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211 Wadwn (Fuzzy set)
Hadisn Ao iwavesgouny « nagfleuidumsitiuamndn £2,u) Tavh « Sumndn

td
a9 voaenanduins U oz 4 dhifledian Gouunudiodydnual 1Ada

A= {(u, L) u€U} 2.1

FasFumadumnsn

4 -3 22 -t 0 1 2 3 4

iz Headipa

vngili 2.1 uaaslfimudsiladian Taosmualfienanduing U Jandn

& v o v 3 ’ o o o a

u = {-4,3,2,1,0,1,2,34} Foznuhamndn » udazaeslimszaumsdumininvesainin
¥
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212 WansumatheunBnvesiadian
(Membership Function of Fuzzy set: £/ (1))
Handumsiumndnvesilafion 4 goaiowIilaegawlugn [0,1] Avuuny
Audydnuel £2,)
Taudicn 22,00 Wusmfiszyamndumngnves « Tuflefizn 4
&1 L2 () Tidwidu o uaasd » lifiaswidluandnvesfladion 4
81 £4,(u) linmiey e « anuumndnvesluGion 4 Jou
81 44,(w) TiFnn uaaed » Sanudumndovesiladiun 4 1n
& ) Hiawidu 1 neaei « TanudumndnvesilaGion 4 odrauysel

uaedldn L) U—>{0,1}

213 mstmiuvesiadisan
Hadma 4 seoinuilafion B Adeie audn 4 yodrluenanduing v Hah
Aandunsiduaudnuesladion 4 mituamiedsunsitiusundnvesilaodion 2 Bouunu

fudaydnust

U=B) > (L) =L w): YV ueV) (2.2)

Fassumsdumunn

A
4 3 -2 -1t 0 1 2 3 4
u

A
y

Fadsunmdumndn

4 -3 -2 -1 0 I 2 3 4

51U 2.2 mshiuvesdledian 4 duwa B
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nngilii 2.2 e U dwenawduing » iHumndnluenanduinivionuaiien
{-4,3,2,-1,0,1,2,3,4} Wsdiwn 4 uaz B egluenandniniidoaiu uasaindnuaasaaniien
Aufutuisdion 4 uasfadian B eliszdumsidusnBamiiugng sveemndnud

o é i =4 y a =)
LA FIAAINH BTN 4 IMNUHYTH B

2.14  matludurave sl Fiun
Hadan 4 weiiludusnvesiladiva B Areiie audn « yad luenanduing U
fiaflansumsiluamndnvesiladion 4 YovnimSamhtumilassumsidumunFnvesilad

159 B @ouunudodadnyc 4 C B

UC B <=>(Uw) £ fu):VueU) 2.3)

FadFumsduandn

4
Y

4 -3 -2 -1 0 1 2 3 4

51 2.3 msiludumaveslafion

v ] b
1123 ssnudszdunadiuaundnvesaundn » Anufertuvesisiladion 4 uay

1 Qs = a6 ¥ i o é 3
B ﬂ'lﬁ’,ﬂ‘]Jﬂ'lil‘ﬂuﬁiJ'l‘lfﬂ‘Uﬂﬁ A i]xllﬂ'l‘li’ﬂﬂﬂ')"l B 1N AVBIqNIBN u FaAIDINTN 4 ﬁlu

AUIBAUD B

2.1.5 ci‘r’wwas‘mmﬁm%zcm (Support: S(A4))

@, o =t P a v o P o o
FRNDIAVOINBHIBA AD (FAVDIAUIFN Tuenandunnsg U nuq ‘Waﬂ‘numix“ﬂu

- t 4
anFnvesilasdirniinndt 0 Bouunudlodydnyel dadl

S()={u € Ul L) > 0]} (2.4)
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deonn 3 seiiszaumsiShuandnnnnd 0 uaddumdsiaudn « Ssesumsduaudanh

fiu 0 92 lutludnnasaias

2.1.6  Hadsunanu (Fuzzy Singleton)
AyFFunadu Ao HaBanionnesavesaliauiFnifiosdiune) tazisfaisy

msduaainSamifu 1

adsumaiiuendn

A

.
Lt

317 2.5 HaFFunasu
q' 1 = 1 Ay A i =Y ar
gl 2.5 sEwuNnamBnvewaazwavslinufey uazezdesdiseaumsidiu

ANFUMITY 1 A2

2.1.7 190 &- Level ¥0aWadian (4 )

YR

0 & - Level ¥0ala@ian 4 Avravesau1dn « Tueaanduins U numiansu

o

msiluauZnvesfladisn 4 1andmSenh @ Bouumudodydny

Ag={WEU L W) 2 O} (2.5)

e
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=n,
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Alpha

4
/

3UN 2.6 rLevel vosHaFivn

NngUN 2.6 WU FLevel vasilaTinn 4 sxlicnFneglusrwinni-2s ua

9 0 2 g 1] S o a 3 o
UauNIN 2.3 “KQL]JH%'N‘YINSZ?I‘Uﬂ'lﬁl‘ﬂﬂﬂﬂ”l‘]fﬂil'lﬂﬂ?'lizﬂﬂ a

2.1.8 mmqwaaﬂmcdmmﬂ (Height of Fuzzy set)

o Pl ' (&7 o « )
m"mqwm'ﬂ%mw A D mﬂaﬂ‘vumm‘juﬁm‘vﬂqaqmmﬂmcmw A wguuny

dudadnual hgi4)

hgt(A) = MAX £2(u) 1D u€U 2.6)

HarFumsiiummnda

& 09

4

Y

4 -3 2 -1 0 1 2 3 4

37 2.7 anwgevesilaFan

P I J o o a o A
nngli 2.7 swfunagagavesilandu msitluminsnvesiadion 4 Tauniiy

A ’ IS 1w
0.9 FWAAIT ANGIVDINEITA 4 AUV 0.9

2.1.9  auaudRvesuensalaiWaFiwsn (Normalization)

Hadima 4 wxliguautanisuenea ladnsaeiie Hadiwa 4 Tanuauysaliviiy 1
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1
N A o
4 3 2 -1 01 2 3 4
U
(m

AaiFumuiumnin

3
A

Q)]
U 2.8 (n) guaudamsusuea ladfadiun

@) Aadanh liliguauidnsuenealad

nngilii 2.8 31 () uamsmisuenea lasfadisaiounnnandaiiissaumaiiu
aundnmidy 1 daulugy 2.8 @) s hiliguautiAnisvensalad esvinaandnlifisesu
msifluanFnwiiy 1

2.1.10 paeniamsaeunngvsiNaFisn (CONVEXITY)

fadimn 4 slguamidmsaoumndnaoliofeidumsiiuamndnves 4 aen

adosnuou ludsns T
A1y convexity <> L4(Au, +(1- A)u) >MIN {£4,(u), L)} §io u,u,€U, A€[0, 1]
o a a wa s 1 A s ot
931 2.9 31 () AasEisa 4 ssliquantiavesnisaeumngnaoloflsdiae

saumsiluaindnfiimgeqaifivianfivaTa lisuludesfinnwganiiy 1 daulugy @)

ar [~ a ' 1 ' wa
wiinnugavesssaumsiugndngageuinndt 1 a1 S liliguauidnisaounind
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5129 () msnswngyesiladize
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2.1.11 ﬁmcﬂnﬁ’umaé (Fuzzy Number)
e 4 L o
Hadhuwes fe NauFwailgaauiamsusyea laduazmsnewwins
a ' o /i a A uy Y a wa ¢ S

g 2.10 wnyhilsdiuuessanavuldvzdediguauiansuevealad fe
' v ) Y A v Y wa ¢ &
sgegavesiladfumsiiiuaudnszdediduniiiy 1 uazszavsliguenamsaouuand fle

9 a d o a =) a2 A o o’: aa o 9

wdnsdimgegavesilesndumsitlumngnauior Fulioimsresguaniamsuiuee ldqgu
auiavesilaFiuues Avszdoaimleddumailuaudngegamiiiy 1 uazezdvaiifiven

a 2
wod lumaiiug

Fadsumndumndn

1

-4 -3 2 -1 0 1t 2 3 4
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2.1.12  miamndavesiadiwn (Cardinality)
ANAIAITAUIAA(Scalar Cardinality) voilasdiasn 4 vuenanduwns U fewauan

3 J o a o < = 1% @ o o o qy
vasmilansumsithuaninves » yada luiladiss 4 Souunudsdydoualfei
| =244 (u) 1B u€EU Q2.7)
I ad’w o . . . - ¥ o ¢ -~
AMIAUITATUANTS (Relation Cardinality) VBIadyn 4 VUBNANTUWNS U A
5. L4 ¥
é’ﬂi"Iﬁ’)ﬂi311’J'Nﬂ'l?fﬂ']a15(ﬂ'|§ﬂu’lﬂﬂ‘llﬂ~1ﬂ°lf°)f A Iy mﬁmm{mfﬂmaﬁﬂ:mmnnw

Funint U@suunudadadnel 4] = 41/ 10

a A, &
2.1.13 ﬂ{]nﬂmswuﬁm‘umﬂm%ww (Fuzzy set operations)

¥
v

fvuafaFian 4, B luenanduwns Uiaainsnszi ael

2.1.13.1 giiiau (Union)

D J) = JLDV ) @)

Fatsumsituedn

3ufi 2.1 msgisuvesiladian
va &

13l 2.11 uamamsgiiiow vosHadin 4 fu HsGioa B Taomai 1dfe Aunfiusin

d
2.1.13.2 DUIADIBNTU (Intersection)

Ay ) = ) N pw) (2.9)
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HAafsumanilumnsn
I

1

31 2.12 msBumesisndu

A e ¥ a a -] 1 o
‘U"Iﬂgﬂ‘}’l 2.12 m'n"lmmm'saummmmmuﬂemumssm

=y o
2.2 ngEHAsInTWs
2.2.1  emlsaandadn (Linguistic Variable)
or a a a &8 o s 1 o g A a
aulsdenTaanfiedaulsnmyr mgnisendanlsmemenifisaneniinig
9 os d, V2 ¢ & a - 1 ¥
Waualsiinmaununiddnveayd FuiluFivenveouwanuiuenlild Tavawase
¥y
finuanlsaanIaan “Truth” Asgunisas 1T

T(Truth) = {not true, very true, not very true,..., not false, very false, not very false,...}

- e moulgu (primary term) ¥8IAMUITRINTARN “Truth” fi® “true” Uay “false”
- ey a2UveY (modifier or hedge) ¥89Al5AINIAAN AD not, very, not very, ...

- fign) T Asdaualsasndaan

A ~ Q’; d' Qs ] Q L) = o '
Fanntinwimuadiedu musofissendiedudaunlsdendann ndennmidnues
4 =y J =~ o _ 2 y
uywimneduluFiadsesriudiuauns1daadl
¥ S a & a4 TR Veg A e
fuesiidivesnugwily sundhiFeduane sewuiudazanuiinvesnusuq fues
a 9 2 Ay s o ' P ' Yy Y ’ a Ao
gRvesruiondIvenddn inssiu udawnsefiszualdndng Judufen wasda
Q’: <2 P ° 14
ziuSsensafiszimuald

- (eNgu(primary term) Y8R MU FINTAAD “RI” A “UT” Az A

A ¥ " o 4 Yer o ¥
HASINBNBIANN TNVNAUNATUY ﬂ'lll'liiWIﬂmlﬂﬂﬂ'ﬂlﬂgﬁﬂﬂ@U?Jﬂﬂulﬂvlﬂ'ﬂ U713
-3 o -4 é d" d. [-3 1
uInNg, VNN, VI, A1, ANIN, AN mﬂ‘ﬂ']ﬂ‘fl’ﬂﬂ'ﬂﬂﬂiﬂulﬂ\ﬂ’lﬁ'm'ISQﬂ'lﬂuﬂfT’Ju"UfJ']U

voeslsdaniaan1ade
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- @IUVY (modifier or hedge) vosdutlsAnTa@n fio winq, wan, hifdnnnneles
Frmnsofieinn@oudusunlsinieandsd
T(H2) = { V1NN, V1NN, V17, /), AN, AN}
winflonuazfedimuaszaunsaih¥dmuailafionld Taosedmunld
Huaves ¥1INg, NN, 11, F1, AN, HIN9 %«gﬂ'ﬂwamwwﬁaﬂ%’mw

frnguSedeyadmadfnlfifiudismuadidisvedazivadinlsiiasedunmaidy

L4 ¥
o o

= [ P o Y a [] = ]
g lagasiififaglinvesad@iuaumn

222  nguiassnmansuuui@Ay

4 —
nquassnmanisuiiumdnnsiugvesnsmieagylasldivgra Uszneudae
3 47U fiD AIAIN3Y (Truth value) NMSURUAMS (Operation) HazITnsmiveaglammndn

L d
iAW (Reasoning procedure) Tuassnamansydulddowdauilsenovndasdusensudsil

é
2221 maawedwenlizwadlunssnmaniyau
a 4 A Y o Y A 4 ' o a & g
fiowvesndszundl Ao dearwiitwenldndeiaulvegiiudunussmiems
Tasfidsgnailuassnmensydu selimnnuedainy o Wedsennlifhufe uay selim

a ' e & L4 a
fITUVIAUNINY 1 maﬂszmmﬂu%ia

2222 dfifRnsmenssamansydu

o

o W -3 = A
UfiRmsnwassnemaniydu fie nsnszimuasdnvenlsnniFinaveants
¥

« o

- 4
nssivzuaasesnu lugilvesiinameiwestlssnon lasdanssiafiuguiiaail

o ° Yo o L4

fnszii “upg” Iedyanual A
o ° ¥ @ 04

fanszih “3e lddgyanwal %
fansaih “0...487” T¥doydnyel —>
o ° [= 3K 4 o W

fnsei « .naelile..” T¥dydnuel >
o o Y Yo o U4

fanszi “A5991” 1ddqyanual -

2223  msmdeaglmundnmsimgua
9 a Y a o a Y o a o o
msuisaglamunanmsimgua laoldnguiassamaasuvuiin sxlddeeiisuas

(tautology) dwsuidiuiugmlumsmdeas
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Taviiowvesdaniisuns fe UsewanrinimarussuilusSuaue fetudeeiisuas

v
=5

14 3
flddudugrulumsmdeagdaumdnmsuazimgna (forward data-driven) UaAIAaH
Modus ponens : ANA—>B)—>B
A 4' = 9 o dy
Faou 1uvo9 Modus ponens €119 aninuldnadl
b 4
Modus ponens iHuitugiuwsanismideagd Tasmsusnusaninmggraueinssn
aasuuLAn Taonisuenusaninimegna
° 9/
fmualn
A Uy vang (Premise) 1A
B unu ‘i’l’ﬁ)ﬁiﬂ (conclusion) 7'ld
ANTTLUNMSUIAUININMATHA 1A
IF A THEN B384 —> B30 4 WangM (Premise)
A—>B NSUONUDAMAGNA (Implication)
B Jod §1] (Conclusion)
v 9 A o s A a 4? 4 a -~ [
wneanui Silimgmsellamgmssiniudavuidhumgnisel 4 fimifeuiuvg
. L 4 »
Ml 4 fieglu (1 —> B) uds waveamsiiamamsaliise 1dnaminu B uadungmsaliiia
3w 9 a v da Ty @ & o 1 a
uhimiloutumgnisel 4 fieglu (4 —> B) udwadwifiez 18 liohidy B Fuiludledin

uaaslsiudamsmideagnnmgiung llgraniay 14

223 ngufasineWad
a a ¢ A a o '
assasfladdunquinasinmans Averourninngquiassamansuatom
(Miltivalued logic) lasfionumanuiTevesdsenniiudunlsaeniadn 1aiasiowns
a wva d o [ SR Yo o a =Y J::‘ Y a a
dfiamsnwassnmaasdmsvassnsflad g fulasludnotinusil szdndaiio
1 4
AUANYDY Zadeh
2231  manusdvesdszwonlunguijnssnsWad
Cfmuald v HuilasGiaaluenanduing v
Tao v, szunusameieludlsznn 4
P ¥ o
#q 14 WUNUBAANTURNTS V=10, 1]
q'qy 1 d o a 1 [] @ e oA =<
Tundinaneauinlszwend 4 sslinnnueseyluraveuenanduringae 0 29 1
A& s a da oA
Fagandsenaiveusaaniling 2 a1 fie 0 uaz 1
wldh v = {0, ) ]i=1,2,...,mv,E[0, 1]}

vinot4) = 1-vA) = {(1-v, LB |i=1.2,....n;v,€[0,1]}
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2232  msndsagmundnmsmagualaslinguiasinzflad
9 y < I a Qs o 4
nsmdeagamara Tavldmquinssnefad sutlumsvooiinmvesdoeiisuns
P luassnmansuvudy e ldmdeaglmundnmsmaravestlsenaiiiduilasdion
1A01i1N15991011011%89 Modus Ponens ty3ufwFa93niSund “Generalized Modus Ponens:
A
GMP” Tay GMP fie msmideagUeinmg luvina (forward data- driven) damsmideasdves
a o o 4 - s : s o b 4 o A o 4
Had lanimdnnsvesnssnmansuvuduu iy sziindnmsadioiufedmualy
Al UNUNANGIUUUUAYT (Fuzzy Premise)
A2 B UNUMSHINUIUNATHAUUAYE (Fuzzy Implication)
Alo(42—>B) uﬂu%’aaqﬂuuuﬂﬁ (Fuzzy Conclusion)
& ¥ _ o Yy 9 ' 4 o a d’ & o a
Fenderimuatisdulinnumneiungmss 47 ifatugadundnguuuiled
Tiswudsamiiounungmsal 42 T (42 —> B) yalszms anfudeagluuuiladsedes

Win1sasy Tnd4u (composition (0)) 3TN A1 Uag (42 —> B) ez Wdeaguuuiadosnin

224  ANUTUWUEWSF (Fuzzy Relation)
2.2.4.1 wagmm{ﬁacﬁau (Cartesian product)
fmuald 4,,..., 4, duilsdiaeluenawduins U,..., U,
Tau#n Uy, u,€U,..., U,
HARUASTITIUVOL A ,..., 4, fio HaFwaluenanduing U X ... X U filiflaisu
E4
msitluandaaal
A, XX A, (uy,..., u)=MIN { LA ,(u,),..., LA ()}
fwonf  4,=1{(1,02),(2,0.5), (3, 1.0), 4, 0.6)}
4,={(4,0.1),(5,0.4), (6, 1.9), (7,0.3)}
I A ¥
HaguUAsTIFou v8e 4, X 4, M1A9n
10y LU, X 14, =MIN { LA (u),..., LA (u,)}
108 u,, u, INUAMNTNVOUYR 4, 1A 4, MUTIAY
&£ P o o d = @ o Jdo
991N3UN 2.13 BAMMIMANUTURNUTVBN 4, X 4, FIlumsmanudunusa
Yacs o 9 - 2 o 1 © e - ] 3
TugdezlFitdnlaoldnaguasidou Fusduguosssdumadiuaundnygng Faluuad

3 -~ EY da g [< °
azﬂ%zrc're)ﬂhmmzm‘numuamﬂummu
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A, X A,=4, 2 o1 {04 |05 |03

31 213 anwduRusHad

2242  anudvusiad

fmuald R FHunuduiusdadonee 4 WWeeslaSiaa B
Taofi A Huiladanluenanduring u
uag B AuiaFioaluenandunng v

¢1dn R(u Xv) =4 X B={((s, v}, L u; V) | (u, v) € U XV}

A(uxv)= L4, % B(u,v)=MIN {£,(u), L(v)} MIN — intersection

3 S a wan S 3 o o a o
Tno# MIN - intersection fiomsUfiasunesisnFuvesilsd TasezlindnmsUfiia

ms Ao sxihmsidenmsedumsiiudndniiliadiga fegluvenianfivisan

225  nsnouInSTuuuUWSS (Fuzzy Composition)
fmuald R dusnwduiuivinenawduing vl v 1aef v EUx ¥
Hag Riwv) duanuduiusoinenanduing 71 wlaed o, w) € rx w
msneu Inddu fe UfTAms lumsmnnwduiug R (u, w) vinanuduiusiidi

noaaoifiosfiuilugnls R (4, v) was Rz, v)

SetV Set W

SetU

317 2.14 msneu Tndduvssnuduiusiad
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fmuald R (y,v) Bunrwduitusieduussun ux v laoh (o, WEUX ¥
Ry(u, v) Auarwduiusiaduussuin vx wlash v, w €V x w
a o v o Q9 = a ffdy ac o a
n1sney IndFuvsnnuduiusiadnlFulTyafiwusduazduisnsfitoy

i - < e ' o [ Y
wnfiga Taoez143i5Msves MAX — MIN Composition 1 Composition UAaziULYnioAi]

MAX — MIN Composition

R,=R, o R,= {((u, w), MAX {MIN[ £, (u, v), L4,(v, W)]}) |uEU,vEV,wE W,vE V}

Max-Product Composition

R;=R,* R,= {((u, w), MAX { L4, (u, V). Lb,(v, W}}) |uEU,vEV,wE W}

Max-Average Composition

R;=R, av R,= {((u, w), MAX { L4 (u, V) + L, (v, W) 2}) |u EU,vEV, w E W}

Min-Max Composition

R;=R, ¢ R, = {((u, w), MIN {MAX[ /L, (1, ), L& (v, W)} |uEU,vEV, wE W}

L =4

2.3 MINIURUN Y
Tnssadvesdmimuguiladsznoudis 4 daufle daungmsaingy (Fuzzy rule
base) AIUABFWIAYY (Fuzzification unit) dudvmeIT UG (Inference unit) U8 FIUARFFATU

» L d
(Defuzification unit) Aateralugii 2.15 Tasudazaauszlivanmsiinuasil

Fuzzy Rule Base

Fuzzification @ Fuzzy Inference I:J_I> Defuzzification

' ’ ¥y
514 215 Tassadeiuguvesdinruguilsd

23.1  ngMIAIUANNYF(Fuzzy Rule Base)
~ ) d:' dé ’
ngmsaruguiled iunmisefistusaungmsmiuguuuuitadasegluziuuy

14
IF... THEN fmualdingmsmivaueglugiuuudeae Tl
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IF x,is X,'and ... and x_is X, THEN y is ¥'

e IFxisX THENyis ¥ ; k=123,...m

H o & - s =
Tagii  x Ao Mudsanruzvesnszurums s ldiduduyavesdinuguilyd

x  =[x,,.,x]
X fio HaBinvesdaunsidune Tudiumguesngmsniugu
X o=x'x.xx!
m  fis Srudulsdunavesdiniungy
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y fs dwmdsieanavesdiniuguiless
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X
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232  MiNssNIngY (Fuzzification)
mMisdlingy e aszvaumsmmisTiauuenanduing U veiduna e
g e a & aa I o Ve a - A A w & A
WudunuueIduna cmumsﬂummmﬁmsﬂ‘mﬂuaunmmszwﬂw H300NUINLAD
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233 msouWeisunuuuw% (Fuzzy Inference)

msdumeisus fenszurumslumsmidieazal (conclusion) 1IAMANFIM (premise)
Falunszuaumsdunleswindngnfesinnldezidunndauvesngnisnivguiign
fmuatuna Ay

gl 2.17 Srdausmuangmsauguimua 13 driideyadunaduniion 4
Anerinad dozdeuiiuan B Fwnndngnieninlimirdumamuiamnsafumde
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234 MANBTHIATY (Defuzzification)
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2.34.1 mimfhszﬁ’umsuilmrm%nqqqﬂ (Max - membership principle)
& Yo & . 4 aad Yo ' a ' S day
°l$~1§ilﬂ1ﬂ‘lfﬂ‘l]ﬂ\‘l Height method "B\l?‘ﬁuﬂzﬁl‘lﬂﬁﬂ'ﬁ‘lﬂﬂﬂﬂUmﬂﬂﬂ'llﬂ'mﬂﬂ'nuﬂ'l
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2.3.4.2 msmﬁmmqunmwmﬁm% (Centroid method)
107 2.19 sziu I8 hmsmiAue Wyavesmsaladilindudu3smsmgagudnar
a ¢ X dd vy a ¢ L
vosflaFezilunisnigaguinatsvesiuiideldueinmssumeisuy  Tassmeuveams

= a s 4 é ° ' !
AfadTnduii1efe z sadrimuald ¢ dhuamewya wwannsoma z 1dnn aumsde
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Rafsumndumnsn

1
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U

% a s’ e,
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2343  MIMAURIYULIAAINIINIIN (Weighted average method)

a J g 1 & 1
wiliiimauewnafimuzay S ldninauns

L (v
y =208 @.11)
2 Hy(v)
° 9/ A J
dwmuald B Aswmeidy
v fie munFnvesenanduintiedya
& J =] o @
y fle svnmsafledrindu

Hatgumnihumndn

1

3

3 78 9
u

Y

] v 1 4
7111 2.20 uaasmsaaFindudssmsmInuRdsvesdinanimin

v
~
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Tums 19 Emaundovesmdaniminuiimsafediindu  Tavangdn 2.20
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o i é S0 u’l‘ ¥
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’ A a da 1 o =2 o 1 Ay ' Y Y vy
fnan niemmndnfifaminatniug udinhan ldvedezamuindidiosiuudaia
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¥
Juthusmmevvesmsaflaaflindudioisi devnlugimnanveuraziandie 3, 7.8 uaz 9

2344 m‘smﬂ'mmaqmﬂ (Mean-max-membership)
" 1] Y] o a d' ° ]
ﬁ'Jumsmﬂmmwmmqqqmmszﬂumnﬂuam%nﬂmxmmqam
=t a o Y qaa” b4 o a o < o 13
msmﬂﬁwﬁmwmmmamf]umsunﬂmummnﬂmnn1smwmzmmmms
< I~ v- .Y o ' J é (=) o o 9 sy
ﬂﬁmmuﬂﬁzﬂumitﬂuﬂmmqqqﬂagnmUmmmimmﬂﬂmmﬂmmmauaﬁmwmmsm
' s ° 5 d' 1 o o o3 o 1
mqaqvw"1uﬂ1n1snnszm"l¢’f=’§w1ngﬂw 221 wwunwelimssrumsuaningigaeguaiy

I <2 9 9y ¥ [] = Y3y + $ o =t -~
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A ¥ ¥ 1] d' 3 o A o
Falunsmmnanszmauamzsniingigaamndulssinnamdclugldeilila

ANSANTToRANT

FRadsrunndumnin
A
1

Y

7.5 9105
U

Ui 2.21 msadasdHingu Tasnmsmmnangge

2.4 #lo@

dauguitled Wummugi 1dumsinnyssynd1$lumagaamnssusudl
e, 1939 [10] wasdimaldsumsdsegndldnuedianinurnsuiilegiu dnuguiiled
Uszneudoeenlssneuil (P — Element) M5onTonnesuiaimen (Proportional term), 86
Uszneu'le (I - Element) H388UNSHamen (Integral term) Ua8AYsLNOUA (D — Element)
wiewnSifimen (Derivative term) Swrmnsalouflafdumsdiolen (Transfer function)

voei lod laiiu

K,
G(S)=Kp+-—'—+KdS (2.12)
S
& o o t o ~ =
1o G(s) fe ManFumsniwTouvesdinugudi lod
K feinuvenSeonweduiiamen (Proportional gain)
K 719 1nUUIBUNTNaMDY (Integral gain)
K, #9 1nuvsuasiniwimen (Derivative gain)

u’: o o 1 Y ) <t a 9 o
vunsaflandunisowleuvesdimuguil ledasoidon 1didu

|
G(S)=K, (1+—=+71T,5) (2.13)
Z" .

i

)3

o

119 K, A9 INUVBININIVARY (Gain of controller)

.
1 I=]

fiD AININIDIVBIBUNI NAUNDOY (Integral time constant)

3

i

7, fie AAannaveaRsNiney (Derivative time constant)

¥ ¥
WoruMaasaaunIsuNUS vunouNuIT WU



22

K, = K
KC
r (2.14)

K, = K,T,

o ’ 4 a <t P Yo 1 ::l
aunsoneITNIAAzeINsEneuvedInIuguil 1of Tanee 1Uil

2.4.1  oanlsznoun (P —Element)

o =

[-% s e L o é a
dyanauedayavesesnseneufivelianuaziludadiuassfudyarudunn aall

HafFumstiulou vesesdilseneviifie k, Sidmuald e Wufunlsduna uas uw Oy

aulsiorana 9z 1ddaunish (2.15)

u(t)=K e(t)

(2.15)
U(S)=K,E(S)
Handumsare Teuiveu lddsaumsi (2.16)
ues)
——:Kp :Kc (2-16)
E(S)

Y a - o . J S o s e 3
D1DUNG e(?) nan‘ﬂmzﬁ‘l‘u unit step 1DIAWA u() %zuan‘ymzt’ﬂu step WUNULA

} 4 ] )
wnavzuediy X daaalugii 2.22 dalugdi 2.23 usasguiauiAvesdanruguuuyd

A - ut)
«l1 - 0
P
0 3

3 a o A a o
514 2.22 wareuauBIVBIRIMILANUUUNINBBUNATY Unit step
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Control Output
100 O/ A,P2> /({’l

S~
N

0% ! o éE - Error

3UA 2.23 quaulifvesdiniuguuuy P

o [ 3 " a a -4 [ a é’
vngalil 2.23 uaaslddulemAanmaiivaus e WNNTUAVIIAYEY K,
VA s s A 4 o q Y < a A o W 4 4 yya
uAllpAueARANLNINTULING  sxiiiAueMymiansoudd liawsauinlasn lu
1 a =3 ° a a o '

nsfinsedufiedmaruAanainanaaunng Mz ltiodyaianisduda ligwisoasas

* 1 4
1880 9299uA27ifBT29 Proportional Band (PB) lasA1 PB seiinasnedasuiuvesminiugy

» ¥y »
flowle PB quANAISAT1N010YBIAINIUARNILAAD 11BN K, = 100/PB

242 endsznoule (I — element)
s ad a = ' P a o
penilszney leliveiSundnot1anilaIMsAIUANUULS IR (Reset control) TATATT
v ' 4 14 1 ]
MUANIZANITUIAINTINATIAINABUNNAVUIMIA FInsmmInuaaIamasu lunsaIy
E 4 L4 v ¥ » s
quipy 1 Hezdsammnuinimuanisldnslvesmanunainmdoudonar imiuguiy

fnadl R50n91 9As1U0TBUBIRIATUAUILY 1 (Integral gain) IROMIAUDWNARIANMIN (2.17)

K
u(t)=K, fe(t )it =5 [e(t jat 2.17)
T

i

wazansa@ouiatsunsoie Teunaas lddaaunsn (2.18)

ues) _ & 2.18)

E(S) S

Y a a o . (4 a8 o o o
d1ounm ey Nanuudiu unit step 191908 u®) seiidnyuziiiu ramp R RINTY

b 4

Yuagnu K, Awanalugli 2.24

Y
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’ A ut)
&
1

Ry
0 t

311 2.24 wameuTuBIvBIRINIURUUYY lo1eBuyMTIY unit step

243 83915200 UR (D - element)

¥
1 o

pendszney D 191ARAYeIRInILgNIiuegiusasInsFouuatveen

A ' g 1 A e i [y ’ A=

anuAmARasudea wmuhmanuamandeuiiiilemadugudld wazsuerdyan
= =Y H 4 4 < & o {

awsonldsuntlasIdlinigedu  Wenrwamamdoun/founas Fadasimanldeuntas

ypemanuamandsuadsodszinu 18 lnsmsmmanuuapsieseninmanunaianion

1 4 ’ 13
2 A1 msAaemsznan 2 i wdnih llgunuanei fiSundh Sas1veovesdianuguuuy

4 1 @ o @ o P
D (Derivative gain) INOWIAIA QY IIBIANAVBIAINIUNUAIRUMITN (2.19)

de(t de(t)
u(t)=K,——=K_T, (2.19)
dt dt

wazennsaouiadsumsas Teuuaas ldasaunisi (2.20)

m =K,S (2.20)

E(S)

fdunn ey Uanuuziilu unit step 1016WA ue®) veiidnuuzitiu Impulse Fuaaaly
3 J L \ I o UQ; 1 4
Uil 225 surulddauves e Tummguiesiisniiu oo udlumelfiavuegiudonly

NNMINNUBITSUUNTBNDT NATIABTINYI ¢ sulsAUATINY K,

o

| » U
0 ¢

cli

H o § a [~
U 2.25 wansLTUBIVRIEINILANILY D ioduwaily unit step
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24.4  MMURuN - 18 (P - controller)

L d
o L] Qo é s
dmuguiliiiumsiuesidseney P uaz 1 w1ty Faumsdya sy

v .
vaaﬁamugmmuﬁaxtﬂuﬁaﬂnmsﬁ (2.21)

K
u(t)=K e(t)+ K, fe(t)it =K e(t)+—= [e(t 221)
T

i

wazannsaoudandumsoioTeuuaas ldasaunish 2.22)

K.
-l—j—qil::]{p+—-‘— 2.22)
E(S) S
A U{[}
K
1l¥
&y W )Y ¥
0 e

511 2.26 waaBLTUBIYBIAINILAN P

131t 226 uaas1ddnaugu pI ssildreeWidaiianizaafidiugud uaz
11 a 3 . ] ° 1 2 A . [
ansuiY uazAIsuAda (Oscillation) ¥095¥UY HAvz Y191 U (Rise time) LAZHIN

iy . < 4
panfidngithvang (Setiling time) uuNYY

24.5 é’amuquﬁ - ?T‘(PD — controller)
Wumsinewendsenou P uaz D saudhdeiu e linanoudusIvesssuy

=1 ‘; ] A ] i a 4 o 9 o a
13794 umz"luuwaiﬂumsmawamauaummmuzﬂm_maﬂuﬂmmmm llﬂﬂﬁ‘lﬂﬁﬁﬁnﬂ'ﬁ'ﬂ

(2.23)
de(t) de(t)
u(t)’—"er(t)'i"Kd =K, e(t)+K, T, (2.23)
dt dt
a 7o ' Yo o

sazansolisuiansunsoroTounaas ladeaums (2.24)

ues

gl K,+K,S (2.24)

E(S)
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t 4
feidevesianaugu PD fife Bimusadhfesridavesssuvanamienua 1@
1 4
uazerwzvhldajsquinvesssunilimgedu  worsuaustvesdIanugy PD uandldn
3N 2.27

,'0“9 Rate action
_(Derivative)

Sho \é’ff)‘
0 t

—

317 2.27 wanvUTUBIVBIRNINILAY PD

2.4.6 §INIVYUN 1A (PID — controller)
vinii ldnaruudad famunuuuy P hldmanunaanisuaramienua’ly
4 . »
uAszih dgnandu wessanalumsdgauthminoiuiu doudniugu PD ez
LY -1 é’ A (] d? ] Y 11 a9 o [ 0’: A
Mranovausailunesrvsatniiu uazgrnm lumsdhgaudhmunelisdes dnfuile
2 ° o & o 2 ° @
ApsmamuaussougSuiiedinunguiaesnsaniu . Fwgilf ddyanaedyauand

AduNISN (2.25)

de('t) de(t) K,
1K, le(t)dt =K e(t)+ K T,——+—=|e(t)dt (2.25)
dt dt z,

i

u(t)=er(t)+Kd

wazansa@oudadsumsain Tounaad lddeaunisi 2.26)

Hﬂ —_ Kp +_I<_‘+ KdS (2.26)
E(S) S

HARBUTUBIRINIUAUN lof uaaeldnegii 2.28

A

fo %,

1
7 \e(t};
0 t

317 2.28 HARBUAUBIVOIAIAIVAY PID
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2.5 W% — Nlod

nanmsied-filed laiadsemivausnSoumoundnms [11] msSumsiines

s
[ %

[} 4
anq veedanIugy A lod Taeldad FavdnmsminausnSououliasi

2.5.1 Fuzzy self — tuning of a single parameter
¥
Fnignineuslae He et al[12] nanMIABISHUDIAUMIVBY Ziegler — Nichols
k4
uthsiieglugimsiliinesifenfie @ simfuhlunwoagdlussuuilesd Tasmmnsiimes

#1499 el leAamnsam ldnnaums (2.27)

, =120t )K,

T =0.75———t

; 227
+a)” 227)

T, =0.25T,

e K, = Ultimate gain
T, = Ultimate period

HazAeY &) MMua laniaun1s (2.28)

alt)+ (e )(1—a(t)) for  Q(t)>05

a+1)= (2.28)

a(t)+ (et )et) for  (t)<05
4 ' P 4 o ¥q 1 < %
e yidlushasiivangsgnsmua13lugas [0.2,0.6) uaz o Huervyavesszuy
-} A d, 4 =\ o W
Moy iad (Fuzzy Inference) Fluunaamitialifaidumsituemndn 7 wa dmiy

o a 4 a 1 a [y i
Foyanuduna uaziedna Tasduyaszneudismanuianain uasdrnma/asuulas

Yo RANAIN (Error (2(0)) 1S change of error (Je®)) Tavdmualdt a @ = 0.5 Tuannez

a 9 &

t4
Sudu FaduRusiuaumsuss Ziegler — Nichols TnoTuumarmilhildnandemsdsve y
ke

o ar 1o 4 o Y
aada lifmuaveuvavesngiminnly

ob
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2.5.2 Fuzzy gain scheduling

3
AQada ‘& = <5 <y (-] o
Figminauolay Zhao et al. [6] Femsfiwesveadt leAaunsosimuald lavas

Y

aunsh (2.29)

!
Kp _'(Kpmax --Kpmi”)Kp +me.”
4
Ky =Ky mar — Ky min /K4 + K imin
2 (2.29)
Kp ,
K=
Cmd
A ? ? o P
e X ,K, oy a gnfmuadaonszIumsiled was K, K, s Ky e H0E

K, o Wmmnmsiiiiiusisnd (ormalize) ¥04 K, uaz K, Taveziiategsznin o uay

A 0 A 4 =
1 HIANANNA N fmua ity Taaunish 2.30

K,..=032K; K= 06K,
(2.30)
K,,.,=0.08K,T; K,..=015KT,

Tasluamisoiiaesmuald ﬁuuﬁﬁmm (e woz Ae) Tlarsumatiuaansn 7
wn Fufuglammaoy Tuvusziiodya K waz K, wldiendumsidlumndn 2 wa wuy
exponential 83y & fmualiiisidumsifuaindn 4 wa AsluFudadu (Singletons) Fawa
mssmesszuukaaigUil 220 Taseewheldhamutuiisntesndiintsmnsiines Tno

% Ziegler — Nichols

= Fuuy galn scfhedullng

== Zelgler-Nichols

+++ Kitamori

0.2

[ [
0 6 " 12 14
TIME, (stc)

3U7 2.29 waneuTuBIvBINI$1091007T Fuzzy gain scheduling ifoszsumiussyusudy 2

> adq Yy a & o a 3 "
maeedtlFdndunaduuuimelunsesnuuumsdsvamsiimesvesdaniu
} 4
auitled Taold¥ad Tavinortinusaudise 1935 Fuzzy gain scheduling i 1diduuuamalu

590ALUY Fuzzy — PID Un¥l FPGA
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3.1 panh

eW#%1e 891190 Field Programmable Gate Array WiuFwiienunselusunsums
° 9/ 2 a ‘::' a 5 =) 3 a dy 4 9 s
Hewla dedniignudatulszinugall 8o lasdefvestnil fedesnuuuaeslusedy
Chip-Level hiduiludesinisiSodts (Fabrication) iiieinnmaney mioumivnou Taog
sonuuvasaléTdsunsulunmsaeimsiinueesiaes wazemnsanaaoumsineu
vuewiine 1das dneesfiesnuunhigndes Aannsoudluldsunsuuaz Download a4

aa A o o Yo o da 9 a ¥ ey a

A#ide wehmsnageumshinuldiui dnedefvesmilaeniisie lumseenuvudn
Y 2 [ 1Y 1
funuy Faezdsendanawazdupuiiuedinnn

Fworfidediulodsz@nsnmgalddmiuausuniz (Application Specification

A 4 g oo L)
Integrated Circuit: ASIC) #eau1sn Tsunsy'1a AgniaunlasySom ladad (Xilinx Inc.) M3
o o < &
Tdsunsumsinuansamldlasldnmliesfuea (VHDL) uSerieSasn (Verilog) &4
L 4 )
mmﬁeaamﬂummaﬁmawqwnisu‘uma\ms (Hardware Description Language: HDL) ﬁqn
Reuuiesesfumssenuussiinawduden uazlfiuinasguniadunminan
o L. é n’: N o d' a d'dy
AMSUNTVNUVV NG FINHIMNIABIBLUANANAUNFUIUY (Syntax) nisiWou Taglunil
9
gnanduamzgluuumsWonTsunsunyiesien  1azduaBuN1TEBNIULINIAIY
»

FwenAvie laoludruvesTsunsududogaznandsduasumseonuuudnlaold

Tilsunsudu5e31 ISE WEBPACK

:’J ¥ a A
3.2 wm)um‘saammmammwwmwwma

S

o o Y a Py o ) o P
Tnoyi lumsumseenuuLIsAIeEneniisie [13] sxildunsudag dagili 3.1

14 ¥
« o & A

&
PIVSUUUADUMIU

Tunouh 1 miadredohruavenIsesntuy (Design Specification)
[ M Y Y o ’ v o = a d o
Wuduasumsadredotmuaaieg ¥e832995 15U 2eshuianudonls fendu
© [] é a d‘&l = o s
msiauiiuednls FuuswaziBoavesisesidesmseonuuy uaz@ouilanfuns
Muved 29samiigesnuuuimuadienyt HDL luszdumsoisTeudoya (Register

transfer level: RTL)
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[ (1) Design Specification |
+ VHDL
[: () RTL Simulation &z: {|#——{ Testbench |
FPGA + VHDL
S):nthesis —>| (3) Synthesis &Optimization I"—
fibrary ¥ Structurcd VHDL
|>~.£{-'(4) Gate level S'iminlatioi::‘giik—-'l Testbench
FPGA EDIF

Desi
Standard —>! (5) Place & Route j‘—— con:::-glilnt

Cell library Structured VHDL + SDF
I,j; (6).Timing Simulation %* l*-l Testbench

Design
constraint

[ (7) Download to device |

Configuration file
oonon

pEReD a)

5 FPGA Chip

ann

uuuyg

-:; u’;’ 9 o £t
gﬂﬂ 3.1 TUABUMTOBNLLUNIIAWTHIDNNID

YundUT 2 $1803MI1MNINARII9352AY RTL (RTL Simulation)
E 4
Wuduasuasisaaumsiinueslumalaesssay RTL vSedensu laums
o o é -3 o Q’: d” -]
$1099015% U UBZYANATOUAIY Testbench Fanis$iavanisiinuludunsuil svdiass

° <4 o ¢ o to & &2 1 A o
mMsnuNseszauNIngy "lumuqmmmau (Delay) U9434993

Funeudi 3 Faunney uazl¥ineoslfinnzas (Synthesis & Optimization)
Wuduneunisadeiaanes (Schematic) 9 laaaessedy RTL Ideglugy
yovanining Taserswerawiselumsdunsiziaes  Tasludunsuiidesdtingdenld
maTuTeddnenfisie fifoenuvudesmadonld dewsimdnandnecilousFnson13ld
denldeguda Tauidlonimsdaunsied1dines vnfurendunieziimsesyalus
(Optimize) 299sFndeimuaniofenluesnsdunsiey (Design constraint) ﬁé’aammu
MMUALALUAB LT AYBINITBBALLY Fawadns i ldvinmsdunsiziasesezeylugl
uupvedlWd VHDL %358 Verilog Ly Iaseas19asdn (Structural logic) tag Idiindadunas
§1uUsznN EDIF (Electronics Design Interchange Format) ﬁ%zﬁ1"lﬂ“l‘x’f"’lmfuﬂauﬂ1su§amia
(Place & Route) sl
Funoui 4 mIs1anamThnuIsTITUERINDA (Gate level Simulation)
HutuneuiifeenuuuezdemaneyiWdiindafidu lunavessesssfuaesn

Tael% Testbench uauflFsrassmsiuszay RTL vuds Falumssrasamsiaulu
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w d, a A o d 9 a 9) ° o P 1
ALY il$1115fN‘UBQlleﬂlﬂUl‘lﬂiﬂLﬂﬂ'Wﬁ)\ﬂNNﬁﬂ'lﬁ%']aﬂﬁﬂ'ﬁ'ﬂ'l\l'lu HIVSUANAWLINNTT
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feeamaiulusedy RIL iieannluaavesnessedunatissiifoyaSedindvena
ad - Y o 3 9/ b4 ° 'o ° )
mulumaTulatndesnuvuideninly dniudesnuvuezdeniinmsdiasenmsinmiie
7sa a o v o e v ¥ o & oY g Y
ﬁi?ﬂﬁﬂﬁ‘lﬂuuQﬂﬂﬂﬁi 'J'lU\WIN'I'NQﬂﬂﬂQﬂ'IU‘UEJﬂ?ﬂﬂﬁﬂlﬂ\l')\iﬂi“iﬂqu m'lumqmwa
¥ , » ¥ .

ﬁmumzé’fmnan"lﬂ'uumuw 3 Lﬁﬂﬁ'lﬂ']iﬁ\ilﬂi'l%ﬁllﬁz'ljiﬂ’)\lﬂialﬁ’lﬂn'lzﬁuaﬂﬂ%'\l lﬁﬂalﬁ

HON13$1089N15 1 TUQNABIAIY Design specification

A 4. S i
Yumpui 5 msnuazivenssirameluve s woniidie
q’: Y o g o { ° ]
Funeuiifumsi Maindaioglugluuy EDIF umhnsilasasgmaTulad
e a et o 4 ' s Y Vo & ’
wadmeluvesdmenive uaziimaveudswadmigluddisiuagluuumsiyeude
¥ [ 4
\d 3 o bt A
ginsaidng molwiiedad TnsdussuitidumsSunldina Tulatisadvesineniivie Ff
= - o oS 4 e A J ]
randn Ideenuuyidmiudwudazds Tasmsrnuazivoudoisadang wqnaugudae
fafimualuns Place & Route e ldwerAushimsMuaziendefumuaudeIns
. @ o o y t &
vosdeenuuy Taowadnivinduasuil szagluglinG SDF (Standard Delay Format) Gaifiu
Wazduuvmnasgruiideyainoifumtadveaduniamsitounsnioly (Routing delay)
J g delay

= S -} Q’ - é ] L] »
aawienfitie o IMaRlddmsy TsunsuasdnediiSio FedIngjzagluziiunves

Configuration file

2 4 r : v, Z (O :
VHUADUN 6 ATVIADINTNINIHNDIICAVFIHIIA1939 (Timing Simulation)
¥ ]
Wuduasugatisueinisasisasualgndesnouvziintaesiioenuuyly
¥ .

Tisunsuasgdn Tasdussumssimesmannmlusedulmifis madnsnmssiaeans
° a =} ) Y oA ° a a ey A o
mmuw'lﬁ'*nzm:rm"lné’mmn'u"l‘nnmmsmam%swuwmﬂwma mawm“lumsmammi
o o Aoy a4 wa o 7 a a o A vy =
mqm‘lwuﬂauuwagammnumawmwaamﬂww UBSALQUVBINTIFOUABIVINUNYD

Y o qu o v 49 va o o o ¢ ¢ a
YO 7]11“Nafnii]'lafN‘luizﬂ‘UuﬁlﬂalﬂUQﬂUvl“ﬂllll\?ﬂ'li"ﬂ'l\nuﬂug'ﬁﬂﬁniﬂi\i

Yuneun 7 Tilsuffsumqf‘?sm?a (Download to device)
3 b4 o A b1 a =iy ~ u’l,
L‘ﬂuﬂluﬂauqﬂmuﬁmmmsa’e)mmmwimanﬁ‘l‘v\nu%mm\lwmeﬂawmu

Talsunsu Configuration file a3g3wonfistounuesaionaaaunsiaussade 1y
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3.3 suusumsveuldsunsumunievauea

MY ADFAUDA t’i‘lunwr?i‘i%"lummsmwwqﬁnssu‘umms"mm’ﬂszmwﬁ’aﬁgn
ﬁ’mm'ﬁ”ﬂﬂUﬂszm')qnaﬂnuﬁﬁgmﬁm (DoD: Department of Defense) 1 f1.¢. 1980 1aud
thyunewdn 2 Usznshe

- deamsmwifiannsasssiumsesnuuuesisanusudeuld
- Feamsmwidunsapurdedunvnaiivildmusawsunsrasumseen
spudumelu nquinesnuuvudlviula

DoD 131 uSEn IBM, Texas Instruments 118 Intermetrics xi‘lu(’g’aammuﬁamw
Tavluszezusnidlunimudumiannis sunseidd) 1985 ITAR snEnmsmioneamnTuTaima
msams dldiuinsinedestueaniduetieniiaws Tashidl 1987 19 IEEE (The
Institute of Electrical and Electronics Engineering) laierausauifny wassmuaiiy
mmgmﬁfs‘unh IEEE 1076 — 1987 &4 Tool’s A199 (50031 VHDL 87 uaz1uil 1993 IEEE
IR urlganndanimiagdmunithuanasgufiSoni IEEE 1076 — 1993 wiedunh
VHDL’ 93

myilevanea Uszneudaodiuang [14] fidh "q;uaxt"i‘luf‘«yugmmmnm%uzﬂ
mezuuﬁﬁmaﬁﬁﬁmu 4 minefe

1. mignsesnuLUendnyal (Entity Design Unit)

2. misemseeniuy Insead1a (Architecture Design Unit)

3. MHIINITBRNIULNGY (Package Design Unit)

4. viIUMIoBANLVBINLTENOY (Configuration Design Unit)

1 4
Tasusaznulveeina vy uazmmanwuﬁ’numﬁ

3.3.1 ﬂﬁ?ﬂﬂ1580ﬂllﬂﬁlﬂﬂaﬂﬂﬂi

r= )

L y 1 L) 4 1 < hd é o J
dawiifudiusmuamasouds uazfisnevesdyana dliztiuumshvuas

199 UAAAN31N 3.2

ENTITY component_name IS

Input and out ports

Physical and other parameters
END [component_namel];

[] 14
51 3.2 Inseaduiiuguvesmsfmuamizsniseenuuuendnyel
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' 1 4 } 4 o 1 . ' 2 . 4 :’c v
dautlaziududiodidn Entity Aedau¥eves Entity Famsasyessdeaiulamng
L ) »
msfede mwdaes 1S aewudumsimuadygnudig sunisimmuvesdyans wae
s v L d »
wisiliresouq uazfidifdau Entity 119vA09aatuau End AuAIuseves Entity avia

Y & o
AIUIATBINNWOANA ()

ENTITY mux IS e —
Port (in0, inl, sel: IN BIT; .
Output: OUT BIT); —H]im ouput I~
END mux; —H] sel
Q) )

711133 dredunsesnuuudiuendnual ¥837995 2 to 1 Multiplexer
(M msssnuvylavldmdesiuea

() yuwoslunmsiFounsveelNes

910317 3.3 UAAIAIBENNISMINUAILT 2 to 1 Multiplexer Tavgal (n) Wluns
o 9 =) 0= * ::'4 ] ;w
dmualagldnmiesduea dougdl () dhopweslumsisoudevesnsss uennniit
annsofmuamsiinesoug Tasldmds Generc uamaladaglfi 3.4 Fewzmtuiudums
o a U Y o o b3 9 o/ & 9 o .::’ a A
MYuAy AT 1INANAMUIATINAD9T FamnaAd muatiasodsuuilas ¥

13 F 4
iy lAusgiumsesniuy

Generic ( Tplh: TIME ;=3 NS;
Tphl: TIME := 5NS); —H] int output i
Port (in0, inl, sel: IN BIT;
bl bl 2 sel
Output: OUT BIT); ! tplh tphl
END mux; + *
(") )

H Qs J - ' [y U4 . a 4 o
511 3.4 AednnTSeenuuudMendnyal 4842995 2 to 1 Multiplexer Inuiindoyaifvafiunm
m msesnuuu laol¥niuiesiuea

() yuwealunisiFounoveeees

332  wihemseenuvulassadng
Fhudunldussongdnssuding ¥s3ees Tasmsussowssduiusiudyaia
Sune uazle e AseAvuNIimesANg Admualudiumseenuuuiendnual aadigy

HUUMS AMUAR AN LaAIAegLh 3.5
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ARCHITECTURE identifier OF component_name IS
[declaration]
BEGIN
Specification of the functionality of the
component in term of its input line and as

influenced by physical and other parameters
FND [lidentifierl:

1 4
31 3.5 Taseadeiuguveanissmuamizsnmsesnuuu Inseadi

FTEURUGIAT Architecture HAZAWRIOTD (Identifier) AaTRBai LAY
1Run Aeduaasliifiug Architecture 1ulFUTsEIWMINOMIDBNUUMIBAS NV A
(OF <entity design unit> IS) dmﬁa;jszm‘w ARCHITECTURE ta¢ BEGIN
UszmefiMuR (Architecture declarative area) ﬁlﬂutﬁmﬁamﬁmﬁan (Option) 1‘14‘1]?0615
aunsaldidoulseoadmuasidng Ao lll¥noly Architecture Wl tazdauiild
UssIwaNuFRUTsEINtoyaduye tazedna wgnmsu1u'1uu?nmtﬁ'yaﬁszwhqﬁ1'h
BEGIN 1 END ¥0aviiomsosnuus Insaasie uaz'uanmm‘fwxgﬂﬁ1§aﬁagma‘luu§’nmf‘;
2t (Concurrent statement) Wil MiinomseenuLy Inssadieredosdatodan
ﬁ‘lf’}\l END uaz"f'}mlm Architecture (Identifier) 1?11"] ﬁlﬂuﬁdmﬁmaﬂﬂ
Tassta lms@eueTuiongfinssuvesensdienyuiiesinen annsneenuuL
mizomseenuunTnsaadie I8ludnunizaieg fait
- dnvazms Inadoya (Dataflow description)
- ANYUTWOANITY (Behavioral description)
- dnumzInseada (Structure description)

- dnvusaaazInseada (Mixed model description)

ARCHITECTURE data_flow OF mux IS
BEGIN

output <= ((NOT sel) AND in0Q) OR (sel AND inl);
END data_flow;

311 3.6 mitomsesnuuyTasaadiaved 2:1 Mux AUANMNISAIINDG
output = (sel . in0) + (sel . in1)

51N 3.6 UAAIMTUITOWNWHANTTUYBINGS 2:1 Mux Iagzlidauiussonony

v

Fuussenineduys uazieamogamduuusuugaiRed Tudnyuzns vavesteya
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in0

11
| =]

in1 into

m
gl

Sel ‘ H 90

111 3.7 miasmsesnuuy Tasaadaves 2:1 Mux Tudnvus Tnssadavetasdnnm

51l 3.7 Hulnseadueanisussewaees 2: 1 Mux TudnvazInssadalasldiom
wuyeudeiu uazlugiii 3.8 Wunsussuwludnuazlnseadn Tagldnmudierduea

92 int0, int1 Hag int2 WudggpameluilFlunmsiFonde Netlist)

ARCHITECTURE struc OF mux IS
COMPONENT inv
PORT(il: IN BIT; ol: OUT BIT);
END COMPONENT;
COMPONENT and2
PORT( i1, i2: IN BIT; ol: OUT BIT );
END COMPONENT;
COMPONENT or2
PORT( i1, i2: IN BIT; ol: OUT BIT );
END COMPONENT;
SIGNAL int0, intl, int2: BIT
BEGIN
g0: inv
PORT MAP(i1 => sel, ol => int0);
gl:and2 i
PORT MAP(il => int0, i2 => int0, ol =>intl);
g2: and2
PORT MAP(il =>sel, i2 => intl, ol => int2);
g3: 012
PORT MAP(il =>intl, i2 => int2, ol => output);
END struc;

H , o 1Y
51/ 3.8 wirsnmsesnuyy Tasaadnves 2:1 Mux Tudnyus Inssadndomuiieyhuea

Tugui 3.9 TuaAIMIUTSONYANTTNINNT 2: 1 Mux TUGNYULYBY Behavioral
description 91ngUA 3.6 - 3.9 swwiuladmissnsesnuuyInseadie selinadniluns

o d' <4 or
NN UBDUNU
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ARCHITECTURE behav OF mux IS
BEGIN
PROCESS
BEGIN
IF(sel = ‘1’) THEN
output <= in0;
ELSE
output <=inl;
END IF;
END PROCESS;
END behav;

711 3.9 midsmseenuuu Tassad1aues 2:1 Mux ludnyusnganssu

333 WHIUNITEBANLLNGH

doyanen aoeauTusinsugey (Subprogram) fshiseTenlems@ouussoe
2995 ansafu 3 ludwdiEonds Package 14 tasdoyamaitausoilu19181as mite
mseenuuuendnual, mimssenuuylaseaii vienn mirmsesnuuunguiug &
yAfHY USE statement Fanannsovszmamioituldlu Package 1oun Tusunsudes
(Subprogram), ¥ (Types), mnad (Constants), FoyQy 194 (Signals), Wsirh (Aliases), AUANHUL
(Attributes), @211/52n8Y (Component) 1ag 510AZIBIANIILNBBN (Disconnection specification)
Tatn@uda Package aztnivenniluaosdiufie msfinuangy (Package declaration) Lag A3

o 3 3 o A 0’: [ ]
fMUARINGUNGEN (Package body) FelumsiSon1iussnszahru USE statement

3331 MY ﬁmuﬂmju (Package declaration)
Hhudnfidiaiiqaues Package msvziludauiismmuade (dentifien) vosdsdl
Uszmrogaivlu Package dwimitlilduen Package S1dslaq gmilszmaludiuvesd
ngu ua higniszmelumsdmuangy sz higmnsnih Tlduen Package 18 Tasmsdimua
nqu findnmsudasfazuldi 3.10 Fasenied1i1 PACKAGE tiag END PACKAGE ifuns
MUATBLIUAYBINITMINUANGY uazsznhefmaesezdiudand ssme Tusunsudes,
%iin, Mt | dona , W, gudnsue, daudseney uaz swazBeamsuoneen lavgl

#13.11 paasdggemsimuangy

PACKAGE package name IS .
Package_declarative_part
END package_name;

519 3.10 nanmsimuangu
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PACKAGE example IS
TYPE cd IS (‘C’,’D’);
CONSTANT pi: REAL :=3.14159;
COMPONENT ttl_74163 IS
PORT ( a, b: IN BIT;
c: OUT BIT);
END COMPONENT;
SIGNAL global_clk: BIT
END example;

517 3.11 Aredumsfimuangu

3332  MIMHUAGINGUNEN (Package body)

fulaseadreimlszneudioiideing Tuzdfdsdidy (Sequential statement) 7114

o o ° v o‘: - 0 g
ussorwandunmsinmves lsunsudesianars Taoiivevesalusunsudeniu gnilsemn
¥ 1 ° 1 9/ g o 1 q’: d" Q’: @ 1 et
Bludauvesmssmuanguuds Tavezgniny B ludangu Meiisausis dludunlsineiifign

14

Uszma B ludiuvesmsdimun udgndmuasludauvedds (Deferred constants) AU
dauvesiingy Seliduiludesd Mludiuvesnsdmuangu hifimsdseaede Mt

L] s L7 * Qs ‘: A
Tilsunsugey w3e Deferred constants FUNUY HAHANMISWIUAINGY uerAIRagf 3.12 da
4' 1 9 d‘l ~ ar d‘l c;c 3/ ° 1 a o’ ]
Fevsangu srdesifudaiderfuseismualilumsiimuangu 310 3.13 uandnirems

Wouningnseenuuungu

PACKAGE BODY package name IS
declarative_part
END package name;

5U% 3.12 stuuumsimuadangu

g’

= package declaration
PACKAGE pack_func IS

FUNCTION mean(a, b, c: REAL) RETURN REAL;
END pack_func; ' -
-- package body
PACKAGE BODY pack_func IS

FUNCTION mean(a, b, c:REAL) RETURN REAL IS

BEGIN

RETURN (a+b+c)/3.0;

END mean;

END pack_func;

31N 3.13 dvdMUIIMIBRALUUNGY
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vingdfl 3.12 Tudauvesmsdmuangy szifudmiiGonimstmuailadsu

r ¥ 3 ]
(Function declaration) lunifiilumsilszmaevealusunsutos Mean uazdaufivssonons
Wauveslisunsutes Mean szgaifin i ludiudingy uadiidwyedtaniivensifou

) L4
Package fie fioufinzai1 Package 1114 Package WnezdoarunsiFouiTos (Compile) fiou

334  wiamisenuuvenlszney
. » ¢=' 13 ™ @ =1 i 3 A
TudmidivihnFeuendnual hiulnseade lunsdndlnssadne funnmi

& ’ o a o ar P
94A FanasmsesnuuueIndseneulizlituumssimuanaaIdagin 3.14

CONFIGURATION identifier OF entity name IS
Configuration_declarative_part
END;

51l 3.14 sluvumiasnseBnUUVesZNeY

§1J°?i 3.15 Wumsesnuuunesdie 1aeld AND gate 2 input fiilaesInseatae Ao
HUY SRYUSMS VD UAY SRYMENgANTIY Taudeufiezth srassesdesiimstseneu
Tassaduden Feszuudesauea dlnadilifinsdsenenlassadiudadadass saih
Tassade gagaiou 1$lumsinsied uazdiasimsiieu fhug'ﬂ'?; 3.16 LAAINITH BIA

1l5zneuAsias 19 §o Dataflow IV UNHIIMTBRALLLIBNANYEL

ENTITY and2 IS
GENERIC (ttl_delay : TIME := 3NS);
POTR (inl, in2 : IN BIT;
Output : OUT BIT);
END and2;
L ARCHITECTURE dataflow OF and2 IS
BEGIN
output <= inl and in2 AFTER ttl_delay;
END daaflow;
ARCHITECTURE behave OF and2 IS
BEGIN
PROCESS(in1, in2)
BEGIN
IF (inl1 = ‘1 AND in2 = ‘1) THEN
output <= ‘1’ AFTER ttl_delay;
ELSE
output <= ‘0’;
END behave;

3519 3.15 e vALLAYBI AND gate 2 input
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CONFIGURATION dataflow_and OF and2 IS
FOR dataflow
END FOR;

END dataflow_and;

511 3.16 Arvg1NMsPRNNLLBINITZNBY VBI and2

51/ 3.16 usrmensilszneuesanilsznou e Dataflow_and Wilufdmuamsiven
Q7 4 o 3 A U L] L
@ndnyal ¥ And2 v Tnseadn ¥ Dataflow Feezutuilumsiszneulnsesnetis

v . } 4
$10 daulugi 317 dumsadiesiszney idudoudu

ARCHITECTURE examp_config OF decode IS

COMPONENT inv PORT (inl: IN BIT; ol: OUT BIT);

END COMPONENT;

COMPONENT and3 PORT (inl, in2, in3: IN BIT; ol: OUT BIT);
END COMPONENT;

END examp_config;

CONFIGURATION decode_llcon OF decode IS
FOR structural
FOR i1: inv USE CONFIGURATION WORK.invcon;
END FOR;
FOR i2: inv USE CONFIGURATION WORK .invcon;
END FOR;
FOR ALL: and3 USE CONFIGURATION WORK .and3con;
END FOR;
END FOR;
END decode_con;

511 3.17 dvdamsesnuuusaiszney

711 3.17 eafflszney Fo Decode_licon iondaiondnuaile Decode fu Tasaais
$o Structure trozmoluTnseadede Structure fﬂs:nauﬁ’wqﬂnsn{deuq Faudazsal
Snvazmsilszneufudiududlslaseads FOR... END lag FOR... END ndawin Savi
Tassadrads sedosimumsoutos dewier 1y lunssamlnsesn Fandaoinms
insrer Insaaa uﬁ"ngmﬁv"l"fﬁ Working directory nm3fmuagunssisumzeannso
13 Taumsende Label iwulunsdives il uaz i2 M3y inv v501d ALL 3o OTHERS i)
amninedgUnsel inv vxldeadilseney e inveon 910 library WORK fifdaiianney oz

' o
wuldiuniumsadesdlsznen Feussnsznounisldaussdilsznevuugald o
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t 4
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level configuration

3.4 dunsumisenuuulaalylisunsuduiogy ISE WEBPACK
msesnuuyTavldTlsunsudufegil ISE WEBPACK sefiduneunaasdaguii 3.18
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gty Xilinx data flow HuADUAI [13]
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ECS Design Entry | StateCAD

! '

Testbench A Si
HDL Bencher MXE

J

4
Synthesis
Design Entry (XST)

Y
Fitter Implement

CPLD Fitter FPGA

Y

Chip Viewer

Program
iMPACT
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o o o < o an o . & a a
dwiundasdyanaezinaen Wudyanuataen (Analog to digital: A to D) Feinuniiwug

e

o A o a 2 a a
atuiildesnuuy Tasld199ssues TDAST63/AM vasusimiald Fuiudwiuvas

o

ar aa S | ] o q Y A LI 4
Fuanuezuaeniludyaufiaea 10 da fianuElumswlasdygnalviden 3 (uads

o

&

v - & o o w

fufie -3, 4 uae=s dilmmiSigegalumsudasdyanafe 30, 40 uag 50 MHz MUGRY
Tasmsesnuuuesimiisuiunmlszmsudszuanariinnus wesdygnaundm ldlums

1 g o o a & o 3
hdadeyamintu 3100 4.2 uansudenlaeunsuvesin TDAST63/AM [15] ddya sudas
saunsasmuamiFilunsesnuuuuaaidanisieh 4.1 Tesdyanuidesesnuyuesi
] a L] v < - o o o 1 A e
FraBuRABgIzNIe 1475 Be 3.495 Toanl tileussAuBOWIFAvEIIABIR AR 0.175 Taa
4
Fulundyans v, = 3.67 13a% 1oz Vy, = 13 Taani daundaygna Clk szadnandn

en#ide
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IVcc.\ CLK |Vccoz €3
I3 [ Ill )
CLOCK ORIVER z b
wrrl o TDAB763A
l l p sloe )
28| ot hMSB
23| o7
Rap 2|06
B IREER I O o L W IR S -~ o PO
mal o
sfoz
=l7 23]
16100 Jise
veels L 13600
IN-RANGE LATCH cmos outputh- B B
28
T T T T [
AGND 7LDGN02 J’OGND DGND1  wmcors
anakogground  digital ground outpul grovnd  diital ground
51 4.2 vienlaezunsudn TDAS763 AM
M19199 4.1 31ia uazA 15uEn TDAS763/AM
Yo yHAveITY I U3
Veeors VeeonVeea UIAUUNAITY 5V
Veeor HSIAHURAITIOBIANA 33V
AGND, DGND1, DGNG2, AN Ground
OGND
:f’E Nonpolar, bipolar ‘1’=33V;, ‘0’=0V
OE Output Enable V=33V 0=0V
CLK Clock signal ‘=337, ‘0=0V
IR, DO~ D9 Digital data ‘1’=33V, ‘0’=0V
N Analog voltage input 1475-3495V
Ver Reference voltage top 367V
" Vem Reference voltage mediun -
Vs Reference voltage bottom 13V

Yy a

A o ¥ v ¥ a dq9 ) v & 4 qy .
luﬂﬂ%’mﬂ’l'ﬂuﬂ‘lﬂlli\iﬂuﬂ'l\?ﬂ\]ﬂcl‘lﬁxﬂaquﬂ'l'mQﬂﬂﬂ\?'@\iﬂﬁuuﬂq‘l‘v')\ﬁli Precision

o o o o [ o =y é
regulator #MFUNTIAUSINBY V,; U895 Close loop AMTVUTIINSDY V,, Feannsn

Ysususadu v, 180 POT1 nasilSumusedu v, 1a% POT2 ianedaaesisgiii 43
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1 Sen A\ 3
T i

[vri 4 N s VE
cams VAN
VREL Vs p———— N
V- ue | il

1)

VRIY

317 4.3 2395 Precision regulator #82£3395 Close loop §M3 UlTIAUS1984

» 1] »
Wednanui ldvnaszunumsdiuseduusedu 191 5 Taasl datususludeuntag

Ty idegiusedud A o D aunsaulasdyana ldedugndeslasldsesvens uazun
ToyanauieiIMIliy Zero uag Span vesdanuduna Tavdsy Zero 16% POT4 1az Span
187 POT3 naas9sAagalii 4.4

1
16K

RI2
—cm
3K POT
R7 | s opt
+ 7
= R 4
= =
1LM3ss
fER1
h 9
L s
3 n_provess

3111 4.4 2995 w0 wazuIndRyinuweiINsUY Zero tas Span YeedyanaBune

v ¥
ar

disinvsdauiinimuanuyensoszudas ldaegiii 4.5
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4.2 m3sanuuNYsuasdyanunvnea 12 in iueswasn
iesnndyguildmuquassiiumswiindyanaesuaendniuiidestieeg
fulasndudagrunnasasadiiezuaen Fiimoiiwusatuiildesnuu Taoldaaessa
1wes DACO08 2 42 eynsuiuTaefmunlddausnde 8 in a1 Tussdueglugaa o - 255 my
Sadqaiien 1 my daugaiiveadiu 4 S vussiusefueglugae o - 3.840 ¥ Tadgaiian
256 m Saanunsommsyiulfussiusgiugaiidesms1aTas 8 Sadwlsud PoT6 Hay 4
fn w5yt POTS Thusedui lninedesiasamhdaniu usaduitlfregludag o — .
4095 ¥ Feeansoliuliusesduogludae 1 - 5 7 1Wlaoiliy POT7 uay POTS (Zero uaz

Span) LLAA2995A931UN 4.6
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ipaninnsyuaumsivhmsatuguez 19nszualugi 4 - 20 ma dafuussiun 1dey
devhnmsulauilunszue Fowsudawswuilunszua wwldesnSoufouussdy i
[ »
Close loop Taunszuansween lise lusdfuvinavesInan udzsisInan ldgega 600 2
9 J @ ] = [ ] 9 v k4 as
(lRnnsussduanaseudiues laloadaudronianuauniulnas) awsedsvvinaves

nszua 140 POTY namarssuaaussduiunszuadaglii 4.7

317 4.7 29vsutlasussduiiunssud

LY = I G
4.3 M3senuuuAllszananail leauenHide
mseenuuudlszuanad ledumeniite s ldnquiiiuguvesiiled Tavezii
asutasaumsnuuesiiesluaunish 2.24) Wiluaumsuuylideions ldaumsiled

uuy higsiilpaaasfsannasf (4.1)

Ar T,
Vo :Vo”._, +Kp (en —en—1)+—en +—(en —Zen—'l +en—'2) (41)
T, Ar
e AT =muveaniqu
o d. L ' ‘é
v, = [DIARAVDIRINIVAUN NI GUAIM TN
n—
1 ~d' ] \J A
e, = SP- PV = flRANAIANMTFUATHI)
K Ar K T,
fmuald k= —"— K==

T Ar
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Sagaums @.1) Taounum &, uaz £, Tueums laaums#i leduuy liserisaily

Vo :Va —] +KP(Ae'I)+Ki(en)+Kd(Azen) (4'2)

lﬁ’e) Ae" =e,—¢€,,

2
A en = Aen - Aen-l = en - Zen-l - en-Z

MIVTSOIENYANIINATEUIaNaATARad leAuwe iR uaadsgf 4.8 w1
aonlaonssuludnvazeynsy Fedansgitr (Operator) szausutuiludiduiean
swmmainluedfitie Tassugudrnumsiinuvesiinssdidoaanuusdu (State

A t a o % z $
machine) Fa91AMseBALULUAR AN I FyaauIin 1 a1u Auiunnaunsi (4.2) 92
aonLUUAIAUMSTIINUBIAIns S uaansgli 4.9 Tavdinsyiezdsznouldine 2ees
f91 (10 X 10 ), 299521 (10 - 10 Ta), 2995090 (20 + 20 + 20 Ta) Feezituilundazaan

q Yo o P} v @ 3 <R 9 o o 1 LY 9/ ooy a =
o2l 1Fmanseiunilsududaiusiansalgdinseiisuduld nazleeshvaeai leduu

¥
pHFteez l¥Fyanauiinanua 5 a1y

K, K K,

8 bit 8 bit 8 bit

10 bjt
e Digital PID P 125y

10 bjt 181 rOCessor
PVﬁ'L>

o
CLK———4

51 4.8 vienlaszunsudilszuianantneai leAuueHiitie

State 1 Sta:te 2 S‘taye 3 State 4 State 5

H
input or output
13

i
! i
D ]
O ope{agar § V
AN e On-.
H H
internal signal @

(sp) (X, E)
s (- E
n
E
n-l

517 4.9 auan'laezunsuvesavnead lod
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IF ctk’cvent AND clk = *1* THEN
IF st} =*1" THEN
[Fs12="1" THEN
IFst3 =*1"' THEN
IF std = 1" THEN
tFs15="1"THEN
Vo <= sum(O; Von <= sumQ;
ELSE sumA <= Vsum sumbB <= Vp;
sumC <= mul0; stS <="1";
END [F;
ELSE mulA <= subO; mulB <= kd;
Vsum <= sumO; Vp <= 1mulO; std <=*1%;
END IF;

ELSE sumA <= 0" sumB <= mulQ; sumC <= Von;
mulA <=sub0; mulB <= kp; subA <= subQ;
subB <= dck: dek <= subO: st3 <=1

ENDIF;

ELSE mulA <= subQ; mulB <= ki; subA <= subO;
subB <= ck; ek <= subO; st2 <= 1%
ENDIF;
ELSE SubA <= sp; subB <= pv; stl <="°[";
ENDIF;
END IF;

71l 410 ussUWGANsTUYRIATABAH B8R mumanlaesunsy

P ! & an ] &y P ;d 1 g
51l 410 wanaduniiaveInseenuULATARaT loR FdauNuaaiiifudaundn
#i5un14 Component MnsyiiuIn au wey gu lagusazdAansziieegnaiuguAlvman

HUYFU st] — st5

4.4 mIvanuuuszananalad-nleAuueniidie

msveniuUTINEIE MdAms Fuzzy gain scheduling [6] lavszfimualiouna
UsznoudassinuAanaIn (Bror: e) wasdasinisuldsunlaswvesminnuianain
(Change of error: de(t)) Galundazdumnaszisznevdromavesileddunmsiivainda i
ammany 7 0 Tasfimszannsadeunuiu 1§ i 2 e dendlsainszuaums uaa
Wqﬁ%uﬂm{‘luﬁm‘?nﬁagﬂﬁ 4.11 Lfl."a NB fio negative big, NM fo negative medium, NS fi
negative small, ZO fio zero, PS fio positive small, PM fio positive medium 110& PB fio positive
big ﬁaumﬁwmzﬂsznau"lﬂﬁw proportional gain (K ), derivative gain (K, 118¢ integral gain
(K) Taofish K, mM14amanuduiussendng Derivative time constant fumneii o fie T, =

F 4
ar, A

4.3)

° o a o
smualfiedyn K wee K, sslszneudisavesileidumsiuamndn fdu

Y S o & a a4 .
Singleton 6 ta Wag & wilszneumsavadlinyumsitiuain®n My Singleton 4 1@
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o o < o 1 4
uanslandumsilumndn dgUi 4.12 1o Z fie zero, #S fiv very small, S #i® small, M fio

medium, B fi® big LA VB AB very big 1AEN¥21ve1 K, Uaz K, wximualadsaumsh (4.4)

K, . =032K, K, e =0.6 K,

p.min

Kd.min =0.08 KuTu’ [(d,mu.t =0.15 KuTu (44)
iie K, f1® gain of oscillation

T, f® period of oscillation

NB NM NS Z0 PS PM PB

e(t)
> or

Ae(t)

31 4.1 AedFumsiduannvesduna e oz Jew

daunguesilad (Fuzzy rule) ssmldnnaumsi @.5) Taveslddanseh Max-Min

TumsmanuduRNUSHaF (Fuzzy relation)

if e(t) is 4, and Le(t) is B, then K = C,also K, = D, also & = &, (4.5)

o o

ile 4, uaz B, Wy HaFwafiduiusiy em uaz de Tugui 4.11

o

¢ uaz D, i AaFaiduiusiu & nos &, lugdi 412 (n)

AR

o, i Axdaiiduiuiiy alugih 412 (@)

U

- - Kp ok, -
(m (V)

" o o) o
sl 412 SedFumsiflumndnveusidna

(m ardunsituaudnues K uaz K,

LY =1 a
@) MrFumathuaunsnves o

. ¥
msmaneIrnAveIRInIUguIE 19T A uRTuvesAnimiln  (Weight average

method) LAAIAITUNITN (4.6)
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L LHvw

(4.6)
D Ha(v)

Tasmsesnuuudimuauiladdmsui led uaasdudenlaezunsugili 4.13 Tao

L4
=3

msosnuuumNIsauLaudIug 1aae

Mrg LY .
Kooy .8 %
LuT Inference é s K
Membership Rule £ § = >
function (Max, Min) E % ‘  J
- it 8% 1a) & |
MF. ax‘

Hs

>  Fuzzification C———H——'& Fuzzification
S 5
A |

CLK

515 4.13 vienlaszunsuilediled

4.4.1 WsadWingu
Hudnasdaanasunaiidluswenszuaums 1dumilad Tavezdmuanm
s 1 o & = S ' o @ @ Jdar v
yoefled 13lunmieanus Fmsdhtemang lumbhoanuineduiusiunivenssuiy

i 4 ]
M3 uaasuden laezunsudauiidsgi 4.14

Clock
4 bit
Generate bit Ho
10bit|  Address > MF0
Crisp = S;l‘ecti(l)n ]7%:;’ MF1
ignal
gn 7
Y
Addressy ¥ //Fuzzy set
3bit yy 4 bit
LUT
Membership

function (input)

U7 4.14 vienlaezunsudiuiladiindu

msesauuuzdmualifndumsduaundn 1 e Uszneudisdeyaluniiay

¥ »
ATNS 10 Awmus Tisdaud 0 83 10 (0 — Ab) U7 4.15 uamemsfmuailandumady
a ° [~ 1 ' o
ansnlaotmuald a, b, ¢, d, e, £, g &, i 18z j TumveanszuIUMSs waz 0 69 10 Wualed

t ° o o o <4 <y [ o
Tumiaennus uaasmsussone Mddumsiduanidn Tavl¥nuderduea degii 4.16
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3

2
T
<n Il

v T

abede [y i

3 o s o a
51/ 4.15 msfmuaileddumsitiuaindn

& -

BEGIN

ELSIF (Crisp(9) and Crisp(8) and Crisp(7) and Crisp(6))="1'
ELSIF (Crisp(9) and Crisp(8) and Crisp{7) and Crisp(5))="1"
ELSIF {Crisp(9) and Crisp(8) and Crisp(7))="1"

ELSIF (Crisp(9) and Crisp(8) and Crisp(6) and Crisp(5))= "1
ELSIF (Crisp(9) and Crisp(8) and Crisp(6))="1'

ELSIF (Crisp(9) and Crisp(8) and Crisp(5))="1'

ELSIF (Crisp(9) and Crisp(8))="1*

ELSIF (Crisp(9) end Crisp(7) and Crisp(6))="1"

ELSIF (Crisp(9) and Crisp(7) and Crisp(5))="1’

ELSIF (Crisp(9) and Crisp(7))="1"

ELSIF (Crisp(9) and Crisp(6) and Crisp(5))="1'

ELSIF (Crisp(9) and Crisp(6))="1'

ELSIF (Crisp(9) and Crisp(5))="1"

ELSIF (Crisp(9))="1"

ELSIF (Crisp(8) and Crisp(7) and Crisp(6) and Crisp(5))="1
ELSIF (Crisp(8) and Crisp(7) and Crisp(6))="}’

ELSIF (Crisp(8) and Crisp(7) and Crisp(5))="V’

ELSIF (Crisp(8) and Crisp(7))="1'

ELSIF (Crisp(8)="1")

ELSE RETURN ("0000");

END IF;

END;

FUNCTION MF_1_5(Crisp : STD_LOGIC_VECTOR(9 downto 0)) RETURN STD_LOGIC_VECTOR IS

IF (Crisp(9) and Crisp(8) and Crisp(7) and Crisp(6) and Crisp(5))="1"

THEN  RETURN ("00007);
THEN  RETURN ("0001");
THEN  RETURN ("0010");
THEN  RETURN ("0011");
THEN  RETURN ("0100");
THEN  RETURN ("01017);
THEN  RETURN ("0110°):
THEN  RETURN ("0111%);
THEN  RETURN (*1000");
THEN  RETURN ("1001");
THEN  RETURN ("1010");
THEN  RETURN ("10017);
THEN  RETURN ("10007);
THEN  RETURN ("01117);
THEN  RETURN ("0110");
THEN  RETURN ("01017);
THEN  RETURN ("0100");
THEN  RETURN ("00117);
THEN  RETURN ("0010");
THEN  RETURN (“0001");

o¢14424 3DDh 09 178h

4.4.2 MIDHUINUNG)

a = 9 = = g o a oA [
g‘lj'ﬂ 4.16 mmsswaqmswmmm‘vmaameaﬁaﬂ‘lfumiﬁ]uﬁnwmuamns:mumi

y
Mudniiozsuailed wazdumisvesilatsunmsitiuaundnuneindiu Hediinsu

v o o

¥
Tasduflvzmdumisvesiladdumsiduaindnierina uazdoasll (Reasoning) AI0M2

@ a & =] [ o
wwustungfed Fwdenlaszunsuuannagili 4.17

4 bit
0 . 4 bit
4bit | Max-Min —“u,,
Hi
4 bit
Hy . 4bit
4bit | Max-Min —4»u,,
Hy
4 bit
xRN K1Y
1t ax - Min ‘—1’—»/1
Y 2._,A_.. 0z
4 bit
Hi7—] X 4 bit
. 4bht Max - Min o3
Hj .
3 bit 6 bit
MFO 1 —aﬁr Rule0
MF1 3 LUT > Rulel
bit bit
MF2—fp Fuzzy Rule —afp pute2
MF3—7 7% Rule3

51 4.17 vien laszunsudineyuung
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v ]
daufifludfimaednavesinlszinana Tavessuniad wasdumiwes

J o [ a o 4 ' a. ' “a v 3’ o
Andumsiluandnedann Feemimlasiimaunduveninaaimin (Weight average

method) LLAAIAIAUNISN (4.6)

Start  End _Div
4 bit R . |
/100 ‘{bil N 7 ) l4[bll N 8 it
H rd ~] > 12 bit 7 14 bit
ol 4 bit 4 | 4 digit A
Hor Zy > Adder sion
Hos 7~ >
T .
Clock _
Y } }
Mul -
5 8x8 bit LUT
- Multiplier aby | Crisp value
4 bit 3 (Oon)
Crisp

51 4.18 vudenlaezunsudmaiagindu

Demul

8 bit
bit
bit

K
4
K(l

-~ I~ 1 s ) s & dy o 1 o :
gﬂ‘n 4.18 ll’dﬂﬂ‘ijﬂ?)ﬂ‘lﬂﬁ)zuﬂiﬁﬁ’luﬁﬂ“h%ﬂlﬂ‘lﬂu FIAIUUITHINTUINUDIANAN

ke []
nun 3 Mife K, K, woz K, Antuginszingdesins ldausauduualunmiideiu Ta

v
dauflazlgmngzi Ao 295U (12 + 12 + 12 + 12 19), 29959 (8 X 8 Ta), 3997113

o é ' !’v [) . i 4 . lw
(14 + 14 da) Fwaasaianlaszunsuvesdauiiaezln 4.19 lavdawmillunaazamanngs

aszvhidiu van uasga sxlddagrandm 1 sy wddinseimiseslddygrauin 14

o & v Ao =4 Yo o A v &
1y muuiuiz‘n’nmmmimi ‘azmmmﬁtlﬂhmmmwuq "lﬂmaaﬂisuznaﬂumi

b4 k4
fuuaueidnn suiumsmauednmes lddyanuuRnmimun 65 a1
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a
Unn S

MINAAIU HASHANININT D

minaaeufmnunuilsdA lefuuediisie sznaroulasmiesniluassdiufie
. d' 3 . . é s g .
dauimadey 1asns$1asa (Simulation) FlFTusunsuduSegy ModelSimXE nagmsnadou

Tani lusuguuuuiiaeanssuIumssea (Level process)

5.1 midraesnalisunsudu3agyl ModelSimXE

menaaeuluduneuil sxfiumsmanemiegrugndesvesdalszunana uaz
anuvelszuianafiooniuy FeanissaessihmsaudsmBunalifudlssuana
wazggmsnlinulassuerdaiuiiullaumquivsely Tavezuismsdraeseandiums

$1a04 fdszunanaataean lod Lazmssassnlssulanailadi lod

511 msseesniszaanaidnean leduneide
° U c:’ o o o
ms$assduiisziiumssiasuuneseula (Open loop) udasuien laosunsugy
#i 51 Tasmwyduyadiugiiasdl vum 0 v 1FFh uazwisiiinesvesdimuguiie
K, = 9Fh, K, = OFh ua¥ K, = BFh HadnEn e nmsassfieanlssuanalinsaniuly
SUEY Py Y s o Ay a2 9o
auumMsh ieentuy uazmileusunguidiniuguitled demsisyutonass lddygya

WIRAT 5 A1 aAIRan1s$1aeen 31U 5.2

K =9Fh K =0Fh K = BFh

»
8 bi¢ 8 bi¢ 8 bi¢

1FFh|: 10 bét
P st | Digital PID Proc 125kt
it 1gita: CSSOT My
O—J——- pV—7L>

CLK——_!

71 5.1 vdenlaszunsumssnesdalszuanadi leduueiiie
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i
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[ X\ Y3 TPOF 104 e e D0A OF7 R0 PA e Joeh on Yo Lo e B B s I6e s ow on
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71l 5.2 nams$rassdailszuronadsaeaii leAuuendite TavldTusunsuduiegy

ModelSimXE

5.1.2 msnassnszionalssnlon
o (] ::’ Y o | d o a o =
msdiaesludiuiissdeadmuamileidumsifluaindndune, ngiad (Fuzzy
P ~ o < ° ' d” o o Y
rule) tiag Hensumsiilumndneays Fnsdmuaniang deziinisimualeold
FuRustunszuaumsseaussdsaihmidszuana linaasudsll Iasdmuan Heandu

msidlumndnduna fams1ei 5.1 nazgali 5.3 ugasilandumsiumndn amumsedeya

5199 5.1 M Wedsumsitiuannduna ew uaz de

Fuzzy 0 i 2 3 4 5 6 7 8 9 10
Linguistic
NB (000) Other -717 -751 -785 -819 -853 -887 -921 -955 -989 L-1023
L ~3FF and -2AA (2CDh) | (2EFh) (311h) (333h) (355h) (377h) (399h) (3BBh) | (3DDh) | (U 3FFh)
Other -989 955 -921 -387 -853 -819 -785 -751 =717 -682
NM (001) (3DDh) { (3BBh) (399h) (377h) (355h) (333h) (311h) (2Efh) (2CDh) | (2AAh)
-3FF ,-2AA and -155 Other -376 -410 -444 -478 -512 -546 -580 -614 -648 -682
(178h) (19Ah) | (1BCh) | (1DEh) (200h) (222h) (244h) (266h) (288h) (2AAh)
Other -648 -614 -580 -546 -512 -478 -444 -410 -376 -341
NS (010) (288h) (266h) (244h) (222h) (200h) (IDEh) | (IBCh) | (19Ah) (178h) (155h)
-2AA,-155and 0 Other -34 -68 -102 -136 -170 -204 -239 -273 -307 -341
(023h) (045h) (067h) (089h) (0ABh) | (0CDh) (OEFh) (111h) (133h) {155h)
Other -307 =273 -239 =204 -170 -136 -102 -68 -34 °
Zo(011) {133h) (113h) (OEFh) { (0CDh) | (0ABh) (08%h) (067h) (045h) (023h)
-155, 0 and 155 Other 307 273 239 204 170 136 102 68 34 0
(133h) (111h) (OEFh) | (0CDh) | (0ABR) (089h) (067h) (045h) (023h)
Other 34 68 102 136 170 204 239 273 307 341
PS (100) (023h) (045h) (067h) (089h) (0ABh) | (0CDh) | (OEFh) (111h) (133h) (155h)
0, 155 and 2AA Other 648 614 580 546 512 478 444 410 376 341
(288h) (266h) (244h) (222h) (200h) (IDEh) | (1BCh) | (19Ah) (178h) (155h)
Other 376 410 444 478 512 546 580 614 648 682
PM (101) (178h) (19Ah) (1BCh) | (1DEh) (200h) (222h) (244h) (266h) (288h) (2AAh)
3FF,2AA and 155 Other 989 955 921 837 853 819 785 751 n7 682
(3DDh) | (3BBh) (399h) (377h) (355h) (333h) (311h) (2Efh) (2CDh) | (2AAR)
PB(110) Other n? 751 785 819 853 887 921 955 989 U 1023
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Timing Summary:

Speed Grade: -5

Minimum period: 24.661ns (Maximum Frequency: 40.550MHz)
Minimum input arrival time before clock: 14.496ns

Maximum output required time after clock: 9.992ns

Maximum combinational path delay: 13.384ns
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MANUIN .

swaziPuamslFunlefnnIgIu ESAK ¥89135N Omron

® Ratings

AC100-240V type AC/DC24V type
Supply Voltage AC100-240V~, 50/60 Hz AC/DC24V %, 50/60 Hz
Power Consumption 16VA 12VA, 8W
Opering Voltage Range 85% to 110% of rated supply voltage

Thermocouple : K, J, T, E,L, U,N, R, S, B, W, PLII "
Niais Taput Platin@ resistance thermometer : JPt100, Pt100

Current input : 4 to 20mA, 0 to 20mA (Input impedance 150 Q)

Voltage input : 1 to 5V, 0to 5V, 1 to 10V (Input impedance 15M)

CT input : E54-CT1, E54-CT3
Sub — Input Potentiometer : 100Q to 2.5kQ

Remote SP input : 4 to 20mA (Input impedance 150 Q)
Control Output According to output unit (see “User Manual Output Unit Ratings”)
Auxiliary Output SPST-NO, 3A at 250 VAC (resistive load)
Control Method Advanced PID or ON/QFF control (Fuzzy self tuning method)
Setting Method Digital setting using front panel keys
Indication Method 7-segment digital display, Bar graph and LEDs
Other Functions According to option unit (see “User Manual Option Unit Ratings”)

. rating : -10 °C (with no icing)/ 3-year warranty period
Amisiont Tompesature gt];iage :g-25°C t0 65°C (with uog icing) ]
Ambient Humidity 35% to 85%
*1 Thermocouple W is W/Re5-26
® Characteristics
Thermocouple:
(+0.3% of indication value or......°C whichever greater) 1 digit max. 1

Indication Accuracy

Platinum resistance thermometer:

(£0.2% of indication value or...... °C whichever greater) 1 digit max.
Analog input: £0.2% 1 digit max.

CT input: £5%FS %1 digit max.

Potentiometer: £5% FS 1 digit max.

Remote SP: +0.2%FS 1 digit max.

Hysteresis 0.01 to 99.99%FS (in unites of 0.01%FS)

Propertional Band (P) 0.1 to 999.99%FS (in unites of 0.1%FS)

Integral (reset) Time (I) 0to 3999 s (in unites of 1 second) *2
Derivative (reate) Time (D) 0 to 3999 s (in unites of 1 second)

Control Period 1t0 99 s (in unites of 1 second)

Manula Reset Value

0.0 to 100.0% s (in unites of 0.1%)

-1999 to 9999 or ~199.9 to 999.9 decimal point position dependent on input type or result ¢

Alarm Setting Range Nugl R
Sampling Period Temperature input: 250 ms, Analog input: 100 ms, Sub-input: 1s
Insulation Resistance 20 MQ min. (at 200 VDC)
Dielectric Strength 2000VAC, 50/60Hz for 1 min (between terminals of different polarities)
Vibration Malfunction 10 to 55 Hz, 10 m/s (approx.1G) in 10 min each in X,Y and Z directions
Resistance Destruction 10 to 55 Hz, 20 m/s (approx.2G) in 2 min each in X,Y and Z directions
Shock Malfsoctin f::)r:::i )min. (approx.20G) 3 times each in 6 directions (100 m/s’ (approx.10G) applied to
Resistance : - ooy ; = S
Destruction 300 m/s” min. (approx.30G) 3 times each in 6 directions

Weight Approx. 450 g, mounting bracket approx. 65 g

Front panel: NEMA4 for indoor use (equivalent to IP66) i
Enclosure Ratings Rear case: 1EC standard P20 i

Terminals: IEC standard 1P00 i
Memory Protection Nonvolatile memory (number of writing: 100000 operations) !
*1  The indication accuracy of the K1, T and N ther ples ata of —100°C or less is +2°C+1 difit maximum.

The indication accuracy of the U, L1and L2 ther

! is £2°C#1 difit maximum.

at any p

The indication accuracy of the B thermocouple at a temperature of 400°C or less is unrestricted.

The indication accuracy of the R and S ther

1

ples at a temp of 200°C or less is +3°C1 difit maximum.

The indication accuracy of the W thermocouple is +1 difit max. of whichever is the greater of +0.3% or +3°C of the indicated value.

The indication accuracy of the PLII thermocouple is +1 difit max. of whichever is the greater of +0.3% or +2°C of the indicated value.
*2  On a position-proportional control type type, 1 to 3999.



® Heater Burnout Alarm

78

Max. heater current

Single-phase S0A VAC (see note 1)

Heater current value display accuracy

+5%FS %1 digit max.

Heater burnout alarm setting range

0.1 to 49.9 A (in units of 1 A) (see note 2)

Min. detection ON time

190 ms (see note 3)

Note: 1. Use the K2CU-FA-GS (with gate input terminals for the detection of three-phase heater burnout.
2. The heater burnout alarm is always OFF if the alarm is set to 0.0A and always ON if the alarm is set to 50.0A

3. No heater burnout detection or heater current value measurement is possible if the control output (heat) is ON for less than 190ms.
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ICCAS2003 October 22-25, Gyeongju TEMF Hotel, Gyeongju, Korea

Fuzzy Logic PID controller based on FPGA

V. Tipsuwanporn, T. Runghimmawan, V. Krongratana, T. Suesut and P. Jitnaknan

Department of Instrumentation Engineering, Faculty of Engineering,
King Mongkut’s Institute of Technology Ladkrabang, Bangkok 10520, Thailand
(Tel: 66 — 2326 — 7347: Ext. 102; E — mail: ktvittay@kmitl.ac.th)

Abstract: Recently technologies have created new principle and theory but the PID control system remains its popularity as the
PID controller contains simple structure, including maintenance and parameter adjustment being so simple. Thus, this paper
proposes auto tune PID by fuzzy logic controller based on FPGA which to achieve real time and small size circuit board. The
digital PID controller design to consist of analog to digital converter which use chip TDA8763AM/3 (10 bit high-speed low power
ADC), digital to analog converter which use two chip DACO8 (8 bit digital to analog converters) and fuzzy logic tune digital PID
processor embedded on chip FPGA XC2850-5tq-144. The digital PID processor was designed by fundamental PID equation which
architectures including multiplier, adder, subtracter and some other logic gate. The fuzzy logic tune digital PID was designed by
look up table (LUT) method which data storage into ROM refer from trial and error process. The digital PID processor verified
behavior by the application program ModelSimXE. The result of simulation when input is units step and vary controller gain (K,
K; and K,) are similarity with theory of PID and maximum execution time is 150 ns/action at frequency are 30 MHz. The fuzzy
logic tune digital PID controller based on FPGA was verified by control model of level control system which can control level into
model are correctly and rapidly. Finally, this design use small size circuit board and very faster than computer and microcontroller.

Keywords: FPGA, PID, Fuzzy logic, Process.

1. INTRODUCTION

AT L
vo =vo,.., +Kp|:(en -en-l) "’T_en "’Z%T(en - zen-l +en-2)] (3)
i

The fuzzy - PID controller was designed by consist of
analog to digital 10 bit converter, digital 12 bit to analog

converter and digital fuzzy - PID processor. In this paper not When AT = the sampling period.
present designing analog to digital 10 bit converter and digital V, . = Controller output at the nth sampling instant.
12 bit to analog converter but will be show its schematic > 1)
circuit. The fuzzy - PID processor to consist of the digital PID e, = error at the nth sampling instant.
processor will be use algorithm of digital PID-equation, which
come from fundamental PID equation and the fuzzy logic Define K; = e
processor that have 2 inputs, 8 membership function in each T
fuzzy input and 3 output for PID controller gain. A KpTa
44 SV AN

Section II explains theory PID and fuzzy logic. The next

section discusses designing the fuzzy — PID processor based
on chip FPGA by VHDL. Section IV show the verification
and implementation of the fuzzy - PID controller. Final
section is summary.

2. THEORY

2.1 Principle and theory of digital PID controller
PID controller has a fundamental equation [1].

Vo(t) =K [e(t) +—Ie(t)dt Ty de(tt)] )
And
e(t) =sp(t) -pv(t) @

When Vo(t) = controller output.
e(t) =error.
st(t) = set point.
pv(t) = process output.
Kp= controller gain.
Ti = integral time (sec.).
Td = derivative time (sec.).

From Eq. (1), change to digital PID controller by discrete
differential equation following.

So that digital PID equation show below.
Vo =V, (K, +K; +Kq Je, (K, +2Ky)e, +Kqe, (4)

2.2 Principle and theory of fuzzy logic controller

The fuzzy logic, unlike conventional logic system, is able
to model inaccurate or imprecise models. Fuzzy logic can
handle problems that may be too complex for conventional
modeling techniques. The fuzzy logic approach offers a
simpler, quicker and more reliable solution that is clear
advantages over conventional techniques. Fuzzy logic may be
viewed as form of set theory [2]. The universe of discourse U
is a collection of objects under consideration. The fuzzy subset
A in U is characterized by a membership function i, which
takes the values in the interval [0,1], with O representing no
membership and 1 representing full membership. In designing
a fuzzy system, universe of discourse and membership
functions of inputs and outputs (linguistic variables) are first
determined. To allow fuzzy approximate reasoning, the fuzzy
inference mechanism based on the generalized modus ponens
(GMP) shown below is usually adopted:

Promise 1: ifinput x is A then output y is B
Premise 2: input x is A’
Consequence: output y is B

Where A, B, A’ and B’ are fuzzy sets. Premise 1 (the
“if...then” part) can be represented by fuzzy relation R which
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can be derived from different fuzzy implication functions. The
one based on the “min” implication function requires the
following computation:

Ha(u,v) = min(u,(u), Hs(v));

Where pg(u,v) is the membership function of R. With a
specific input, the fuzzy inference is completed through the
fuzzy composition show below:

’ = AI 0 R

The fuzzy composition based on the max — min operator

requires the flowing computation:

pp(v) = max min(L,(u), Lr(u,v))

To obtain a crisp output from the fuzzy inference engine, a
defuzzification algorithm is needed. This design uses the
center of gravity (COG) algorithm show below:

ue Uyve V.

T K,z
Z0 === S
Ky -

Where y; and z; are the weight (value) and center (in the
universe of discourse), respectively, of an output MF which is
in effect; z, is crisp output of the fuzzy inference engine.

2.3 Fuzzy gain scheduling
According to the methodology proposed by Zhao et al. [3],
the three current PID parameters are determined as follows

Kp =(Kp,max —Kp,min)K; +Kp,min
Ka = (Kg,max —Ka,min )Kd +Kg,min
6)
2
KP
oKy

Where K, K’y and o are determined by means of fuzzy
mechanism and K}, maxs Kpmin» Kdmax and Ky min are adopted to
normalize the values of K, and K into the range between zero
and one. These constants are determined by the following rule
of thumb.

Kpmin=032K,,  Kpmae = 0.6K, )
Kimin=0.08K,T,,  Kjma=0.15K,T,

Where K, and T, are respectively the gain and the period of
oscillation at the stability limit under P-control.

The input e(?) and Ae(?) of the fuzzy module are use seven
triangular membership function, while the output X’, and K’y
are use two and four singletons define the output of o . The
fuzzy rule determined heuristically based on the step response
of process. Thus a set of rules as shown in table 1 for tuning
rules K’,. The tuning rule for K’; and o are given in table 2
and Table 3, respectively.

Table 1 Fuzzy tuning rules for K,

Ae(t)

NB NM NS Z0 PS PM PB

NB B B B B B B B

NM S B B B B B S

N S S B B B S S

ey 0 S S S B S S S
s S S B B B S S

M S B B B B B N

PB B B B B B B B

Table 2 Fuzzy tuning rules for K,

Ae(t)
NB_NM NS Z0 PS PM PB
NBAL S 8 '8 § ¥ Tyl
Mw™ B B S S S B B
NN B B B S B B B
e) 20 B B B B B B B
$ B B B § B B B
M B B sS S §o Bk
B8 § 0§ -5 §- §28

Table 3 Fuzzy tuning rules for o

Ae(t)
NB NM NS Z0 PS PM PB
NB 2 2= L ¥ ¥ Gsqt
M 3.3 a2 2 ¥
NS 4 I 3 2 3 3 4
e™20 5 4 3 3 3 4 3§
., 3 3 2 3 3 ¢
PN 2 2 2 3 3
B2 N2 2 2 2 2

3. DESIGN

3.1 PID processor

The digital PID processor embedded on chip FPGA which
use algorithm from digital PID controller equation. Fig. 1,
show block diagram which will be define variable SP and PV
have size 10 bit, K}, K; and K, have size 8 bit and V,, has size

12 bit.
lbil& 8 bit Bbii
K, K ¢K
= 1060t P i d

v "':" Digital PID Processor

v

12 bit

Fig. 1 Block diagram digital PID processor.

An internal digital PID processor to consist of 3 process
show in Fig. 2. Process 1, 2 and 3 are share operator in order
to reduce number gate of FPGA. Thus all operator are
compose 3 input 20 bit full adder, 2 input 10 bit full adder,
both 2 input 10 bit multipliers. To work each process defined
by state machine which relate to clock signal.

I Process 1 ] [ Process 2 I

[ Processfs;l

&)
®
®)

[ Vo= +K+K) e, (K+2K) e, + K05+ Vo,, |
Fig. 2 The process within digital PID processor.

Fig. 3 State diagrams for share operator within PID processor.

3.2 Fuzzy — PID Processor

The algorithm internal fuzzy processor will be use the
fuzzy gain scheduling method [3] which the integral time
constant is determined from Eq. (6), which consist of two
input (e(t) and Ae(?)), in each input have seven triangle
membership function. The five triangle membership functions
are used for two outputs K, and K, and five singletons for
output 0. Figs. 3 and 4 show membership function of inputs
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and outputs. The fuzzy rule determined from heuristically
based on the step response of process.

NB NM NS z0 PS PM PB

or

Ac(t)
Fig. 3 Membership function for e(?) and Ae(1)

A VS S M B vB

.
or

K
Fig. 4 Membership function for K, and K

d

When linguistic variables following:

NB: Negative Big; NM: Negative Medium;
NS: Negative Small; Z:  Zero;

PS: Positive Small; PM: Positive Medium;
PB: Positive Big; VS: Very Small;

S:  Small; M: Medium;

B: Big; VB: Very Big;

The Fig. 5, show block diagram fuzzy processor which the
Fuzzification block are use Look Up Table method: LUT for
transfer crisp value to fuzzy set (Notice: the overlapping
degree of its membership function is at most two). The
Inference rule block performs approximate reasoning by
associating input variables with fuzzy rule. The
Defuzzification block converts the fuzzy output to crisp value
by Center of Gravity (COG) method which shown in Eq. (5).
Every block was controlled by clock signal.

The architecture of fuzzy processor on FPGA in each block
shown in Figs. 6 - 8.

8 _““L
8
M e | K
MF g |K
dl g
Mo, i» MFI Inferencegw ég K,
rshi ule N
m MF2 (Max, Min) Ji .S§ ] K
- u o K i
§ MF3 | 88 K,
de) N = | 1y
it
By
Clock  #

Fig. 5 Block diagram of Fuzzy processor.

Clock

‘ .

- (;:\edvherale bit :;‘FO
. i ress [7¥
Crisp %1 Selection

bit
Signal [Ty MF!
_7‘—’ ul

Address | |, J Fuzzy set
3 bit 4 bit
LUT
Membershi,
Flr:tclim »

Fig. 6 architecture of the Fuzzification block.

send to inference rule block. The inference rule block will be
find reasoning from membership function by LUT and find
fuzzy value use max — min operator which fuzzy value will be
relate to reasoning show architecture in Fig. 7.

4bit

abit | Max - Min

W71 o
4bit
+ 4 bit
s 4bit | Max - Min o,
4bit
: 4bit | Max - Min #‘me
4 bit
Hi abit | Max - Min nd
] 03
3 bit 6 bit
MFO—£# g5 Rule
MF l—(—,— u 7‘» Rulel
bit bit
MF2—yf Fussy ol gt Rule2
MF3—4» Rule3

Fig. 7 architecture of the Inference rule block.

4 bit

Moo T X 14 bit 8 bit
R PP o oit
sy {1. B i Adder Division 8 bit
Hos 7 - o Kd
= 7 & [
X ! } } Ki
Mul =
2 4 LUT
4x8 bit i
A g Multiplier g | m;::'lse
ya > Crisp
3 z}z}z
wlwe|we|o
T8
3 3 3 3
& &

Fig. 8 architecture of the defuzzification block.

Fig. 8, shown architecture of the defuzzification block,
which algorithm are use Eq. (5). Then this block consist of
adder module, multiplier module [4], division module,
memory crisp output value and some other logic. Of cause
fuzzy — PID processor desire find parameter of PID (K, K4
and Kj) then each module necessary use once again due to
desire reduce gate internal chip FPGA. The recall module
controlled by clock signal. From designing adder and
multiplier module use one clock signal while division module
will use 14 clock signals. When fuzzy — PID processor find
parameter K,, K, and K; so that processor will be use 16 clock
for multiplier, 3 clock for adder, 56 clock for division, 5 clock
for PID processor and some other 5 clock which altogether is
85 clock. Fig. 9 show block diagram of the fuzzy — PID
controller which consist of ADC, DAC and fuzzy — PID
processor.

Mem |
MF | Rule

Fuzzy Logic
E Processor Disturbance
SP P(t;
— K| K| K, Clk ®
+! V, n
V) E, [ Digital PID | Yo T Output
Processor

Fig. 6, is show architecture of the fuzzification block. The
generate address selection signal block will be generate by
relative to crisp value for read fuzzy set from memory and

Fig. 9 block diagram of the fuzzy — PID controller.
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Fig. 14 The experimental result when control level at 75 %
and then close valve about 5 sec. (Disturbance).

From the result of controlling the process has overshoot about
18 % and stable about 5 minutes.

5. CONCLUSIONS

The fuzzy — PID processor can change parameter of PID
processor in order to relate to fuzzy rule. Then other process,
controller is necessary to adjust fuzzy rule inference in order
to suitability with process. From the timing summary
maximum execute time about 2.096 s per action.

The fuzzy — PID controller based on chip FPGA are
verified by experimental with level process. The fuzzy rule
inference are obtain form observe process (trial and error)
which X, = 75 and 7, = 5 Second’s at sampling rate = 100 zs.
After consider manipulate variable (MV) of the result are
change follow to algorithm of PID but nonlinear due to
parameter change depend on process variable (PV). According
to the overshoot about 18 % and stable about 5 #nutzes.

Finally, the fuzzy PID processor can embedded on chip
FPGA. This designing had maximum execute time about
2.096 (s per action. Then it can apply to control process faster
than this process only if adjust fuzzy rule inference and
sampling time.
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PID Controller Design Based on FPGA for Process Control
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Abstract

The PID controller design are consist of analog to digital
converter which use chip TDA8763AM/3 (10 bit high-speed low power
ADC), digital PID processor embedded on chip FPGA XC2S50-5tq-144
and digital 12 bit to analog converter which use two chip DACO08 (8 bit
digital to analog converters). The PID processor was designed by
fundamental continuous PID equation converted to discrete PID
equation which architectures include multiplier, adder, subtracter and
some other logic gate. The digital PID processor verified by the
application program ModelSimXE. The result of simulation when input
is units step and vary parameter of controller (Kp, Ki and Kd) like
theory of PID and maximum execution time is 160 ns/action at

frequency are 25 MHz.

Finally, The PID controller based on FPGA was implemented
to control level process. The result of process likes standard PID

controller.

Keyword: PID controller, FPGA, process control
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IF st2="1" THEN
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IF st4 ="1" THEN

IF st5="1" THEN
Vo <=sumQ; Von <= sumO;

ELSE sumA <= Vsum  sumB <= Vp;
sumC <=mulO;  st5<="1"

ENDIF;

ELSE mulA <=subO;  mulB <=kd;

Vsum <=sumQ; Vp<=mulO; std<="1";

END IF;
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subB <= dek; dek <=subO;  st3<="1";

END IF;
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END IF;

END IF;
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