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ABSTRACT

In this thesis, a simplified design of I-PD controller for a higher-order plant by using the
concept of plant model reduction and characteristic ratio assignment (CRA) method with less
number of characteristic ratios @ is presented. By ignoring the non-dominant poles of the higher-
order plant, a lower-order plant model is first obtained and an I-PD controller is then designed for
the model by using CRA method with the appropriate values of characteristic ratios in order to
obtain the closed-loop step response without overshoot. The designed I-PD controller is
implemented to control the original higher-order plant.

The experimental results show that the I-PD controller designed from the lower-order
model of the two-inertia system is sufficient for controlling the speed of the original two-inertia
system and the performances are similar to those obtained from the system controlled by the
controller directly designed from the original two-inertia system. The speed improvement of the

step response can be done by varying the value of a factor B greater than one.
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aussauzamdeams Taovia luda szunisoonidu 3 nquindng ndfe nquimsaiugu
MUUVURY (classical control theory) wquﬁnﬁﬂmﬂmmlmﬁv'lnﬁ (modern control theory)
uazngufnisnaugu Tasldwyuiy (polynomial) wioluvnnfaionh NQUHNYAA
A7987197TMINIVAUMINUVURTY (FY 35M15ABUAUDINIIAING (frequency  response
method) 18337 Taffa¥8431n (root-locus method) Fa9z1dMerFucoTouiundosilod iy lu
msnsziinzesnuuLsTUUAIURY uA lunsdi Inauazd TsvosszuuRansindieiu o
Wl hiawsanaunu (uncontrollable) uazliamsoduna (unobservable) WoANI3BivDS
zuuld dmSudredimguimsniuguuuyeaieIng wu 3511521910a (pole placement)
Haz35nInIuRuIMINEiga (optimal control) Fusziesandoaduanueunselums
A1 14 (controllability) tazaueusalunisduna’ld (observability) vosszunTavldiy
svuviieglugluenligiiman (state space) iunioaiodidglumsiinseuazoonuuy
svuy dmiuiidmuasandiuquanuaznie crA WuBnIsuilsiioonuuudinauguan
wyuguanyunla TaoinsannnmdiuvesilandunisToursllaveszuuniugu
tuq Weliszuuniuquilnaneumuesi hifiivafunazmfanaiafinauzegd 32ua
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2.1 AMUANTANUGIUYDIT CRA
da ° s 9 ad & ﬂ

mans1nsdavuazame (6] TMinduen1seanuuuAINIUANAILTT CRA Fuily

nanmseenuuuszuunuguIntilsz@ninmuazaussouzamunaesms lasimseenuyy
v
fInRNAITT CRA iU vzinsannnfleddunis Teunslavesszuuiloundunasnyuiw
o 4 gy ) . o g Y w

Auanyuzla e W lAnanouTUDIFING (transient response) MuNADINT Taldnanms
MansAnia laghn

(1) IZUUILYAUNUAWAUMINHUL

as & as § ' - 4
(2) FWINVONULVANMINYUIAUANUZFTIFINIURNNABINTMAINITIIRS
SBYAY
(3) 1@DusNINYBY CRA 928gUUIRDY lyAuweINuIvesawImen  (Lipatov's

sufficient condition for stability)
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Tu3Tmsves CRA wAnsannnilansunwleourilavesszuutloundy G(s) &

aunsn (2.1)

a,

G(s) = 2.1

n n-1
ans +an_,s +...+a,s+a0

w1 a1 d’.’ﬁ a & a P
Taonmduvesilanduniwloutiie wpnugudnyuzadaszunudn P(s) Aaaumsi

v
(2.2) fail

1

P(s)=a,s" +a, s" +..+ais+ay,Va; >0 (2.2)

A A w a @ & - o
dlo  ay,a,,...a, fedulsyAnivempunuanyuTadlsznoudlunslineives

n
ni 1 Y o a :;u Yo :{ as =Y A’ s 9 -
nszuaumsiinmazmiimesvesdnuguidaliiam Tasiidulssaniynadaesdeaiin
4 o = o o "y ac 4 Y
M‘Iﬂﬂ’]'lf‘fuﬂ unzwwmmawmmmnﬂuuﬁzgﬂaammvﬁ":mﬁ CRA ‘Hﬂ'ilzklﬂﬂﬁ'l’ﬂﬂﬂ

azivuaae 11 luunh 4
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2.3 MoANAIURMANYAZIAZAINIGINATI 1Y)
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= c’:; @ 8 1 e [l a 4
winiimeinlFlunmsesnuuuiiniugy sxilszneudsidasiduguanyus o, ¥z
@ o ' e o 0.’ A o o
drdmuaEdosmMwyesszuy uazmasminanionll z dwzitudadmuannuiives
¥
HARBLAUBIVDITZUY  AWIsTmeTmariszinnuduius lavassfunuiunudnuay
nila
anuduiuinendiamansvesidandiugudnyuy @, wazmnsiananionall

7 uaad IAAIauMIN (2.3) uag (2.4) Ail

a =— (2.3)
al+larLI
a
r=—1 (2.4)
a,

o o d (- 1 or : ' o o W
VINANUTUWUTUDINDAITIUUANHUL o, 11—1?1111'11‘1’1:"1 (2.3) un:mmmnmuum'lﬂ T

Tuaumsi (2.4) vz 1dmdusza@ns a, uaalddsaunisn 2.5)
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a; =87 ——
a_,..a, a

(2.5)
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FutudulszinfvemyuinguanyuziallailAnnis CRA fuaaseglumenves g, 7
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oz @, wastiunldlumssenuuuiomisvesmsiines iiminzauvesdniugude

2.4 MsdSuANUSNanRUAHRIVBITZUY

nnwyuwRudnyuyaTavesszuuiloundy P(s) luaunsii 2.2) aunsodiould

ogluglivavesdanlszdnt 18 saunsi 2.6)
A=la, a. « & a] (2.6)

diodaflandusolou G(s) vesaumsi 2.1) Weglugduuulnidsaumsi 2.7)

a,/a
Gls) =——— 2.7)
"4l g 4L+ 2
a" aﬂ aﬂ

' 4 = ' ) a ok 1 ar
ud Fadamvesaumsi 2.7) swausoiouiegluglisaveaduszans Inilddai

A=|1 &2 4 S
a, a, a

n3owou vy
n-1 n-1 n-1
4=\1 & - [I& 112 (2.8)
i=n-1 =1 i=0
- a . e o
Tao# b, =——, i=0,1,2,..,n-1 Haziiiod IS UsUANIT IHANDUAUDIVDITLUY
a

i+l

o o o o Y 3
aaunundsnnldoonuuuuda Aawisalin1dlaeldudnined g daiiu grliwaves

o a fda o -
dulszansniunnes g Ao

A:[l ﬂﬁb, ﬁ""ﬁb, ﬂ"ﬁb,} (2.9)
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r= l—(a—') (2.10)
B\ a,

= = i 4 ar 3 o o " o P a L o
Tagh g Deunandmila daiu Henduoioleuvesssuufloundudiolsuamunnines g v

¥
Hudail

G,(s)= _,ﬁ" = @.11)
as"+pa, s +.+p" as+pa,

' v
wazez Tdwpuunudnunzallavesszuy P,(s) dedivrwmnmes g udadsie il
Py(s)=a,s" + Ba, s"" +..+ B as+ pa, (2.12)

P [ a ° 9 a A a o
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HANDUAUDIVDITZUUAILID CRA
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2.5 1oy lua eI mMwues CRA

a - o ad 4 oA
ﬂ‘lsﬂﬁTﬁm“ﬂﬂUiﬂ’]W‘lﬂ@i5UUﬂQﬂﬂﬂﬂllUU1ﬂUQﬁ CRA YU ﬂzﬂlﬁil.wu'l‘uﬂ’.l‘lu

: . a
worgadm I vanoInmvesanImen [9] uarae lddsaunisnsae Iil

Je,a,,, >1.4656 dmiunnamees i=1,2,..,n-2 (2.13)
@, >1.12374a; dWiuNnAIved i =2,3,..,n—2 (2.14)
. 1 1 4 .
@ =—+—;0ap,a,=o Iaohi=1,..,n-1 (2.15)
(24 a

i+l i-1
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@ fio MiinasnsauguANYuE
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madenmdandugudnyuzuazainsdnanion Ty suiuitou lusudulums
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[ " ¥
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s ar da 1 o [ ) 1 o
ﬂ'ruﬂuﬁ’wswmunTﬂumﬂuqﬂnsmwsmnu 1Y gATMASIUMSHAANTEA NN 195z uudy

MOIADIUDAATB3A (Rolling Mill Drive System) 5ud Aswaaaluglii 3.1

30 3.1 szuvSanszay

a 4 a . £ a
‘izuuammaunﬂszﬁuﬂtym;ﬁmmmsMuuucﬁmmﬂ (torsional resonance) #44NA
c-.:v d'l - - " . o 9 = = oo A' -1 = [l (]
NAMMNABIFINMISTIANUTANGY (stiffness) M lmaufanistaduilediussdaderim
¥
ma1 - msdadveunarihidifiannuuandrevesnsuyuludumiadayy  (angular
o [ Y {a 4 : @ @ oo -
position) AABAUUANDY  AumduFuuiRavuivIzduRu T TuaudiuINTEd Uz
a o a ° 3 a a e &
MIMABIYesTUY Tutenudoeh difayuvesmsiadaiumans iy deluszuy
- i a = o a . . © a o a J
Fenafiiansinuazaundsauem? (kinetic energy) 211l uIavesmstiadaiuanniy
= g a J d’l o = o = -=’ " Y a
uaziGunsingmssiiifaduiid s lauuudmsiia 5 Tauuudmsiaiioede IdiRany
@omounmsiyeusio Inssad1anenavesszuuniuguld uensiniidedsnansenudenis
4 v & d ¢ o da 4
AVAUANUFTIVOITTUUAI ANTU MIRuANIE wazmsanis Tauuudmsiafifaty
o o oA 4 o o o
luszuvaewnisdiinnudigidiuediets dlunsesnuuudaniuguiuindudems iy
v
Tassaiinnzuuuiaemndiamansvosszuvaeananousauiuluideds llszeiue

ﬁaIﬂ'saﬁ%’wuazmmmmJﬁmewmsznuaaamaﬁau
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31 uuué'maammﬁiﬂﬁ1z'm'§1mszuuﬂaamn

v
o L o - & -]
luadetisznandimsmuuuiiasinentiamansueszuuaosuIameily

PONLLVUAINIUAY FUN 3.2 uaasdanuuiiasamanainvesszuuaeauranesuiiamig

voausaanarMInyu ludIuA 19 ¥0esUY

Tauh

o

NSRS T

3

CYCC

=

Nox

8

3UN 3.2 uyviiaeanawaiavessruuaeania

Ao usaﬁ'uﬁuv!ﬂ (input voltage applied to the armature)
D ANMUATUNIUVDIDI51NIDDF (armature resistance)
o ° s

fio mmmuuwwmm‘smma‘f (armature inductance)
& o o
D ATYUTUDIDITLNLIDT (armature current)
Ao usedudounduveINeIAB; (back electromotive force)

U - o o o "
fio mﬂmusmut’fﬂunawmuamai (back electromotive force constant)

d a o

fio ANUTAYVIYUVDIUDIADI (motor speed)

1 P = 4
Ao ANINIIITAYDINDIADS (motor torque constant)

- o

0 13310AUDINBIADS (motor torque)
- o & o . .
1o IHDJUﬁﬂ'TIHmﬂU‘UﬂﬂHBMﬂi (moment of motor inertia)
fiD 3UN1TNYUVBINBIABS (angle of motor rotation)

1 o »
fio AANVUVIAVD AN (torsional stiffness of drive shaft)
fio 1391AYBINTIE (load torque)
A o & . .
719 TUINUANNUINDIVDINITE (moment of load inertia)
Ao HUMITNYUVDINITE (angle of load rotation)

d a

19 AT ATIYNVBINI5E (load speed)

9 11591AN155UNIU (disturbance torque)
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Winanszua Wil i, Yulurees i uazdiel¥ngueuneiverisouases Irher 14

e, (=R, (0)+L,

di (¢
';f ) +e,(1) 3.1)

Taui e, (1) Aoussdudounduveaneines anindniweserimives lulsmesnyudaniiu
¥ v 4 da o v d =2 o Y a a ° Y @ o
@unsunimaniifatunnimana1ds Saildidansmiionius i i ludanhnung

d o o’ ar [ o n’: @ w g a o :l,
vaInIs Al mﬂ'iuui\muﬁauﬂﬁu'umuamaiuuwtﬂuﬁﬂﬁ')ﬂﬂummn’nmqumu

e, () =K.,() (3.2)

dionlasanlarrvesaunisi (3.1) uag (3.2) udamazuny E,(s) asluaunmsi 3.1) iven

aszudeIsees 1, (s) 914

E,(5)-K.0,(s)

L (3.3)
fmualiiduus wesiladidusned usebaveswemesvuiudadaudy 1, (s) &ait
T, (s)=K,1,(s) (3.4)
unu 1,(s) Tuaumsh 3.3) aaluaunisi (3.4) a2 18usedavosuemodai
T.(s)= (E (5)- K., (s)) (3.5)

a‘

& o = o' ) " 1 ar
wazilonIT s IlAvoINDIADS luiFIna wun T, (s) 3213ZNOUAWIMDUAIIAIANNTS

ao'lli

T,(5)=T,(s)+T.(5) + f,,@,(5) +J @, (s) (3.6)



12

- ﬂl

Taoh T, Aoussdiandesuouzmsgadosuiiounnnusudivanuuas £, Aodurlszang
a a  w & i e o o’: a a g ]
Janeariaduveamemesdeiing dniu luinniinusifalsanald 7, uay £, fim
" W & A 1 ' ° P H

mituguiie Ihwdenmsniuuuiasaneadiamans vInaunIsh (G.6) AN

o o 9 ar dy
ANUISIVOWBINDT @, (5) AR

TM(S)—TZ(S)
J s

m

o, (s)= (3.7)

A a o &

d =a o L
ANuS AT o, (1) VowBIABINTBBMIENTIANDEATINIINYY 6, (1) YDIWBIABIABIIAT

o

E L d
¢ AN WARNIUAAINNNTNRUTVDS 6, (5) U o, (s) 1Al

6. (s) = “’"*;s) (3.8)

L
dmdumanusada 7,(s) voamsziusgansom 1 lwihueufeifudunsniusiliaves
¢ & o 9 =1 a g/
YOIMDT  FINIATINTAMANMT AT @, (s) uasyumInyu 6,(s) ¥oIN15% 18MY

] v
AUNSN (3.9) uag (3.10) MUAAVAIY

1,(s)=T,(s)

3.9
P (3.9)

G)L(.S‘) =

6,(s) = 2,8 (3.10)
S

vnMsAnEmuT useiia 7,(s) veamszezdniusiukadeszninaumsnyu 6, (s) ves

UBIADI NUUNITHYU 6, (5) voamszdeeunsae Uil
T.(s)=[6,(5)-6,()] K, 3.11)
K
T.(s)=—[@,(s)- o, ()] (3.12)
5

i)'lﬂﬂ‘)'lllﬁ!.lﬁ’uﬁ{ﬂ'Nﬂﬂalﬁﬂ'lﬁﬁ‘;‘llﬂ\‘lu‘uuilo1?181711\1““%?]113#55”11?70\1“']?\ W

o o a & o w o v o
mmmummm'umnaaaﬂ1aﬂnmmm{muﬂﬂamwﬁuwuﬁszmwmmﬁ1 com(s) U3
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voimes Miluddumarvuusaduih £ (s) iflouldfuuenes 14 uazamisouans

vaen laozunsnlddsg i 3.3

E,(s) 1 ()Y — 1
+ Ls+R, "+ J 5+ 1,

T.(s) i— 1 @, (s)
) J. s+ f,

4 d
317 3.3 vaen laezunsuvesszuuasaula

4 = daor 1
weldusaiamssuniu 7, =0 srenunsomilenduaislouvesszuvaeuialdnin

aumsi (3.5) 3.7) (3.9) uaz (3.12) S (3.13)

2
+
Gp (S) . wm(s) — ; ’:ls r;O (3'13)
E(s) dys +dys +dis +ds+d,
1 4 K, K,
faAuNn n, = 7L
m*Y L™a
K,
S
4 KKK,
’ JmJL‘La
KR (J, +J))
‘ J,J,L,
d = K_‘La(Jg +J,)+K, K, J,
? JmJLLa
R
d, =L—"
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sruveesnaldiiaussousmudoans Taoli Taseadrsvesszuuniungulowd urasdsgii
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4.1 lumseeniuudanIgudIe3s CRA szniseenifuaesiuaou Tuduasuusn swefuw

L ¥ ]
fan1sanduduvesnszuIumIsudugelasnisdaInadesns Tuduasuiians i
P o o =t St & Yo o !

aszuaumsiiaasusuudnnesnuuudiniugulefiadieds CRA Fldinnudandiu
(Y b4 ' s - o ] @ e -~ 9
audnua , Yesniimsesnuuudinuguannizuaumsids i ldaadudulavdenldn

L9 1 o ' ar s o :‘ P 9
Sandaugudnuuy o, uazmnsiananionl « mnzay el ldwansuaueves

[ b td
syyumuguatai lifismaiu sauiluuniiszefuetimsulosdyguniuquueid
A VA oA @ & o w -

augulefidnnszuunadeiiouiiuszuunar hideiieos naswiniu hdnuguinlas
Wuszuunar hidediesudouTsunsunndieniuguaus 190932 UF0INID

(swazdva llsunsunlFlunminaasauaaslunianuin a)

o s L.
4.1 MIAADHAVVBINIZTUIUMIDUAVY

¥
1 = o a o o é ) =)
TuduiisreTu10fan15anduAUYBINTZUIUMIOUAVFA [10] FWOUAD & Uazdl

v
HAandunie louveanszuIuns Aail

Klﬂ[(s-i-zj)
G (s)=—"——:k2m (4.1)

[TG+p)

i=1

Taoit £ ududuvenszurumssudugauazdoannndmienindy m nanafe Inaves
nssuaumMIsudugedesiiinnumnnnimianhiuinnudlsvesnszuunsdudugs u
nsaadusuvesnszuumsas lwinniinugidimualinszuaumsdudugeiiinadovey

3 n’: 4 o o ar -‘: 4 L ar o r
$1u2u 1 o sraviu diesalwadeosuau 1wl 1dnszuaunishanduduudadsi

G,(s) = = k-IZm 4.2)
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Taof i=1,2,...,] Fnszuaumsnaasusuudinwansluaunisi 4.2) wiidudy k-1
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uatianadl ITnannn s A ud 15984052 UUNTNAADUAVLAY 1INMTIINTZUIUMSN

o o dy 1 =) s @ el as 1
andusuudail leenuuumamminiinesveaiiniunu lefiadu3s CRA el

4.2 mseenuuumnIug oAty

4.2.1 m3venuuudInuglefindIu3s CRA
N1500NUUUNIATNISITIRBI voadInIuguTofiRed19d108207T CRA Tauld

nszuaumsnaadsuaunda sl lnssadeszuuniugu loid Awaaslugui 4.1

D(s)

R(s) + E(s | - U,f',h,(.’i) + XX =
Controller GP(S)

Ci (s)’_

> PD
Controller

71 4.1Tnssadnvesssuuntugu loa

Hq Yo s o - & a o e 4
szuumugunilanldiniugulefddwanslugii 4.1 ineelidggruniugua

K
Ui_pa(8)= —E(s)- (K, + K;5)C(s) 4.3)
5
Taohi K, fio 8A3190108UTNTa (integral gain)
K, @0 das1veudadau (proportional gain)
K, fo6as1ue0eyWus (derivative gain)
E(s) Ao Aoy ismna1

DUNAVDITTUUAIUAN

=
—~
[+
~
o2 3p I
@ © o

1P IMYAYBITZTVUAILAY
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4' o v o o J - & e [ o
et mualiiansue 1o TouvenszuIUMINAAdUA VLA UAAIAITUNTN (4.4)

-~ N(s s"+n, s" +..ns+n
GP(S) - ( ) - nmk-f m-1 — 1 0 (44)
D(s) d, s +d, 5" +...dys+d,
s I¥iladducoTouvesssuununu lofatinaasdegilil 4.1
C(s) _ K.N(s) (4.5)

R(s) sD(s)+(K,+K,s+K,s)N(s)
o 3 s ddd‘ ] b 4
AU wuumf]maﬂummqﬂmmszuUﬂ‘mf]n‘lawﬂnnzumﬂﬂumsﬂammum

- a o
MIIADTVOIAINIVANAD

P,(s)=sD(s)+ (K, + K s+ K s’ )N(s) (4.6)

v
o

v
Taeiituneumsesnuuudiniugu lefiAo1e1089035 CRA Asil

1) iWendandiugudnyuz o lavldinou q, TumseonuuuAIMI B vea
Fanqunu iy k-1 @ uazmnsiananionll ¢ Aldkareuaussvesizuy
Zafalifidmjaiu Taofimpuguanuaizaela P(s) Asiindn13luumi 2

a o o o o < H & .

2) ioududszaniveanyuinquanvuzaela P(s) nldnnduaeui 1 A
o a @ & a P
dulszAinfvemungudnyuzyedszuunia P (s) FWNTTVIUMINGA
suRuudaziniugy leidey emmonivew K, K, uae K,

] ¥ [l
3) dnugu lefian 1denduaeud 2 Tdaiuguaszuiumsduduguay G,(s)

4.2.2 msenuuuianugulefiaiononsyiunimumaneuauediinids CRA
TS ANABINITANANNE INAADYAUDIVBITTULNTANTINNDOAUUUAINIUAY
ud fanson 18 Tao i unees 4 luaumsh @.10) udrdummsawv K,
@ ' -1 u’: ar i:
K, waz K, voswmunulmi laviiduneulumsesnuudsil
o 1 1 1 A U CI [} o Ei
1) Amuamudniaes g WTiawnnnimil vazdusmfmnzaudmivnszuaumsi

ansuduani I ldwpuunuidnuaizanla Py(s) Avaumsii (2.12)



grlmoayanan navsomundimantzly
17

2) oudulseansveamypuguanyuzalan Idnnduaoui 1 fudulszanives
wuwRuanyuzaila P, (s) Aaumsi 4.6 memiAmnsiines K, K, ua X,
lé ' (] s <1y
Favzilus Inivesiniugulewa

3) gy lean ldnnduaeui 2 Tauquaszuaumssudugudy G,(s)

4.3 M3 nILnu
1 4
Tunmsaddmuguluiadeil suflumsulasdygruniuguussdniuguleda

nnszvunmaaie ituszvuna luaesadionh lU@ou Tsunsunwidde u

43.1 mamlasiadsudeTeunnszuunmaenisuiuszuunatliderios
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K L
U,.(2)=K,a(z) +Td[w(z) ~a(2)z”' ] (4.19)
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Kd
u,,(nT) = Kﬂm(nT)+?[co(nT)—co(nT~T)] (4.20)
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u,_,g(nT)=TKe(nT)+u,(nT - T)-K,o(nT)— -]iT"-[w(nT) —a(nT - T)] (4.21)
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M3190 5.1 MINNABT A1 VRITTIIAD A
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G =
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(5.1)
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M300NIL 1, (2 F,
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EE@iE  PROTECTION #AL% OVER CURRENT, LFEETLOW VOLTAGE
SEREAMERE CPERATING TEMPERATURE —10~40°C
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DC-v A mom | Nem  (kgfem) A pm Q0 |kgren? (kgf-cn¥}| ms | VaArpm | NemvA | mm
12 10 2500 0.31 (3.2) 0.8 3000 | 0.25 0.7 (2.8) 12 4 0.038 .
1
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SPTHRUENNORE R LET,
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OmRron.

Incremental Rotary Encoder

E6C2-C

Industrial Strength Encoder Meets
World-Class Standards

u Drip-proof construction

® Shaft withstands heavy loads, 5 kgf

radially, 3 kgf thrust (axially)
® Short circuit protection

® Space-saving, A-slant cable protrusion

for ease of mounting

W RATINGS/CHARACTERISTICS
Electrical

fem EGC2-CWZSC ESC2-CNZIE E€C2-CWZ1X EQC2-CWZ58

Power supply volage |5 to 24 VDC (aliowable 510 12 VOC (allowabie 5VDC+5% 12VDC -10% to 24 VDC
range: 4.75 to 27.6 VDC} | range: 4 75 1¢c 13.2 VDC) +15%

Current 80 mA max 10C mA max 180 mA max. 100 mA max.

(See Note 1.)

Resolution 10, 20. 30. 40, €0, 50. 100. 200, 200. 250, 400, 50C. €00. 1.000. 1.200, 1,500, 100, 209, 360, £00, 600,
1.800. 2,000 F/R 1,000, 2.000 PR

Cuttput phases A_B. and Z ireversibie} AABBZZ A, B, and Z (reversibie)

Cutput configuraton | NPN open collector Vo'tage output (NPH Line driver (Se¢ Note 2.) | PP open collector
oulput output) output

Cutout capacity Appled voitage: Ouiput resistarce: 2k | AM28L321 lgni: 35 mA max,
30 VDC max. {resicual voltage: Output current: Residua! voltage:
Eﬂ:ss.mAm 04 ¥ max. High level (lok =20 mA [ C.4 V max.

esidual voltags: Igpngt 20 M max ) Low level () 20 mA gy 35 mA max.)
D4V max Cutput voltage:
(lgmy: 35 mA max.) Vo: 2.5 V min.
Vi 0.5\ max.

Max. respanse 100 kHz S0 kHz

frequency

{See Note 3.)

Phase dfference on | B0P445° between £ and B [144T£1/5T;

cutput

Rise and fall times of |1 ps max. Tus max. 0.1 us max, 1 ps max.

cutput (control cuges votage: 5\, | (cable lengtn 2 m; {cable length 2 m: (cable length: 2 my
load resistance: 1 k(L Iy 1C mA max) lg: =20 mA; gy 10 m& max.)
cabiée length. 2 mj lg: 20 mA)

Insulation resistance | 100 MQ min. (at 500 VOC) between camy parts anc case

Dielectric stength §00 VAC. 5C/€0 Hz for 1 min between cary parts and case

Note: 1. An inrush currant of approx. € A flows for approx. C 3 ms rignt after the E4C2-C s furned on.
2. The Fine driver output of the EEC2-C is used for data trarsmyssion circutry conforming to RS-422A and ersures long-distance
transrussion over twisted-pair cable, wih quality eguivalent to AM2E_531.

3. The maximum electrical response revoiuton 1s determined by the resoiution and maximum response ‘requency as follows:
Maximum electrcal responsz Fequency {7pm) = maxmum resoonss frequency/resoluton x €0

This means that the EEC2-C Rowry Ercoder will not operate electricaly i its revoution exceeds the mammum electrical

response revo'ution.

31U 0.5 swoziBvaveueu Inamesn 19lun1snanes
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E6C2-C OMRON E6C2-C
B MECHANICAL
tem EEC2-CWZAC | escacwz3e | E8c2-cwzix | EsC2-cwzse
Shaft loading Radial S kgf (49.0 N) 11.0 ibf
Thrust kgl (204 N)B 8 Ibf
Moment of inertia 10gs e (1x 108 kge mﬂ)mu 3ge om? (3x 1077 kg+ m?) max, at £00 PR
max. 8.4 x 10%bvin 85« 1
Starting torque ‘IOOg'I‘-m(PASMN-'mmax (72 mft+ )
Max. permisscbie revolution 8.000 rpm
Vibration resistance 10 10 500 =z. 150 mis? (1£G) or 2-mm coub'e amplituda for 11 min 3 bmes each 1
X Y. ard I directions
Shock resistance 1.000 mvs? (100G} 2 umes each in X, Y, ane Z directions
Weight Aporox. 400 g max. (cadle length: 2 m) 0 83 ibs

M ENVIRONMENTAL

Hem EEC2-CW23C  |EBC2-CWZ3E | EBC2-CWZIX |Esc2-cwzse
Ambient temperature | Operating =10°C to 70°C (14°F to 156°F) with ro icing

Storage ~25°C 10 85°C {=12" ¥ to 185" F) with no icing
Ambeent hurmsdity Operating 3£% to 95% (with ne condensation)
Protective circut Protecbor from cad shon-crouiting and power supply reverse polarity wiring
Degree of protection 1EC 1P€4 {JEM IFS4f dip-proof) (See Note }

Note. The apphcable JEM standard is JEM1030 1891

Operation
M OUTPUT CIRCUIT DIAGRAM
E6C2-CWZBC EEC2-CWZ3E

_—.‘_-'1'~“ 1~} # S Jar
I | : w1 - £ oo pemnee
1 - 1m mwau‘.m | | aa - llaclwe e
l men . T ] o Frase o l Eicsc -~ T t:u.-n::m’.:-.-f
: f—"T:i’Jﬂ :;‘3:"" i Crange: Phase 2) m:_-w yanssor ! m\n‘":m.‘
: = ov : { 0 lxmm | Bue
|__ S ] J—“mj— [ ) |_ - ay

- - ; ) -_————— Tonecea;  Cround

Dimensions
Unit mm (inch)
W E6C2-C

Note: 2m-long PVC code, 5-dia. (18/0.12 dia.) five conductors
anrd shield (exght conductors for line driver use)

31 .5 swaziBuaveseuTnamesilFlumsnaaes (de)
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E6C2-C omron E6C2-C

Installation

B CONNECTION
E6C2-CWZ6C/-CWZ3E

Color Terminal

Brown Power supply (=Vee)
Black Output phase A
White Outous phase B
Orange Outout phase Z
Blue C V {common)

Notwe Raceiver AM25L522

Connection Examples

M H7CR-CW DIGITAL COUNTER W COM1 PROGRAMMABLE CONTROLLER
Applicable Modei: E8C2-CWZEC Applicabie Mode!: E9C2-CWZEC

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

omRron.

OMRON ELECTRONICS, INC. OMRON CANADA, INC.
One East Commerce Drive 8E5 Milner Avenue

Schaumburg, IL 80173 Scarborough, Cntario M1B 5v&
1-800-55-OMRON 416-286-6465

Cat. No. CEDSAX3 10060 Specifications subvect 10 change wihout notice Printed n U.SA

311 0.5 waziBuaveseulInameiildluniinanns (de)
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¥ 0]
ANl szuvaeIn G(s) Ngnudasudafie

e
G(Z) =z TGP(S) (v2)

Tao#

3.67x10* +5.13x10’
s' +25005° +1.45%10°s% +7.39x10%s' +1.98x10°

G,(s)= (v3)

o
o

nsmuguszuuTesIaluInninusildinmdadonns 7 whdy 0001 Snd daiu

Handuawlouvesszuuasaia G, (s) hogluszuuna hideiies Ao

0.009199z° —0.01426z> +0.0009452z + 0.00413
z' —3.0282 +3.142% =1.194z + 0.08208

G(2)= (v4)
o ) - o a St ul: 1 o EUR Y ad ] ] P
dmiumnimesvesdmuguloiaiy  1dmdasnvnei ldnnisnsesnuuvedieioi
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il ldsdduaroTonludimvesdmugulouasialuszuunar hidoiios Ao
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z-1
lag
43.22z-40
Gpd (Z) = —T" (1'6)
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#include <stdio.h>
#include <conio.h>
#include <math.h>
#include <bios.h>

#include <dos.h>

#defineCH 0
#define CH1 1

#define DAADR 0x0300 /* DA ch.l I/O adress */

#define da_deta 0.00244141 /* da_deta=10.0/4096.0 */

#define ADR1 0x280
#define ADR2 0x281

/* Counter ch.1 address */

/* Counter ch.2 address */

#define cls()  printf{"\x1B[2]")

#define locate(x,y)

#define VCT
#define IMR
#define MASK

#define NN

char

int

unsigned int
double
double
double
double
double
double

printf("\x 1b[%d;%dH",y+1,x+1)

0x0b /* Interrupt vector IR3 */
0x21
0x08 /* Interrupt mask 1IR3 */
2700 /* Number of collected data */
s(20];
i,j,n,nn;

dl,dh,vx1,vx2,dd1,dd2;

cnt_read(unsigned int);

T,x,xd,r,rd,x |[[NN],x2[NN],u[NN],y[2],ee[2],volt,volt];
ref0,refl,sp,spm,Reref;

Kp,Ki,Kd,Ui,Ui_old,Upd;

DISTURB,RETARD;

cntnewl,cntold1,cntl,cnt10,cntnew2 cntold2 ent2,ent20,CL;
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FILE *fp_w;

int inter=0;

void interrupt far insub(void)
{
inter=1;

outp(0x20,0x20);

void main(void)

{
void (interrupt far *savevect)(void); _
/* Initialize Timer with Sampling Frequency = 8Mhz/dd1*dd2 */
dd1=80; dd2=100;
outp(DAADR+14,0x36);
outp(DAADR+8,dd1 & 0x00ff);
outp(DAADR+8,(dd1 >> 8) & 0x00f%);
outp(DAADR+14,0x74);
outp(DAADR+10,dd2 & 0x00ff);
outp(DAADR+10,(dd2 >> 8) & 0x00ff);
outp(DAADR+6,0x01);

/* Enble and Set Interrupt */
savevect=_dos_getvect(VCT);
_dos_setvect(VCT,insub);
outp((IMR),inp(IMR) &~ MASK);
/* Initial Variables */
sp=dd1*dd2/8e6;
spm=sp*1000;

volt1=0.0;

n=0.0;

nn=NN;

y[1]=0.0; y[2]=0.0;
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ee[1]=0.0; ee[2]=0.0;

volt=0.0;

RETARD=0.0;

DISTURB=0.0;

ref0=0.0; refl=2.5;

r=0.0; rd=0.0; x=0.0; xd=0.0;

/* Initialize DA */

/* outp(DAADR+2,CH*4+0);

outp(DAADR+0,0x00);

outp(DAADR+1,0x00);

outp(DAADR+2,CH*4+2);

outp(DAADR+0,0x00); */

printf("\n  Reference Speed (maximum 2.5 (x1000rpm)) ="); gets(s); refl=atof(s);
printf("\n | Time (max 2700 msec ) ="); gets(s); nn=atof(s);

printf("\n Ki ="); gets(s); Ki=atof(s);

printf{"\n Kp ="); gets(s); Kp=atofis);

printf{"\n Kd ="); gets(s); Kd=atof(s);

printf("\n  Time to Load Disturb (msec) = "); gets(s); DISTURB=atof(s);
printf{"\n ~ Time to Speed Retard (max 2700 msec) = "); gets(s); RETARD=atof(s);
printf("\n  Pleas new speed for retard ");

if(RETARD>100)

{

printf{"\n New Reference speed (max2.5(x1000rpm))="); gets(s); Reref=atof(s);

}

printf{"\n Running");

/* Initialize Counter */

outp(ADR 1+4,0x8c¢);

outp(ADR2+4,0x8¢);

cntold2=cnt_read(ADR1);

cntoldl=cnt_read(ADR2);



/****#******t**t****t#*#* MAIN ROUTINE ********t************t**!

while(n<nn)
{ iflkbhit() '=0) break;
if(n<1000) r=refl; /* Step time at 100th sampling */

if(n>=7000) r=ref0;
ifln>=RETARD) r=Reref;
if{inter==1)
{
cntnew2=cnt_read(ADR1);
cnt2=cntnew2-cntold2;

cntold2=cntnew?2;

cntnew1=cnt_read(ADR2);
cntl=cntnew1-cntold1;

cntoldl=cntnew1;

y[1]=-0.015%cntl; /* unit in x1000 rpm */
y[2]=0.015*cnt2; /* unit in x1000 rpm */
x1[n]=y[1];

x2[n]=y[2];

T=0.001; /*Sampling Time*/

x=r;

ee[2]=(x-y[1]);

Ui=(Ki*T*ee[2])+Ui_old ;
Upd=(Kp*x1[n])+((Kd/T)*(x1[n]-x1[n-1]));
volt=Ui-Upd;  /* [-PD Controller */

// for load disturbance

if (n==DISTURB)



outp(DAADR+2,CH1*4+1);
outp(DAADR+0,0x1F);
outp(DAADR+1,0x1F);
outp(DAADR+2,CH1*4+3);
outp(DAADR+0,0x1F);

}

if{volt>10) volt=10;

if(volt<0) volt=0;

u[n]=volt;

vx1=voltl/da_deta;
dl=vx1&0xff;
dh=(vx1>>8)&0x0f;

outp(DAADR+2,CH*4+1);
outp(DAADR+0,dl);
outp(DAADR+1,dh);
outp(DAADR+2,CH*4+3);
outp(DAADR+0,0x00);

ee[1]=ee[2];
voltl=volt;
Ui_old=Ui;
xd=x;

rd=r;
inter=0;

n++;

H
/* DISABLE AND RESET INTERRUPT */
outp((IMR),inp(IMR) | MASK);



_dos_setvect(VCT,savevect);
outp(DAADR+6,0x00);
/* OUT 0 V.TO DA CH.1*/
outp(DAADR+2,CH*4+1);
outp(DAADR+0,0x00);
outp(DAADR+1,0x00);
outp(DAADR+2,CH*4+3);
outp(DAADR+0,0x00);
outp(DAADR+2,CH1*4+1);
outp(DAADR+0,0x00);
outp(DAADR+1,0x00);
outp(DAADR+2,CH1%4+3);
outp(DAADR+0,0x00);
/* WRITE DATA TO FILE */
fp_w=fopen("I_PD.dat","w");
n=0;
while(n<nn){ fprintf(fp_w,"%f %f\n",x1[n],u[n]);

n+ o}

fclose(fp_w);
}
double cnt_read(unsigned int adr)
{ double cnt;
unsigned char lbyt, mbyt, hbyt;

outp(adr + 2, 0x10);

while((inp(adr + 2) & 0x08) ==0) ;

lbyt = inp(adr + 0) ;

mbyt = inp(adr + 0) ;

hbyt = inp(adr + 0) ;

cnt = (double)hbyt*65536.0+(double)mbyt*256.0+(double)lbyt ;

return(cnt); }
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Simplified Design of I-PD Controller Based on CRA Approach

S Suathed'. S. Nundrakwang', T. Benjanarasuth’. N. Komine® and J. Ngamwiwit'
! Faculty of Engineering and Research Center for Communications and Information Technology
King Mongkut's Institute of Technology Ladkrabang, Bangkok 10520 Thailand
* $chool of Information Science and Technology. Tokai University. Kanagawa, Japan

Abstract—A simplified design of I-PD controller for a
higher-order plant by using the concept of plant model
reduction and characteristic ratio assignment (CRA) method
with less number of characteristic ratios @;is presented in
this paper. A lower-order plant model is first obtained by
ignoring the non-dominant poles of the higher-order plant
and a I-PD controller is then designed for the model by
using CRA method with the appropriate values of
characteristic ratios in order to obtain the closed-loop step
response without overshoot. Finally, the designed I-PD
controller is employed to control the original higher-order
plant. The simulation results show that I-PD controller
designed from the lower-order plant model is sufficient for
controlling the original higher-order plant with acceptable
performance. The simulation result of speed iinprovement of
the step response by varying the value of a factor £ greater
than one in the design is also shown.

Keywords—Characteristic ratio assignment, reduced-
order plaut, I-PD controller

I INTRODUCTION

In the industries, most processes have emploved PID-
family controllers since several decades ago due to their
simplicity and their sufficiency in process control
applications. It is reported lately that more than 90% of
the industrial controllers used nowadays are PID
controllers. However, its parameters must be tuned for
acceptable responses. The most popular tuning formula 1s
Ziegler-Nichols' tuning formula [1], which is designed to
have quarterly decayed overshoot charactenstic m the step
response. The fine wmne 1s needed for over-damped
charactenistic.

In 1998, a method called Coefficient Diagram
Method (CDM) [2] has been proposed for assigning the
unknown parameters of the controllers that result for
over-damped response. The structure of feedforward
controller assigning by CDM concept 15 added to the
CDM control system for improving the step response [3].

Recentdy, Y. C. Kim et al [4] proposed a new design
method called characteristic ratio assignment (CRA). The
method introduces an algonthm in terms of generalized
time constant 7 and characteristic ratios &, which specify

a corresponding characteristic polynomial that results in
the desired response. A lower or no overshoot with
arbitrary speed in step responses can be obtained by
employing an appropriate controller assigned by CRA.
The speed of step response can easily be improved by
mcreasing the value of factor § greater than one.

978-974-8308-56-2 ©2007 KMITL

In this paper, the simplified design of an I-PD
controller for higher-order plant using CRA concept with
less number of characteristic ratios @;is presented. By
ignonng the non-donunant pole, the higher-order plant
model is reduced to be a lower-order plant model. After
thatt CRA is used to design the I-PD controller for
contolling the lower-order plant model. Finally, the I-PD
controller designed for the lower-order plant model is
emploved for controlling the original higher-order plant.
In order 1o demonstrate the effectiveness of the proposed
method, the simulation results in controlling the speed of
a rwo-inertia system by the proposed I-PD controller are
shown. The effect of varving the factor 8 1s also
investigated by simulations 1o venify the capability of the
propose method in improving response speed

II. CRAMETHOD

In this section, the concept of CRA method will be
descnibed. Given a closed-loop transfer function [4]

ag

G(s) =

(¢))

a,s" +a,,s"" +. .. +as+ay

where its closed-loop polynonual is expressed as

-1,

P(s)=aps" +a, 15" +. . +as+ag,¥a, >0,  (2)

the charactenstic ratios are defined as

3 3
ay as a,.
al = .ﬂ': = B Ay =

2y, aay a

3
=2

3)
a

and the generalized time constant corresponding to the
response speed of system with P(s) 15 defined to be

a
r=-L,
I

1

The coefficients a,;of the polynomial P(s)can also be
reversely expressed as

a; = agl )

i
agl A
a; = 3° = fori=2....n (6)
a,_ a‘ W a'-




For a set of specified @;'s. ¢ and q;. the corresponding
polynomial P(s) can be determined. In order to improve

the speed of the step response. the value of the generalized
tume constant should be changed by a factor £ as

)

-1lja
B aq

where g > 1. In this case, the speed of step response can

be adjusted without changing the characteristic ratios.
Hence, the closed-loop transfer function (1) becomes

ﬁ"ﬂo

Gz(s)= :
# s +H.—ﬂ"'lnis—ﬂ'ac

8
a,s" + fa,_, =

III. CONTROLLER DESIGN

In this section, I-PD control system is considered as
shown in Fig. 1. The plant model order reduction. I-PD
controller structure and its desigming procedure will be
described respectively.

Cis}

Fig. 1. I-PD control system structure.

A. Plant Model Order Reduction

Consider the k™ -order plant with transfer function
given as

A'Ii[(:+ )
G, () = 4+——
]_[(-f+p,)

t=l

kzm . &)

Without loss of generality. assuming that it contains non-
domunant poles -p; for i1=1,2,....,] . Consequently, the

k™ -order plant can be reduced to be a lower-order plant
model as

KH(J":‘;)

G,(s) = ——= LK =

[1G+p) I~

fmi=] 1=l

696

B. I-PD Conrroller Design

The control signal of the conventional I-PD controller
m Fig 1 1s given by

U= SLEO-(K, ~KaC6, (D

where K. K, and K, are the mtegral, the proportional
and denvanve gams respectively. E(s)=R(s)-C(s) 1s the
error signal. R(s) 15 the reference signal. C(s) and D(s)
are the outpur and constant disturbance of the control
system

The designing steps of the I-PD controller by CRA
are as follows:

1) Choose the appropriate values of characteristic
rauos @; for i=12,..k-/+land generalized
ume constant r to find the characteristic
polynommal P(s) such that the over-damped
response of the closed-loop system with lower-
order plant model 15 obtained.

2) Find the closed-loop characteristic polynomial
from the closed-loop transfer function which is
mcluded the unknown parameters of the I-PD
controller and equate it ro the characteristic
polynonual obtamed i step 1) o obtain the
controller gamns of X, K and X,

3) Apply the I-PD controller obtained in step 2) to
control the onginal plant.

If response speed improvement of the higher-order
plant using the 1-PD controller resulting from the lower
plant model 1s required. the value of factor 8 must be
icreased greater than cne smce its imtial value in the
above designing step 1s one.

IV. SIMULATION RESULTS

The simulation results of the speed control of the two-
mertia system [5] using the proposed I-PD controller
obtained from the simplified design based on CRA
approach will be shown in this section.

J. K. e
Shaf
Encoder
Motor Load
e e s o e a2 o s i

Fig 2. Model of nwo-inertia sysiem

The two-inertia system model is shown in Fig. 2 and
its block diagram are shown m Fig. 3.
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Fig. 3. Block diagram of the two-mnertua system.

The transfer function of the rwo-inertia system shown
m Fig. 3 from [5] 15

4x10°s* +6.67<10°
+2.5%10°s* +1.57x10°s* +8.85x10° 5+ 2.57x10°

Gr(") " o

It 1s seen that the rwo-inertia system 15 a fourth-order
system. The corresponding open-loop poles are at
5=-39.6.-2436.8. -11.8+50.2, -11.8450.2. Note that
two poles at s =-39.6, -2436.8 can be considered as non-
domunant poles. The open-loop response of the rwo-
mertia system when applving the mput voltage at 5 volts
is shown in Fig. 4. It is seen from the figure that the
unsatisfied torsional resonance occurs and 1t must be
reduced by using an appropriate controller
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Fig. 4. Open-loop step response of rwvo-inerta system.

Since the non-dominant poles of the rwo-inertia
system located a1 s=-396and s5=-24368 can be
neglected: therefore. the transfer function of the above
system can be reduced to be a second-order model as

4x10°s* +6.67x10°
9.65x10"s" =228x10°5 +2.57x10°

G,

This lower order plant model of the two-inertia system
will be used to design the parameters of 1-PD controller
for the onginal two-inertia system by CRA method. In
this paper, this design method base on the reduced order
plant model is called simplified design method while the
one directly design from the original two-inertia system is
called direct design method.
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A. System Responses

Based on the controller design procedure stated
previously. the parameters K . K, and K, of the I.PD
contoller obtamned from the lower order plant model of
the rwo-wnertia system with the values of the charactenstic
raunos and the generalized ume constant chosen as
a =89, a,=045 a,=5107 and r=130ms are
summanzed in the Table [ Note that the charactenistic
ratios are chosen to give the positive values of K,
K, andK, of the [-PD controller when the simplified
design method 1s emploved. For comparison, the
parameters of I-PD controller directly obtained from the
onigmal plant model with same value of the generalized
ume constant and & =295, @, =3.18, a,=065, @, =30 can
also be shown m Table I

Tasiel
CONTROLLER PARAMETERS -AND SYSTEM PERFORMANCE FOR
FACTOR f=10
- - - rl r‘
DesignMethod | K, | K, | K, 5
(ms) | (ms)
Direct 2021 | 008 | 0022 22 37
Sumplified 2203 | 302 | 0034 ol | 440

The simulation results of the motor speed of the two-
inertia system controlled by the simplified and direct
design I-PD controllers are shown m Fig. 5. It is seen that
the proposed I-PD controller can control the speed at 1300
rpm without rorsional resonance, overshoot and steady-
state error. It is also seen that both system responses are
quite similar and theirs rise times and sertling times are
numerated also i Table L.

Duwct doseun of HD voi uliorn 11
—— Sl design of b PD contoter |

@ o Jon 200 460 00 GO0 TGO MOC  #00 1000
Time (Mo}

Fig. 5. Step responses of control systems at 1300 rpm.

B. System Responses with Variation of Factor §

In CRA method. the speed of the step response can be
mmproved by a factor S without changing the
charactenistic ratios. When the factor § in the I-PD
closed-loop system with the lower order plant model of



the two-mertia system 1s varied from§=10w F=12.
the corresponding gams K, K, and K, . can be obramed as
shown in Table II. The corresponding responses are also
shown m Fig. 6.

TasLETl
CONTROLLER PARAMETERS AND SYSTEM PERFORMANCES

L i T
g K; Kr Ky (ms)| (ms)| (ms)

1.00 | 5292 | 3.02
110 | 7748 | 530
1.20 110974 8.03

0034 | 251 440 130
0040 | 241 423 118
0.045 | 232 414 108

— it 00
— sl 0
=120

o a0 wo oo

o n

o0 300 a0 00 a0
Tine ims)

Fig. 6. Step responses when S of I-PD control systems 1s vaned.

It can be observed from Fig. 6 that the larger value of the
factor £ will result in the faster response n the speed
control of the two-mertia system. It can be notuced here
that the larger value of 8 will not affect the response in
term of overshoot but will affect the generalized tume
constant as also shown in Table II.

C. Capability of the Simplified Design I-PD Controlie

In order to mvestigate the capability of the I-PD
controller designed from the lower order plant model of
the two-inerua system, the motor reference speed of the
two-inertia control system 1s retarded at 1000 ms from
1300 rpm to 800 rpm. It 1s seen from Fig. 7 that the motor
speed of the system using the proposed I-PD controller
can reach to 800 rpm properly and similarly as the two-
inertia system controlled by the I-PD controller obtaned
from the direct design method.

When the magmitude of constant disturbance 15 25%
of the reference motor speed entering ro the rwo-inerta
system output, the two-inertia system controlled by the
simplified design I-PD controller can reject the effect of
the constsut disturbance faster than the one controlled by
the direct design I-PD controller as shown m Fig. 8. This
result dues to the vaule of integral gain obtained from the
simplified method 1s larger than the one from the direct
design method.
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Fig. 8. Response with constant output disturbance
V. CONCLUSIONS

The simplified design of an I-PD controller for a
higher-order plant by CRA concept has been proposed in
this paper. Although the propose method simplifies the
design calculation. the capability i wunproving response
speed can stll be achieved similarly to the direct CRA
design. The simulation results i controlling the speed of
the two-mertia system by the proposed controllers are
investigated to verify the effectiveness of the proposed
method. The results show that the proposed controller can
reduce unsausfied torsional resonance and yield the
satisfied step response without overshoot.
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