 1 + :u;m ®) ¥
+ o I K, [———{ Process >
+_ : ]; + A+ 3
: ;
!
W T, 2 :
: dt |
] — kSN AN 1 \L L3 vvrey
Analog PID Controller

o dur S ~
319 3.1 szuvumnquueuzaenii leAdadar

a o = 4«’: a A t a & i‘_] ¥ 1 t

auwmmmﬂ'mﬂuw"laﬂmmu f10 ﬂ‘lNﬂ‘Wﬁ'lﬂe(t) v uwamuzmnmn’]mmu

[y d " ¢ (Y dll d.’.’ a P} c &~
sp(f) NUIBMWAVYDINISUIUMST Y(f) 1D INHATOIAINIVAUN lORANAN AB u,, (F) HU

JUnupnasgIuAaums

i

. 1! de(t)
Upp(t) =K, [e(t) + T e(t)dt+T, o } (3.1

i @ a a a o o
Tagn K, fiewseweduriainu(propotional gain) T, fiaouninialmi(integral time) uaz T, Ao

o g o . . . ar <1 - 3 Py
lﬂ?l’)ﬂiﬂﬂ1ﬂﬂ(denvaﬂve time) mawl'ammuw“laﬂmmmmuueuxaan
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[ Y Ao a = ¢ o c:’ ¥ o 9
Tassadwvssdmuguitinausluinniinusadul wzldninmsdalnseainves
b d »

Famuguitloddudy SuSonlaseadreiiiuauedt Tassadvesdinruguiamaiiiedy
é e * 1 o g 1
#le+RAdeeztlsenoudummunuiladassdiu Aedruvesdnauguiladile dudiuves
Frmuguiladia  Tasfidaniuguiladudazdussiidunavesdnruguiladimiloudy

o o q’: H 9 o < o’: o

M ansossnuuudnuguiladnaesdiulimiiouduld daiu mssenuuudniugy

a ¢ 4 4 o a d
HAod msdnszdmsudsuidasenigavesdaniuguiled msinsediadesnm taems
o v o o o AR A v 9 & aa v

USuussamniinesvesdmuguilsdlalanugenndosas §338mstalassadaves
@ ~4 dﬂ’l’ a ﬁ 9 o A o a o @
danrunuit leAaudn il ulnssadvesdnruquitiuaue szefuisnindiny

Turadese

3.2 msdalassadisvesiinuguilleAauiis

4 < 2 o '
diegaaunsi (3.1) A 3 udvanaguuosauns Inisz 14

Upp () = ‘lél—ql;_u;[)_(tl (3.2)

Tauii up (1) =K, [e(t) +% ]é(t)d(t)] (3.3)
io

uag up, (=K, [e(t) +27T; dz(:)] (3.4)

7 o =t & [y Is Y A
asulaseminavesmmuguit leluaunsh 3.3) duemyavesdiinIuguing

aumsh (3.4) WeglugiAania-Tmi(discrete-time)vznanludone )

321 Iassadevesdanvguitle

Kl 1 } 4 .
welszuraunsuvesdunndaluaunisf (3.3) Tasdsuszuiuamwasuiui

3 ﬂﬁmﬁtmmdﬂy’(trapezoidal summation) 9 4

(3.5)

up (nT) =K, [e(nT) 2T e -DT + e(kT)]

T, & 2
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nnauMsnE.s) wuh himansesaaumsiilimenves (e(nT) —e(nT -T))fy
A e ' Q. i 4 [ =3 L
e(rT) 18 Fumoudenarududsiideamaiori i uduwavesdnruguiladnle

b4 []
INsIEREHY %ﬁ'muﬂmucnmjm?mmsﬁ(3.5)uazimﬂumﬂnu levlﬁsl'

Uy (2) = 2T—T K E(z)+ (l —%—) K, (E(z) -E(2) (z‘l )) +up, 2z (3.6)

i i

A o 9 d Y - 1Y c.:’
tﬁﬂllﬂﬂ@ll‘lﬂﬂﬂﬁ‘ﬂ ﬂzvlﬂﬁllﬂ'ﬁl'iﬂ‘ﬂwﬂﬁlﬂﬂﬂ?ﬂ']ﬂﬂnwhli’)ﬂﬁu

up (nT) = Kie(nT)+ K ,Ae(nT)+up, (nT - T) 3.7

.=' 2T o v— T v
Tash K,=——Kcﬁﬂﬂu71ﬂimﬂu(integral gain) Kp=[1——JKcﬁawsawwuuamu
T4 T,

A QU L3 @ e r U Y 1 1
(proportional gain) Fawsewedurainu K, vewiiniuquiuuainoadinadil seiinniound
wiowoduanu K, vesdanruquuuuususasn e(nT) = sp(nT) - y(nT) Ao idawain
Ae(nT) = e(nT) —e(nT - T) fomanlasuntasmmanain s, (1T —T) Ao 1inaves

o = :i v A 1 - ]
ﬂ1ﬂ111f1uw'10'vmmwuwmanamm /4 ABATUIMTY

3.2.2 In59a13U8aRINILAUNA

NATUMIT (3.4) UseaimeusIeyuTA0 B HAR T BIA(two-point difference)

v ldaums

S, (nT) =K, [e(nT)+21:,(e(nT)_;(nT ) )] (3.8)

o

o ~ ' ;Y a LY et dy
Jaaumsh (3.8) Tmies Idaumsemnavesdniuguivanail

Ul (nT) = Al (nT)K,,, (3.9)
Toft AuS,(nT) Ao K.e(nT)+K,he(nT), K,,=—0 s K,=2ag &
vl Ausy(nT) fo K,e(nT)+KAe(nl), Kpy=—o uaz K,==LK, fo

o o . . .
1951203 NNINU(derivertive gain)
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3.2.3 Tassadiavesianuguiiled

A d a [y o A o aa y 9 ar
ilosauaumsenined (3.7) fu (3.9) vesdanruguil ledufidndeiu ssamnse

t 4
uaasInssaivesimuguitledlunseuveaduyss dvgiae i

¥(nT)
Process >

Digital PID Controller

31 3.2 szuunIuguiiled

0307 3.2 Weunuiinssmyes Ke(nT) + K, Ae(nT) Awsanuguiladile taz

] 14
unufinssanues K e(nT) + K, Ae(nT) Avdanunuiladia aaiuezii g Tassadhe

o o A ' o ¥
yasimunuuuNaIiadi le+fiadees Idndnluiadedely

3.3 Tnssadnvesimmuguuuumiinadn le+ia

o A a Aa & b4 g
i3UUﬂ')UﬂULLHHﬂ1uW“B"HW‘lﬂ+Wﬂ %Qﬂizﬂﬂ‘ﬂﬂ JYNISUIUNTUASAINIUAN

] b4
uuuaiifed3 R lo+Ha asouansdluglh 3.3 Asi

]
e
] - K
! g i Fuzzy
: PI
,
sp(nT) | Upy (7 y(nT)
O Process >
]
i e(nT) > K, Fuzzy
1 + 1
1 1 PD
: A e Ae( nT
v e(nT-T)
]
Tt Mamdani Fuzzy PI+PD Controller

o)}

3107 3.3 szuumunuuuuaIieER lo+A
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Frnuguuuuaiiiadi loria  sz1lszneudisdiniuguiladileuazdaniugu
Asa & o =t G’I‘ sSa - I a - 1 -
Hadna Feianruguiladmiaedidunanenianaine(nl) wazmsulasuulasmianain
s o a aa aa & 1 o 3 4
Ae(nT) Lamwmmmmmuunumuﬁmcxfw'lmww cmrflummauszmmamwmm

o o Jd o @
Fanwauiladnle u,, (nT) fuenimavesiinguilading u,, (nT) uaslddeaums

Up (nT) +upy (nT)

Upp(nT) = 5 (3.11)
Tauit ieniypvosiamunguiladilofe

up, (nT) = Aup (nT)+up (nT =T) (3.12)
uaziomwavesianuquiladiane

U (NT) = Atk (nT) - K (3.13)

o o 1 H I's o

A3y Au,, (nT) was Aupp (nT) fomsnasunlaueninavesdnsuguiladi lenasia
9 o t& =4 o o’ o W & o ~4 o’: =

ey ez ldnnmsdtediinduy dmsuItmseonuuualnduauNEENITZeLY

TavazBualuiadeds 11/

3.4 MILANUUAINIVGINYY

d' o A at s Adcaa & @ A 1 a
disdnuguiladd louasdrnunuiaanalisuyamiouduns  mHana1Ae(nT)
4 " a v o ° a < 4 4
pazmsilasundasAifiamade(nT) aniu seihldmsimnzimsndsuilaiening
a d [y . a o v a! A
s siadosamuazasFuud i uguilsdii ladwiu lesnnesaunse

L v
ponuuuAIntunuiareslavly Hadfindu ngilad uasfladindunmiloudu

3.4.1 Waavlnru

4 o a a < o a “
msesnuuuilsddumaiiumndnvesdunaunsfaidumsiumundnvesnisulaou
s Yo o ddz o t!y
wlasemua Ivnudnuguiladtivunsuasil
2 ° tY < o a a A g o {I a
Jupouusn AmualidsndunisitiumuiBnvesdunaied Rndumsidumngn
' A o 15 o ! a < ' a
Adanaanaaiiagl 3.4 uazfldFumadusndnnisldouasiifianmauaas
o a ¢ @ a a o ) a Aol .
fagun 35 Hendumsiluandnvesdunaivaenlszneudsiladamniisedn negative,

zero Wog positive
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#(nT)

negative zero positive

< -L 0 +L P Ke(n)

i 34 Heddumsidlumndnmfanain

~ o Y a Aad % .o
mﬂgﬂ‘ﬂ 3.4 fmualiiamsaniiyon negative, zeroWas posztlvelmuﬁ"w

} 4
Hon (0T , 1, (nTY 0% p1,,(nT) audwuezaIsanaasaumsiansuvesiladisa il

1’ (_w’ —L]
Ty ‘Kxi(”T), [=L,0] (3.14)
0, [0, +<0)
'0’ (_w, —L]
L+ Kze(nT) , [-L,0]
Hea(nT) =1 (3.15)
Lﬁﬂg : [0,+L)
0, [+L,+0)
0, (=0, 0]
42, (nT) = -Iff%T—) [0,+L] (3.16)
1, [+L,+0)

Taoh L AeAmisiiines lunsesnuunusuiuaaunquini ssuyauesdinuguinitave
8 e(nT) iludunavesianuguiladilouds K, wvneda X,

& e(nT) Wudumavesimguiladituds K, wwmnete K,
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#(nT)

negative positive

K Ae(nT
-L 0 +L P K,ae(nT)

10 35 Masdumsidlumndamsn/foundasiianan

o A o Yoy o Aad 5 .y FY
ﬂ'lﬂillﬂ 3.5 luaﬂ’]ﬂuﬂqlﬂﬁcﬁml‘]fﬂﬂlﬁfﬂ'n negatzve, zerouaxposmve UNUAWY

Hpen(MT) , 1, (nTY 1103 41, (nT) andsunds szannsonaasaumsienduvesiladian
9 o :
JEER

1, (~<0,~L]
L (nT) =1 IfyA_E@, [~L,0] (3.17)
0, [0, +e0)
0, (—o0,~L]
L+K yfe(nT) ’ [L,0]
Hpey (NT) =1 I KyAe(nT) (3.18)
— T [0,+L]
L
0, [+L,+0)
(0, (—o0,0]
fny (NT) = KyAi("T) , [0,+L] (3.9)
Ll, [+L,+0)

& Ae(nT) dudunavosianuguiladiilouds K, sennetak,

& Ae(nT) Hudunavesdnunuiladiauds K szninete K,
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u’/’ o o 9 o o a P r'd o
Yuaouiiaes smualdiladdumsiiiuminsamsn/founlaseninavesdaniugu
Ax3n leuasfinvsznoudofafiuniiivedn negative =n ,negative small = ns ,zero =z
y
positive small = ps wag positive = p uﬁﬂﬂﬁ'ﬁ'ﬂgﬂﬂaqﬂﬁ
#(nT)

n ns z DS p

-Au(nT) <& o 3 -~ P+ Au(nT)

3 o o a 4 Y
1 3.6 Haddumaiiluandansulfounaseninavesinivguiled

¢ o a i o
HarFumsiiuauamsulfounlasewiyavesdnuguiladezgneenuuuily

HAadSunadu Taohi Huag k Asdmisiiimes lumssenuuudanuguilsdile+#a

3.4.2 agilad

A o a8 a 1 a P a do (Y 3 2
idlodauguiladiassdunauazusasdunailnsidiumndnauifleddu dnful
s 4 2 g

ponuuungiediddimsen 3.1 Fnseunquarmidlullidvsueninavesszuuluyn

& o N a a o 2 A @ o o a a 4

ane uazngiladanaidhurianguuuatiiled Sufundnauguimiueueluinoiinug
o d"l or a e A Ay
atuiidnuguuuuniladi lo+Ha

M1 3.1 nilad 9 ny

Ae(nT)

negative zero positive
e(nT) :

negative |Au, = n |Au, = ns Au, =z

zero A u,

ns{Aus = z |Aug, = ps

positive Au7 =z Aus = ps Au9 =p

MNAITNT 3.1 Ang, e Aug minsfamanlfeuu/aseniyavesudazng isung il
IF e(nT) is negative AND Ae(nT) is negative THEN Au, is negative
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3.43 avasaNnYy

Frmuquiladi lounzdnuguiladia 185 umseenuuy AedWindu wazngilad
o A (% Q’l’ <t a v o o A a s @ :d yaa o da )
fmdleuru  ludunsudafsdindudmivinniinusativiidenltirunsovaailzdwe

J o d d o o z [ 3 dy
weisnnumsasuaueniyavesimunuiledianes Avaunisde il

9
Z/‘i - A,
Au(nT) = 5—— (3.20)

Z Hi

i=1

Taoh g Aemmsiliumnndunavesudazng uaz Ay, AefledFunaduvewudazng

a d 3 d s
3.5 Ainzvmsnltsulaseninavesianuguiesd

o o ~ (=Y H 1 a ]
anlensuminduandnsifanarauaznmisulfownlasnifianain  dwisaud

Sunaala(input space) voaInILRUTerFosniiu 28 u3iini (input component : IC) Fisg1l

]
<
>
(1)
Vot
)
%! S KyAeA(nT )
+ 2 1C26 1C20 IC19 IC25
+ oy +L
~ o
» IC13 IC12
1c21 ic14 X 1ca|1c3 Yci| 1cis
ICs €2 \,,
o - »K e(nT)
= IC6 IC1
ic22 jicis X 1c7 | 1c8 Xicio| ic17
, ICi6 IC9
t~ ~ ")
' N 1c27 1c23 IC24 IC28
Y Q
=
<
.N

negative zero positive

" . " »K e(nT)

317 3.7 Bunaayvesdandunuiled
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a I's o 4 P I'd o a 3 a
mMsdnszimmadns mdsuulaseminavssdinruguiledluudasuiiom
4 i '4 o A ° o o
¥0aIC eAnmsilasuuasenimavesimuguiledi louazia Feshwadwinldly

¥

a d 3 n’: a s v Lo 1 a o o 1 ﬁy
'Jlﬂi'lﬁﬂ&ﬁﬂﬂiﬂ'lwalu‘ﬂﬂﬂﬂvlﬂ ﬂzuumsamswnmwaawmqnm’;wuﬂaumﬂa‘lﬂu

Funouusn msrasFumsidumindnvedazduna Taodimuasiduya
(K.e(nT), K, Ae(nT)) lunSnaives IC ffnsan Weldifludunuvesdunaiisegn
AxdTindu fedrgu WeRvsanluuinaves 1c1 dmuald K e(nT)=0.5L Fuiu
nagnsvemiaFHindufe #,(nT) =05, 1, (nT)=0.5 uaz p,(nT)=0 defmua
WK Ae(nT)=-0.25L Hadnivesmsaainsuss 14 Hpy(nT)=0, 1, (nT)=0.75
o g, (nT) =025 fludu

b4 ] [
dunouniaes ¥ngiadluaisii 3.1 waldufianmsdadasin AND wimn

o s ] o ' AS’
matluamnindunaveudazngine il

~K Ae(nT)
mln{/uez’/‘Aen} /IAen 3 -—_L——
L-K e(nT
=min{u, o) = =D
—K Ae(nT)
n {luep’/lAen} = 3 L
K e(nT
/18 mln {/Iep’/uAez} = luep 7 _Efin_)-
M=t = = e = M =0

o> ¥ o & ¢ o a ¥
dunouganis Aruranswdsuudaseniyavesdanruguilad Taolyaums

A
1(.20) 3219

(180 % Dy ) + (425 % D)+ (22 x Aty )+ (% Artg)
Mot s+ [+

Au(nT) =

flouny Ay, vosudazngdiw n=—H ns=—h,z=0,ps=h,p=H uazsunu 4w

a a v Pri 9ar o’: a 9
madumndnduyavedazngh 185 unnduneuiices 1zla

hLK e(nT)+hK Ae(nT)
L-2K Ae(nT)

Au(nT) =
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4 o o - L8 ar
Wounu K uaz K, At K, uaz K muaiay nmsilasuuilasieinavesdlniugu

Axdaleluvsnu IC1 Ao

hLK e(nT)+hK ,Ae(nT)

Auy (nT) =
tpr () L—2K  Ae(nT)

4 o o $ J ar
ieunu K, uwaz K, A K, uag K, awdey msnlasundaueniyavesinniugu

AxEnaluuSim IC Ao

hLK ,e(nT)+hK ,Ae(nT)
L-2K ,Ae(nT)

A upp(nT) =

n’: P ° 4 o o o

fauduTinm IC2 B4 1C28 amsasrumsilfsuuasemina Tagerdouuimafuaiy IC1
o { 4 ' ) o =

uagagdugasldfwanslumsiei 32 uaz 33 Fmun TudazuTnavesduyamily

$ d { [ o U w & 4
sIWaumsvsamsuldoumlaseivaianeiu tazaunsauaasdtedmwadnimsnloon

¥
o/ =

o o
wasieminavesddnunuiladi leuosiadagln 3.8

3 o ' o & o a [
51 3.8 dedswadnimsn/founlasenivavesdanruguiledii letasia

vzl 3.8 il muald K, uaz K, unudae K, oz K, andauud Au(nT) o

Wwda Au,, (nT)  Sminunmu K, uas K, §0 K, uaz K, muddunds Au(nT) szminois

A Upp(nT)
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4 { Jd o ~
m3197 3.2 msidsunaueviyavesiimuguiladi leuazia 1C1 S 1C14

IC

Aug, (nT)

A upp (nT)

hK,e(nT)+hK ,Ae(nT)
L-2K ,Ae(nT)

kK ,e(nT)+hK ;Ae(nT)
L-2K,Ae(nT)

hK e(nT)+(H +K)K Ae(nT)

hK ,e(nT)+(H + h)K ;Ae(nT)

L+2K Ae(nT) L+2K,Ae(nT)
5 (H +h)K,e(nT)+hK ,Ae(nT) (H +h)K ,e(nT)+ hAe(nT)
L+2K Ae(nT) L+2K Ae(nT)
hK e(nT)+hK Ae(nT) hK ,e(nT)+hK Ae(nT)
4 L-2K.e(nT) L-2K e(nT)
5 hKe(nT)+hK ,Ae(nT) hK ,e(nT)+hK Ae(nT)
L+2K Ae(nT) L+2K,Ae(nT)

KK e(nT)+(H + K)K , Ae(nT)
L=2K Ae(nT)

kK ,e(nT)+(H +h)K ,Ae(nT)
L-2K,Ae(nT)

(H +h)K,e(nT)+hK ,Ae(nT)
L-2K ,Ae(nT)

(H+h)K e(nT)+hK Ae(nT)
L-2K,Ae(nT)

hKe(nT)+hK Ae(nT) hK je(nT)+hK ,Ae(nT)
8 L+2K,e(nT) L+2K je(nT)

hKe(nT)+ hK Ae(nT) hK ,e(nT)+hK Ae(nT)
2 3L+2K,Ae(nT) 3L+2K,Ae(nT)

hK.e(nT)+hK Ae(nT) hK ,e(nT)+ hK ;Ae(nT)
10 3L-2Ke(nT) 3L-2K ,e(nT)

11

hK e(nT)+(H —h)K ,Ae(nT)+2hL

kK e(nT)+(H —h)K ,Ae(nT) +2hL

3L-2Ke(nT)

3L-2K e(nT)

12

(H -hm)K,e(nT)—hK Ae(nT)+2hL

(H - h)K ,e(nT) - hK ;Ae(nT) +2hL

3L-2K Ae(nT)

3L-2K Ae(nT)

13

hK.e(nT)+hK ,Ae(nT)
3L-2K ,Ae(nT)

hK ,e(nT)+ hK ,Ae(nT)
3L-2K,Ae(nT)

14

hK.e(nT)+hK ,Ae(nT)
3L+2K ,Ae(nT)

kK ,e(nT)+hK ,Ae(nT)
3L+2K,Ae(nT)
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m3197 3.3 manlasunlausiyavesiinunuiledA lenazfin 1C15 fa 1C28

31

L

L

IC AuP, (nT) A up]_) (nT)
—hK e(nT)+(H —-h)K,Ae(nT)—-2hL | —hK e(nT)+(H - hK ,Ae(nT)—2hL
1 3L+ 2Ke(nT) 3L+2K e(nT)
. (H —-h)K.e(nT)—hK Ae(nT)—2hL (H-hm)K ,e(nT)—hK ,Ae(nT)—2hL
3L+2K,Ae(nT) 3L+2K,Ae(nT)
17 hK ,Ae(nT)+hL hK ,Ae(nT)+hL
L L
8 (H -h)K ,Ae(nT)+hL (H-h)K,Ae(nT)+hL
L L
9 (H-h)K,e(nT)+hL (H-mK e(nT)+hL
i L
20 hK .e(nT)+hL hK pe(nT) +hL
75 L
. hK ,Ae(nT)=hL hK ,Ae(nT)—hL
! L
- (H -h)K ,Ae(nT)~hL (H-h)K, Ae(nT)—hL

23

(H - h)K,e(nT)-hL

(H -h)K e(nT)~hL

L L

o hK e(nT)~hL hK e(nT)~hL
L L

25 H H

26 0 0

27 -H -H

28 E 0 0
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a d =
NIFAUAISULIADYININ

a o ¢ @ y 1Y Id

Inetinutatuil szldvdninaaiiadosnmilled To(Bounded Input Bounded Output
stability) TumsAndu@Bssnmuesszuy namfe ssuumugusslicdesnw Wedygw
a Ha o o 9 @ I's A
suyantivouwadfadlowdunluszuumuguuaz Wdygauemiyafiliveuvadie

a ¢ a A aa ad4 Ao a a e

mslinTeiatosnmssuunuguuuNaidsE i lo+ia  Mivausluinoiinuii

s1dmquumnuilos(Small gain theorem) W1IBY lumdosmMNNEINEIVDITLUUAIUAY

@ 1 4 9 1 =y [4 o o s et
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Mamdani Fuzzy PI+PD 331.21 509.00 0
PID 497.48 860.00 0
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Motor speed Controller Rise time Settling time | Overshoot
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aq =] a a 9 4 a a
3 ma NFlumsnaasatlumanayss Svinaduruguinain 1.07 Nadwas wozvua

AU 35 KBUAIAT

msnszinendamandiitednuquanidvesszuudewia nnlassadily

A Y o ‘:
517 5.1 munsauaasluaavesszuudea 1Al

31U 0.3 TumavesszuvdowIn

~ o Jd W A ° Aﬂl
719 1.3 LAAIMIAIAUANUTINDIADS @, VUINATNNNITY nsz1d Taonisnlasy
v a : @ & @ v a - |
USIAUDUNA E, flouldvuvemes Iihnszuanss Fwamesanaiflusiiauimanats
@ @ Lol d' =t o 1 Ay
uazdadnuainegiuaaslugilinnumusasse i
E, Ao us Qﬁ'ugu‘v!ﬁ(input voltage applied to the armature)
A £y o o 4
R, 1D AUAUNIUYDIDITINIIBI(armature resistance)
A = ° % s .
L, 70 ANUIMUBIUIVDIDI3119D3 (armature inductance)
A J 4
I, 7D NILUAVUDIDINIIDI(armature current)
A o 9 Y 4 4
E, 70 1159AUIDUNNVUDINDIAD I (back electromotive force)
' o o 'Y J
K, fin AININLTIAUTOUNAVVDINBIND (back electromotive force constant)
d a 4
@, AD AUS AFIYUVDNBIAD (motor speed)
A J ~ a o
K, 79 ANINISIVAYDINBIADI (motor torque constant)
= a 4
T, A9 1159UAYDINDIAD I (motor torque)
A o & Jd - .
Jm ) IilLiluﬂﬂ’J‘liJmEJU‘llENllﬂlei(moment of motor inertia)
J
6, v YUNMINYUVBINBIADS (angle of motor rotation)
' o
Ks ﬁi] ﬂ'lﬂ')‘liJu‘UQﬁ\l‘ummm(torsional stiffness of drive shaft)

7. 9 13531iav03n13%(load torque)
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a L4
J, fo TuuaaNuNBYYsINs ¢(momént of load inertia)
6, o YUMSNYUUBINIT(angle of load rotation)
o, 7B ANNIEUTIUUBINTTE (load speed)

T, fi8 459UAN33UNIMU(disturbance tordue)

A a ' a @ o XY 4
nlumavesssuyaeada disfinisenh Instlounssduduys E, iuueines
Ghuusadu Ifhnssuaass seldifanszuatii 1, luaes il Weldngueunsivend
souees Inlthes 14
dI(f)

E@®=RIMN+L, i +E, (1) (n.1)

! o ar ¢ A, @ o o o ¢
Taoh E,(f) fAeussiudounduvsanames iiaindniweseiinuses ulsmesmyudariu

v 3 4 a & - ] Q2 o g Ya P ° o v o
l'gulli\uu“"aﬂclf\uﬂﬂﬂuﬂ‘lﬂuul“aﬂﬂ'l')s i]\iﬂ’ﬂ“lﬂﬂﬂ’ﬁl"uﬂ')u‘]lﬁ\’ﬂuvlﬂﬁ11uw’]u1ﬂ1u

¥
o

¢ & o Y o 1 o a
nguosthsuad FusssudeunduvsaemeiiiudadauiuaamuduFaudiai
E, () = K.0,(¢) (n.2)
dentasan)amussaumsfi(n.1) uaz(n.2) udmnszudersueeiee1a

_E,(9)=K.2,(5)

.3
Ls+R, (0:3)

1,(s)

° o 1 i = ar ] Qs ar 4
smualdiduisveslasidusmnei ussiinvsswamesszidludadaudu 7, (s) Aeil
T.(s)=K,1,(s) (n.4)
» ¥
WeRnsanusidavesuaines lwFina nun 7, (s) dsensudromenaisgasae 11l
|

T, (5)= T, () + T,(5) + S (5) + 150, (5) (n.5)
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Taoil T, feusedafidessuzmsgyidoiganamadoanu uas £, Aeduszdng
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4 ¥ ] o A { L Ady
weldihedemsfuan Fanunsom o, (s) Minaumsin.s) 1dasil
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@, (s)= (7.6)

d a o a o & A o - ¢
mmtsamqwmnames a, (t) BAHINUI ﬂaawﬂmstﬂauuqumsuqu‘umuamas

¥ 4
6. (f) aorant AnfusannsouaanuduRuTYes 4, (s) fu @, (s) 1Adsil

6.(s)= “’ms(s) ®.7)

dmfunsinsanmuseiaveiniss T.(s) aunsamidhnimesdofuiuvemed

A 1 g a o W @ d”
Faoz' 1A anuS AT @, (5) UASYNMITNNU 4, () VBIM3E MUTALATT

L,(5)-T,(5)

.8
2 (n.8)

@, (s)=

8,(s) =-‘f’£s(i) (n.9)

MNMSANYT NUIWTITAVB158 T, (5) 92U sSHUALHAANTE NI UNITHIUYEA

woIRDs 4, (s) AuyuMsnyLYeIntse 6, (s) udaslddsauns
T,(s)=(6,(s)- O, (sDK, (n.10)

NNAUMIN(R.3),(N.DUazaun1sA(N.6)F(N.10) amsaudasienTunielouvss

LUVADININAD
2
+
P(s)=2n _ — (n.11)
Ea(s) b4S +b3S +b2S +bls+b0
Yoot ay= KnKs  , _ Kn oy KaKK oy KReUn*Jy)
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1 I'd a a ¢ o dy 1 a Q; 4
mMsyiauesuvesssuvassaluInntinusetiutl salunmsmsduiiiauesy
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ansam dannflansuoisTouvssszuvassanuansluaumsin n.11 lasldldsunsy

' ° & v 4
MATLAB e lunissman Saaas Tdsunsudeil
(=Y n:ly L4
TdsunsummpuniAussuYeIsTUUTBIA

/* ssfiineTuedsEuvasaIa ¥/
Ra=0.25;
La=0.1/1000;
Ke=4;
Km=3.8;
Im=0.7,;
JI=0.7;

=350
a0=Km*Ks/(Jm*J1*La);
a2=Km/(Jm*La);
b0=Km*Ke*Ks/(Jm*J1*La);
b1=Ks*Ra*(Jm+J1)/(Jm*J1*La);
b2=(Ks*La*(Jm+JD)+Km*Ke*J1)/(Jm*J1*La);
b3=Ra/La;
b4=1;
n=[a2 0 a0};
d=[b4 b3 b2 b1 bO];

dar 1 b
/* Hangunelouvesssuuaeaninlugicontinuous-time */

Ps=tf(n,d);

da 1
7+ Aanguag Tsuvesszuvasaninlugidiscrete-time */

Pz=c2d(Ps,0.001,'zoh');

b4
= aal o
* BuiAuesUUBITTULADINID */

norm(Pz,inf)



MANKIN 9.

-%% c‘ Yo an c
Nmmmﬂﬂ‘lmumsﬂwuw

66



In ternatmnawvmpusmm un lnrurmatmn lhem'v?and Its Anmmatmns

be 19 O
onalltoncrenc A

et S B R e ST

L2




68

International Symposium on Nonlinear Theory and its Applications

Xi‘an, PRC, October 7-11, 2002

Speed Control using Mamdani Fuzzy Pi+PD Controller
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Abstract: This paper proposes a Mamdani fuzzy PI+PD
controller for controlling the speed ol two-inertia system.
The simplicity in designing the proposed controller is
described. System performances and stability of the
Mamdani fuzzy PI+PD fuzzy control system are shown.

1. Introduction

It is known that the conventional proportional-integral
(PI) and proportional-integral-derivative (PID) controller
with well-tuned parameters will give good system
performance [1]. However the controllers are not proper for
the nonlinear or uncertain system. On the other hand, it is
also known that the fuzzy controller both in Mamdani and
Takagi-Sugeno type have been introduced for nonlinear or
uncertain system. The fuzzy P1D controllers have also been
introduced recently (2, 3]. A. fuzzy sliding mode approach
for the two-mass system [4] has also reported in the
literature.

Since the conventional PID controlier consists of three
terms: proportional term, integral term and derivative term,
the three inputs of the fuzzy PID controller will be needed.
This will lead to the difficulty and complexity in designing
the fuzzy control rules and membership functions.

In order to avoid those difficulty and complexity in
designing fuzzy PID controller, this paper proposes a
controller called the Mamdani fuzzy PIHPD controller.
which is the modification of the conventional P1D structure.
The conventional PID structure is first divided into two
parts, Pl controller part and PD controller part. Then the
structure of the PID controller afier rearranging is a paralle!
structure. The structure of Pl and PD controfler will be
constructed to be a fuzzy Pl controller and fuzzy PD
controller. Consequently, the inputs of the tuzzy Pl and
fuzzy PD controllers will consist of’ two inputs, error and
change of error. The merit points of the Mamdani fuzzy
PI+PD controller can be stated as follows:

(1) The two inputs of each part of the fuzzy controller
consist of the same inputs. That is error and change of
error.

(2) The same control rules and membership functions of
the two fuzzy controllers can be designed.

(3) The stability of a closed-loop system can be
guaranteed by utilizing the small gain theorem.

Hence, it is easily to adjust the Mamdani fuzzy PI+PD
controller in order to meet the desired system performances
and stability.

2. Structure of Mamdani Fuzzy PI+PD Control System

AT e

iFig. 1. Structure of Mamdani Fuzzy P1+PD Control System.

The block diagram ot a Mamdani fuzzy PI+PD control
system consisting of a process and the proposed Mamdani
|tuzzy PI+PD controller is illustrated in Fig. 1. The structure
1of the proposed controller is shown in the dashed line. The
‘integral gain X and proportional gain K, are the fuzzy
control gains for the Mamdani fuzzy Pl controller. The
'proportional gain &, derivative gaink, and output gain
| Koare the fuzzy control gains for the Mamdani fuzzy PD
controller. The control signal u,,,(a7) of the Mamdani fuzzy
P1+PD controller is then proposed as

Ty =2 Dt (1T ()
where

u,,(nT)=Au,, (nT)+u, (nT-T) (2)
and

Mpp(nT) = Aty (TYK,, (3)

are the new outputs of the fuzzy Pl and fuzzy PD
controllers, respectively. The derivation of the fuzzy Pl and
fuzzy PD controller structures are described in the following
subsections.
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2.1. Structure of Fuzzy PI Controller

In order to-find the structure of the Mamdani fuzzy
PI+PD controller, which is constructed from fuzzy Pl and
fuzzy PD controllers, the control signal of the conventional
PID controller is first given by

de(t)] )

. o
Upp() =K, | e +— |e(t)dt +T,——
Pip(l ;IZ ) 7;’_'[() s
where K is the proportional gain, 7, is the integral time, 7,
is the derivative time and ) is the error signal. By

rearranging the structure of the above conventional PID
controller, it becomes

1w (1) =M (5)
where
() = K. | ety + 2 [evar ©)
Tis
and
upp(t) =K, ["(’)"’-’7;1 %] . 1))

Approximating the integral term of equation (6) by the
trapezoidal summation yields

tp, mT) = K,e(nT) + K pAe(nT) + ufpy (nT - T) (8)
where the error enl)=spnT)-MaT). the change of error
AcnTy=enT)~e(nT - 1), K,=-2T—TIC,. K,=(l-§]K, and T is
the sampling time. When the term Ke(nT)+K A7) is replaced
by au,(n7), the new output fuzzy Pl controller can be
obtained as

u, (nT) = At (nT) 411, (nT =T

where ¢(n7) and Ac(»7) are the inputs and ay,tn7) is the output
change of the fuzzy PI controller.

®

2.2, Structure of Fuzzy PD Controller

The structure of fuzzy PD controller can be found from
equation (7) by approximating the derivative term with
two-point difference form. Hence ,

ufp(nT) = (K e+ K1 8enT)) K,y (10)

27 o " T
where K, ‘T P and Aq\l "7}-7 .
K,etnT)+ K, 8enT) is replaced by aw, e, the new output

fuzzy PD controller becomes

upp(nT) = Aupp(nT)K

)

where «(nT) and ac(n7) are the inputs and a0 is the output
change of the fuzzy PD controller.

When the term of
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3. Mamdani Fuzzy PI+PD Controller Design
3.1. - Fuzzification

In the fuzzifcation step. the error «(n7) and the change of’
errar acnT) of the fuzzy Pl controller and fuzzy PD

controller are employed. The input membership {unctions
ind the output change membership functions are shown in
Fig. 2 (a), (b) and (c) respectively, where £_. L., ## and h are

the arbitrary constants.

Membership

negative positive

Ke(nT)
-L, 0 +L, K,e(nT)
(a) Error membership functions.

Membership

negative poxsitive

K, ae(nT)
+L K _,Ae(nT;
(b) Change of error membership functions.

-L 0

Membership
n ns |t ps 14
. Au,,(nT)
-H ~-h 0 +h +H Au,,(nT)

(c) Output change membership functions.
Fig. 2. Membership functions.

In Fig. 2 (c). terminology is n for negative, ns for negative
small, z for zero, ps for positve small and p for positive.
3.2. Fuzzy Control Rules

" Based on these membership functions, the fuzzy control

rules'that used for designing the fuzzy Pl or PD controllers
are shown in Table 1. The number of the control rules is 9.

Table 1 Fuzzy control rules

change of’
wor | newat s
eror negative zero positive
negative n ns z
zcro ns z ps
positive z ps p
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3.3. Defuzzification

The output change Au, (T} and Aup,(nT) of the fuzzy
Pl controller and the fuzzy PD controller, respectively, are
obtained by employing the centroid defuzzifier as

9 v
D‘H.A"n. Y

Ay (D=2 and Mgggrly=E—

PN 2

i ral
where u,, and p,, are the membership values at the r
rule, Auy, and Aw,, are the singleton output fuzzy sets at
the r " rule of the fuzzy PI and fuzzy PD controllers.

3. Stability Analysis

In this section, the stability analysis of Mamdani fuzzy
PI+PD control system illustrated in Fig.1 is shown by using
the Small Gain Theorem [5], which is a generally applicable
tool in nonlinear control theory.

Let C,, Cppand P denote the fuzzy Pl controlier, the
fuzzy PD controller and a process respectively. Then the
process output is Pu,,(n7)). When the fuzzy Pl controller
is treated as a nonlinear operator mapping inputs «(»7) and
Ae(nT) to the output change of fuzzy Pl controller Au, (aT).
therefore, ang (n7T)=C,elnT) can be obtained. In the same
manner, when the fuzzy PD controller is treated as a
nonlinear operator mapping inputs e(n7) and Ae(a7) 10 the
output change of fuzzy PD controller Au,,(nT). then
Aupy(nT) = Cpy(eAnT)) .

In order to analyze the stability of the Mamdani fuzzy
PI+PD control system, the Au.(nT)and Awp,(aT) using
defuzzification algorithm (12) will be found by
decomposing the input space of the input membership
functions into 28 different input combinations (ICs) as
shown in Fig. 3.

KytnD) KTy
L B A A =1 wx | e s L | wzs
3
N1 S Wi i1z
[ 0
o | e we f as X wan f e s fies Xen |
ANANLZL) ONPAN L
aw " -L e *

—L‘, +L‘, v 4 +Le
soa | X w7 s X ez f iz fxa X o
Kie [ K16 xe
wr | oW 'L‘. wafam w1y ok 'L‘- U

v
Inptt spove of fuzzy P controller Iiput space of fuzzy PO contolker

Fig. 3. Input space of fuzzy Pl and fuzzy PD controller.

Nexi, determine A, (nD)f and fau,,(n7)] so that the
maximum value a«,, and a,, of each 1C can be obtained and
summarized in Table 2. Then the stability condition is

expressed as
ap; +Cpp uP“ <l
2

where |#] is operator norms of a given process.

a3
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Table 2 a,, and a,, for fuzzy Pl and fuzzy PD controllers

Group ICe “py Tpp
€1, 1A, lmhl\',rhk'l,l lmhk,vhk’,[.
Al ] acs.acs Tl T L, Kopa
x| 1z ice fnnk <o nik Jlmnk, oen s Inu
2m L, 2ml,
(M - hiK, - hK m(H - bk 4 hK
AS 103, 1C7 I" 4 "l l L ’I-_-.
mL, 2wl 4
9, ICHD, m K, + hK I mhK v hK
A e, e l - . L - dlK-u
T L, ml,
fmak, -t -0k [ Nwnk, - o -nix |
AS Ticu, ices LY
ml, ml,
| fmenr ik, nx ] [nen ./.;x,,-hMK
1 TSEATST] oL T pd
K IS
I} ar Jicis ez ]"—’[ ]l'—‘-lx_d
ml, mL, "
k) " -h)K
as |1cia 022 ]'” mK, | pu b ‘IK P
mL, mi, v
" -
N ae lrwes. 1c2s pr-mx, | |z ""Kr[_.‘.
p L. 7 e
h K, K
ate |1c20. 1024 ]ff rlx.d
L, L, ”
IC23, IC26.
ALY i, 1c2s 4 a

The a, and a, for the stability judgment are chosen
according to the parameters of X,.X,.X,,K,,,H .h and
m=L /L, .

4. Experimental Results

The experimental results in controlling the motor speed

.. Of the two-inertia system by using the Mamdani fuzzy

PI+PD controller is shown in this section. The block

diagram of the two-inertia system to be controlled is shown
in Fig. 4.

Fig. 4. Block diagram of the two-inertia system.

The transfer function from the reference input to the
motor speed is given by

kd
@®,,(s) a,s® ta
Py =2n® _ ML L (14)
| E,(s5) by’ +bys” +bas” +bys+h,
g +
where q, - KeKe , - K KKK KRnt)
Judily Jul, It Ly Judil,
Kbty S ) KK, L hy== b, =1 and the parameters
il

of the two-inertia system are shown in Table 3.
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Table 3 Parameters of the two-inertia system

Ra L, K, Ko Ju Ji K,
[o mH vikrpm | N—cmiA] kg ~em’| kg =em* | N-m/rad
025 .10 4 38 0.7 0.7 15

By taking the z-transform to equation (i4) and using
sampling time 7=0.001 second, yields

0.01354=" -0.02098=" +0.001418= +0.006066

P(z)=
=1 -29492 +3.0852% - 1.167-+0.08208

(15)

Hence,
P = ﬂ{pll’(z)l =0.25
2}t

can be obtained.

The parameters of the conventional PID controller X,. 7,
and 7, are first obtained from the Ziegler-Nichols tuning
method and are tuned later until the system response has no
overshoot. Hence, K,. 7, and 7, are 0.09 . 0.9x10” second and
0.094x10” second respectively. By using parameters of PID
controller thus obtained and T=0.001 second, the gains of
Mamdani fuzzy PIHPD controller become K,=0.08.
K,=002, K,=0m5 and K,,=1.125. The constants H .k
and m=L/L, are chosen to be £,=L=05, H=4 and
h=1.Therefore, the Mamdani fuzzy PI+PD control system
is stable according to equation (13). when Jr(z)]=0.25.
a =048and o} =06.

5.1. Step Response with Disturbance Torque

The Mamdani  fuzzy PI+PD controller and the PID
controller designed in section 5 will be implemented to
control the speed of the two-inertia system at 1 krpm. The
controlled systems have been also applied the disturbance
torque 7, at 1.4 seconds. The experimental results are

shown in Fig. 5.

1.5
—= Mamdani Fuzzy P#PD
«—— Conventicnal PID
. 12s)
E
g
= 1
- \/,
§, 0.75}
w
b
g
=] 0.5
=
025}
0 2 ”
[] 500 1000 1500 2000 2500 3000
Time (msec)

Fig. 5. Step responses with disturbance torque.

1t is seen that the response of the proposed fuzzy PI+PD
control system is faster the response of the PID control
system. However. both control systems can reduce the
vibration of the two-inertia system. It is also observed that

f
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the eflfect of the disturbance torque can be fast rejected by
the Mamdani fuzzy PI+PD controller.

1‘.2. Step Response due to Motor Speed Change

In this section, the Mamdani fuzzy PI+PD controller is
used to control the speed of the two-inertia system at 13
krpm and o7 krpm without changing the controller
parameters in order to show the effectiveness of the
controller.

1.8
1.7 — 1.3 kipm
—= 1.0 krpm
—~ - =07k
g
e
-
=
g /
-
g -
= .
3
500 1000 1500 2000 2500 3000

Time (mscc)
Fig. 6. Step responses for reference speed has been changed.

The experimental results are shown in Fig. 6 and are scen
that the proposed controller has the ability to control the
different speed without overshoots and steady state errors of
the step responses.

6. Conclusions

| The Mamdani fuzzy PI+PD controller has been proposed
jand implemented to control motor speed of the two-inertia
;system. The simplicity in designing the proposed controller
|to meet the desired control system, and stability have also
been shown. The effectiveness of the proposed controller
has been demonstrated by the experimental results.
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Abstract: This paper proposes 8 Mamdani fuzzy PID controller for controlling a process with small dead time. The controller
composcs of a parallel structure of fuzzy PI controller and fuzzy PD controller. Each controller has two inputs, ervor and change of
error. Hence, the control signal of the proposed controller is the averge value of the output of the fuzzy Pl and PD controllers, The
Mamdani fuzzy PID controller is casily to be adjusted to meet the desired control system performances both in transient state and
steady state. The simulation results of the proposed Mamdani fuzzy PID controller by using the same parameters (proportional gain,
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The effectiveness of the proposed controller when the process parameters have been changed is also shown.
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1. Introduction

It is known that the conventional proportional-integral (Pl)
and proportional-integral-derivative (PID) controller with
well-tuned parameters will give good system performance [1].
However the conventional controllers are not proper for the
nonlincar or uncertain system. On the other hand. it is slso
known that the fuzzy controller has been introduced for
nonlinear or uncertain systenm. The fuzzy PID controlier has
also been introduced recently [2.3). Since the conventional
PID controller consists of three terms: proportional term,
integral term and derivative term, the three inputs of the fuzzy
PID controller will be needed. So this will lead to the
difficulty and complexity in designing the control rules and
membership functions.

This paper will avoid those difficulty and complexity in
designing fuzzy PID controller by proposing the Mamdani
fuzzy PID controller, which is the modification of the
structure of the conventional PID structure. In order to
construct  the proposed  controller, the structure  of
conventional PID controller is divided into two parts, Pl
controller part and PD controller part. Then the structure of
the PID controller after rearranging is a parallel structure.
The structure of Pl and PD controllers will be constructed to
be the fuzzy P1 controller and fuzzy PD controller. Hence, the
structure of the Mamdani fuzzy PID controller is a parallel
structure of fuzzy PI controller and fuzzy PD controller. Each
controller has two inputs, error and change of error, Thus the
control rule can easily be designed. Then the control signal of
the proposed controller is the average value of the output of
the fuzzy Pl and PD controllers. The merit points of the
Mamdani fuzzy PID controller are as follows:

(1) The two inputs of each~part of the fuzzy controller
consist of the same inputs. That is error and change of error.

(2) The same control rules and membership functions of
the two fuzzy controllers can be designed.

According to the mentioned merit points, it is casily to adjust
the Mamdani fuzzy PID controller to meet the desired control
system performances both in transient state and steady state.
The simulation results of the proposed Mamdani fuzzy PID
controller by using the same parameters (proportional gain,
integral time and derivative time) as the conventional PID
controller in controlling the first order process with small dead
time arc shown in this paper. The response of the proposed
control system is faster than the conventional PID control
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system. There is no overshoot and steady-state error in both
systems. The ability of constant output disturbance rejection
of the proposed control system is better than the conventional
PID control system. The results also show the effectiveness of
the proposed controller when the parameters of the process are
changed.

2. Structure of Mamdani Fuzzy PID Control System
In this section, the structure of Mamdani fuzzy PID control

system, the structure of fuzzy P1 controller and the structure of
fuzzy PD controller will be described respectively.

dnTy

[
O

sp(al’)

Masndani Furzy PD { otrrtics

Fig. 1. Structure of Mamdani Fuzzy PID Control System.

2.1. Structure of Mamdani Fuzzy PID Contro! System
Figure [ illustrates the block diagram of the Mamdani fuzzy
PID control system consisting of a process with small dead
time and the proposed Mamdani fuzzy PID controller. The
structure of the proposed controller is shown in the dashed
line. The controller is constructed as a parallel structure of
fuzzy PI controller and fuzzy PD controller. The control signal
t(nT)of the Mamdani fuzzy PID controller is the average
vatlue of the output of the fuzzy Pl and the fuzzy PD
controllers and is proposed as

(7Y = 1y (nr):ll,.l,(llr) m
where

1, (nT) = Artpy (T4 21y (0T ~T) )
and

U, (T = Aty (0T — 11, (0T =T) (3

are the new outputs of the fuzzy Pl and PD controllers.
respectively. The derivation of the fuzzy Pl and PD controller
structures is described in the following subsections.

Conference Web Site : http//awiw.iccas.org
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2.2. Structure of Fuzzy PI Controller

In order to find the structure of the Mamdani fuzzy PID
controller, which is constructed from fuzzy Pl and PD
controllers, the control signal of the conventional PID
‘controller is first given by

1
Upn () =K, | L +=—+T,5 |e(s) “
T,s
where K is the proportional gain. 7, is the integral time, T,
is the derivative time and ¢(s) is the emor signal. By
rearranging the structure of the above conventional PID
controller, its structure becomes

Up5) = up (5) ; Uy (5) )
where
2
up(s)=K, (l +—-‘]¢‘(5‘) ©
Ts
and
U )= K, (142T,5)e(s) - (7)
After applying the bilincar transformation - 2Az-1) ¢
T(z+1)

equation (6) and then taking the inverse z-transform yields the
output of the conventional Pi controller as

1, (nT) = Ke(nT)+ K.0enT) +14,(nT=T)  (8)

whete  o(nT) =sp(nT)—y(nT) - AeAnT) = e(nT)~e(nT-T)>»
_zT_Tk ) K, —(l _;]Kr and T is the sampling time.

i i

When the term K, e(nT)+ K, Ae(nT) is replaced by An,, (nT) -
the new output fuzzy PI controller can be obtained as

u, (nT) =Aup, (nT)+ 11, (nT~T) . )]

where Ay, (nT)is the output change of the fuzzy PI
controller.

2.3, Structure of Fuzzy PD Controller

The structure of fuzzy PD controller can be found from the

equation (7) by the same procedure stated in subscction 2.2.
Then the conventional PD controller is

1, (nT)= Ky nT) =K Ae(nT) ~u,,,(nT ~T) (10)
where K, =2K, and K, =( —-ﬂ)K.-
T %

The new output fuzzy PD controller can be obtained by
replacing Autp, (0T in the term K e(nT) ~ K, Ac(nT) - Hence,

1, (nT) = Bt (1T) =1t (0T =T) (i

where Auy (nT) is the output change of the fuzzy PD
controller.

3. Mamdani Fuzzy PID Controller Design

1t has been mentioned in the section 2 that the structure ol the
Mamdani fuzzy PID controller composes of a parallel
strucwre of fuzzy PI controller and fuzzy PD controller and
cach controller will have the same inputs, crror ¢(n7) und
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change of error Ae(nT). Therefore, the same of fuzzification,

fuzzy control rules and defuzzification cun be considered in
designing both fuzzy Pl controller and fuzzy PD controller.

3.]l. Fuzzification
In the fuzzifeation step, the error ¢(n7) and the change of

error Ae(nT’) are employed. The input and output change

mx.mbcrshlp functions are shown in Fig. 2 and Fig. 3
rcspecmely The input membership values are positive,
negative and zero. The output change membership values are
positive, small positive, negative, small negative and zero. In
these two figures, H, h and L are constants.

Agtal LA AeiaT)

L 0 L KetaT v K Setal)

Fig. 2. Input membership functions.

Fig. 3. Output change membership functions.

sn |z sp p

’ Ax, il )
-h

o h 1] Ax,, (2

3.2. Fuzzy Control Rules

Based on these membership functions, the fuzzy control rules
that used for designing the fuzzy Pl or PD controllers are
shown in Table 1. The number of the control rules is 9.

Table 1. Fuzzy control rules.

change of
error | Negative Zero Positive
omy
Negative n n n
Zero 0 z sp
Positive n p p

3.3. Defuzzification
The centroid defuzzifier is employed to caleulate the output
change Aur,, (nT) of the fuzzy PI controller and Ay, (nT)

of the fuzzy PD controller. The results of defuzzification are
rcspccuvnly obtained as

>, Hpy, Dup;, (12)

Anpy (nT) ==L
2 Hp,,

and

9

2 Upp, Dupyy, u3)

Aupp(nT) ===
; Hpp,
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Where Up;, and Upp, ™ the membership values at the r

rule, Aup[ . and AuPD, are the singleton output fuzzy sets

at the ™ rule of the fuzzy PI and PD controllers.

Table 2.1C1 to IC16 for Au,,(#T) and Au,,(n7)

ice Au,,(nT) A, (nT
. HEAnT)+ (11 + K. AAnT) HEAnT Y+ (H + K AT
1=2KAdnT) L+2K,3ctnT)
a HKeAnT)+(H + ) K.ALnT) HE2(nT) 4\ H + 1)K Ac{nT)
L42KAc(nT) L=-2K Aetnl)
@ 2HK e(nT !+I|K.Ac(nn hK AnT)
) L+2Ke(nT) L42KenD)
m 2HKe(nT) + hK, &) 2HK AnT)+ hK AT
L-2KelnT) L=2K,e(n)
s HEAnT )+ (h= DK AANT) HRnT)+{h+ K AAnT)
L+2K 8e(niT) L=2KAc(n )
e HEelaD)+(h+ H)K.AaT) HK aAnT )+ (h—INK Ac(iT)
1.=2K,5e(nT) L+2K,Mtn)
«r 2HKANT) +hK, 8e(n 2HKe(nTy+hK AetnT)
L~2KenT) L-2KnT)
. B AcAnT) 2HR AT+ A ActnT)
L42KenT) L+2K;elnT)
o | G K tution ZHE peto) ¥ 2L
MAWAGN 3L-2K AeluT)
K AT+ UIKALRT)+ L H +1) ~hha{nT)+ LLH + 1)
e 3L42K AN 3L-2KptnT)
- ~hKAnT)+ 2411 +h) =hKel) + 2HK AdAnT )+ 1(H +1)
3L-2K,4nT) 342K A0T)
o ~HE M)+ 2LH Or=IDK T K X + LH -1
3L-2K,Ac(nT) SLA2KA4nT)
s | RADARCAAD 1Ll R H=INKeArTy~ 1K ATy~ L H+h)
A-2K A 3L+2K ATy
- MK enT)+ LUh=1) =hKatnT) = L(H +h)
3L+2KeinT) 3L+2KenT)
s —hKﬂnT)- LU+l hK, Flal nN+1ih=-H)
3L+2KenT) 3L+3Kcn)
e (H=K T~ TRAOT - L H 4R 2HRANT) +hK, MAnT) + LLH = k)
3L42KA (N 3L=~2K,Ac(n

Figure 4 shows the input membership functions that
decompose their input space into 28 different input
combinations (ICs). Afer applying defuzzification algorithm
(12) and (13) 10 cach of the 28 resulting memberships, the
expressions for Ay, (nT') und At (nT) in different ICs,
are obtained. Due to the space limitation, the expressions for
Au,, (nT) and Au,,(nT) in ICI to IC16 are shown in
Table 2. It is seen that cach output change depends on the
crror and the change of error. The output change of the fuzzy
Pl controller depends on gain K, and K, while the output
change of the fuzzy PD controller depends.on gain K, and
K,. Hence, the designed fuzzy Pl and PD controllers have a
self~tuning control capability.

KactnT) K Acdnl
3
(3 wie *ie w1s e W wa K
1, 1
1) w2 iy e
AR Gl G L) w2z | ) wr fus Xorss | err
o L Kytnly i v KptnT)
“ e wi - + we (] '
w2z Faers XX wer fues )iy 3 B O Y. GU et
Wi we iy Wi
Y 4
wr i W *in e Waw l [0 wes
v

mput vpave of tuery PEcosarolier taput space of fassy PI conttelles

Fig. 4. Input space of fuzzy Pl and PD controllers.
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4. Simulation Results

The process to be controlled by the proposed Mamdani fuzzy
PID controller is |8]

-~ 8
e 3

G (s)= (14)
! Tpes+l

where XK. 7, and T, are the gain, time constant and the dead

time. The term of dead time is approximated to be a fouth-

order system by Pade Approximation.

4.1. Step Response

In order to show the effectiveness of the proposed controller,
the values of X, T, and T, of the process are 1.1, 250
seconds and 45 seconds respectively. The sampling time T is
chosen to be | seccond. The parameters of the conventional
PID controller K, T, and T, are first obtained from the
Zegler-Nichols tuning method and are tuned later until the
system response has no overshoot. Thus K. T, and T, are
1,2, 240 scconds and 0.01 second respectively. The
p:arameters of Mamdani fuzzy PID controller becomes K, =
0.01, K, =1.195, K, =24 and K, = 1.152. The constants L

and H are chosen to be L = H = 6000 and h = 1605.

MamdeniFuzzy PID
— = Conventional PID

° 100 200 300 400 so0

Time (second)

600 700 sco

Fig. 5. Step responses of the control systems.

Step responses of the two control systems for the reference
signal at 43 are shown in Fig. 5. It is scen that speed of the
response of the Mamdani fuzzy PID control system is faster
than the conventional PID control system and both control
systems have no overshoot and steady-state error.

4.2. Step Response with Constant Output Disturbance

By applying the constant disturbance at the magnitude of 30%
of the reference signal to the output, the property in rejecting
the effect of the disturbance is shown in Fig. 6. It is obviously
observed from the figure that the fast disturbance rejection of
the proposed fuzzy PID control system can be obtained.

800 1000 1200 1400 1600 1800 2000
Time (second)

N N
400 600

o 200

Fig. 6. Step responses with constant output disturbances.
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4.3. Step Response due to Process Parameters change

The step responses of the fuzzy PID control system when the
process gain K and time constant 7, has been changed, are
also investigated in this paper. Figure 7 and 8 show the step
responses when the values of the process gain and time
constant are changed 125% from their nominal values,
respectively.

3r PN
40 /' .
38k , d
o} I
%z
20
15 K=1,375
10 —— K=1,100
s s vt - K=0825

N . N s ' s L 2 "
0 200 400 800 800 1000 1200 1400 1600 1800 2000
Time {sccoxd)

Fig. 7. Step responses for process gain has been changed.

Tp=187.50] 1
— — Tp2s0.00]
- - - - Tp=31250

0 200 400 600 800 1000 1200 1400 1800 1800 2000
Time (sccond)

Fig. 8. Step responses for time constant has been changed.

The system performance comparison between the system using
the proposed Mamdani fuzzy PID controller and the
‘conventional PID controller are also summarized in Table 3
and 4 respectively. It is found that the speed of the responses
of proposed fuzzy PID control system is faster than the
conventional PID control system for both cases. Therefore, it
can be concluded that the Mamdani fuzzy PID contraller will
give better response than the conventional one and the system
is still stable,

Table 3. System performance comparison for variation of K.

K Controller t.(s) | %P, | t(s) | %Ess
0.825 Fuzzy PID | 209.20 | 0.00 | 406.80 | 0.00
T PID 420.10 | 0.00 | 76030 | 0.00
1.100 Fuzzy PID | 12635 | 0.00 | 23870 | 0.00
: PID 286.90 | 0.00 | 52625 | 0.00
1375 Fuzzy PID 8595 | -4.18 | 275.80 | 0.00
i PID 205.60 | 046 | 383.00 | 0.00

Table 4. System performance comparison for variation of 7,

T, Controller t(s) | %B, | 1(s) | %Ess
187.50 | Fuzzy PID 8740 | 0.00 | 54680 | 0.00
i PID 305.80 | 0.00 | 808.70 [ 0.00
25000 | FuzzyPID [ 12635 | 0.00 23870 | 000
= PID 28690 { 0.00 | 52625 | 0.00
31250 | FumyPID [ 15855 [ 407 | 65410 | 000
e PID 293.35 | 3.26 | 999.50 { 0.00
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5. Conclusions

The Mamdani fuzzy PID controller for controlling a process
with small dead time has been proposed in this paper. The
simplicity in designing the proposed fuzzy PID controlier to
meet the desired control system performances both in transient
state and steady state has also been shown. The better
effectiveness of the proposed controller is shown by the
simulation results.
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