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ABSTRACT

In this thesis, a cooperative control scheme of integral control and
integral resonant control (IRC) has been employed for a two-inertia speed
control systems. The proposed control scheme consists of two negative
feedback loops. The inner loop employs the IRC controller designed to
reduce unsatisfied torsional resonance. The integral control is utilized as an
outer loop control in order to achieve a good tracking performance. The
parameters of both controllers can be easily designed by root Llocus
technique. The effectiveness of the proposed control scheme is verified by
both computer simulations and experiments.

The results of simulations and experiments show that the proposed
control scheme improves the speed response of two-inertial system without
torsional resonance and steady-state error. Besides it can reject the effects of
both input and load torque disturbances.
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3ABUNY 19U NMskARnssaETildssuuiuNemeiTsuAIasin (Rolling Mill Drive System)
Hudu seuvasseudestinuszautigmiflossnisieuuudnista (Torsional Resonance)
flenneliiAnnudenoudlasadionenavessyuy  wenantuddwansenurens
muguAIiTessEuURE Ani MImuauauditasmsanisTauuudnisiaresssuy
assmnidosSaimuddgduednis

nanafneduaimui Ivansunauimitausifeafiuvmseenuuuiimunuiive
antpmmaislouuuduaszuvasinuideseniitu

-nseenuuulagléFnruguaiAn (Classical Controllen) Tnsiamizendonisaaunan
AugruamUssian fe i la # a1finsmuqussvuassmdesdiadinuauiled
(Proportional-Integral-Derivative Controller: PID) ﬁ"nmuqu‘ma (Proportiona lintegral
Controller: PI) [1] wazsiniunulafid (integral-Proportional Derivative Controller:
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suuthifuuuiaemindinman’ ssuusuiuguuazssuuiiimnuliciveu @]
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Wudmuauduiiniaisleuuud (ntegral Resonant Controller: IRC) Tnsedendnnisana
mnnmsislouyudradlnanlificlszasdiviloudvisusn  Meonsifunstoununse
(Feed-Through) Tussuunta  vilviisdlsegindiulnaslouuud  wavesddnaislouuud
eaanouas [8]  Fmuauduiindasieuuudlagniiuidmuguisleuuutlussuvuruna
goudh  wiusngiieamani e [91 dsdshinunsiuiateuriunsslulflumaufin
Thegaiimsiiauedmunuilauyavesamuuduiindaclowuud  iRemunusumis
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assmmidosiieldlunsssnuuuiimuny

3. AnvmgAnssumsisleuuuduatssuvasimden

4. MMUAAIANSIOLEITUVABIAINIEBETABINTT UATEBALUUNSAIUANIEULEDS
mmdesfonismunBuiinauastuiindaslauwuudifoussatofimunaussousdinan

5. $rassmuauAiIsEUVAsIImIReslnseduUUS asRdRAanT

6. VRADIMIVANANULTITEUVABIAILIRDE

7. apunan1yiy

1.4 SwaBEAYDIINYIINUS

Tingimusiuieeminiomesniiu 6 un Insfinvazdunveudarundal

unit 1 namdwseiRmnuiun faguseasflunsiineidy wieiineasBoaves
eniinusluusazun

unit 2 naaanguiugudmiumssenuuudmugusleauud  uaziarmuR
duvindaislonuud

il 3 namdsruuaesmudesidilunmaasuyssvinmimunduiinia
wazBuninaislounud

unil 4 namfismssenuuuiimuruduiindauasufindauslauuus

unil 5 aamdanssiasuazmInaasslunsAUANAAE TSI Y
TwienujiRmasesmuauildesnuuuliluunil 4 Wisuieufumeunuduindauite
AnwUseAvsnmussimusuiiidiinaue

unil 6 agUnanisideuastowusuuy



Tudwievesinerdiwusifuniamuin - Aemwan n. namdesisasidonrie 9 184
gunsailélunismeass Wy wewed yaswsdunewmes uazieulaaiees niAwuan v.
na1te vdenlaszunsuvessvuumunuilnslusunuuamuay (Matlab) n1AKWIN A. waR
SelusunsupeuRmesn 1@ (C Language) UAZAANLIN 3. WARITIHALTAFTUNSARNN
warelaunafielse TRveidelaedauny



unit 2
suulslgnuuduasitnluaNduiniaslouuudg

2.1 ngaudn

iemunilnanimgeiiiededunsesnuuuszuumunummnissuvassiy
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gWLLYIY TvanuUIngmsalilugunsaiBidnvisetind 19y Ing reamame$ 1Hudy
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2.3.2 danuquduiiniatsiouuud
smundudindaslouuud  HusmusitiivnAsnndmmusuduiinta
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LUURAT  WAFIAIUANLULINISNTBWIULAUAIIA  ANSSAUSLATAIAMUTBIRIAUAN
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Wanaun$3u (Phase Margin) Wifussuu  wilidedaeiipenninunanudsiiiiAigs Jevilv
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nginssumsisleuuudnnransuausnivimsslouuudsznoudsmmiisTouuudinue
Tafhmdnthe dwfummadisisuudivlmesenanevisanumainmmdsesiuoinu
Adwaaunsi (2.2)

suit 2 \densailouriueseiiiin D TasRnmidenaunuitdwmaliifudlsi
mudmnIeRETswuLRaLINYBIsTUY
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tuil 3 denfmusuduiiniaslauuud C(s) nsdlifenmunuuuuieasnies
Wunounud  msdeninavesnmuatlitinudsnitenudisleuuudinunusnues
38UY 10 Wn

fuil 4 NadumsnuesssuuisTouuud wdsniiudateuiunsanasiiug
munuduiiniauslouund  Wersadeninuiirivauduiniaislauuud C(s) mdun
snddinalunsanarmdisTouuudiiaulauniigs
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=
SYUUHIAULADY

3.1 na121n

syuvaesmmidessviosruvasang  ussuuitiinnulugamnssudsldszuy
Fuirdaulunsruiunisudn Inesruvassmnudesifussuuivhmihdlunsduniseiing
sasgvafuuasidouregmuiufemanlnserdequnsaiduimiu fegwgpamnasudi
fi¥nuauzsruvanIndes Wy gravnIsuMIHARNIEATIdsruUTuLawesvuAIadn
(Rolling Mill Drive System) [14] fauanslugudl 3.1

E s J

o
TR .

R | 0 |

< 4
3UN 3.1 szuvsanszany

Tty uuassanudoiindsvay A ywiidaiisssinislawuudnisia
(Torsional Resonance) Saifinvaninaniideidesnisziininibangu (Stiffness) ilvimaniin
msdadiilefiusedadiiauinan nstedwsawarivhlinsvilusuntadam (Angular
Position) IIAAMULANAINNUAGDAWLING) u.asﬁﬂumim%muf’iLﬁm%uﬁ"uwﬁmmé‘fuﬁué
fupmdinnsefusasnsfimesvessruy lumnudumnudenaviliiAnuuesnis
Tnsnduanssinu Fduszuuidmnaiiansiivasaundausad  (Kinetic Enerey) 99¥h
Tauinveanisdadmniunniu wazionysingnisaifatuiinslowuudnisde
Usingmsaiijensnelideaudemeunnisdeuselassadravnanavessyuuld venani
SadamanszmudenismuguaIivesssuuie  Aaduniseenuuumamuauiimnza
teliimihiiniuguanuwasnisanisTauuudnistaiiiatuluszuvassmuidonad
A iuegneds  Tastugnilumsssnuuuiauaniuduiiudemsulasaiauas
wuiiasmuadamansvessruuassamidosnou  daiuluiadereluazesuisis
TAseaiauaEnIMULUUTIaBIvBITEUUABIMMIADY
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¢ -
3.2 LL'U'U"ii"lailQ'VI'l\‘lﬂﬂjﬂﬂ'lﬂﬂi‘!liNi#Uﬁﬁaﬂﬂ'ﬂNLQBFJ
: A o “n = 1] Y.
svyvassnudasninausluineniinusiauiiilas@asmaniasnmusenausig

UBLADSTULATLDINDINITY BB INanIAnsuaulAnAasiNanII9dAAI IS 1184

' o - - oo i w2 a e o w
UDLADIWAALHI  INANUDIUBLADTILANA AAUAIANIIAIIUDDUMEARANULDLADTNIAD IR

-l
wansluzun 3.2

.
K J;

Shaft

Encoder

< 2 -
E'UVI 3.2 Iﬁiqai'}amqmamwwaszuuaaammmaﬂ

drdudnnarinsinsuusiassinendinenansvesssuuansauidosiiveldlu
N59BNLUUAIAIUANLAZANITIABISSUUAILAN TALINTATIAT IV RAILAINTBITZUUADY
mqm%a‘lugﬂﬁ' 3.2 ARTAINUUTIBMIING Ty esseuvain wi@esTidenndpsans
N3l A9 WuudresInsaliin g iniineduiawmainise wazuuudasIinsminisy
malvihdetuuemednisese

3.2.1 wuvdnaaansaililinisenislnidenuaemainige
fiamevewsidauasiiemasesnisvanludsing 4 vesszuvasmdey
diedouussiudunalifvuemeiddunsailifinsemilwibweiuuaimesssy annsouans
lﬁﬁauuuﬁwaaamawa‘i’mmaﬁzuuammmnﬁaﬂﬁagﬂﬁ ¥3

= o 1 L 3
UM 3.3 wouitaeesnsabiinsemdliideiuseimesnse

Toeil e, Ao wsauBuNANBIAB YU (Armature Input Voltage)
R,  fe Anuduymuesmiees (Armature Resistance) 9844810059
L, #e anuwilsnhensuises (Armature Inductance) vasiwmaiiadu
i,  fiD NTTUADI5WTDI (Armature Current) Y8INBIRBSAITU
e,  f. usenuliaunau (Back Electromotive Force) Taduainasaatiu

- ' o @ W s . v
K, @9 apsiusesudeunau (Back Electromotive Force Constant) U83usinasaidu

@, s AENTau (Angular Velocity) vewiaimaifidy
K, fe finsiussdn (Torque Constant) vasueinaimiu

123034
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o useln (Torgue) UBUBLABIFITU

fo Tuadmnandes (Moment of Inertia) vosinasddu
e Aumiada (Angular Position) BBty

e AmmuudaRsveawan (Torsional Stiffness of Drive Shaft)
Ao uselnvamOImBsAINSY

fio usmnndssvewewmesiinise

D SuMATIYNTBBIAeIFIANTY

Ao muSuBuprswBmeiiay

A9 usainn13sunIu (Disturbance Torque)

NEDESN RSN

MIUYesTUaRIAMREa U eldlay Wadtsusidudune e, Wiy
wowmesninssuanssafuvamasdurdaudiindnasilmianszualnia i, Yuly
193lvdegun 3.3 Teeendunguasinesveniagle

ea<t>=Raia(t)+L,,5’5;—f-’—)-+e,, ® 3.1

= < LY @ 5 < d o o (3 L3 LY
el e, (1) Aousaiudaundurewmaned invnnishniiwesersiueslulaneivyudn

Anudunsuwimdniiennuivdnens  lddansmdenhuseiuliihludainung
voahsued  Faswivdaundursswawestiuandudadiuiuamusiudapnd

e,(t) =K, o, (f) (3.2)
Amualiiduussvosantuanm ussiavewewmesesludadiuy i () Al

T, (t)=K,i, () (3.3)

LA

WoRaTuIwsln T,.(1) 193n138asdunusiunasnessninesuniiduuveiuanasfity
6, (1) uaZAUMIATWNVBWBLNBIFINTL O, (1) faumsnluil

T,()=K,(6,()-6,() (3.4)

dlefinrsanmaedsuiiduureweweidty  wuiwsdaiewmesiadudsiumanasd]
Airmamseduiuusideremaimesinnstwazusiiadornusadoamu  Tasruinves
ussdngmdvesuamesinduasuysiumulisndmmdes J, wasamiaduuvemeines
Friudsaunisii (3.5)

T,()-T,(0)~T,()=J, i’f"j"t@ (3.5)
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< - ad ¥ a P e v V P w o )
issnnusndgamuundiisves Anetdwusiauillnsmnulv 7, dewihiuguditedese
NIMUUTIRBRdiRAEnsazla
dw, (t
T.O~-T.(H=J, 4o, ) (3.6)
dt
LY L i a ] o oo ¢ W + o o
Tudnvasifientu Weinsanmsefouiifupwswnweiiinse  wuluslafuawes
fan1sedshunatazitanmsanuiuusian1ssuniu - lngaunnueansiingnsves
g o (3 < Y s o
VaWBIHINTEITUUTAUUTIAUARINRBY J, UaYATINIUTRNYDWBIABTAINITAN
aunsh (3.7)

T.(O)-T,(0) =4, 220 (3.7)
dt
\dleuvasaruane (Laplace Transform) aunnsit (3.1) uae (3.2) wdasld
E,(8)=R,I,(s)+ LI (s)+E,(s5) (3.8)
Eb (S) = Kea)m (S) (39)
warunu E, (s) aunst (3.9) asluaunisil (3.8) ievinszuaenunaes 1, (s) aeldl
Ia(S)-': Ea(s)'_Kewm(s) (310)
Ls+ R,
dleuvasaaneaunsii (3.3) uswesinueinesasiinel
T,(s)=K,1,(s) (3.11)
wnu 1 (s) luauntsit (3.10) astuaunisit (3.11) esldusebavemamasiadusiil
T.(s) =——£”—'——-(Ea(s)—Kea)m (s)) (3.12)
Ls+R,
ewvasanuanwannisi (3.6) aunsamaruFudapveweweiiiu o, (s) il
1
@, (8)=—(T,(5)-T,(s)) (3.13)

g5

- < < o as

dowlasaanraunisi (3.7)  awnsomarudniuuvemewesimmse o (s) 1
o

aunsn (3.14)
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0,(5) =——(,()~ T, (5)) (3.14)
J,s

inenmaduurewoweiidutazfiniszazsudsiunudnsninuasuutamuni
Wapdunimiear  daiuihumisdasewswesimdusasiuminiugsewaines
fMnselsannsaeiunemeaUaignsannisi (3.15) uay (3.16) sudnuy

0, (s) =—l-(com (s)) (3.15)

6, (s)=—i~(coL ) (3.16)

Lﬁauﬁaomﬂawanmiﬁ (3.0) a::lé’u'iaﬁmammma’%ﬁ'mﬁzﬁﬁ
T,(5)= K, (6, ()-6,(s)) (3.17)

dsuvusiunindauuasemaifidu g, (s) uazuswsinise 6,(s) luaumsh (3.15) uas
aunft (3.16) agldmuduiusszwinuseln 7, (s) duanusaduuvssusinesvisaaail

K
s

T.(s) = =*{w, (s) - 0,(5)) (3.18)

PneuduRuSnIRdinaanveLuusnemaTnvesssuVaR A SR
FrefuannsauammNdRussenIRIE I WY wewe U @, (s) Muusadulnih
E, (5) Fdeulvituiawmesiilefiuseinsuniusamessainise T, (s) Wnwdenlaszunsy
suvassmudeslugui 3.4

T.(s) | @, (s)
_’9+ A
T(s) [x | -
S +
E (s) @,(S)
P - >

d o 138 g [
U 3.4 vdenlaezunsuvesssuvassenu@sensdlidensemalwihiuueweinise
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- a fo 4 o -1
Wauswlanssuniu 7, =0 azasonisdtuatelauresszuvassnuidselenail

2
Gs) = “;"'(s) ST S (3.19)
(8) s +dysT +d,s° +ds+d,
o K K
Togh  ny=—n—
J J,L,
— Km
T L,
_K. KK,
U JL,
g KR+ )
: J g
g KL, + T )+ K KT,
? Tk,
4oL

3.2.2 wuvdiasensiarsenelnidenvusmesnise
widetiznandinsaiusidasunutaweimssdensienisenalndi
R auynsufvusraimaiunseiusweingy  Aemwswusdauasiavnsrasnmavyuludiu
#14 9 vessEUvABIm s TlauussuBunslifuBImefTy nedifinissmslnise
AuuBLeBsANSE mamau.amﬁé’ﬁ’amei’waawmwai’mmssuuaa«amﬂmﬁaaﬁ’agﬂﬁ 35

P ° ~ | w
EU'W 3.5 LLUUQWaSQﬂimHﬂq‘Sz‘Vl’l\ﬂwﬁ']ﬂaﬂuu@W\ﬂ%ﬂ'ﬁﬁ

el R, fie mudunueninmesememedinnse
R, @8 anudmumuneuen
L, #e evwwmilsnhansunesivssaweiinnise
iy A9 NITUABISIIDSURINBLMDIAINTY
€, D UINAUBUNAUTDWBINBIAINITY
K, #o mafiussiufounduraaamaifnmss
K,. #o mesdfusidovemawaihmse
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wainszuuassmundoevdanniiunissaliin R, aynsusuenainend
siapsFInsrawnsassuglafedl  lenawmeimdumuuasdwsidandmainesnisy
uiABiMIzITmunsAIININY o, Feiuduusuuimdniiieenuiminonsaely
TagandonguearnsuadapiimiAnusssudoundureeiesmmsy e, (f) Fauusiuny
muiidauvemeimeiniseil

e, (=K, 0,1) (3.20)

Wauasen iy R, synsuiussaiseifiaeimnsyasihliifinnssuasniungeives
NOWBTAINTY i, INaRTUIRIMIgUN 3.5 Tnsendunguasaaigeniacle

i
()= Ry (04 Ryiy )+ 1, Z2) (5.21)

o v ay & d ' = P ¢ & a1 @ . -1
Wpsniduusevedianluaiam uitnuesmaweinisvanludadiuiu i, () ael

T,(t) =K, i, (f) (3.22)
dWiswlasaUanvvesaunisi (3.20) uay (3.21) agla

E,, ()= K, 0,(5) (3.23)

Ey ()= R I, () + R, 1, (s)+L,sl, (s) (3.24)
WAZUNY £, (s) aunish (3.23) adluaunisil (3.24) ievnssuaeniunees I, (s) wwld

KeL
LaLS + (Rx + RaL)

I,(s)= (w0,()) (3.25)

deuvasanarevesaunsi (3.22) axlé
TL(S)=KmLIaL(s) (326)
uny 7, (s) luaunasii (3.25) adluaunisi (3.26) exldusilnvesusnaina

— KmLKeL
L,s+(R, +

T, (s) - )(coL () (3.29)

o & o4 v Y Y a
fadudisdenuiiuniu R, synsudvwaaiasiiianesifiniszaziin

< a 2 a o @ o -3 o E 4 8/ @ <
wseln 7, luiieneesstuifunewmeisndu Fwdenlnevunsuiaenndouandadagun 3.6
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Km-I,KeL N
L;s+(R.+R,;)

T,(s)

3UN 3.6 vaanlanpgunsuYeITEuLanImIudoenstisonsy it T ulawmes sy

3.3 svuudenudsslursufianis

Taseatnessuvassnnuidesluvielfuainisuandlidogud 3.7 dausznoudae
uampInITLANTIIINAN 2 60  fifininde 80 Tns  Hideuswiulwih 12 Taad  Aidenssua
10 upnuUS  veIuTEM 9171y52 teuf lAiiea (SAWAMURA DENKI KOGYO CO., LTD) ju
SSa0Es vimminfiunewestuuasiamesnise uaimasdentaurafudswang 12y
unumdnatss  Ushawaalseiinseulaamesdmivismuniiingvemeines
wulanmasildiiurialsan3 (Rotary Encoder) vasu5tv sausou Sannsaiind (OMRON
ELECTRONICS CO., LTD) ju E6C2-CWZ6C finauseiiu 524 Tiad  Wnenszua 80 ad
ueuuls (Meandengunsnililuineniinusitanslunianuan n)

= v o s
Ui 3.7 svuuaesrnudesluesu fiinas
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Tssadramsmuauszuvassmuidssluviewjuinisuanddnudenlaezunsugy
#38  lasaunseesuretuneumsevauszuuladel  Suwsnidumaideuasnisaauny
munBlupauiInes ﬁnnﬁguﬂauﬁma%ﬁweiaﬁagaﬁ%maaiﬂé’nw*suﬂaﬁagaﬁ%maa
Wudgygmusuiaen (Digital to Analog Converter: D/A) U IBX-3303 é’zummuamaanﬁ
panudiusaiulninluge 0 fa 10 Taad sxgnioududunaungunsaiduyeinasju MS-

L3 2

400C1215 ¥9UTHN 9121y58 Wouh lafied  gunsaidunemasazasndyyiunuanLuy

=l ar o - o e « as ot ol

wwumaqtﬁu (Pulse-Width Modulation: PWM) {]amﬂuuﬂﬂuauﬂmuawmimw (15
& o W 3 L4 @ @ ¢ o rooa P o ] as

vaweimiumu  wulanweitzaidygranadiuniniuunuasuluuazdaludnms

ar 1 o = & Ky v o) 8 a

Wusu IBX-6101  gavnepeuiimeivzwlasdyauiiuladuanunsidyuvesssuuans

P e [ as ar
Aoy ieldiludygauldsundulumsaiuay

Supply

Two-Inertia System
; T TR T T T~ 1
P i -—

——y

—l

Motor
! |
DIA —m Driver ' Motor Encgder Load I
|

Encoder
Counter

= 1 < 2 a aa
3U# 3.8 lassainnsmvausyuuaesauResluio U inns

3.4 NIRRT LULI e IIRdInAIER SUB ITTUURDIA LB

e insruvansmideeiilasaindn 1 Ussnouseaewes uazswaunLmEn
av3s dadunsyimsiitaesuuusiasmasadinmaniressuuSsannsakenwildain
Tasadaisaaasia

dwmiunismAmaslineiveweines enfunissiuAtvinaAlenaweslunianan
N5 evsumsiimes R, I, K, uas K, 999seUu @wnisiimes J, uay J, v

i - o o i = « L o
AInIMAdesruudasrd@esly (3] saguAwniliveiveweinesiinenam 3.1

< a < ¢
A1714997 3.1 WU DTUDINBADS

WI5IILRD35 AN

ANNAUMUBTSIIRRTTawaWwesMItY: . | 025 Q

ANMMtENNDSWResvawawesIITY: £ | 0.10 mH

' o o W v £ w
aauswudounduvawawesiitu: k. | 3.58 v/krpm

1 A - ar e

FALstlnvaawesfmty: k, 330 N-cmfA

Amuudsfseswar: K, 14.00 N.m/rad
P - € W

Tuudruassvewawnaimiu: J, 0.9 kg-cm’

i W
T uRoyveewa N J, 1.0 kg-cm’




25

dniumsmamisiliwesinaunumanayss  annsamaiauudsisveanan
K, meoniswSsuifisunanisdnasiuasnanisnaasnaduessedyyiututulavesssuy
J ar 1 [ "J v o =
aoimu@ey lasuiuaA K, Tuwvudrassnvilvinanisdrassuaznanisnaansd
- ) o q v ar = v [ -
nampuauadlndlfgsiu Wlvinanovauasiagui 3.9 waansegldrianuudefveanaives
s¥uu K, =14 N.m/rad

2 T T T T T T T T T

e

o

=

D

’=

@

&

@

e

(9]

@ .

uE 0.5

o I N1INAGaae

& N804
0 1 ! o 1 1 i ;o —

0 0.1 028 \OFS 0@y \Qr5% 7 b 0.7 0.8 0.9 1

1187 (s)
JUN 3.9 namsveassaznan siIasmanuauensiliavasssuusadayny utuiule
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4.1 pa1in

Lﬁamwﬁnemﬁamsaanunuﬁ’amuquﬁuﬁn%’au.asﬁuﬁn%’atiiﬁuuuééww%'ussuu
assmudesiitelfssuumunuiiaussaugaudoints  Ingmseenuvuardeuuifnnisan
masleuuusesszuuln 9 sesmusuuindasTeuuusluunil 2 dmiuwuusiastszuu
aownmdesiindvluunil 3 TaeseazBealuunilszneuismsinseinaneuauan
Wavesszuuaesmuides  lasaiunismunussuuaeseuidsssmenmsnuauduiina
wazduiindaislouuud  uashegaumsesnuvumimsiinevssiarruauiling
TR

<
4.2 NARBUAUDINIUAYEITZUUEDIAMIARY
nnsvuvasseudeslduaiduisnfjiing  dewnurmsfiwesluaded
3.4 asluaumsn (3.19) Heidudelousinussdudunpuamessatu E, (s) faranunsugay

v el i - . d
Y8BT @, (s) Tidanndatsduiglasannisy (4.1)

G(s) = 2n'S) lizpm] @.1)
E,(s) ]
( 3.67x10%s” +5.13x10’ [krpm])
5*+2.5x10°s* +1.45x10° 57 +7.39x10° s+1.98x10° ]

a o o o < ¢ ' car 4 Y v
diedrassnstiounsidudunaraivng 5.5 Taad  uniliduaislouluaunisdresiu
a o @ o
nanauanenulnvesruuaaInIlasuaaslafsgUR 4.1

2 s L T Y T T T T T

Tu (krpm)

€

AULTIVDIUDNDIMN

o

0 0.1 02 03 04 05 06 O0O7 08 09 1
©an (s)

o P ] & o
U 4.1 nansirasmansuausnalavesszuuanmudessedyg ndutule
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vildusimesmdumusomuninisana 1500 seusieufiluanmvedi  uenantu
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dumiswadlsralavesszuvassmudesuanaldfgui 4.2 wuiiiginadsdou
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UVNTNUANRBINTT

vandrgivae: 7, (£2%)
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AMaLAuggn: P,

<3 wWesieus

4.3 Taseaiensravauideaue
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d cs' L ar i LK
C,(s) haannavadlwaslauuudlasindoudladilulnaiulnasiouuud  duguuenlds

mvANduninda C,(s) alianursafenudygrusnddasdulunudeivunaussaus

AT NMIMUANIFUUABIANAURBE I LAUBA NS OWARWAIUR 4.3
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k-3
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MS-400 series

_‘.l e} |

l MS-400. . " 15 B ®12g
MS-400 . 08 Mass MS-400- " | 30 Mass

@ 4§ SPECIFICATION

| BXE . . MODEL l.psraoowgs_od’__g.s-nm'lm NS A00T2808 | MS-200T4815 | NS-400C1204 | MSA00C1208 | MS-200C1215 |
BET—5  WATCHING MOTOHR S880Es-To. | ‘SS40E2To | -SSE0ES-TD) | SSeaEATO 5556 $S40Ea SS40ER

-~ SSELES-TO SS40E2 S540E8 SSEOE3
F—pH7 . NMOTOR OUTPUT 50w, 2OW--120W 250N S50W AW 20W A0W SOW BOW, 120W
THR MAIN CRCUIT FET PWM &SR (3= FET P tomrol (Notreversibie)
UBRE SUPPLY VOLTAGE DOC 24v=20% DC 48V 20% DC 12V220%
HHRE OUTPUT VOLTAGE DC O~23V DC b-~47ViRRA48V Power Sugply 48V) DE 0--11V(R B2V Power Supply 12V)
THEE  RATEDCURRENT DC 30A DeaA | DCsA | DEISA DEaa | DCsA | DCisA
nesE COMMAND VOLTAGE DC 0~30V
BEANERE COMN NPUTRETDANCE 100k0
#XWSE  SPEED FEEDBACK 23433 L-& 3-TVhpm I- 9 ERYE
TACHO-GENERATOR Courer Elecyomonve Forte

avas ADJUSTMENT RE LT 1 IFCL HWMER, TIrX8=+, Vs b, AE-F,

STATIC GAIN, - PHASE COMPEN, SOFT START,

SRR
OFFSET SPEED, CURRENT LT

Ssdes PROTECTION

anR

OVER CURRENT, SE&T LOW VOLTAGE

FARRRE OPERATING TEMPERATURE

—10~40T

K% 20 YERoWHIE FR L

AW TOLECM B TOTT fRE S

Canient of this cataloguc b subjoct lo change withowt dotice.

@ HEA CREUIH F23002 #H SR GARIK T e12-10  TEL (044 ®119331  FAX( 0348139260

URL  hrml//wew.sawssmurco i

A = o L3
EUVI N.1 UALLDYAVDIYANIITUUBIADINTVUANTY



61

e OO40ES

Al vas=s 16kg A
T Continuous ratng 8RS Noload | L o uer e lepan rao | 7
ui | we jawss]  par Wk Jumas w6 | mee— o ion| AER| PR | Ew | K2
Veltage | Cument | Speed Tovque Casevent | Speed |*™aua F 7 tnerta ami | ey | &t | Grush L
ooV A pm | Mm dgtom A apm 0 |%eomidgtanyl ms | Viepm | A ] o
12 19 2% N aQy @ 000 025 a7 @8 12 1 9938
10
24 5 25m A Ay a4 e L7 H T 2.8 12 L] 997 | BERr
L]
100 1.2 2500 0.3 3.2) o8 oo 15 0 2.8) 12 n3 oxn
LA L DR NS ESS e o)
Fadly 10 Ianng MILILIWN NG S0 Woe 100500 8l wild OB Sotldh abadt Ioah, daccll d weilage

PV i o R D BONG OR R3O 2 i TN BT
Por misatd o Crvarbung Lasd Permniaabia Trhrust Loasd

A S AL ANETRSAN MRS TR RT

Port o aplc mon alaron tor darturng [osdlies, o hall 8 kng s shall adga kg,

W
3000 /"* “Aroftafza {s  @ABF 345 Matching Driver List
9.5 >( LETS ESEaBRE | x-o
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OMRON

<READ AND UNDERSTAND THIS CATALOG>
Please wad and undergland s calalog befe
purchasmg the produds. Please consul vour
OMRON epresentatve § you have any questions or
cmments

IP&4 Drip-proof Construction

The ESC2-C ncorporates a rudbber-seal bearng cover of

PEd drip-proof consTucion thus ensir ng sase of use n
places wih waler 07 ppNg OF Bpraved il

cgj

-

Shaft Withstands Heavy Loads

The tearng used by The E6CZ-C s rger 1han nat of 1ne conven
vonal E8C-C, 1nus wilhslanding neaver ioads

Radial

SN
'ﬂmuta
3N

Protective Circuit for OQutput Short-
ing

The £802-C incor poraies & ercull prosecng the E802-C from dame
age resuling from Me noomect wrng oTouiIpul, N us ensurng ease
of use

33% Smaller than EGC-C

The £802-C uses & ngh-periormance LED ndcawy, cuElom-made
recewer ¢ement, fgh-densdty PCH, &g seal bearng Nus making
the E&C2.C 13% wpier. 1 a0 1he conven onal E6C-C

Conventional Model

E80-C €£6032-C

50 ga x50 mm S0dn x 40 mm
Incorporating Cord to Be Pulled Qut
Aslant Ensuring Ease of Mounting
and Wiring
To 244 1he Mouning POsdion, 1 was Necesssry 10 s€iec! & conven
1onal EGC-O model WM a'cord Tal 3 pu led Sul nonzontaly or @
mode! win Acond NSl 18 puled ot backwands, The £8C2-C neorpo-
rales 8 cord Inal g PUNed Oul 888N, Thus #naurng ease of mouniing
ANG wrNg whie saeng Mounting space

r_Y

—

JU# n.4 seaziduavedaulanaeinldlunsvnaes
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OIMRCN,

ERatings{Characteristics

Tage EeCICWNC B¥CE CNITR EeC -QnlIE EeCICWIX
Fowxr supply vollage 1 SWDC 5% 024 WDE ~15% 12VDE -1 n SHIXC -Gk na SV iR
2AVDE ¢15% 12VDC «10%
Coeceand consumtplion 20 e max 1040 i max 150 & muax
{mee nohe 1}
Rerctution 10, 20, 30, 40, %0 64, 100, 200, 300, 354, | 140, 204, 364, 504, 10, 20, 30, 40, 50,50, 100, 200, 300, 40, 400, 541, 500,
400, 500, 600, 720, 300 1 000 1 .04 430, 1000 2 010 P 70 200, 1Q00, 1024 ¥ .20 1500, 1,430, 2 Q00 PR
1200, 1,500, 1 800,2,000 PR
Quipul phawes A B and 7 raversitie] AARRZT
Quipul configur sion NP open caitexir ougut PNP apen cnitecar Waitsge aupuat {.me dnver aupat
aupul NPNauul 80 ot 2|
Ouipul capaciy Apphed valuge 32 WVRG max Tapna carrant Quipat resxitnoe 2 wil | ARG 51T equivsient
Qufipat oarrent 35 md max 35 M max Qatpytoarremt 2ok max | Jatp A current
Rezdurt vaage 04V max Rexdusi vaisge Resdua varuge QAY Hgn eval (L] - A
& gnk current ot 35 A T4V aax aulx Lo avel () X mX
181w oy e at e curren 6120 mAL | dapa vottage
354wy g, 2 9Wmmn
¥, 09 max
War rerponss 100 Ktz 30wtz 100 stz
Prequency jeae nole 3
Fhaze diferencs 0TS neneeat A and § [1AT 11287
on cwiDul
Rive and fall timee of e lx Coual auldst vailage 5%, Flpe nax jcane leagh 2m, L, 1090 0 tpe vax (cabie tengh
ouipel 'gad rewS1NCe Y N3 cable lengih 2 my) 2@ g 20md 0 nN
Bscting orgue W0 mN masx
Wemient of inectis 1 x 10 Rgar max, 3« 10-7ag av max 81 600 PrR qux
Ehafl losding fAade: AN
st 3N
Wz perenepilie 000 pm
rsroluien
Brotediton orcudy Heversad pomer sdppy CONMKCION RTECI0N Orodrl GuIBUT0Ad FROTOCIN ProwCIen Grod Y l-—-
Ambienl ariparaters Operayng 10 °C % MC N A ong)
Sarage -5 C 0 a5 mnnawang!
Ambignd haw ity Ogerming 15% 1 453 e 1o condensaran]
Ineol ztan restelanos 20 Wi min 18) 500 DI hewween curanl clay paas and cam
Dislacicc srangth HOO WAL, 5060 2 for | 431 bawween curre Al C Ay SadE &4 cage
“Hbeation reeistance Dedractan 10 % 500 42, 150 av " ar 2 wyn doudie anxnlade a0 11 aen Jlameagcn n X, Y, 20d 2 drectin
Shock reeislance Desructon 1,000 ave” 11330] Jtmmeeesch M X ¥ and T drechons
Degree uf prolschon FOAAS29 P8R
Connuciton rrcihod Praamred (sundad wngn 2 my|
Weighet Aggrox 4004
here nslctkan mangal

Note: 1. An nruh Current of Bpprak 9 ATowS o approx O 3 ma ¢ gnl gfer Te £E8C2-T @ lumed on
2. Tre inedrwer auiput of e EECI-C 8 uied Tor data Iransmesicn ereu &y conlorm ng 1o R5-4334 and engures iong danoe ransnt s
FON ONEr W SHG-Dar cabie, N qua ity DTBNCH 5 Bqu NN AW28 5
3. The Maxmum elecy Cal response ok 1 R delermaed Ov hie rea0k1on and Maxmunt résponse freguence as Tolloes
WA mime eieCYCalrespon 5e Feg Jency [rins = Wan nrng ré spon e tequen Syre solton 80
THa mesns el he £802-C ROy EMCONer w1lin G10 DECHIE SIBCYCAN T 18 FBROLTION SX0R 635 The MARATLA SIECY GA! FeEDONSR HeR-

hatan

4. Origin lndicetion
1118 ed8y 10 Bipgt N pORd On St phase J wih he or gt ndeaton lunction The L ikemg diugiralion 100 1he o £ de) oKk he reln
1Tonsnp beween phase 2 anameorgn Setcutace D 10MEOrgN as NTEN NINe (WFATON (on nerght sae;
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o
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Digh Chpcam 2
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n.4 S1vazdunvensulanneINlTluMIvAass (Ra)
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OMRON

Warranties and Limitations of Liability

WWARRANTY

CMRCN 5 @ usNadarranty 5 TNt 1ne products are fee from
getedls N MENEC3iE 3G WONKMBNEN D X 8 DErad O ONe Year o
ofher pearod ¥ spectied) Yom date of saie tw DMRON

CUMRON MAKE 5 ND WARRANTY OR REPRESENTATION,
EXPRESS CR 1MPLED, REGARDNG NON- NFRINGE MENT,
WMERCHANTABILTY, OR FITNE 5§ FOR PARTICULAR RURATSE
OF THE PRIDUCTS ANY BUYER OR USER ADKNCWLEDGES
THAT THE BUYER OR USER ALONE HAS DETERWINED THAT
THE PRCIUCTS WILL SUITRB LY WEET THE REQUIRE MENTS
OF THE IR INTENDED USE CWIRON DISOLAIME ALL STHER
WARRANTIES EXERESS CR MELIED

Application Considerations

E LIMITATIONS OF LIABILITY

OWRTON SHALL NOT BE RESPONSIB LE FOR SPECIAL, INDH
RECT, OR SOWSEQUENTRL BAWAGES, LOBS OF PRUATS OR
COMMERCIAL LUBS IN ANY Wy SCONNE CTED T H YHE
PRODUCTS WHETHER SUTH TLAMW 15 BASE D CNTONTRALT,
ARRAANT Y, NEGLIGENCE, OR STRICT LeBILTY

n NY weent shalt respon sty of SWIROH o any a0 exceed 1he
1 AU Al proe O The DROJUCT 0N WL Lab iy 1§ Assened

N NS EVENT SHALL OWRCW BE RESPUNSHLE FOR WAR-
RANTY, REPAIR, OR DTHER CLANS RE BARDING THE PROR
UTTS UNLESS SWRON S ANALYSIS TONFIRMS THAT THE
PRODULY S WERE PRG PEALY HANDLED, STORED MSTRALLED,
AND MAMNTAINEDR AND NOT SUBIECT TO SONTAMMNATION,
ABUSE . MISUSE, OR (NA PPRTPRIATE T AICATION TR
REPAIR

ESUITABILITY FOR USE

OWRON #ali 0ol be respon s e Tor contormily & 11 any S1andard §,
COOeR, O regu lahing MB1ADDH X Ne combnaton o Products n e
CuROtErs aPPICHION Or u 38 of Ihe products

Toaxe 3!NRORSSENY SIS 10 JEW IR 1Ne Sunabity o T8 proauct
¥ TN SEIeME, AT a8, A 8gu e kT whah 3wl be used

Kncaw an d SGLIRTVE 3 11 pron & AONS O use BPDIXIDE 1 T 5 OAUCT

Disclaimers

NEVE R USE THE PROZUST S + CRANAFPLICATION INVOLANG
SERICUS RIS TO LIFE DR FROPERTY @iTHOUT ENSURING
THAT THE SYSTEW AS 2 WMOLE Ha 5 BEEN DESIGNED YT
ADERESS THE RISKS, AND THAT THE CWRON PROBUGTS 1S
FROFE VLY RATER AND INSTALLEDR FOR THE INTENDED USE
FATHIN THE OVERALL EQUPMENT DR SYSTEY

WCHANGE IN SPECIFICATIONS

Frodud spechcations and accessores may be cnanged & any tre
DaFGd ON MDrOVENIENS 3Nd OM A red NS TOM SN W AN pour
CWRCON represer il ve & 207 1/ME 10 COM it ACkua ! B pecicanon §
of purchased produe!

WDOIMENSIONS AND WEIGHTS

Dmensns and v gnis ace nom nal and sre nol o de used kr
MINUTACIUrng PUrPOREE, SX8N BN EN 10NCBNCES AE S ORN

&L DIMENSIQNG SHOWM ARE IN MILLIMETERS.
To conver! aulimetecs 1o nenes, Mulloly by 0 03937 Yo comees grams Mo cunces, Mulliply by 0 035827

Cal. No. Q103-E1-34
OMRON Corporation

foodentel at Rutom etion Compeay

Ingustrizgl Sensory Oiclaton

Sensing Devices rad Componsats Diviaion KD,
3-2, Nanilan:, Nakay ama-cno, Ayate- s,

Keoto, 623-0105 lapan

Te! (81, TTIS340T8F ax (81 TII44030

in s intoragt of pradact improvement, spacdications ars suifect ho chaogs wilfvout nobica.

Proted n Japan
CA03-0 S 40997 A

= al x ’
JUN n.4 seasiduaveaulannesltlun1Imaae (se)
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K :
JL.sHL

load torque Trandfer Fen3
distubance #
Ks -~
> = .
control signal Trander Fen2
-85 [0 ] Km 1
l 4 = )i » "@—ﬂ ]
s E:(-100)'(—3) La.s+Ra Jm.s+fm
ref outer loop inner loop Transfer Fen Trandfer Fent motor speed
controller controlter
Ke
1

Transfer Fcnd

< -3 o o
JUN v.1 vaenlassunsuvasssuUMmUANTIAUS

ik :
* JLsHL
load torque Transgfer Fen3
disturbance
Ks L4
> D -s' +
control signal Tranger Fen2
| | 2 H» ) — »[
s = ta.stRa Jm.s+m
ref integrator Transfer Fcn Transfer Fen1 motor speed
Ke

1
Trander Fend

o -3 a a o
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ref outer loop
controller

68

-100

1
> _J- ' G e |

controt signal load torque Trander Fend
disturbance

Ks

s

Transfer Fen2

input
digturbance
1

L
sr(-100)*(-3)

inner loop
controller

v

Km

>
La.stRa C Jm.s+fm

0

pi]

Transfer Fen

Trandfer Fcnt

Ke

Ll

motor speed

1
Transfer Fcn4
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controf signal

ref integrator

Y

load torque
disturbance

input

disturbance

Km

La.s+Ra

Transgfer Fcn

1
r-1

1

JL.sHiL
Transfer Fon3

Ks £
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Transfer Fen2

1
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Transfer Fent
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E___] Kmi*Kel
Lal.s+(Ral+Rx)
load torque Transfer Fcn6
Switch g
»> (| 1
control signal JLsHL
T
ransfer Fen3 ook
Ks -
input S -
digurbance Trandfer Fen2
85 -100 Km 1
4 =2 b > )l L) ]
y s s+{(-100)*(-3) La.s+Ra Jm.s+fm
outer loop inner loop Transfer Fcn Transfer Fent motor speed
controtter controller
Ke
1
Transfer Fenéd
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Lal.s+(Ral+Rx)
load torque Transfer Fen6é
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447
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control signal JU.sHL I
Transfer Fen3
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disturbance Transfer Fen2
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#include <stdio.h>
#include <conio.h>
#include <math.h>
#include <bios.h>

#include <dos.h>

#define DISTURB 2500
#define CH1 1

#tdefine ADR1  0x280
#define ADR2  0x281

#define CH 0

#define DAADR  0x0300
#define da_deta 0.00244141

#define cls()  printf("\x1B[2J")

#define locate(x,y)

#define VCT
#define IMR
#define MASK
#define NN
char
int
unsigned int
double
double
double
FILE
FILE
int
double
double
double
double
double

printf("™\x1b[%d;%dH",y+1 x+1)

0x0b /* Interrupt vector IR3 */
0x21

0x08 /* Interrupt mask IR3 */
2000 /* Number of collected data */
s[20];

i,tn;

di,dh,dd1,dd2,uv,

ent_read(unsigned int);
ywm[NNLun{NNI;

cntnew,cntold,cnt;

*fp_1;

*fp_2;

inter=0;

wm,erronv, 1;
volt,voltl;
cntnewl,cntoldl,entl;
cntnew2,cntold2,cent?;

ua,ual,ua_out,ua outO,r,rfy,ee,ee0;

/* Counter ch.1 address */
/* Counter ch.2 address */

/* DA ch.1 I/O adress */
/* da_deta=10.0/4096.0 */
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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) & 0x00ff);

outp(DAADR+14,0x74);

outp(DAADR+10,dd2 & Ox00ff);

outp(DAADR+10,(dd2 >> 8) & 0x00ff);

outp(DAADR+6,0x01);

/* Enable and Set Interrupt */
savevect=_dos_getvect(VCT);
_dos_setvect(VCT,insub);
outp((tMR),inp(IMR) &~ MASK);
/* Initial Variables */

i=0;

tn=NN;

T=0.001;

outp(ADR1+4,0x8c);
outp(ADR2+4,0x8¢);
cntold2=cnt_read(ADR1);
cntold1=cnt_read(ADR2);

/* Initial Variables */
y=0.0; ee=0.0; wvolt=0.0; ee0=0.0; ua0=0.0;ua_out0=0.0;
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while(i<tn)
{
iftkbhit() 1=0) break;
ifli<1000) r=1.5; /* Step time at 1000th sampling */
if(i>=1000) r=1.5;
iflinter==1)

{
cntnew2=cnt_read(ADR1);
cnt2=cntnew2-cntold2;
cntold2=cntnew?;
cntnewl=cnt_read(ADR2);
cntl=cntnewl-cntoldi;
cntoldl=cntnewl;

wm=-0.015%cntl;  /* unit in x1000 rpm */
ywml[i]=wm;
y=wm;
rf=r;
ee=rf-y;
ua_out=-0.0425%ee-0.0425*ee0+ua_out0;
ua=-0.0435*ua_out-0.0435*ua out0+0.7391*ua0;

v=ug;

iftv<0)
v=0;
else iftv>10)
v=10;
else
V=V,
unfil=v;
uv=v/da_deta;
dl=uv&Oxff;
dh=(uv>>8)&0x0f;

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

eel=ee;
ual=ua;
ua_outO=ua_out;
inter=0;

i+

/* DISABLE AND RESET INTERRUPT */
outp((IMR),inp(IMR) | MASK);
_dos_setvect(VCT,savevect);
outp(DAADR+6,0x00);

/¥ OUT 0V. 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);

/¥ OUT 0 V.TO DA CH.2%/
outp(DAADR+2,1*4+1);
outp(DAADR+0,0x00);
outp(DAADR+1,0x00);
outp(DAADR+2,1*4+3);
outp(DAADR+0,0x00);

/* WRITE DATA TO FILE */
fp_1=fopen("gg3.txt","w");
i=0;

while(i<tn)

{

fprintfifp_1,"%f %A\n",ywm(il,un(id);

i++;
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fclose(fp_1);
printf("\n  Final Speed %f (x1000rpm)) = “,wm);

double cnt_read(unsigned int adr)
{
double cnter;
unsigned char lbyt, mbyt, hbyt;

outpladr + 2, 0x10);

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

byt = inpladr + 0 ;

mbyt = inp(adr + 0) ;

hbyt = inpladr + 0);

cnter= (double)hbyt*65536.0+(double)mbyt*256.0+(double)lbyt;
returnicnter);
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Abstract— In this paper, a cooperative contrel scheme of
integral resonant contrel (IRC) and intcgral contrel has
been employed for two-inertia systemss. TRC has a simple
structure and is capable of achicving sigeificant damping,
while guarantecing closc-loop stability of the system in the
presence of unmedeled out-of-bandwidth dynamics. In this
paper, IRC is employed as an inner loop contrel to dampen
the resonance of two-inertia systems. Ip ovder to achicve 2

good tracking performance, the integral contrel iv atilized
as an outer loop contrel. The parameters of both coutrollers

can be ecasily designed by reot locws techmigue. The
effectiveness of the propesed conirol scheme is verified by
beth computer simuiations and experiments.

I.  INTRODUCTION

In the industrial motor drive systems such as
industrial robots, rolling mills, elevators and so on, the
shaft torsional resonance is often generated when a motor
and a load are connected with a flexible shaft. Such
systems are called two-inertia systems.  Torsional

In 1998, 1.S. Kim et al.[l] proposed the vibration
suppression control of the two-mass resonant system
using the f7_ flter. The H_ filter was used as an
observer of the state feedback controller. Although it can
reduce a resonant mode efficiently, this methodology is
relatively difficuit. In 2008, S. Suathed et al.{2] proposed
the simplified design of I-P controller for speed control
of two-inertia system. It could also improve motor speed
tracking and disturbance effect rejection. However, the

suppression
techniques have been presented for other applications. In
2008, I.A. Mahmood et al.[3] proposed the methodology
to control a precisc tip positioning of a flexible
manipulator using resonant comtrol. The comwrollers
consist of an inner loop controller and an outer loop
controller. The inner loop controller is designed to damp
the resonant mode, while the outer loop controller is
implemented as an integral controller to achieve zero
Mmmmammmhu}{ﬂ,
IRC has been proposed to eliminate the effect of

dominant resonant poles in collocated smart structures
and analog circuits. By adding a direct feed-through o
the plant, zesos will approach to resonant poles. Se,
resonance duc to these lightly-damped poles will be
suppressed.

In this paper, 2 cooperative control scheme of IRC
systems. IRC is employed as an inner loop control to
dampen the resonance of twe-inertia systems. In order to
achieve a good tracking performance, the integral control
s utilized as am outer loop control. The parameters of
both controliers can be easily designed by root locus
technique. This paper is organized as follows. Tn section
1, the mathematical maodel of the two-inertia system is
briefly reviewed. The propesed control scheme is
mentioned in section HI. Section I'V shows the results of
the simulations and experiments in applying the
proposcd contiol scheme to the two-inertia system.
Finally, the conclusion is drawn in section V.

IL TWO-INERTIA SYSTEMS
The two-imertia systcms o be conirolied in this paper

and its corresponding block disgram, ase shown i Fig. 1
and Fig. 2 respectively.

Fig. 2 Block diagram of the two-incrtia systones
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From the actual system im the laboratory, the
paramaters shown in Table 1 are used [2]. The transfor
function from the input voltage E (s) to the angular
velocity of 2 motor @_(s) can be obtained as

@, (s) )
o ® ivi

_ 3.67x10"s +5.13d07 .
5 +2.510° 5" +1 45 0° 52 +7.39x10° s+1.98x10°

TABLET
PARAMETERS OF TWO-INERTIA SYSTEM
Armatare resistance: R 025 0
Armatare inductance: [, 010 miF
Back emf constant: K, 3.85 v/krpm
Mator torque constant: X, 330 N-cm/4
Drive shaft torsional sifiness: X, | 14.00 N - mjrad
Moment of moter inertia: ./, 0.90 kg - cm’
Moment of load: J, 100 kg -cm’

When applying the input voltage at 4.65 volis, the
open-loop response of the two-inertia system is obtained
and shown in Fig. 3. It can be scen from Fig. 3 that both
corresponding to each other. They exhibit the unsatisfied
torsional resonance which must be reduced.

14

resonant poles [4]-[5]. The outer loop emploics
integral control designed for constant velocity set point
tracking. Details of two loops are presented in the
following sub-sections.

£ (s @,(s)

G(=) >

@, (3) )
O G »;?— G

Fig. 4 Propused control structure
A. Inner Loop Controller
Based on IRC concept, an imner loop controller is
composed of a feed-through term D and an integrator
term X as illustrated in Fig 5(a).
5

When adding the feed-through term, it causes the pair
of complex conjugate zeros moving closed to the pair of
complex conjugate poles of the system G(s) as depicted
szgﬁ,wbnangﬁ(u)mdﬁgG(b}mpohsudm
locations of the two-inertia system before and after
adding the feed-through torm vespectively. Therefore,
the effect of the resonant poles can be suppressed. Then,
the system is sufficed to be controlled with an integrator
term in positive feedback & < 0. Both of the paramcters
are designed by the root locus technigue.

4) EGs)

4

“ |

EG) [ @, (s)
- "

@ (s)
C(s) -

®)
Fig. 5 IRC control scheme and its modification

(2} RC control scheme
(b} Modificd IRC control scheme

1

Fig. 6 Poles and zeros locations

(a) Two-inestial system Gi(x)
() Two-increial system Gy(y) with feed-through D
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However, adding the feed-through as depicted in Fig.
5(a) cannot be impicmented in the two-inertia system
since there is no explicit way to increase the motor speed
directly. So, the modified IRC control is evahuated.

From Fig. 5(a), the input to the integral controller is
given by

E(s) = A(s) —di_(5)- @)
where
@, (s)=m,(s) + DE,(s)- 3)

The output of the controller, which is the plant input
E_(s), is given by 55(_,). Thercfore,
3
E.(s) =5-A(:)-£a_(s}— 5—05_(:). )
E E L
or
E@=i+Sor X s -psXor Lo w- O
F
As @_(5) = G(s)E, (5) it implics that
@, (5)=[l +-§—Dl“—§6(:)4(-=)

-1+ D} TG, )
and yields
o.(s) _ CG(s) | m
A(s) 1+, (s)G(s)
where
s Xt E_ ok, 8
C,(s) [HSDI" tvso (8)

It can be infarred from (7) that the control strategy
presented in Fig. 5(a) is equivalent to the one presented
in Fig. 5(b) with C, (5)as given in (8).

B. Outer Loop Controller

Adding the integral term in the open-loop will add =n
open-loop pole at the origin so the type of system will be
increased. This ensares zevo steady-state crror of the
close-loop step responses. The integral controller

C.m=5: ®

is therefore chosen as the outer loop controller for set
point tracking. The integral gain K, . which is also
negative, can be designed by the root locus technique in
order to achicve performance specifications.

IV. SIMULATIONS AND EXPERIMENTS

Based on the transfer function of the two-inertial
system in (1) and the proposed control structure
described in section 111, the comresponding controllers
can be designed.

First, the inner loop controller is designed the using
Fig. 5(a) in order to move zeros to approach resonant
poles. By the root locus technique, the feed-through gain
D and integral rcsomant gain K are oblained as
D=-3and X =-100. The poles and zeros locations of
the system in Fig. 5(a) are listed in Table 2. It is scen that
IRC brings a pair of zeros at —10.6 + 47.0 approaching
the resonant poles at —10.4+46.9. For the two-incrtia

system, the modified IRC scheme in Fig. 5(b) will be
used instead. The corresponding controller is

-100
= . (
G@ 5+ 300 -
TABLE I
Poles and Zeros of Inner Loop in Fig. 5(a)
Poles Zexos
1041469 —-10.6+47.05

-31.4 -319

—2441.1 — 24470
—306.8

The integral controller faw the outer loop is designed
by the root locus technigue. The desired performance
specifications are as follows: ¢ (10-90%) < 0255 ,
£(£2%) < 035 and 3, < 3% The integral gain K, is
derived as K, = —85. The outer loop controller is them
obtamed as
Eo» . an

X
hgﬂahﬂnﬂw&lﬁamm&e

consists of a driven motor and a load. Both arc connected
by a filament shafi. Rotary encoders are used for
measuring the angular velocities. A block diagram of the
experimental sctap is shown in Fig. 7(b).

Fig. 7 Experimental sotup
(@) Physical system
(b) Block diagram
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In the experiment, controllers are realized by a
computer using C language. Then, the digital command
is send to the digital to analog card (Interface,
IBX-3303), producing an analog command 0-10 veit. In
order to drive a motor, a motor driver (Sawamura Denki
Kogyo, MS-400C1215) is used to generate PWM signals.
When a motor is rotating an encoder (Owmrom,
E6C2-CWZ6C) produces a pulse train to the encoder
counter card (Interface, IBX6101) as an angular velocity
feedback signals.

are conducted when the reference motor speed at 1200
rpm is applied.
A. Step Response

The comparative motor speed resposses of
simulation and experiment are illustrated in Fig. 8. It is
seen that, bath responses are corresponding o cach other.
The resonance can be suppressed while the responses
have oaly small overshoot and no steady state error, The

TABLE M
SYSTEM PERFORMANCE
Spociicsion | Seuaios | Experimen
£, (10-90%) 022s 0.18s
1, (£2'%) 030s 028 s
M, 0.73 % 250%

constant speed) is cntered o the systom at | sec. The
results are illustrated in Fig. 9 and Fig. 10. From Fig. 9,

Fig. 9 Motor specd responscs with the effeat of the input distwrbance
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i
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Fig 1@ Cowmand jmput voltages with the cffect of the uput
dsturbance

C. Effect of Load Torque

To verify the cffectivencss in climinating the cffect of
a load torque disturbance, the load 7,(s) in Fig. 2 is
applicd in this sub-section. Due to the unavailability of
the physical device, the effect of load torque disturbance
can be investigated by a simulation only. As expected,
the motor speed is dropped, when 10 N - m constant load
torque enters o the system at | sec. The comresponding
motor speed response and command input voltage
response are illustrated in Fig. 11 and Fig. 12 respectively.
Fig. 12 shows that the cffect of load torque disturbance is
compensated by the command input voltage so the moter
speed in Fig. 1] can be recovercd back to 1200 pm
rapidly within the designed settling time 0.3 sec.
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[
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Fig. 12 Simulated command input voltage with the offect of the load
disturbance
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torque

)

V. CoNnaLusION
The unsatisfied torsional resonance of two-inertia
systems can be climinated by a cooperative control

scheme of IRC and integral control. Each controller has a

simplc structure and can be applied easily. The

disturbance effect and constast load torque cffect can be
rejected completely.
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