{
0!
|
\
3] & 4 3
: /
. \
| R
y F ) 4
'
i \
AR Yy
: { {0\ )
a0 i !
J v }
A )
K 1 '
1ief
et iy
5 /
{8475 |
} \ 3 .,\ &
J ) A /!
\ ) ¥
v l Vg
\ \ 7 “
AT ' 1
§ ) RS
Faepatd 1
1 R I Y
i A
1 \
vy i
o
BETA
J )
ey ! |
/ 1) D DAY
, RS |«
; ’ ! ANC
[ y
s Ly i
A ; Gy
58, ; ¢ !
AL T & Rt
X ; W e
/ d [
. ) ) ‘e
S el
Ca

R ~Totet
BNz &t

5

I3

-

e
2
NAT L

—
)
—_—
=z
:!

A =
£3
WA

—
P
SAS

=

s

=3 J}lﬁ

A

G cong g~
v g =

a

i N

o

"':‘;\{'%

~ e

~NE s

T ReTETy g RICT
22 & & €€

Ec €

A

P

-~
gy e e

4

g

o
PR &

2.




o
y L 4
'&i"ﬂ'ﬁﬂmﬂnmﬁmzsmmnmmmm.m
Yt

MINIVANAINTIVBIsTUVTRRIAlABMIAIUNIBIIMTINSS 1o-N

SPEED CONTROL OF TWO-INERTIA SYSTEM USING MAMDANI FUZZY
I-P CONTROLLER

MOé:iSOS'

aimsnad guias Yannga
NAPATPONG SUKSARIWATTANAGUL

‘mﬂﬂl} .b.-u ------ seeseassnsssssnsntisid
Nz .63505..‘ T

9 29 d.A. 2549 R O
TTRTLTLTI 1 attveestentioets

3nu1ﬁwuiﬁﬁ'ludmﬂfiwmm'sﬁnmmmﬂ'l’nqmﬂ?mq;ﬁﬂnnﬂumumumﬁ’mﬁn
MUNIFIAINTINIZVUNILRN
VaunaInedy
aodunalulagnszeeundudigammsaanszi
.7 2549

ISBN 974-15-2388-2



SPEED CONTROL OF TWO-INERTIA SYSTEM USING MAMDANI FUZZY

I-P CONTROLLER

NAPATPONG SUKSARIWATTANAGUL

A THESIS SUBMITTED IN PARTIAL FULFILLMENT
OF THE REQUIREMENT FOR THE DEGREE OF
MASTER OF ENGINEERING IN CONTROL ENGINEERING
SCHOOL OF GRADUATE STUDIES
KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG
2006
ISBN 974-15-2388-2



COPYRIGHT 2006
SCHOOL OF GRADUATE STUDIES

KING MONGKUT’S INSTITUTE OF TECHNOLOGY LADKRABANG



WateIneniinus AIMIVAUAINISIVBIZUVABIA TABRINLAUIINAT

Halo-
UnANM WIAUANINIF g Tana
shalszdnn 46061506
Waan FNssuMAAs UM NiuNA
VI IINTIVITVUAIVAY
n.A. 2549

o= 4 an o
mm‘:c‘iﬁmuqu'mmﬁwuﬁ IF.AT.IING UIINY
r )
unnage

Tneniinusii HUAUENMIAIVAUANUIEIVBTZUUABINIA TATAINIUAULIIATT
Hadlo-i  diilnseadndonazldinoungiladdes  Tassanuguii ldunenmsia
Tﬂﬁﬂ‘.’i’1waaﬁaﬂmﬂu'la-ﬁéfmﬁuﬁaammuﬁw‘i%unuﬁafhﬁ'uﬂiz?mﬁ( U IMANNVOY
Hdn1¥lunmseonuuudamuguine szuunuguiiaussouzawdesms  msinsizi
wdosnwez lmquiumnuios ioniadosnmiineifissdmiumseenuuuszuURIUgY
unna i lo-w inmmmsi'hﬁmu.a:ms‘nﬂamsﬁa“l%’ﬁmmﬂmmumﬁﬂm‘ﬂu-ﬁmuqn
AU IVBITTUVABINIA wuiﬁamuquﬁﬁnﬁuaf; A3 AIVANANUS IVOITTUV IO
waldawii 8eenuuy 13 Tae hifisAanaaiianizacds uazamnsovias lsuuudmsia

AL R TR L h ]



Thesis Title Speed Control of Two-Inertia System using Mamdani Fuzzy I-P

Controller
Student Mr. Napatpong Suksariwattanagul
Student ID. 46061506
Degree Master of Engineering
Programme Control Engineering
Year 2006
Thesis Advisor Assoc. Prof. Dr. Jongkol Ngamwiwit
ABSTRACT

This thesis proposes a speed control of two-inertia system using Mamdani fuzzy I-P
controller. The structure of the Mamdani fuzzy I-P controller is simple and the number of the
fuzzy control rules is small. The proposed controller is the modification from the conventional I-P
controller designed by coefficient diagram method. The Mamdani fuzzy I-P controller can be
designed easily by fuzzy principle to meet the desired control system performances. The
sufficient condition for stability of the Mamdani fuzzy I-P control system is derived based on
small gain theorem. The simulation and experimental results of the speed control of two-inertia
system using the proposed Mamdani fuzzy I-P controller are shown that the required performance
can be achieved , the steady- state error can be rejected and the torsional vibration of two-inertia

system can also be suppressed.
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= a d (¥ =
ﬂQBQﬂ]Qﬂmﬂﬁ1ﬁﬁ‘5!ﬂﬂiﬂUﬂ°ﬂ%

@ =1 A L] ' : o

Tunsesnuuudmmuguilad i T 15 lunmsasuguaszuumsanng ush
Mk o & a idd o - A v
udesodvanuiRugunendamaainineanufasdnen  nimiusahanudilelase
aaznanmainuvesdinuguied  werh ) 1slumsesnuuudnuguldmngen
o o : H 4 - Qe ‘
fudnuaems o Wemluunil senantmguiiadian (fuzzy set theory) 1fiiAn WY
UM UAYTwA (basic operations for fuzzy sets) AMUSIFINIY (linguistic variable) UAY
Tassardravesmmiuguiladdulszneudroladindu (fuzzification) NYWWT (fuzzy rules)

¥
- o =t = o » . o
HwFDUNOITUS (fuzzy inference) HAZANYFWIATU (defuzzification) I

2.1 nQugHIFIa

waRuAY wie Alwdiun (crisp set) Lﬂuntuaﬁaﬁﬂﬂsﬂwﬁmnﬁamsuﬁ'i']tyﬂ1ﬁﬁ
dnuazAmuATARY (well-defined) aunsousd g dmsIadumnsane lidumnin
youwmin 18 dnvazmsnlFounlasmmsidumndnesidnuasfidh Wegnsuwau 1413
AfumnIniiinnuuanaedueisany  Tasdsivewendimsiumndndoni Heisu

mM3iuauI¥n (membership function) arae 1ddal [21]

- ai o o -
fienun 1 Hansumatuandn

o - - o o o - [Y ¥
ﬂqﬁﬁunmﬂuﬂuwnumww muuzmuﬁ’m’dmaﬂum H ﬂﬂ'l-lﬂ'lllﬂ#ﬁ

L L j -
1, (x) Sy 1 e x Tumninveusa 4

" " o ‘ " -
u,(x) Tiawiy 01ie x TuidluanFnvouyn 4

1 xe A

n3o ;g(x)={0 y 2.1)

] Vv - = d 1da o o ' - o A = -
fudihniadiwasziilss lombnauanifeivasu@erdu  disdailyminsdin

a - or L | ' o ' o b4 =
mndnligudnvuznsilumndniondn  mlfhiaunsedaliidlumndnvouaala

&4 "o 4 o w1
wanilaldedeiule nguiladataiiumnmmian 1 $lunmsudlynunaiii
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¥
noufiadagminaueniusn laomans101sd LA, Zadeh Tugasl e, 1965
Taoumsvoomanuamnnanquiaiadan  meudilymandnveusaiitinam 'l
Faunieaquiaie  esnniladaaiinfidunsiiumndnduinoueieglusiaila

¥ ¥
Aaua 0 B4 1 saeiuielddail
o o = A
py(x)e[0,1] WudsnFumsiumndnveslaFian 4 (2.2)
4,(x) BAWMAY 1 uaaen xuamndnvesladion 4 etraFanu

= ' ’ - ¥ = = » ] XY
p,(x) Ueegluyae 003 1 uaasn x Wumndnvesiladian 4 o1 linida

1, (x) Ty 0 uaman x luifuaundnvesladien 4 edradaou

dedeflandumsilumninvesnisilaanas ladisauans ldnagl

Membership (1) Membership (1)
I A

IT 1+

Crisp Set Fuzzy Set

Ui 21 Heddumsitlumndnvesnsadiwauaslodioa

fiowiz  Aadin

Amualdionandning (universe of discourse: U) AoaiinanFnidlumnin
Fanuavesveuwaiimsivsenuar x dumndnlag Tuenawding U @ouumudao
dydnuel xeU Wadisa 4 Tuenawdining U wgnimuadnuazmniaalofaidunms
Whumngn eunsouaasiladion 4 1ddogdduvesmndn x laq Tuennwdusing U fus

v
seaumsitiuandnvesanFmiueg dsauns

A={(xu,(x))|xeU} (2.3)
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lunsaimennndunns U ﬁﬂuﬁﬂlﬁumﬁmﬁm (continuous universe of discourse) Wesdiorm 4

¥
wou'ldaatl

A= jﬂa(x)/x (2.4)
U

uazlunsaifenanding U Saundniilusiludenios (discrete universe of discourse)

¥
U={x,%,...%,} Noiwn 4 Gowilugdwlddai

A= {(x, s ()5 (X5 14(5)) s (X0 14 (%, ))} (2.5)

A= p,(x, )/xl + p,(xy )/xz +oat ly(x, )/xn = Zﬂ,a(xj )/x, (2.6)

i=]

4 Ny a a o v @ o -
MIWMY:  InTeIMINENas LTI pamIneBuinia lunuFiuThaduunumspiion
MNIN (x,,(x)) wanzdaatdwiuihuma hildwnsdinsmmassuniensmsuinga
nunslamaasiuung u,(x) Aeszdumailumndnves x uaz / uwnunnuduwug

" ar Y = d‘l
SENIN u,(x,) MU x, i ldnuodunsoanunons

Hemn 3 AsFFunonu (fuzzy singleton)
AyFrunany Aedadaniondnmosdanao luenanduring U #illdseay

msuandnminy 1 uaasldsiieda

Membership (1)

i
| e e e

=
: ]
=

30

3 2.2 HandumsilumndnvesiladFanadu



AaxdFunady  WudaFaaniamuivouluszsumsiluaudn  Ssannseld

' [y = & dA 1 Aa ] 4 &
UNUAIRIWAD (crisp value) FanApAINLIAUILNBUATATA

= f-i [ o

HENUN4  HUNWDIA (support)
LY o = =) =) Ao ) : @ o d At 1
FunosavoIdadan 4 Ao NamaanlanFnnavualuenandunins U Hilm

szaumsiluaunFnuesiladinn 4 mnnigud
supp(A) ={x € U|u,(x) > 0} @7

HNUN 5  unu (core)
- -~ = d'cl a : s ar o d‘d » o
unu‘umﬁmmcm A A ﬂ""ﬁ“ﬂl”ﬂﬂ\’luﬁil'l‘llﬂﬂﬂﬂllﬂ'lulﬂﬂﬂ‘?iﬂﬂ““ﬂﬁ U nuaszau

- =t ’ o é
ﬂ'li!.ﬂl!fl’ll'l‘ﬁﬂ‘\lﬂﬂﬁ“ﬁ"]ﬂ‘liﬂ A MNUHUY
core(A)={xeU|u,(x)=1} (2.8)

S 6 AT (height)

anugavesiladisn 4 nuwdmgegavesszaumsitlumndnluiladian 4 voa
angnndr luenanduing U diladian 4 lnnuganiny 1 seSoniladian 4 duily
W@ wa1n@ (normal fuzzy set)

height(A) = sup u,(x) (2.9

xel/

Membership (u)

~core

support

311 2.3 Funeia unu nazanugeuesiadisn
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dmuali 4 uaz B duiledimaluonandining U Taoilsdsumsiiluanin g,

3 b
uaz g, Muaay Uuanmsiugwdmsuisdanmuisouaasionlddsde Ui 21)

HeNUN 7  ADUNALIUA (complement)
10 u,(x) €[0,1] noundnmdvosilasdian 4 Tuenandining U Wouunu'lddw

A o o o a o ° ar ' ar ::
A4 aunsadmuailsndumsilumndnivmwdmiunna xev 18da

ﬂ](x)=lﬂy"'("‘) VxelU (2.11)

a a = o o & =

HENUN S DUIADILBAYU (intersection)
= o o - o o o - kY @ e o
DUINBIIFATUYIN YR 4 uas B GI.‘Nlﬂﬂﬂ'ﬂﬁll'W“ﬁ U WoUUINUAUaYaNYM

° o o a a o @ ' o g'lv
An B awnsotmuailansumsiiusndniinudmiunam xeU 188l
Harg (¥)=min{ s1, (x), sty (x)} ;VxeU (2.12)

Henwm 9 giiiow (union)
gilouvosfladinn 4 uoz B luenawdwing U Mouunudodadnuel 4u B

o o o a o o a ¥ ar q'
awsodmuailsndumsiilumndndomdmiugem xev 18dai

a0 (%) = max { g1, (x), p1,(x)} ;VxeU (2.13)

Membership (11) Membership (1) Membership (1)
i - i A

1
! A A 1t B 1La ,

. o wa = - o o =
3 2.4 UFIEnsneunduA Bumesiwndu uazyiion

HENUN 10 MSININY (equality)

P 'V e a a1 A o - a o o '
'ﬁ‘]f‘]ﬂ"]fﬂ A Iﬂ‘]ﬂu‘ﬂ“ﬂ‘]ﬂ‘ﬁﬁ B ﬂﬁﬂluﬂﬁ‘ﬂ”ﬁl"ﬂﬂﬂﬁﬁﬂ@ nﬂ‘]igﬂﬂﬂ'ﬁlﬂuﬁﬂ‘ﬁfﬂln'lﬂu
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A=B e p,(x)= py(x) VxeU (2.14)
wasHadn 4 Tuimnudadea B naodoAadaanaes Imseaumsitumndn sy
A#B e p,(x)# pp(x) VxeU (2.15)
o d. . = -~ o
HEUN 11 15A0BoAYFFHIDTUIYA (fuzzy subset)
Hadan 4 Wludusavesiladian B Wouunudisdydnuel 4c B Aroilleszau
maumndnvesiladian 4 Tanleonimiomnuszaunsiumnindadiae B

AC B o py(x)< pg(x) VxelU (2.16)

nntiuAIna  Mszdumsiumndnvesiladan 4 lumiduszeumsdlumndnves

¥
Wadn B Aniufedion 4 dudummivesiladian B Avumudodydnual 4 c B

HenuN 12 ﬂgvmﬁ'mﬁammi’u (double-negation law)

=i (2.17)

HEWN 13 NYUBIAUBIUNY (DeMorgan’s law)

AUB=ANB uoz ANB=AUB (2.18)
AUA=zU uay ANA+ D (2.19)

= = L) %
HUTUN 14 HARUATNIBOU (cartesian product)
MU 4, 4,..., 4, WulaFisaluenawdining U, U,,...U, awddu HAf N
o 4 o
MINTOUVOY 4, 4,,..., 4, PofwFiwnlumlsmsgu U, xU, x...xU, Fuaasianguns

i
luanFndail

Fiagetynnt, s Xasees X ) = min 1 (), 1, (6 s (3,)

(2.20)
x, €lU,x,el,,...x, €U,
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HeuM 15 WaguNwAaia (algebraic product)

HanuiisnainvosilaFin 4 Auladam B Aouunudodydnual 4. B

Hgp(X)= p14(x)" prp(x) (2.21)

a a o a i
HEMUN 16 WATIUNVAMA (algebraic sum)

=t a o o o o
wasIuRsAlAveIladan 4 Auladan B Wouunudlodydnual 4+B

My, 5 (X) = p(x) + pg(x) — p14(x)- ptp(x) (2.22)

NN 17 WASIWNLUDUIYA (bounded sum)

HAIWVBLIYAVRIHYFIHR 4 Mufadin B Wouunudodydnval 408
Hygp(X)= mi“{laﬂ,q (x)"'ﬂa(x)} (2.23)

HeNUN 18 HARINLYDVIYA (bounded difference)

" a = = - o
wan Vo ulwAYeIHadan 4 duaFsa B Wouunudlodydnuel 408

Haop(x) = max {0, 11, (x)— p5(x)} (2.24)

2.3 cudsiiammn
#2111)31%30131 (linguistic variables) Avdausniiudesdmselss loamaesssuna

v » v
Aernsanle 18 11 ensetiony1ddad [22)

Henun 19 aaunlsiFaniun
aannlsiFangnilomaoWeandu 5 mew (quintuple) A0 (x, T(x), U, G, M)
Taoh x  Ao¥ovesanlsdaniun
T(x) AOINDUIFA (term set) VBIAWTIFIN M
U Aonanduins
= = ¢ o ar o - o =
G aengalonsal dmsumsimuade lumeumavesdulsiFanimn

M fengennumine dmivtnuanunelumemaavesdiulsiFanim
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4 o a o = -
moua1eq vasRunluFinn aunsouaasilsnsumsiuandnvesiladianld

FagUaeluii

Membership ()
'y

slow medium

» speed (km/hr)
40 50 60

3N 2.5 dredvesdiunlsiFin wniived speed

24 Iassananugivvesimimuguless
Tnssard1anug mvesdnuguilad (fuzzy logic controller: FLC) 1szneudavdau
vosasiindy ngied Aedduoisud uazAfladfindu (23] dwaadluzii 2.6 Tao

° Vv a ar = -~ o a =
AMuAlA x,x,,....x, WuBunavesimuguiled uaz - Asleniyavessiniuguilyd

...............................................................................................

Fuzzy Rules

+# Fuzzification Fuzzy Inference Defuzzification —+——— z

...................................................................................................

" »
3 2.6 Tnseadrauguvesdinuguilad

241  WaFvhia¥u (fuzzification)
nsAaFiingy AodamiiimsulasiBuna (input scale mapping) YBIRINIUAY

= ' o ar =Y o
A Tiluadensumsitlumndnvesiladion wuie
My = fuzzification (x;) (2.25)

A -~ =) Y = -~ v o o - =4
e x, AvAIDUNAVEIRINUAUINIFIA: L, AemWanFumstlumnFnvesdaFiun 4
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o o -~ o o 4 - = -~ o s &
dmiumsieninunazanyuzjliveduyailsdian  Aowisimeiniialy
@ — J 1 o ar = ar r '
mioenuuumInIUgNied  sxduegiunsdadulevesdesnuuy Taverdondninmainieg
1 " >
wu anwduesdszaumsaiitinenszuaumsiissaiugu mie hilindnmsunzdunouma

- o' -~ a -
Alamaas lunmsidenaunaflasdian

242  ngWaF (fuzzy rule)

ngiadnengmaniunuvesiinunuiled AodmiinmihiidenToaszniei
u1)5DUNA (input variable) AUAI5101MNA (output variable) YBIRINIUIUTYT Taong il
Tannmslasanuduazlszaumsaivosdidoingieglugivestow’ly 77 . THEN .

ngilauisesnily 2 siiafe nquuumiifeF (Mamdani fuzzy rule) HozngNIN-

=gm1'uﬁ=n=?' (Takagi-Sugeno fuzzy rule) H?ﬂﬁﬂﬂ'hﬂf_]ﬁmﬁﬁ’lﬁ (TS fuzzy rule) [23]

2421 agumaiiyy
) - oA = o = o = v
nQuunAiiad  AengmisaiuguinanaeminavesngiladiiludunlsiFanney

Tugdvesiadan nguuuaiifaddmsvimuguiladneglugihing Tluaas1ddde i

IF x,is Ay AND x, is A AND ... AND x,is A,
(2.26)
THENy,is B\, y,is B,, ..., y, is B,

4 s = (g d a -
W0 x,x,,....x, ADAWATBUNA y,,y,...y, AoRuIsONINA 4,4,,..,4, Aodunailad

9 B, B,,...,B, Aowwmalsdise uaz AND Avifiiansiadaotinueud smifigoy

e; el o = 1 A o
sz loalunsdinszuudadiaunlsdunauinnimiiada

L d ¥ .
Tumangu dwlsmariiiluldvarenion (continuous) n30 Aan3a (discrete) 1a

Tumal§iaudaiiudania msrzdnuauilsdgnadredwasaeaneuines

= -
2422  ngnwearad
- - - = o ) o o o
npieada®  Aengmisaiuguinaavemyavesngladiluilaiduvesdaunls

. ¥
auna JUuuunae llvesngiwailedannsouanslddail

IF xyis Ay AND x, is A, AND ... AND x,,is A,
(2.27)
THEN 3, = i1, X0 es X Y2 = o5 Xpvecs Xy e s Y = Sy X X,)
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< o o £=1 A
O (X Xy % ) fo By Xaseves Ky Dy fn (K1 Koo X, ) IIUHSAFUTDIA M5 BUNA Fa0190
WhlandusadunsedanduluFadunld  mindenldlenduliFudunds  soilims

= s - [ W q’ a wad o -~ 3/ o ar a 9/
ARTIEHITVUMURUAYEaNNgInn Mol lumalfiavetsunaen lsdlsnsuFadu

v & W o ' a adg YA o a a
Aniu dmunuilsdianiaiiu 2 siamungiadnldfe dmauguuuuaiiiesd

@ = = - = A : - " &= ar
uazdINUAUMMI-gn Tuded  niodmuguieadled  luweasulienanisiiniugu

Haanag Tunsenuodsinaunuiunaniidesy

243  vaawnesus (fuzzy inference)

HAaddumeisud viodiudadule (decision making logic) Lﬂuﬁauﬁﬁ‘lﬁ'ﬂ;um
s:uuﬂﬁ}éqﬁmwmmm‘lumiﬁnﬁuhnﬁuuunuuquﬁ dautiveimihilunsmmadng
vosngiadluudaznguinmimsumndndune  aguuueiiiasduazngiiwaidade 19
FEnmsAaFsumaisusuana1aty

dmiunguuuaifed douldiaddumesud 4 35 18un HlTudumesudiuy
UuNA (Mamdani minimum inference) DUINBITUFMIAMUVVAITIYU (Larsen product
inference) BUMBISUFNIYUUVUATIAAN (Drastic product inference) Az BuMBISUFNI AT

¥
UYDUIVA (Bounded product inference) LETAIAIATT 1aa0 i

M3 2.1 MHdanIsHesdoumaisuasnionlFlunguuuaniiles

ac o a o o o w

WA wFDUWBITUY MINANY
Mamdani minimum inference, R,, min [,U,- s My (¥ )]
Larsen product inference, R, Ay % py ()

Ky Jor g (y)=1
Drastic product inference, R),, Mg Jor M =1
0, for M <l and  pg (y;)<1

Bounded product inference, Ry, max[ 0,4, + g (¥,) - 1}

5 o o o o - &£
NANSNN 2.1 dgdanwel g, () Aelandumsitlumindnvesilaman B,

=y o o a ac aa ﬂ'o‘: St o o
dunsoudaglesusiinannuvedsHeds eI eI 4 35 Awaaslugii 2.7 uae

717 2.8 mudau




15

Membership (u)
4 B. B B B

i ] 1 i

1+

o LN

7o

" o = A a
71 2.7 wadwsveslwdBumeisudii 4 35 ounuemiyavoangladdroladan

Membership ()
i B, B, B, B,
1,@)
0 L - y i
Ry, R, Ryp Rgp

; o a o . 4 o a a oo
U7 2.8 wadwsvesiladBumeisudna 4 33 isunuemnavoingiladdoiadguniady

4 - o - v J w o
1N 2.7 weunuemyavengladdiofadian sewui udazitee Iiwadns

S a ] " o £ o 1 - A o
voadaFoumBI U NUANA AN FwansluuToaus uanngUn 2.8 deumuemnaves

-y aa a o ' 1 a 1Y w o o a o - o
nadAeiaFFanRaay szwu uaazIse Idnaansvesladdumesudimilounu

dmiungiwafadlugim ldweadluaumsin 2.27) fiu Gwadnsvesilad
- o A da ’ 9’ a . . o =
BUNBISUTAD 14, X £, (X, X,,....X,) FINABMINWIIMIN (weighting) 101MAvEINg T 1y
' b g ’ =) o ¥ - ar o =Y
uAnzngdwmmsitluandnduna i ldamunsodouradnsluglvosaumsadinmaas 14

NonIMsHrFsuasuF M ugUUUA IS

244 aWla3Wn¥u (defuzzification)
» . ¥
msafaFingu Aodmmhmslasemyailsdiaan ldmendunouilad
= o v o o 4 o ada
suasug Idiilusueninavesiinuguilad e ¥ lumsaugunszuaums 35ms

b
N BT (G A TSR
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2441  Bwwvesealadaradvhanes
° £ A o o Ly I A o - )
fmuald z Asdusiemnavesdniuguilad N Aeswaungilad 4 Aemns
o oo - 1 = - - o'
dumndndunavesngladluudazng Taoh i = 1, 2, .., N uaz @ Aewisiiaeslums
4 " o
PBNLUL FINTNIHATHEVBIITINUILDIBA ladANra 101003 (generalized defuzzifier) AR

4
Tadaaunist

o (2.28)

Taoh y, AveninadaFavesngiadluudazng Mldnguuuariilediinadnioglugyl
daa a oo = o aHa a o 9y = -1 =
vosaFFUNAAY y, minvduemwarsdFuiodu B, uazdldngieadad y, wanoia

o o
MHAASAAINTY £ (x,,x,,....,)

oo d
2.4.42 Indunsesnuaz Isivesruundiuaiadvhaess
Y| L) - ad " a' o o ¥

MNISUILEIEA ladadadvoees M a szegluteuly 0<a <o dmium «
- " W Yot a fa v A A  ada - P
nuanaiuanin IvIsanadeesna iy e a=1  Gondsadasavioessiin
=1 o o acda ar H
FUNTDUAATNTTN 01003 (centroid defuzzifier) WITHiTvnldMunniiqa Tasesziilunmsm

& ' oy ar s - ¥
NN Inihminveus MyalaFraInngA19)
» v
o a=wo Gopitansdrhuesiin IveeWuunFTuANsEW 0005 (mean of
. . ' - o = e a

maximum defuzzifier) nflumsﬂ1mm'mmmm1wr!m"ﬂmawﬁwumﬂmﬂuﬂm%nqqqﬂ Mg

dmivszvuidesmsldnmlumsdaudoouas lidesnsanugndoanmin
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TUVaINIA

= & o - 5 ° Y i
naquneadiamaasineanuiledluuni 2 Ml dnswn Amuguiladnly
v 3 ° @ i o o a o

AWAUNTTUINMIAI T szdeasmuadualsiinnldiiudunlstunauazioninn ms
H = o o ’ o o o o
$Taseadveanszuiumsizaiugy Sadinnudagaemsnnudilnnuduiug

" = o a4 o w - 14 o
FTNINBUNALDZIDMNAYBsZUUAILAY  TunsdimbdInuguilsd 1 19nuguaus)

g ° i e

vosszuuaeadn  nuawduiludemswislassaduvesszuumewna  edmun
' = o v = o = o o o v = a & oo
MM EABIA1 RztinnAnsamanuduiussznidunyauazieming Feziluaiim

A o o U = - ¥

wlsimemseenuuungdaddell  luuniiznandswazidealnssadnuesszuuasauia

azng ﬁ%”ls‘lkl‘l.}‘].l'i]n'lﬁﬂ\‘lﬂ'l\iﬂﬂ?ﬂﬁ'lﬁﬂi('ll DIITVVADINIA

¥
3.1 1n59a319ve 9T UUae NI
szuuaeanaiiuszuuFinaigamuuinlulsmsgaamns T W szuuTuines

Falang iudu Tnssadavesszuuaeanaluien)fiamsuanslddegi 3.1

Driver

N | i S

Encoder —

3N 31 Tnssadevesszuvaeua

635095
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Tnssardvesszuuaeanaiuanlugli 3.1 sxlszneudonemes Infhnszua

o o & o Ci o o T s A
@33 (DC motor) $1uU 2 @1 Amflimihiudiudy dwdndmitailumse (oad) Ta
- 4 1w o a ' - 4 ° =
veRBs NITBIzIFONARBNURIIMAWINTINIWEANGY Laziiiou TnaAes (encoder) i

[ < 4 - ) "
AANNULIIVDINDADT (51Uﬂ¥lﬂﬂﬂﬁ'l'llﬂ‘.i$ﬂﬂlj'ﬂ'EN‘SSUUﬂﬂQU')ﬁllﬁﬂQElgI‘uﬂ'lﬂﬂu M N)

o ‘
3.2 HUUDIARINAAAMAATYBITZUVARINIA
TuiadeiliszuaaimsimsizinndiamansiioAnguauiAvesssuumeuia

- o -
mﬂini:ﬂ‘?‘lﬂu;ﬂw 3.1 A NIOUAAIUUTIADWDITZUVADINIA 1A

31U 3.2 nuusavavesszuudewIa

uvuiiaesvesszuvaeaaiuanaluzin 32w Wuanineaimsaiugu
AT @, VDIWBIABINTUMAINIINGE TAWISiinesa1e uaaslugiiinnuming

>
Ao 111

fio llidﬁuauﬂﬂ (input voltage applied to the armature)

0

=

- £ o o r
o D ANUATUNIUUDIDITINLIIDST (armature resistance)

- ® o p
ﬁi} mmmumuwmmsmm{ (armature inductance)

)

- o o
i D NITUAVDIDIS 1INIDT (armature current)

1)

ar ar o
e, 1D USIAUDDUNDVVDINDIADS (back electromotive force)

] d. or o ( -
K, A9 ANINUTIAUIDUNAVVDILDIADS (back electromotive force constant)
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d a o
o, Ao ANUTAFIYUVDINOIADT (motor speed)
K, o MAeiusalinveusiaes (motor torque constant)
- = o
T,  ADUTIVUAYDINDINDS (motor torque)
J, o TumudAn N oouoIunines (moment of motor inertia)

o«
6,  ADYUNINYUVBINBIADS (angle of motor rotation)

I

o
K, 9 MAuudfaueanan (torsional stiffness of drive shaft)

I

-

T, A9 usIUAYDINITE (load torque)

b

) ,
J, A TMuuAf IR BYYINITE (moment of load inertia)
6, D9 YUMINYUUBINIIZ (angle of load rotation)

24 = =Y
W, A0 AT ABIYNVOINTTT (load speed)

T, Ao us59AM35UNU (disturbance torque)

a - (d’ o a s

Tuanoiinuill  mswmvuasmuadiameansvesszuuasaasuiiumm
@ o ’ o a - ar o o

AnuduWusszniIndygadunafoussiuInih £,(s) nezdygraeninavesnszuiuns
g 4 o 4 o ' o
ADANUITIVBINBIADS ©,(s) MINUVVTIA0IYBIsTUVTBINIA ioRnTanhTimsTeuusdu

= a o o ° =
duna e, IWiuwemeiifuuseiuihnszuanss s liifanszua’ivi i, Turees i

iieldnguounesvonilsouases e 14
. d .
(1) =R,i,(+L, (zta(t)]i»eb(t) 3.1

- o o d a o o o
Tavh e,(r) Ao usavudounduveILDIADS inAnNVAaIRANivesnIsees lulsmesnyu
[N ] 3 " o ¢ 2 o 3 a — o o J @ o
aarTuduns asimanvesilad 3 ldidanmsmieniusdu Idihvuluveaisdanimung

o & o ar " @ o Y]
vourhsuAd  FINNUFUNUTILH IS W UIDUNAUVBINBIADS HUAILS 1B INBIAB LAY

"Raai
e (=K, o, (1) (3.2)

A P o
Wwondasandarsvesaunan (3.1) ua (3.2) UAIMINTZUADIS D5 92 14

_E,(5)-K,w,(s)
Ls+R,

1,(s) (3.3)
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° ' < i a - o o l o =
ﬂTHuﬂ1#!5“lliillnlﬂﬁﬂﬁ!ﬂiﬂﬁﬂﬂlﬂﬂTlﬂﬂﬁ!llﬁ'ﬂ1Hﬁ1u1lﬁﬂ'3ﬂﬁ'lu'll‘ﬂuﬂ'lﬂiﬂ HIIUAYDY

v
vowmeisutudadiulaoassiumnizuaenimees 1(s) Al
T,(s)=K,I,(s) (3.4)

wnUauMsh (3.3) aaluaunsn 3.4) w2 ld

T,,,(s)=LSKﬁ-[E‘,(s)—Kew,,(s)] (3.5)

¥ ¥
NI ITAYeINDIADS lIFInanu 7,(s) Ysznoudumensisn dese Ty
T, ($)=T,(s)+ T, ($)+ £,@,(5) + J,,50,(s) (3.6)

a a A 4 - @ a ale
Taon 7, feusaliandesrusmsgaduiiosnnmsidoanuuay £, Aedulszdntianos
= e i .. & o e = = c’;
W3ndu (viscous friction) vewaMBIFRINIEImA TuInmiinusivalszanald T, =0

y v ' ° P ' P .
uaz £, =0 mslidwaemssiuia Fausomm o,(s) NNaunsi (3.6) 1daail

T,(s)-T,(s)
Jos

@,(s)= 3.7)

d a o A A w 4 a4 o = o
AU ABIYUVDIVDIADT w, (1) “5ﬂﬂﬂﬂﬂﬂuﬂ3ﬂﬂﬂni1“15lﬂﬁuuuuﬂ’ﬁ"l}u\lﬂ@uﬂlﬂaﬁ a.(0

¥ b
ADIIAT 7 AITUIIENIDUAAIANUTUNUTUDS 6,(s) NV @, (s) TdRail

0,(s)="2 )

(3.8)

dmsunsnnsamssliaveams:  T(s)  annsomt 1A luihueadeadiuny

o ) d a o o o J
uong "l‘\“lz.lﬂﬂ'l'lllﬁ?l‘ﬂiun w,(s) HazguMmIviyu G,(s) ¥9INITTAIWDIAVAIU

T.(5)-T,(s)

w, (s)= Ts
L

(3.9)

0,(s)= w"T(s) (3.10)
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v W e i ' o
i'lﬂﬂ'liﬁﬂ'tﬂ wmumﬁmmmn T(s) vzmlinunum\mqszmnqummqwmuomos

6,(s) AUYUMINYUVBINIIE G(s) uan lAdaauns
T,(s)=K,[6,(s)-6,(s)] (3.11)
K,
TL(s)=-;—-[aJ,,,(s)-w,_(s)] (3.12)

VINAUNSA (3.5), 3.7), (3.9) uaz (3.12) iedmualiussbamssumu Ts) = 0 udanz

dor 0 o d’
mm‘muﬂmﬁmwmﬂaw ﬂ\!?SUUﬂﬂiﬂﬁﬂ‘#ﬂﬂl

2

+

P(s)=228) _ — g (3.13)
E,(s) b,s" +bs +b,s” +bs+b,
Taidnlseing o =KeKe | o Kn , _KeKK, KR Up+Jy)
JmJLLa JmLa J,,,JLLE JMJLLQ
b, = Klolnt i)+ KK, , by LT b, =1
1L, L,

Tuunaell sznandslassaduuazmseenuuudimuguuuuaiiiedlo-n e

i lilmuguanuiivesszuvasana



UNN 4

u ] ]
N3 t:rammumﬂmfgmmumuﬂm‘%"la-w

= 3 o e @ o =)
Tuuni 3 Ténandwvusasavesszuuasana Aiawduwusseniaduna

s A o d « o w P 4 "
uaziovinaguiuussdu ihuazanuiwewemesawddunds uumil sznandnsg
o = =1 = A ar dn’: o
ponuuuAIMUANLNAEAYEle-N  Fulszneudiulnssadisvesdaniugule-Nauau
s = = a « 4 1
Tnssardnvesdmuguuuuaidadlo-n  msesnuuunazmsinszimsnlaoulasm

14 o = o o ¥ ° <
wmuaveARAed  Amugui ldesnuuy i )15 lumsauguanuiiives

LUVADINIA I laaussouzaunaeInsae 11

4.1 Inssaivesninugule-nnuan
WIsITUUAILRUEMIAEN lo-NANAY  naRedaglil 4.1 Falszneudud

¥
munulo-nasaudaaaslunsouduilse naznszuiums (process)

ﬂz)+: e(t) | o Lt ?u,_,,(r)

0]

v

Process
A

»)

e

4 ad o
JUN 41 szuumuquewiaen le-WAuAy

L
= a - a " a 3 o
ounavoInIunulo-NAuAN fio MAANAIA () UAZANDMWAVDITTUUAIINY (1)

o ae a & o o
My Inug lo-RAuay Ao u, () Fwzawsouanslddsaunsi @.1)
u,_p(0)=K, [e(tdt - K, 1) (a.1)

Tagii K, ADBAT19IWBUNNT (integral gain) 1Az K, ADOAIIVIIWNTBNDF D (proportional

¥
gain) ¥93RINIVAVBUIADN lo-HAuAY
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42 Tnssaiavesmmunuuuuminsdle-n

9 o L = = o e
Tassafavesmmuguuuuaiiadlo-dn  szldunnnnsdalassadravesdn

dnl: a o o A o o o
mugule-Naudy Anly Weuasanlarw  (Laplace-transform) 1aziaz1iomMnavedd?

¥ . v
aunulo-Nauduluaumsi @.1) lmise 1ddsaumsi @.2)

sU,_p(s) = K,E(s)— K ,s¥(s) 4.2)
waziiionasa1a1wndy (inverse Laplace-transform) ¥83arunmsi (4.2) 1214
d d
—u,_p(t)=Ke(t)-K,—y(t 43
a‘t”’() (1) ”a’ty() (4.3)

vinaumsh 4.3) Mldeglugdaania-Tngd (discrete-time) 18 Taoszanaumenvosoyius

AWIBHARIADIYA  (two-point difference) azdaglaumslmiszldaunisieninavesdd

¥
o a4

AuANlo-NAil
u;_p(nT)=K,e(nT) - K,Ay(nT)+u;_p(nT -T) (4.4)

Taon K, =K7, K,=K, unz T Aomuransgu (sampling time) AU 9I0aun1sh

(4.4) wransouans Inssadnvesdaniugyle-i 1d lunseudulss dagilin 4.2

Digital I-P Controller

------------------------------------- S et bt b e e )

=
-~
v

Process

N 42 szuumvnule-n
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1IN 42 Weununnaaaves Ke(nl) - KApnT)  Aaoanuguilad lo-i
J -] L o ) = = o d. ::ﬁ ar
Favz1hi hlg Inssadnvesdamuguuuuaiiedlo-# uanslddegili 4.3 Tasidunavesds

- = =N (=) - " d
mm]mmumuﬂmﬂﬂa—wna AHANDIA  e(n]) ltﬁ:’ﬂﬁlﬂﬁﬂuu‘ﬂﬁﬂﬂ']I.D'ITI‘V!FHJBQ‘SZUU

ATUAN Ay(nT)
Mamdani Fuzzy I-P Con_t_r_q_l_l_qr_' ___________
sp(nT) e(nT) : |
ol N > K Au, p(nT)
w A/E : Fuzzy =t :“;-,::("72 wnD)
a5 t Process >
; Ay(nT) I-P |+ J :
i Z7! K H + !
i - G O . Z' <!
: +

3U 4.3 szvumuguuuuaiied lo-w

v » » ¥
VNAUNIN (4.4) Wounumey K,e(nT)— K,Ap(nT) A Au,_,(nT) fariu

ar

¥
dyaumuguuesrInuguilsd lo-Nezuaas ldasaumst
u;_p(nT)=Auy_p(nT)+u;_p(nT -T) (4.5)
Taoh Au, (nT) Aemsnlasumlasuemiyavesdinruguiedlo-i

Qs ]
4.3 MILANUUUMAIURNNYS
Tassardnvesdmunuiadilsznoudio msdadiindu ngilad Haddwmesus
a o 4 ' 1 4 ' ' a -
wazmsadadiindu  Fldnaruudiluuni 2 elddwdenisiinsiiafosnwiay
3 " ¥
wandeswaunginanull  luduaeuvesmsiadilindu  szdmualilandumaiiu
a a s = a4 o o a 1 a o o
MmnFndunavesmnuguiladle-Aven Nndumsilumndamaanaa uasiladdums
= q‘ U s 9 o a' o o
dumndnmsnldoumlassueninavesssuumuguuaaslddsgiin 4.4 uaz 4.5 awday
o o a a u’ ) AcA b
Handumaiumndnduyanirenlsenoudioladisaniliven negative 10 positive LAz
° o ar a = ' o -
fmualifandumsiuamndnmsnldounlasruemnavesdnuguiledle-i  Wuuuy

daa a o 4 = ] ' o = = s d.
HadFuniodu FalsznoudoiaFiannilison negative zero DY positive HAAIAIZIUT 4.6



25

Membership (1)
A

negative l positive

I, 0 +L Ke(D >

e e

A

31 4.4 Aardumsiluaundnmidanain

Membership (1)
A
negative X positive
< >
—Ly 0 +Ly K,Ay(nT)

31 45 Meddumsilumndamsnldounlasdneminavesszuuniugy

Membership (1)
A
negative zero positive
- i >
-H 0 +H Au, ,(nT)

3 o o = 1 " d ar = =
11 4.6 HanFunisdluamdnmsnldounlaieninavesiriunuiladle-f
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» »
nnfsndumsilumndndunalugii 4.4 uaz 4.5 annsouaasauns 1édail

1 (=0, ~1,] 0 3(—o0,—-L,]
L — Ke(nT L + K.e(nT
u, (nT)= L, — Kie(nT) [~L,,+L,] s i, (nT) = L + Ke(nT) -L,+L,] (4.6
2L, 2L,
0 s[+L,,+0) I s[+L,,+0)
1 ;(—W,“—L},] 0 ;(_CD’_'L);]
L, - K,Ay(nT) L,+ K,Ay(nT)
Hayn(nT) = —1—2-]:—— s[=L,,+L,) sy, (nT)= ’T s[-L,,+L,] (4.7)
¥ ¥y
0 ;[+Ly,+oo) 1 ;[+L,,+0)

Taon  u(n1) Aoy FsaNii®n negative voaflansumsitiumnsnaanain
H,(nT) AoHaFaaniigo positive voaranFumstuamnFnmAanaia
Hnn(nT) Ao T rANI¥eN negative voaanFUMITUmNFnmandouulas

ANDMNAVBITTUUAIUAY
Hp(nT) AoWaFwania¥odn positive vosenFumstiumnFnmandounlas

' 4
ANDINHAVDITSUUAIURY

L, Lywaz H flemmisiiimes luniseenuuudniuguiladle-i

Tumsimuangmsaivguuesaniuguiladle-i aunsouansld 4 ng (R1-R4)
o d. o o ' = = oS 8 A s a o
fadunsh (4.8) uazngiladanaruilungaiiauuuaiiied Sulondanruguininauely

»
a = d @ A ow = =
INVITUAUTRUVUIN mmuqmmumuﬁwm'la-ﬁ

(R1) IF e(nT) is negative AND Ay(nT) is negative THEN Au,;_ py, iszero
(R2) IF &(nT) is negative AND AW(nT) is positive THEN Au,_p, , is negative

4.8
(R3) IF e(nT) is positive AND AW(nT) is negative THEN Au;_p,, is positive “.8)

(R4) IF e(nT) is positive. AND Ay(nT) is positive THEN Au,_p,, is zero
fio A R Aemsuavunassieninavesngn Tuusaz
I Ui-ry, 3 Ur-pyy ADNITIVAVULLAIAUNDINHAVDINHNITAIVRAY LUILADS N

'] v
dmsumsadasatinsunlsluineninust 18menld5isunsovsanasvness

° [ o - " o s - - ar H
ﬂTH'Jﬂl‘H1Nﬁ'ﬁ?‘ll§ﬂ’l?l.‘IJﬁﬂullﬂﬁiﬂ'tl?]'mﬂﬂﬂmdﬂ’Jﬂ’JUﬂHﬁ‘H‘h"‘lB-W ﬁw‘lfﬂlfﬂiﬁ (4.9



Au,_p(nT)=

4
ZA“U-P), “Hi-p),

anFndunaveang ey luuaazng

r=|1
4
Z‘uu'}))r
r=|

¢ 4 ¢ o
4.4 myannzamsfasunlasnuemnavesiinuguisd
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(4.9)

4 ' I a a o ' [
Taoh Au,_p, AeAuemwailsdFuiaduvesngiledlundoznguar 4, ,, Aomimsiu

o o a " a o o a - "
nndsnFumsiuamndnmiaanatn  uazansumsiuaunsnmslasuulam

A
> S
= 2
2 R

2a1]p3au

desnmvesszuunaugu luunae i

K2A%(n7)
Ic8 +LyL €7 | ics
Ic2
" Ic9 ics K
+ 1c3 icr + e(n
€ e
Ic4
|
ICI0 'Ly ¢ Ici1 Ici2
negative positive
K e(nT)
“ —>
-L, 0 +L,

3UM 4.7 Bunaalavesdanunuiledlo-n

DIMWATBITTVUAIUAY  eansouldunAa)e  (nput space) voIINIUAUAYE lo-H
ponilu 12 V30U (input component: 1C) Auaaslugii 4.7 WednszinIHadwins

P " ' o = = ¥ = & o o da 9/ = o
nasuulasnnomnavesdaniuguilad lo-Aluudazusiin Faeimaansn ia lansien
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nagUii 4.7 diewnsauine IC1 mmsiluandndunavesngiladlundazng

aunsom la lavldngiadeinaunisi 4.8) uaz 19 fiiansiladaein AND Asaelii

(R1) fhy_py, = min{ ptp,, i} =min{
(R2) tty-py, = min{ g, sy, }
(R3) ‘I(I—P):a' = min{#ep’#d_wr} & m]n{ ’

-_-mlnl

2L,

2L

."

L, -KenT) L, -K,Ay(nT)| L, - Ke(nT) @.10)
2L, 2L, 2L, '

|1, -Ke(nT) L+ K;0p(nT)| L, —K,e(nT) @.11)
2L, = 2 21, '

L, + Ke(nT) L,—K,Ap(nT)| L, - K,Ay(nT) @.12)
2L, 2L, L '

L+ Ke(nT) L,+ K:Ay(nf)} LBl L
© 2L - '

8 4

dmivuTnm 102 Ha 1C12 Ammsammmsitiumndndunavesngiladluudazng 14 Ta

» "
DIFBLUIMAALINVUT IV ICT HazuaaInd 12 15 1aaIa1319 4.1

" ¥
MmN 4.1 mmsiuandnouyaveangilad luudasngawauinm IC1 §31C12

#1C H-py, Hi-py, H-ry, Hii-py,
= L, - K,e(nT) L, - K,e(nT) L, - K,Ay(nT) L, + K,Ay(nT)
21, 2L, 2L, 2L,
. L, — K,Ap(nT) L, - K,e(nT) L, - K,Ay(nT) L, + K,e(nT)
— 2L, 2L, 2L, 25
o Ly — K,Ay(nT) Ly + K,Ay(nT') L, + Ke(nT) L, + K,e(nT)
2L, 2L, 2L, 2L,
o L, - K,e(nT) L, - K,Ay(nT) L, + K,e(nT) L, + K,Ay(nT)
: 21, 2L, 2L, T
- 5 i L, — K,Ay(nT) L, + K,Ay(nT)
2L, 2k
IC6 0 0 0 1
L, - K,e(nT) L, + K,e(nT)
IC7 0 ———ZLZ 0 —2Le
IC8 0 1 0 0
- L, — K,Ay(nT) L, + K,Ay(nT) o
2L, 2L, ?
IC10 1 0 0 0
L, — K,e(nT) L, + Ke(nT)
IC11 2L, 0 2L, 0
IC12 0 0 1 0
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dieununnemnaiadFaiafu Au,_,, vewngiadluudazngdin negative = -H

zero=0 uag positive = +H wazwnummsiiumndnduna x,_,, vongiladluudazng

aanaaaluaistan 4.1 aaluaunisn 4.9) TasAnsanusonm ICI feusz 14

Au;_p(nT)=

HL, K e(nT) — HL,K,Ap(nT)

AL L, -2L K e(nT)

(4.14)

° = o & 1 a < ° o
Tumummv’m‘u ALAUSINM  IC2 6\1 IC12 ﬂﬁ‘lﬂ‘]iﬂﬂ’lu?ﬂlﬂ’lﬂﬁﬁ“{ﬂ'ﬁ

nlasulassnemmavesiinuguilydle-nla

TasofouuIMafoInUMSAUIUNT

w o a &£ o . 3 v a a
HAAWS U ICT Fauaad1ddan1519 4.2 szwunna1snen luudazusnvedunaemly

¥ o o = ' 7 @ - Py v e
%31“Naﬂﬂ'ﬁﬂ1§lﬂﬂ Uuuﬂmmm'mvgm B\WVJﬂ'Jﬂﬂuﬁ"lf‘ﬁ'lﬂ‘“ﬂuﬁﬂﬂ'lﬂﬂu

Maf 4.2 wadwimsnldsunlassneninavesdianduguiladle-usna 1c1 fe1ci2

#1C % 4d)
HL K,e(nT)— HL,K,Ay(nT)
IC1 4L,L, 2L K e(nT)
HLK,e(nT)— HL,K,Ay(nT)
IC2 4L,L, -2LK,Ay(nT)
HL K,e(nT)— HL K,Ay(nT)
IC3 4L,L,+2L,Ke(nT)
HL,K,e(nT)~ HL K,Ay(nT)
IC4 4L,L, +2L K,Ay(nT)
HL, - HK,Ay(nT)
IC5
2L,
IC6 s
~HL, + HK e(nT)
IC7 2L,
IC8 o
—HL}, — HK,Ay(nT)
1C9
2,
IC10 =
HL, + HK e(nT)
IC11 2L,
IC12 i




=
UMM 5

a d =
NIFAUAIICHITDUININ

a d o w’ - 3 =
MSAATIHIADUINMNYBIsTIUMUAINIY JalszaennaniieAng sz uuNee
n‘: = ' ’ a A = o
mupniuiiadesamniel  Wenalinssunuluszuuniugurismsiiimesvesszuy
auguilasunlaslyl
- - o  a .: 9 s = d = - - @ o
Iontiwusativil wldvdnnasimisinseiiedosnmuuniileli lelumsdadu
WOUIMNUBISTULAILAY  navAe  szuumuguesiiodesnw  Wedygnudunani
-y 3 Y g o Y
vouwasnatloudnnluszuunruguuas dygaemyaniiveuad e
- d = = ] “ o ad o
nmsanzvatosnmuunil led Tevesssuumuguuuuaiided le-Aminaue
a a /9 @ = ¥ A a @ ' 2
Twinoiinusiildnqujumnuiesluniswiteu luadesnmvesssuunluguasnan e

o v =Y o s = =t =
i 1 lumseenuuus s iimesvesdinruguuuuaiified lo-#

) kY
51 NguHUNNURY
nquumnudes  uiEmsasvaeuddesnmuuui ledi Tevesszuuniugu
; : ﬂ’ - L) = A o 1 1 @
vl weidhuFaduuas hidhudadu dadivienlaszunsuuaaiagii 5.1 Tash ¢ Aeda

AufuIUaL P ﬁanszmumsﬁqnmuqu

e(n7) unD) [, GO

C

sp(nT)

28
r

@)

Controller Process

s 5.1 szuumuguin

gl 51 BuwavesszuumunuAe  sp(r])  1BMWAYBIRINIVUAD
u(nT)=C-e(nT)  BUNAUDINTTVIUMIAD  u(n])  LAZIDMHAVDITZUUAIVAVAD

y(nT)=P-u(nT)
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dmiudnugu C uaznszuiumshgnaiugy P naeandeanuideu luadosnm

=1 = ar
nuvilleti Tevesszuuniuguistlanaaums

[C - e(nT)| < a, |e(nT)|+ B. ;@ 8. 20 (5.1)
Luas

|P-u(nT)| < a, |u(nT)|+ B, sa,,p,20 (5.2)

Y & - an ¥ ¥ =
ud szensowideu luadosnmuuuiiledlovesszvumuguisala Tasldnquiun
¥ & oA -
inuiios Fatideu lvfe
a. - a,<l (5.3)
a ﬂd’ o
| duiiAuesy

& A P o a a o =
o a, a,, ﬁL o ﬂp FADAIAIN HASUDIY | "lu'mmuwuu‘u'ﬂmum

paznINauMsh (5.2) dmiunszuIuMsigNAILRY P ansemii a, 1AnIndums

aolalii [24]
Pt <[P | |P|<o 64

il a, = |P| Taoh |P| wuodaidas1ve1s (magnitude) YoenITUIUMITINNTigR Faifu

- 3 o o =) ada " o
fﬂ‘i‘ﬂ'il'I‘iﬂﬂ?ﬂfnuEJ‘iHﬂﬂdﬂ’lﬂ?ﬂf}nﬁ‘]ﬁ"ﬂ‘lﬂ-ﬂﬂﬂﬂﬂ‘ﬁ'H'I'm o, WU

é J < s S

52 Weulvmuesnvesmmuguisdle-n
a o' = v a U o s = =
1INNITANTIZH UM 4 wun msuldoun)asanemnavesdniunuiledle-n

. ¥ .
TuuTw IC1 dauaasluaumsh (4.14) W denueinees Au,_,(n7) 9214

_|HL, K\e(nT) - HL K, Ap(nT) |

Au,_,(nT)| =
| (D) | 4L, 2L, Ke) | )
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BEUEHS Continuous ratng |AMN Noload_ | m@FE —HF ey 2R Fuy | 75
RE A (e 3] RA |[EwcdE| B | dnE-Ao oD | HER | ER R =¥
“oltage | Current | Speea Torgue Current | Spead [AaveR|R Inerta {tm) {Ke} Kt} |BrushL
DC-v 2 pm | MN-m ikgfem) A pm Q  |kgremv (kgf-enil ms | ikrom | Nemva | mm
12 10 2500 0.31 (3.2) 0.8 3000 0.25 0.7 (2.8) 12 4 0.038
10
24 5 2500 0.31 {3.2) 0.4 3000 0.85 0.7 (2.8) 12 8 0.076 |RERY
100 1.2 2500 0.31 {3.2) 0.08 3000 15 0.7 (2.8) 12 333 0.32
BPTRRELADRELBHLRLET,
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T LY m—u-—ny"ﬂl:%ﬂllmf) FEZIZ LR ToEkgD
hpaod .- Permissitle Overhung Load ermissible Load
i e Tor I TRROUDA, mn-rmzmm
4000 20084 3278 dq;l;i’::ﬁ! force for Cwethung load fies on half as long 25 shak edge length.
(W)
3000 // <J15044324 {6 @BMES 175 Motching Driver List
™Y >( BHRE FSERAB | A=
2000 / 3 4 100432415 44 Supply Voltage Driver Model Page
Xy . \ MS-100010 62
1000 A—+ &y s0 {1548 42 DC12v
V MS-40001215 66
0 ! o Jo Jo Jo o— MS-1000310 62
0 03 10 1.5 20 MS-40002408 66
i AC100V MS$-30001001 64
WREMBAE Scope for continual use
L 2ot diesd oMY, LtDFa
AWM : —10°C~40C BE—F)— FROFE(+II. AECIKEBMTILEE-2MHDSR
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TR E : AC1000v 15319 EERRFRALTATRIETORRTERTT.
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Incremental Rotary Encoder

E6C2-C

Industrial Strength Encoder Meets
World-Class Standards

® Drip-proof construction
® Shaft withstands heavy loads. 5 kgf

radially, 3 kgf thrust (axially)

P

® Short circuit protection
® Space-saving. A-slant cable protrusion
for ease of mounting
- e2¥
( € {150 9001 & Aptraret
st iy
B RATINGS/CHARACTERISTICS
Electrical
hem ESC2-CWISC E8C2-CNZ3E EEC2-CWZ1X ESC2-CWISB
Power supply votage |5 tc 24 VDC ialicwabdle 510 12 VOC {allowable 5 vOC15% 12VDC -12% 10 24 VDC
range: 4.7510 7.3 VDC} |range 4.7 10 132 VDC) +1£%
Current consumpbon | 80 mA max 10C mA max 120 mA max. 100 mA max
(See Note 1.)
Rescluten 10, 22. 30, 40, £, 42 1C0. 200, 20C. 380. 4C0, 50C, €00. 1.000. 1.2C, 1.500. 100. 2CD, 380, £00. 800
1.800. 2.000 PR _ 1.C20, 2.C00 P:R
Cutput phases A_B. and Z ireversibie} AABBzZ £ B, and Z irevarsibe)
Cutput configurabon | NP open collector Votage output (NPN Line dnver iS2e Note 2.1 | PNP cper colecior
autput output; cutou
Cutput capacity Apphed votags: Quput resistarce: 2 ki2 AMZALSI Iyt 35 mA max,
30 VDC max {resicJal voltage: Output curant Residua voltage.
lana: 35 mA max. 0.4 V max. Figh level {lgk —20 m& C4V max
Residua! voltags Iging: 2C mMA max. ) Low level (lgk 20 ma (lgnk: 35 mA max )
0.4 WV max. Qutput volage:
Dyrm: 35 mA max. ) Vg: 2.5 W min
Vg 0.5\ max,
Max resporse 100 kHz 20 kikz
freguency
[See Note 3.)
Phase dference on | 80 +45 petwesn & ang 5 [ 14T21/8T;
cutpat
Rise and fall dres of | 1 ps max. * ps max 01 ps max, 1 ps max
cutput icontrol cutpue voltage: 5 ;. | (cable 'engtn. 2 m: {cabie length. 2 m: icaole lengtr: 2 m;
lcad resistance | kil gk 1€ m& max. Ig: =2C ma&; lopa: 10 mA max.)
cabe length. 2 m; Ig: 20 mA)}
Insulation resistance | 100 M min. {at 500 VDC| batween camy pans anc case
Dielectric strergtn £00 vAC. 5020 Hz for 1 min between cary parns and case

MNote: 1

An nrusn curren: of aporox & A flows ‘o aporox 0.3 ms rignt after the E3C2-C s wmed o,
2. The lne driver output of the EEC2.C is used for cata transmission circutry conforming 1o R5-4224 ard ersures long-distanos

transmission over twistad-oar Cable, wih quality equivalen: to ANMDELS
3 The maximum elecirica: response ravoluton s determned by the resciutor and mawmum response Teguancy as follows:
Maximum electrcal resocnse frequency ("pm) = maxmum resoonsa frequencyrasciuton x £J
This means that the EEC2-C Rotary Ercoder will not operate electricaly if its revouution excesds the max mum eectical
resporse revoluion.
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E6C2-C

B MECHANICAL

ker EEC2-C'WZaC IESCZ-CWZGE I E8C2-CWZ1X ESC2-CWZ5B
Shaft loacing Raacial 5 kgf (<90 Ny 11.0 bf
Thnst 3kgf 294 5) 3 8 Ibf

Moment of neta

1Cgr er® (1 x 103 kg » m?) max.. 3 g+ em? (3 x 1377 kg » m?i max. 3t €3] PR
max 55 « 103kt 85 x 10

Stariirg torque

1CD gf + cr1 0.3 miN » my max {72 m ft= ibf)

Max. permiss ble revolution

5.0CD

Vibratien res:stance

1C 10 53C +z 1€0 m-‘sf[IEG;or.'.'-mm coube amplituce for 11 mir 3 1mas 2ach n
X. Y. ard Z directions

Shock resistance

1.0C0 nvs? (100G 2 times each in X, Y, anc Z cirections

Waignt

Aporox 400 g max. icabdle length: 2 m) 0.85 bs

MW ENVIRONMENTAL

ker EEC2-CNZEC I ESC2-CWZ3E l ESC2-CNZ1X —l ESC2-2WISE
Ambent terperature | Operating =1YC1073°C i14°F o 1£5°F} with ro :ong

Storage -25 C1055°C 1-13"F to 138" F: wrh no king
Amk ent hurudity Oparating 3£3% to 85% (with a6 condensation)
Protective circut Protacton ‘rom icad sner-creuiting and power suoply revarse polarity wring
Cagrae of protection IZC 1”84 {ZEM IP34f dnp-procf; {See Note.)

Note. The applcable JEM stardard is JEMI1D30 1521

Operation

B OUTPUT CIRCUIT DIAGRAM

E6C2-CWZ6C

Vzach wnre srarge
A

l
I
| mecxc | J ..
man Tanzsor
crzutry
) = Sl A
‘ [’“’ ?lx'\':-:mn Sne

Dimensions

E6C2-CWZ3E

£13 22 WBC permsztie

Sumsygnal
(B Paaze A
AT be: SPaze B
Cranger Phase 2

-arge. 473 19 276 VOO 519 "2 VvCs permistie
] - ) arge 27513 "1IVEC!
| 2 = 1
I ! - 3¢k anne darce
Swpat mgral
ESC2-C BN Biazw Prass A
2in = .
m ranssor Aot Sraze B
croitry Crangs Prass .
]
1

| 33a Tlarara
e 3|

]
| Sne
~

—-g Smie cect

Exd
Eround

Unit mm (inch)

W E6C2.C

Srgneforasel
/

Mote:

Toee \Wnales

B
0
s

Ceam: “erm
,-S
I| 53 ala.
e
|| 1
.36-
S

2-m-leng. PVC code, 5-dia. {18/C. 2 dia.) five conductors

and shied (=ight conductors for lire dnver usel
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E6C2-C OMRON E6C2-C
Installation

W CONNECTION

E6C2-CWZBC/-CWZ3E

Color Termna

Brorwn Fower suopy {~Vzcia)

Black Outout phase A

‘White Outov: phase 3

Orang2 OutoL: phase Z

Blus C WV [ccmmon|

Note. Raceiver AM25LI32

Connection Examples

B H7CR-CW DIGITAL COUNTER

Apolicable Modei: Z8C2-CWNZEC

E3C2-CWaIsl

B COM1 PROGRAMMABLE CONTROLLER

Applicabie Mode: =3C2-CWEZEC

=T

' 5
I I ESCI-COZEC 12
Braan 112 v
L L
L = A
i

o } i
AT e el

NN B v
Y

'\' -
2k eioes
o3

I NOTE: DIMENSIONS SHOWN ARE IN MILLIMETERS. To convert millimeters to inches divide by 25.4,

OMmRON.

OMRON ELECTRONICS, INC.
One East Commearce Drive
Schaumourg. ILS0172

1-800-55-OMRON

Cat Mo. CEDSAX2 10062

OMRON CANADA, INC.
885 Milrer Averue
Scarborough. Cntano M1B 5v5

416-286-6465

Specifications subject to enangs winout notice Printed in U.5.A
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DIMENSIONS

Ms-4000 0004 B B o05kg Ms-40000015 5| & 1.2kg
Ms-40000JJ08  Mass Ms-400000J0J30  Mass
® i+ SPECIFICATION
LS NODEL MS40IT2420 | MS42CT4322 | MeatoTaz02 | M3400T4215 | Me-=00C 1204 | Me<c0C 1208 | Ms40zC12:E
BME—F WATCHNG MO CR S58CE-TC | S54032.TC | SSECERTD | 53208870 53326 552064
~~358022-TC SS40E2 £54DES

E—5#H7 WOTCR Cu PUT 3504 2TV 20N TEIW 350W 149 W 20N E0W | e0w.mw
IEH WAN CRCUT SIT SWM AN (ETI@) FET =W corrol ihon-revers tie!
RIFEE  5USPLY VOL™AGE DC cavEi% OC 12V+20%

WSTRE  OUTSU™ WOLTAGE E IC 0~ATHRIMEY Power Suppy 42V) IC 0~ 11T 2Y Power Suppy 12V
EBER RATSOCURREN OC 2CA OC4= | OCIA | Oc1sA OC4~ | DCSs | DCis
MSWE  COMWANE vo_TAGE CC o~10v

48 A DB CoMAND NPT NPEDNGE L Te)

WEMR  SPESD FEEDBACK SAVTEAL—F ~Tvhmm l T-SRRE

TACHO-GENZIATOR Counter Electemoiive Force
AEEER ACJUST™MEN"T AT 2T 4 927%1 7 G, Pard - S N F7E&F. RE—F. BRXER
STATIC GAIN, PHASE COMPEN SOFT START. OFFSET,  SPEED, CURRENT LIN ™

WML PROTECTION HBR CWER CURIENT. WHEET LOW WOLTAGE
FREEDE CCEANNG TMPIRATLAE = 10~-42C

AL FUVUEROARIFER R 2T A 1RGNN LTI SR T A
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& S CONNECTION DIAGRAM
1.2V RL—F T = Friv 788
Tacho-genetor Feedback Control
(1) [AMOFERABICS S EEHD

Speed Adjustment with Atached Variable Resistor

MS-4008 F 18 Terminal Board
[ps+]ps-| m-] M- [ros [ra]vmifvralrs]
1] 21 3
*

Red E=F Blue 23¢¥2 B10K2
Votor  Tacno-gererator

2) NHEERREIC &S EERHD

Speed Adjustment with Extemal Command Vokage

MS-4000% F 45 Terminal Board
[Ps+|Ps- | me | M- [T+ - [-rafirafora]

T 2]
Red -7 Bue 3> DCC~1IV
Motor Tacno-generator

62

MS-400 seris

2FRBET 1 — K/ TRE

Counter Electromotive Force Feedback Control

(1) MO RARICESEEAD
Speed Adjustment vith Attached Variable Resistor

MS-4008 Fi8 Terminal Board
[pss+]ps- [ M- | M- Jre+[ra furifvre|ira]
1213

#F "
Rea E£—7 Blue S10R0
Nator

(2) HBIEFREICS 3 EEAD
Speed Adjustment vith External Command Voltage

MS-400% F42 Terminal Board
[Ps+] ps-| we| M- [ra-[ra- [vmifR2 [iRa]

»

7 B
Red £—7 5ha SCC~1 v

N FONEOAERS TR G TURE (MEENZTOTITRAT 2, Content of this catalogue is sushjact 1o change without notice.
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SeunusiamdulseAnt (coefficient diagram method : CDM) W33 nilen19lums
POAUUUATHITIIADS YBIAINILAY Lﬁaiﬁszummquﬁﬁmsnuzmnﬁmm's Waamnzdh
AJUDTANTITAIAD wenvimiudaliadusnm maroumuBsHs MG IaEA LRI
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weras 1daez 1 v.1

CDM Controller Process
e | e e
LM NN B 1 __JTS) €,
a p A(,(S) ' P E
. ' i i :
: B(s)

U w1 Tassadanasguvesssuuniuguasiaiiesnuuudieis CDM

A,(s) uag B,(s) HuIna Tulvavesnszuaums

b4
A,(s), B.(s) uaz B,(s) Wi IndTuidloavesdaniugu CDM Hugu
3
HanduawTeuvenszuaunis lugilves Ind Tuidlvaansouan 14l

Ap(s)z pks" + p,,_,s"*' +...+ P, (v.1)

B,(s)=q,s" +q,,,#,s’"" +.nt gy (1.2)
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¥
uaz Ind Tudivavesdanrunuudanas 1dasi

A()=1s* +1,_s* +..+1, (¥.3)
B(s)=ks* +k, s 4.4k, (v.4)
B,(s)=k, (1.5)

P o & o
Taoh 2 < kuaz m < k, Bys) WuniHames (pre-filter) vosszuUAIINY Favzihld
] b4
HARBUAUDIVDITZTUUAIUAY hififHANa RN 1IzAImY Al Ind Tulivaguanyae
(polynomial characteristic) ¥845¥UUAIVAVITANG Inseard1edegiin v.1 aunsouansldas

AUNISN (1.6)

P(s) =A.(5)4,(s)+B.(s)B,(s)

n

-1
=a,s" +a, s"" +..+as5+aq,

n
i
-Sas
=0

(0.6)

- ar = Aa', =1 ar " - o @
Taoh  a.a,...a, SudulszanivesIwa ludivagudnyuzuaziilusiminnlddmsy

PONULVAINIVAVAILTD CDM

O ¥
mseanuuummugudmsunuguszuulaenlihiv - uenanezldiinaney
. b 4 . '
AussnansianzTIuazanzAINd?  dwdesdithduafosnmuesszuuuaza
1 = 0 - o o
ammusemsasunlasmmnimesveanszuiumsaie lasanusirlumsaeuausaas

AWANIAWINAUYD 7 AIAUNITA (1.7)
= (.7)

MU DU NIWYBITZUVUAZANUAINUABMS AouIaIn IS 1R e ¥BINTZUIUNTS

»
uaas lddromaaiiiatosnm y, uazmdinaadosnn ¥, fmualdaail
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Y ==t =)= (v.9)
}'r+l }’lf|

a o

o i=1,..,n—1 Taoi lludrriandinssduiusiumnedarauya « Asaums

t, =2.5¢ (v.10)
) ar L | = a -
dmSumariiedosnmnasgivees COM AlFlumsesnuuude

Yo ==0=1=2,5=25 (v.11)

Y
(38

0 ¥ ¥ v
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¥, >1.5y, (v.12)
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: } ; i-1 1
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¥ Ed
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Mamdani Fuzzy I-P Controller for Speed Control
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ABSTRACT

A Mamdani fuzzy I-P controller lor controlling the
speed of two-inertia system s proposed in this paper.
The simplicity in designing the proposed controller is
described. The Mamdani fuzzy P controller is casily
to be adjusted to mecet the desired control system
performances both in transient state and steady state.
The simulation results of the Mamdani fuzzy I-P
controller by using the same parameters (proportional
gain and integral gain) as the 1-P controller are shown

Keywords: Mamdani fuzzv P controller, two-inertia
system, I-P controtler

1. INTRODUCTION

The servo control systems driving a load through a
shaft or a transmission system are widely used in the
industrial applications. However, it is difficult to
achieve the precise speed control due to torsion
vibration of long shaft and low stiffness between motor
and load [1]. It is known that the speed and torsion
vibration of the two-inertia system must be properly
controlled, otherwise the vibration may occur and the
stress on the shaft may result in damage to the shaft.

In recent years, many control schemes have been
praposed to control the speed of the two-inertia system
in order to obtain a good response. The P and PID
control designed by three kinds of typical pole
assignments with identical radius, damping cocflicicnt
and real part have been anvestigated [2]. The PI
controller designed by coefficient diagram ethod
(CDM) has also been proposed in [3] for controlling
the speed of the two-inertia system but the transient
response of the control systems gencrally still has long
rise time. Thercfore, a feedforward controller must be
added to the system in order to improve the system
speed.

On the other hands, it is also known that the fuzzy
controllers both in Mamdani and Takagi-Sugeno types
have been introduced for nonlinear or uncertain system
such as the speed control using Mamdani Pl PD
controtler {4]. This paper proposes the other type of
controller called Mamdant fuzzy 1-P controller for
avoiding large control signals (which will cause the
saturation phenomenon) within  the system. The

proposed controller is the modification of the 1P
structure. The P structure is first divided into 1wo
parts, | controller part and P controller part. Then the
structure of | and P controller after rearranging will be
constructed to be a Mamdani fuzzy 1-P controller
Consequently, the Mamdani fuzzy P controller will
consist of two inputs; that is, error and change of
output. Hence, it is easily to adjust the Mamdani fuzzy
I-P controller in order to meet the desired system
performances both in transient state and steady state.

The simulation results of the proposed Mamdani
fuzzy I-P controller by using the same parameters
(proportional gain and integral gain) as the I-P
controller are shown in this paper.

2. MAMDANI FUZZY FP CONTROL SYSTEM

In this section, the structure of FP and Mamdani
fuzzy  I-P control  systems will  be  described
respectively.

2.1 I-P Control System Structure

[

splr) :*Q al) K‘I 4 i u:..v('r)

HO |

LU

Plant

7]

Analog I-P Controller

Fig. I: I-P Control System Structure

The I-P control system shown in Fig. 1 consists of
a feedback controller, an integral controlier and a plant
K, is the proportional gain of the feedback controller
and K, is the integral gain of the integral controller. In
order to find the structure of the Mamdani fuzzy FP
controller shown n Fig. 2, the control signal of the 1-P”
controller is first given by

)= K, fe(hdi= K i) (N

where ¢(t) is the error signal and v{(f) is the output ot
the control system.
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2.2 Mamdani Fuzzy I-P Control System Structure

w:ui'l[-' e ly
£kl )—".“ =
Fuzzy
1-P

Mamdani Fuzzy 1-P Controller

|
|
|
ey

Fig. 2: Mamdam Fuzzv I-P Comtrol System Struciur,

Ihe structure of Mamdam fuzzy 1P conirol
svstenm consisting of a process and the proposcd
Mamdain: tuzzy P controller is shown in Fig 2 1he
structure of the proposed controller is shown i the
dashed line box. It consists of error ¢(n7) and change
ol output Av(n ) and s Mamdam fuzzy contral gams
are Ky and K> Consequently. the control sigral u, (n1
can be obtained as

1, Jniv= Kewn Ty K An D)+, (0T - T) (3]

where the error e(nT) = sp(nT) - p(nT). the dange of
output Mytnl) = yn 1) - v(inT-N, K, = K;T,K; =K, and
T is  the sampling  time. When  the tenn  of
KetnT )= K, Av(aT) is replaced by Au, (nT), the new
output Mamdani fuzzy FP controller can be obrained
as follows

w0l )= Au, (T )+ u, ,0T—T) (3

where et and Ap(nT) are the inputs and Au,,in7) is
the output change of the Mamdani fuzzy 1-P controlier

3 MAMDANI FUZZY P CONTROLLER

In this section, the Mamdani fuzzy FP controlle
destgn will be described.

3.1 Fuzzification

In the fuzzification siep, the error e(n1) and the
change of output Ay(nT) of the Mamdani fuzzy P
controller  are  employed. The number of input
membership functions is 2 (negative and positive) and
the number of output change membership functions is
3 (negative, zer and positive). The error membership
functions, change of output membership functions and
output change membership functions are shown in Fig.
3. Fig. 4 and Fig. 5 respectively, where L., L, and #H are
the adjustable constants.

Membership

negitive positive

=L 7] +L' K e(niy

3

Fig. 3: Evror Membership Functions
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Membership

negitive Positive

- (i S YT
Fig. 4: Change of OQuiput Ao dorshup Functon

Membershiy

.

Aw, (1T £

N -H 0 sH
Fig. 5: Owiput Change Membership Functions

In Fig. 5. terminology is n for negative, 7z for zero and
p tor positive.

3.2 Fuzzy Control Rules

Based on these membership tunchions, the number
of the fuzzy control rules is 4. The fuzzy control rules
used for designing the Mamdani fuzzy 1-P controler is
shown in Table 1.

Table 1: Fuzzy Control Rules

vinT) i 4052
negative DOSITIVE
e(nT) & ' ¥
negative 7 n
positive P z

3.3 Defuzzification

The centroid defuzzifier is emploved to caleulate
the output change Au, (nT) of the Mamdani fuzzy I-P
controller.  The  results  of  defuzzification  are
respectively obtained as

Z'uu I']A".f ",
Au, (nT)= Ad 4

-
2L8
e |

where g, . is the membership values at the o rale,

M, is the singleton output fuzzy sets at the " rule
of the Mamdam fuzzy P controller. Fig. 6 shows the
input membership functions that decompose their input
space into 12 difterent input combinations (1Cs). After
applying detuzzification algorithm (4) in each of 12
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different 1Cs, the expressions for  Aw, pnT) arc
obtained and shown in Table 2. It is scen that the
outpul change of he Mamdani fuzzy WP controller
depends on parameter L., L, and £ Hence, the desired
system performances wterm ol transient state and
steady state can be obtained by adjusting the Mamdani
tuzzy 1-P controller

K. Avin
s * "‘; I ¢
—+
L
Ky " Iy - >
+ w4 Koo
L L
¢ e
C 4
T
i 1 R I Wiy

Fig. 6: Input Space of Mamdani Fuzzy 1-P Controller

Table 2: IC! 1o IC12 for Au, {nT)

1C# Aw, AnT)
o1 2HL K, eAnT)-2HL K,Ay(nT)
8L L —-4L K dnT)
e 2HL KetnT)-2HL K,Av(nT)
r BL.L, - AL K,Av(nT)
o 2HL K, AnT)- 2HLK,Av(nT)
SL.L 4+ 4L KenT)
i 2HL K e(nT)=2HL K,Ay(nT)
8L L + 4L K,av(nT)
. HL — HK,Av(nT)
1C5 _—
2L,
IC6 0
% ~HI, + HEenT)
2L
IC8 -t
—HL — HK\AWnT)
(@] el e
2L,
1C10 0
HE + HKenT
IcH Eh s il
21,
IC12 1

4 SIMULATION RESULTS

I'he simulation results in controlling the motor
speed @, of the two-inertia svstem by using the
Mamdani fuzzy I-P controlicr are shown in this section.

70

The block diagram of the two-inertia system to be
controlicd is shown in Fig. 7.

T4 e
1

I [ONEY

J
+
T (5) K

-

.

LN

"

|
LR, g S

Fig. 7: Block Diagram of Two-fncrtia Svsten

Fhe transter funcoon from the reference mput 1o
the motor speed is then given by [4]

W, (~) a8 tay .
Pis) - = . - = (3)
Efx) Bt ahs b vhe+ly
where b, =1, b, i b= KL+ S KK,
L, " Jal b
KRS, v+ 1 KK K K A_K
b, = = el Tl ST
o A% JIE L

The values of each parameter of the two-tnertia system
arc shown in Table 3

Table 3: Purameter Values of Two-Inertia Svstem

R, | Armature resistance 0250

L, | Armaturce inductance 010 mH

K. | Back electiromotive force constant | 4 v/ krpm

K,, | Motor torque constant 38N-em: 4
Jw | Moment of motor inertia 0.7 kg em”

Ji | Moment ot load inertia 0.7 kg - com

K | Torsional stitfness of drive shaft 35N wm/rad

e A
TR

3
] g '
Fome muct

Fig. 8: Open-Loop Response of Two-Inertia Sysiem

Fhe simulated open-loop response of the o
merna system when applying 6 volts input voltage s
shown in Fig. 80 lis torsional vibration is remarkuable
In order to suppress this undesired torsional vibration
and to improve the response speed. the proposed
controller will be used
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4.1 System Performance

The Mamdani fuzzy FP controller will be used to
control the speed of the two-inertia system by using the
samce parameters of the FP comroller. The parameters
K, and K, arc obtained tfrom the Ziegler-Nichols tuning
method and are tuned tater until the system response
has no overshoot. Conscequently, K, and K, can be
obtained as 1333 and 0.2 respectively. By using
parameters ol [-P controller thus obtained and choosing,
the sampling time 7 to be 0L001 second, then the gains
of Mamdani fuzzyv P controller beceme Ay (013
and Ky - 0.2 respectively. The constants L., L, and 7/
arechosentobe [, 001, L, ~ Q.05 and H = 0.09

Ve Apeed (pm”

e

Fig. 9: Responses at 1500 rpm

The simulation results in controlling the speed of
two-inertia at 1500 rpm by the Mamdani fuzzy P and
1-P controllers are shown in Fig. 9. It is seen that the
response of the Mamdani fuzzy 1P control system is
faster than the response of the 1-P control system. It is
also seen that both control systems can reduce the

vibration of the two-inertia system. The performance of

two systems are summarized tn Table 4. The rise time
t, and scttling ume £; of the Mamdani fuzzy I-P control
system are remarkably shorter than the W control
system.

Table 4: System Performance Comparison

1, P t Eye

Controller Type (see) (%) (sec) | (%)

Mamdani fuzzy 1-P 0.321] 0.263 0366 | 0.00

I1-pP (.%84 0.00 L1444 | 0.00

4.2 Effectiveness of Mamdani fuzzy I-P Controller

In this sub-section, the Mamdani fuzzy I-P
controller is used to control the specd of the two-inertia
system at 2000 rpm and 1000 rpm without changing
the controller parameters designed at 1500 rpm in order
to show the effectiveness of the controller. It is seen
from Fig. 10 that the Mamdan fuzzy 1P controller can
control each spead of the two-inertia system without
steady-state error when the desired speed has been
changed from the ongmal speed of 1500 fun. Figure
11 shows the disturbed responses at 2.5 scconds. 1 is

71

seen that both systems can reject the effect ofmrq“
disturbance without steady-state error,

(a

A% . i

e

Fig. 10: Speed Changed of Motor Responses

P

F] ] . .
Pime aag:

Fig. 11: Disiurbed Responses

5. CONCLUSIONS

I'be  Mamdanm fuzzy 1-P controller has been
proposed and used to control the motor speed of the
two-inertia system. The speed of response can ke
improved to meet the desired system performance
despite ns simplicity in design. The simulation results
have also shown the effectiveness of the proposed
controller.
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Abstract

A vbrad I-PDA coniroller for controlimg the speed of iwno-
incrtie svstem is proposed in this paper. The ivbrid I-PDA
coniroticr s easily ro be adiusted o mect the desived
confrol svsiem performances both in rransient sigie and
sicady stare. The simudation results of the proposed bybrid
I-PDA  voniroller by wsing the  seme  paramcters
tproportional  gain integral gain. derivanve gain and
avceleration gain) as the I-PDA cortroller gre shown The
response speed can be improved sigriticantiy

Keywords:
Hybrid I-PDA controller. two-tnerta system speed control
Introduction

Many controllers have been proposed to control the speed
of two-nertia system such as Pl and PID controllers [1].
Recently. the parameters of PIDA or [-PDA iproportional
gan K. integral gain K. derivative gain K; and acceleration
gan K, controller giving the satisfied system performances
designed by coefficient diagram method have also been
reported [2<4]. However. the transient response generally
still has long nise tume. In order to improve the speed of the
ransient response. the hvbnd EPDA control svsiem s
proposed. The hybrid FPDA controller composes of
Mamdani fuzzy I. Mamdani fuzzy DA and P controllers.
The inputs of fuzzy | controller consist of error 2nd change
of error. and its fuzzy control gains are K, and K>. The
inputs of fuzzy DA controller consist of system owpur and
change of system output and its fuzzy control gamns are K
and K, The P controller is a feedback controller with gain
K. In order to meet the deswed system perfermances both
m rransient state and steady state, these parameters can bhe
adjusted. The simulation resuks of the hybrid [-PDA
conuroller by using the same parameters | proportional gan.
miegral gain. derivanve gan and acceleration gamn) as the
-PDA controller are shown i this paper.

Hybrid I-PDA Control System

In this section. the structure of FPDA and hybnd I-PDA
control systems will be described respecuvely.

Structure of 1-PDA Control Sastem

Towe arad Uomerodle ¢

sput ein 1 - ¥irl
Lo o Plami
[ET] !
A Fecdhuh Lontcolk o
M

Analog I-PDA Controlker

Figure I = Structure of I-PDA Coniral System

The I-PDA control system shown in Figure | consists of a
PDA feedback controller. an integral controller and a plant
K, Kjand K, are the propomonal gain. denvative gan and
accelerauon gain of the feedback controller respectively
and K; is the integral gain of the ntegral controller. In order
to find the structure of the hybnd I-PDA controller shown
in Figure 2. the control signal of the I-PDA controller is
first denoted by

Wy prg Y=ty 00 b —lipp, IT} (8%
where
.
wiry=K, | elri i
L
and

Hpp 1= K yiri+ K, —-—-d':;”hﬁ'. —d;i':'”

where ¢ir) is the error signal and ¥ir) is the ouput of the
control system.

ih

Structure of Hybrid I-PDA Control System

Hebrid 1.FUA Contrdler

Figure 2 = Swucrre of Hvbrid [-PDA Conrrot Svstem



The suucture of hvbrid -PDA control system ts shown n
Figure 2. The hybrid LPDA conuwoller composes of
Mamdani fuzzy 1. Mamdani fuzzy DA and P controllers.
The inpucs of fuzzy | controller consist of error efnT and
change of error AcinT). and us fuzzy control gains are X
and K. The inputs of fuzzy DA controller consist of system
output 2Tt and change of system output AvieTt and its
fuzzy control gains are K; and K. The P conuoller 1s a
feedback controller with gain K, Consequently. the control
signal 1, g, 127} can be obtained as Equation 41,

ity prgt0T =100l t—ippinT 141

Mamdant Fuzzy I Controller

The structure of Mamdani fuzzy 1 controller can be found
from Equation i2) by approximatng the integral term with
the trapezoidal summation vields

i inTi=Keinl = KaeinTr+u T =T i5)

where the error eind} = spinT) — vinT. the change of error
AewnTi= einTy— einI=-T. Ky = KT. K; =KJi2 and T s the
samphng ome. When the term Kypeinlt — Koveinll s
replaced by AwinT) new output Mamdan fuzzy 1
controller can be obtained as Equation i61.

wyind 1= Anginl ) +upnl =T it

where einT and AeinT) are the tnputs and MefaT 1 is the
output change of the Mamdani fuzzy I controller.

Mamdanmt Fuzzy DA plus P Controller

The structure of Mamdani fuzzy DA plus P controller can
be found from Equation (3) by approximating the derivative
term with two-point difference form. Hence.

Aup tnl v =Aug, tnl =T

Wy T 1= u,l'nT}+_A....—.TJ‘_ i71
where
w,inT1=K yinT) i8
and
A tnT 1=K, yinl 1+ K AvinT) 9

and where vinT) and AvinT) are the inputs. Awainlb is
output change of the Mamdani fuzzy DA conuroller and
K,=K,and K,=K,/T. When the term of

Dlagy (MT1 - 2upg T - T) oo e placed by unlnT). then the

T
output Mamdani fuzzy DA plus P controller becomes

W INT b= il Y+t 0T 110

Hybrid I-PDA Controller Design

In this section. the hybrid -PDA controller design will be
described.

Fuzzification

In the fuzzification step. the error ¢inT} and the change of
error AeinT} of the Mamdani fuzzy I contrellker and the
output vinl) and the change of output AMnTl of the
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Mamdani tuzzy DA controller are emploved. The number
of tnput membership functions 1s selected to be 2 inegauve
and positive) and the number of output change membership
funcuions is selected to be 3 inegatve. zero and positive),
The wpw membership functions and the output change
membership functions are shown in Figure 3 and Frgure 4
respectively. where L and H are adjustable constants.

Membership i

regitive pogitive

A el LA el

o
Figure 2 — Inpur Membership Funcrions

Membership i

1

&
-H o -H
Figure 4 = Ouwput Change Membership Funcrions

Aol -
KT

In Frzure 4. werminology is n for negative. £ for zero and p
for positive,

Fuzzy Control Rules

Based on these membership functions. the number of the
fuzzy control rules is 4. The fuzzy control rules used for
designing the Mamdani fuzzy I and DA controllers are
shown in Table I {a) and (b} respectively.

Table I — Fuz=vy Conirol Rules

a1 Fuzzy [ Control Rules by Fuzzy DA Control Rules
'M#"r' mgative | positiwe ﬂ.m"n megative | positive
e gative n z negative n r |
pasitive z P positive z P
Defuzzification

The centroid defuzzifier is employed to calculate the output
change AwgnTl) of the Mamdani fuzzy I controller and
Aty inT) of the Mamdani fuzzy DA controller respectively.
The results of defuzzification are respectively obtained as

4
Y,

AwinTi=£24

.Md,‘ Z by ““'m,
and Ang, inTi=24

.1-',‘ z A D4

where w4, and wn,_ are the membership values at the  rule.
Aty and Aup, are the singleton output of the fuzzy ses at

the #" rule of the Mamdani fuzzy 1 and DA controllers as
shown n Figure 4.
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Tabte 2 - 1Ci to ICI2 for AunTi and Auypul

ICe Augnly Nty T
Icl HK vinT 1 HK \etnT HK vioT 1 - HK, wirl
e 4 2Kginl L K, vl
Ica HK einT 1 - HK veinl) HK il - HK wirl
= AL 2K wiel 42K e
. HK einT 1 - HK einl) HK »yinT - HK wiel
Ic3 AL - 2Kgiel AL 2K vieln
. HK einT 1 - HK \etal) HK vl 1 - HK, wirl
1C4 AL 2K T 4L - 2K wieln
105 HK \eiel1- HL HK vielt - HL
3 I —
1ICt H H
. H 'E:HT! - HIL HK vinl - HE
Ic7 R 2 2L
ICs ] g
Ico HK Aeiwl1 HL HK, wond v HIL
] i i
IC10 -H -H
HKﬁIBTI HL HK vin HIL
SER - 2L
)2 o a

Figure 5 shows the input membership functions chat
decompose their mpwt space umto 11 different input
combwnations  (ICsi  Afer applying  defwzzification
algonthm (11} in each of 12 different ICs. the expressions
for AwinT} and AiainT) are obtained and shown in Table
2. It is seen that the output change of the Mamdan: fuzzy |
and Mamdani fuzzy DA controllers depend on parameters L
and H. Hence. in cooperating with P controller. the desired
systiem performances in erm of transient state and steady
state can be obtained by adjusting the Mamdani fuzzy 1 and
Mamdani fuzzy DA controllers.

A Aeinly A vial
Xy T 2 ¥ x 2
< o . X oL s
+ t
X x
Xv . X* vl LS
.._.‘.-.a .h.:_L —+A inly 4—_,_---‘—" *’---—_L — 5 vmly
e e
Xe Lo |x: X Liay [x

! !

Topet ipaae of Ruzzy [ comeolles Input space of fwezy DA cooerslies

Figure 5= Input Spavce of Fuzy land DA Conirofters
Simulation Results

The simulation results in controlling the motor speed ¢, of
the two-inertia system by using the hvbnd [-PDA
controller are shown in this section. The block diagram of
the wo-ineria svstem is shown in Figure 6. The wansfer
function from the reference input to the motor speed is then
given by [3]

Lisi——  — e § R E
* Iz
fis] A
—t f—
5 .
Ejis) " [, IET "_.__1_ w_lsh
¥ I I._,\-rR‘l * I8
Juid

Figure 6 = Block Diagram of Twodneriia Svsiem

P'-ﬂ=l'.l-ljl= al:j:-i-(f. T,
E 15} byt +b5 + bbby
where  m=t. & _L' e KL _+J,1+K KJ,
Tk . I AL,
Lo ERM e ERE K RE
O L S S P T T T

The values of each paraneter of the tvo-inertia system are
shown in Table 3.

Table 3 = Parameter Values of Twolneriia Scstem

R, | Armature resistance 0250

L, | Armature inductance 010 i

A, | Back electromotive foroe constant | 4 v/ xrpm

K. | Motor torque constant IBN—m/iA

Ju | Moment of motor ineriia 07 kg—em®

Ji | Moment of load inertia 07 kg =o'

K, | Torsional stiffness of drive shafi A5N-—m/red

The simulated open-toop response of the twa-inertia sysiem
when applying 6 volts input voltage is shown in Figure 7.
Its torsional vibration 1s remarkable. In order o suppress
this undesired torsional vibration and to improve the
response speed. the proposed controller will be used.

© ot " " i
Wirw e

Figure 7 = Open-Loop Response of Two-Inertia Svsiem

Sastem Performance

The proposed hvbrid -PDA controller will be used to
control the speed of the two-inernia svstem by using the



same parameters of the I-PDA controlier. The parameters
K. K, and K are itially obtained from the Ziegler-Nichols
wmng method. X ts added o improved response speed and
reduce overshoot. Then. these parameters are tuned again
later  wnul the system response has no  overshoar
Consequently. A K,. Ky and K, are 13.33. 0.2, 0.04xi07°
and 0.02x 107 respectively. By using the parameters of I-
PDA controller obtained and choosing the sampling ume T
to be 0.001 second. the gains of hvbrid I-PDA controller
become K, = 0.013. Ky = 0.0067. K; = 0.04x 107 and K. =
(102 respecuively. The constants L and H are chosen to be L
= 0.01 and H = 0.09,

s [ I3

Figure ¥ = Responses at § 500 rpm

The simulation results in controlling the speed of two-
mera system at 1300 rpm by the hybnd I-PDA and I-
PDA controllers are shown in Figure 8 It 1s seen tha the
response of the hybnd FPDA control system is faster than
the response of the -PDA control system. It is also seen
that both control systems can reduce the vibration of the
two-inertia system. The performances of two syskems are
summanzed 1n Table 4. The rise ume ¢, and settling tme 1,
of the hybrid I-PDA control system are remarkably shorner
than the I-PDA control system

Tabie £ - Svstem Performance Comparison

i P, Iy [ i

ey 1seCt %) 15eC) 170
Hvbeid I-PDA | 0.319 | 037 [ 0356 | 0.00
EPDA 0884 | 000 | LIH | 0.00

Sistem Responses with Torgue Disturbance Effect

In this sub-section. the hvbrid -PDA controller 1s used to
control the speed of the two-inenia system at 2000 rpm and
1000 rpm without changing the controller parameters
designed at 1500 rpm in order 10 show the effecuveness of
the controtler. It is seen from Figure 9 that the hvbnd -
PDA controller can control each speed without steadv-state
error when the desired speed has been changed from the
original speed of 1500 rpm. Figure 10 shows the disturbed
responses at 1.5 seconds. It is seen that both hybrid I-PDA
and L-PDA control svstems can reject the effect of torque
disturbance without steadv-state error.
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Figire 10— Disturbed Responses
Conclusion

The hybrid I-PDA controller has been proposed and used to
control the motor speed of the (wo-inertia svstem. The
speed of response can be improved to mweet the desired
system performance despite its simplicity in design The
simulation results have also shown the effectiveness of the
proposed controller.
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