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control units (PCUs) to a process. The DCS with a time delay is analyzed by means of
mathematical model, which is an effective method for such system. in the DCS, the
process variable (PV) signal flowing through the network will cause the time delay. As
a result, the PV signal is processed incorrectly, which has also an effect to the
manipulated variable (MV). Hence, the Smith compensator is proposed in order to

Smith Compensator for Time Delay in DCS
Acting Sub Lt. Teerawut Savangboon
50060503

Master of Engineering

Control Engineering

2012

Assoc. Prof. Suthian Kiatsunthorn

ABSTRACT

reduce the effect of time delay.



Qa a

ARNIINUIZNA

- - - L4 < - cal |-
Mlsuinerinusvovounseam se.aSes (Rosiiquns diueransdavinuves

=t

v v - v o - & -y~ Ve Y m v v -
Alisu Fadiindlamsnuazsiviemnnasauaziduyanausnaglouidnluiurladundeu
A\ - -~ b4 o 4’ v ° ° : [}
adeUSeyeynd (2545) auilaniui (2555) filisuvevaunssanlumasuuasAduusrein

VOVBUNTEAN NAL.AT. UUNTRN alaTy way SA.AT.Ytuns uydnvuiyasal 01918
Y - a ¢ vd ol v
vangmImnTsuLiAAmMIoing diguatimidnasnssevnamileulafinuuTygin
VYBYDUNILAN FA.AT.INA MWTINE LAy IA.A5.0175 LUYIUIIAVE NITUNITADY
a - LY ° P v : - - <
gnlivugd dwsuiuusinieilemvedingrlwusiviliawanysel
YBYBUNTYAN AS.ABU BATINT ATTUMTABUINEIWLS dmuruusilunisuas
o ! L4 03 q o
unAngan1ANBINgY (Abstract) vavingtiwusianil
VDUDUNI¥AN WAL.AT.UNAA UM NTTUNITABUINTNUS dmSuAuuniigns
o 4 o Y - -
Tanarlimsnevausunaianldiviveriivug
VOUBUNIEAN SA.WIEY SAlNdalud uaz B.ad1 dalisguns GYinlvileulding
ungansaumadiu Process Control / Instrumentation Yaasavinuiflédaoudmidrau
firu¥amuansalunisvieumsnuiiifegadiuauanse
€1 dodya v ' & (% velad
voUUNTEANANMITSuBURTsuLIlAnd Nt navinnlud e wuindnaalu
FInyoatanidn 1eTUNTERMVNYIY
A L4 - Qi L -~ B
YDUBUANIIMUNINBIUHURMS/GINTT MANGATIMNITUTEUUAIUANLALIMINTTY
o= o - L J X o 1 A
wuARMTBING a1vnivnimnssumiianasmunn Midedermazanuaz toyangi
° Y @ o ¥ . v - - - Y
TdudwiumsinsrsenFosufuaszauUiygng wdssiudiygiin
o Ly L L4 a W o _ &
VBRUAN U #9 ol MNBsITenI1sAIUANMSIUAIFUMEU (PCC Lab)
| Ay a v O
nnunEBouladindaud 2551-2555
v da o v Y v v v o alat a | o da v
gavhetiReidilavestamd Mbilasunmsuuzimiviensdaasunfinaseunss
| «t ! o= «t [} o o1 ] 2/ v wvd &
wWwalSguuigyin nmsfnwiadiduie veveunszam -1 uay wi veatawd gndu
wseadnduliwmdunegailddiie uasnnauluaseundy
AuAuarUstlonisuiinninetinusivousuuaiinsyanmnving

GRRIRIGRNTAY



d15Ugy

UNARBBAMYIINY ......ooooeeevvnrrsssessssssssssssssnsssssssssssssssesssss s sss s s s ssessnsssssssnsses
UNARGDAMINTINEOY «...eoeoeernrsassssses s sss s ss s sissssssssssssssessssess s e sssssssssmsssssssssss
ARNTTUUTENIR c...ooeteecieenrcesrsseee s sssesss s e sssssss s et ce s asmssssssssssessasees

FIATTAVIOUATFOYT AL ..o essssiassssemssssessssssssesscesee st eeae s sesessmesmssessrssssesssens

T EEERT W o AN NN\ 177775\
1.1 APMAUAVARIUBIINENUS ....oooeoeemeierc e
1.2 AN EUAL INQUSTAIAYBINITANYY coereniien e sneseee
1.3 NUANTBUUIRATIIUNITIVO oot
1T D ETTYy )05 iy B AR .- RIS WY oy, NG /e 1 W
LI e B rora MOMVE 25 A 440 B avn IR T |\ W

UNTE 2 871N IS MO UAUBIYBITEUURTLOR ..o seeeesmeesrte e
AAsapuialoa YN SN "o T E SNy W & JF
2.3 ANSAITNDUAUBIUBITEUURTLO ... oo sesismets s
2.4 BMFINAIA N ININOUAUBITDITEVURBIOA ..o

a Y - Y S
unfl 3 MyareuuUalsd miuiailin1snoUAUBBITTUURTLOA. .....ooveeererrrree,
K35 Y171 ¥ OO, ST oSN POO

win

vt |



- GRRIINCE)
Wi
UM 8 AVTOBNWUUTIATURN oo esses s 23
B0 UNU cocoeececeese et sesesss s ssssssss et e s s as s e sassmsmmsssssssess st et 23
C 4.2 nSBUIUMTAMIUNMTOBAUUURIATURN oo snssss s 23
4.3 NM39ANUUUMIAIANTAETS IR MUIING oo ceccrreemmressseneccnescreeeees 24
4.3.1 MSOBNWUURIUDUNRUANTUL ....ooooeveeeeeeee e eesssseessmmnrseensseesseenssens 20
4.3.2 NMISPDNKUUAIRUNATATUTAUTUNU ...covoe e nerresenseen 27
4.3.3 msoonuuusmgidsausmidsunduaniusuasiidunnanus ............. 29
0.8 NITENIUNODBNMUUTIATUAL .o s 31
4.5 ATU . ... o O NN A M e Mo eremeenas s sassssassssnes 35
UM 5 N1SYAADINATHANTINNADY 1ororerrreeses oo ertoentsse st et eesessseeseessmsisesereesesessessseses 36
LR 4V SV DO — P 405 ° € - G - I8 > 5 G CXUNY — PSR N WO 36
5.2 MINAADIABUUUTIADIAQTUNTT. oo o renenesesreessmmmsrese s ssssnessennes 36
5.2.1 NIEAMALEYBINAT TN TRBUAUBITIATUYNAB . et eeveererenees 36
5.2.2 nsaiavarevanalintsnovaua iUy e 38
5.2.3 NIMIALerawIatinIneuauaios AUl e B0
5.3 M3Vl HIa I M TRBUAUBIT e a2
5.3.1 N3lAMALETBIAT LI N1 INEUAUBTIAIUYNAB. e ecnernnnnne 85
5.3.2 NIAAIALETRIATI3N19ABUAUDI ALY .o a6
5.3.3 n3UMIALeeIa s N15RoUauDWIOEAUIY .o BT
5.0 AN Do SN LT o N e 49
UNT 6 AFUNANITVINABIUAZTBIAUBUUE ..o erccesssisesrssst st re 50
UTTUTYIITU 1erreeeernnnerereeens ettt sS55I ..k nes s 52
afean n TUsunsy Matlab dmEUnSAUIMATINTTIASTUBIFIATUN oo 53
QAR T UNAIIATINTATURYTUTLFFUNTIIRIN oo 56
UTETRUTHU .coeeeeeeeeernmtnsnsmnsmenes s ssmssmsssssssmsssss s sssssssssessssssssss s s sssssessoss 62



#15U5YN1319

AT ' mh

2.1 MwazBunvasdygaiadiolFdmivindna 1SR oUAUBY . 12

4.1 swaztﬁaﬂ'b'az‘x‘aixv'uﬁwaqﬁwLmﬂwaad'ﬂwau‘%nmﬁﬁ’mm'] ........................................... 31
dwmiulusinavasitounduaniuz )

4.2 aussnuzYeINmURNNITEUIUNIMElusEuUAToalAeUTBUTBUTININ e 34
Tisamuandulififmunu

5.1 anssnuzNamauauamw’ﬁutmﬁvgmdaé’mm'\mﬁu’uﬂ’u‘lwﬁtha .................................. 38
Wisugusewiniiiyarsuuvatsivbidgdivaigewuvads

5.2 mduwussenialefidudvesinnniudutuanaailinsnouauss ... 39

5.3 AUTTNULHARBUAUBM UL A NARER Y AUUTULAVTMAG o 40
lagvinnsidTsuiisunsdimaweresiailinsaevauswniuly

5.4 auduiussewinanUefidudvannsaniuAIa lEnsneuAUB. .o 40

55 amsauzwamauauaamaﬁwuLmﬁvgmoiaéftytym'ﬂv'uﬁu‘lwﬁwdw .................................. 42
TngvinnasilSsuiisunsdasasereiailinisnevavesessiuly

56 ammuzmama'uauaamqﬁ']uLa'\ﬁwmiaa'l'zuzmmﬁuﬁu‘lmwﬁmﬁw .................................. 46

vaansaiAaweraIaliMInavasidinugnasdagisumisuna
nsNAaBdsEMIMIMaadlagdassaniumsainunsnaasslgaAean
1Smsmovausnia

57 aussnuzwamauaummaﬁﬂuLmﬁvgmiaé’ty:mm'ﬁu’uﬁu‘lwﬁmﬁw .................................. 47
vaansalAmssvenatlinisnevausnniuly 600% laswsuvisy
NANISYIAADITENINRANTIITNRaBIlasTaesan UM SN UNanTaasaly
Anaanlinisnevausassy

5.8 ANTIOULNARDUAUBIM AW NARSIY U TUTU LAV oo 48
YaansaiAarEveIatlsnsnavaussaiuly 60% laswSsuiiou
SEWININAMINARBIIINNTTIIABIENUNTULALHANITNARBINNATG Y
AmanlinnsnevausInia

Vi



< v
P vun
2.1 AT NUDATEUUR DD, ... oo eeeee e s eseeeeeeseesee s s e sesesesessseee e 3

2 aa |
2.2 NS IYTPUURATOANDATUANNTEVIUNT oo seneennenssseess s sssnnne il
2.3 vdanlnosunsuvadssuuRTeadMIUTIUINGTIWUS oo 5
2.4 MSEWAWEYYINVOWIIMUIATIVIUNT T oo emsssss s 6
- a d 1] -
2.5 Aiemnarasdyguianusnszuiums 1 Adwaliifanalinmsmouauod ..., 7
4 - - A -
2.6 vaanlaasunsuidla RN TUNRNILUTNAMAALAT L NIIRDUAUDY oo, 7
2.7 venlavzunsuuanIuaugainnalinsnaUANBINBITTUURTIORA oo 8
2.8 MIINANIAN S NS ABUAUBIVDITEUURTID oo oo 10
v P P o ° v & atal
2.9 M5 LUATRIRBUR UNDSABUATOWIIMUNTUTEUURTOA ..o 11
ad a v o 1 -l - P
2.10 1a3adledmiuTnA1a1 L3 NITReuANBIUBUATOIRBURUADST 1., 11
d‘ <4 v W U | 74 d - 4
2.11 5adiadmiuinA1a1 L3 nNSAUANDUDUATOIRDURIADST 2.oeovoieeeeeeeee. 12
</ o L3 d 2 74 (.74 L4 t v
2.12 Ay rauwaaie lgd MU InA a3 AISRBUBUBD oo 13
o s o al o vu a
2.13 Wisuifisunaseninadygnamdeeniuuas Ao uilEundusn ..o 13
o w 4‘ 2/ ar o« 1 v J A [ 4 v €
2.14 dygauiaaielddmsuinAmnalimne vaussdisidsuanunitsvaadt
< — 1 o a‘ ) [ Y 41!10 [v]
2.15 WisuiisunasenindygundeeniUuasdygunlasundunn 14
P2 < v
Wiawasuanuniaveanaa
) I N
3.1 vdanlassunsuliia RANs LU NAUEDN AL LNTUYBINSTEUIUNT e 17
3.2 vienlmezunanfivameiuvalisainernsate IWAMIFMAIUAN o e 18
3.3 AT UAYE A TP I ALY UUATIS oot ees st eeeeeeseeeseeeeessssene 19
3.4 vdanlassunsumvals wuUalsdmSunan L5 n1sRauausIueITEUUATRd e 20
al et o [y a 4 o v
3.5 vAanlaaLunsussuuATLoan endnIslemaalrauuualisilafUa v ... 21

faeuuvalls iiA Gy, (s) =G,(s) was ¢, =1,

4.1 Uﬁan'lmazunsu'uamamuaunismumi G p(s) ............................................................... 23
4.2 VAaN1nounIULARIAI TN A UNUSUDIAUNITAQTUL oo ssees 24
I3 Y] [Y) v e e P
4.3 vdanlaasunsunananitaunduanius s IuAUFMIFUNAAO LD 7 =0 o, 25
4.4 VAN lAozunINYBIR U D UNRUANIUEMTONGNATTATUAN oo 25
0.5 PAAUNATOTUETIISURU 1o e s s e e seeeeeeessssesse e s s s s s s e s e essessesesesnsssesessnes 27
4.6 5P UANlAEITTINAITDUNTUBDMULUATFTTINN «.oococererererercerereecensees s 29
4.7 vdenlaezunsumsuUasgUIlUHTUENETOUVBIRIATUAN ....oeccce e enmrrenrncrncee 31

Wt



d15Us3Y (via)

< v
Iun wun
4.8 vienlaszunsuuaninudiiuvesimuruuazidareenefldvnmidua....... 33

1 - - J ) z o
4.9 HansuAUB MR WWARBAY Y UBURS N BmThwULtuA..................... 34
lnswisuiiisunanevausssenindmaivquivhififmuny
- - ot o Y °
5.1 vhonlnezunsuuanInINiivesvessuuATioaReldd mIun1s 91808 . 36
A ] g -
aounsniilleLifidyneuvvadis
o a ¢ atat 4 quv w °
5.2 yionlaosunIuuanIwIinesveIsrUUATeANelYdMIUNITINRB . 3T

v - - ’
ANUMIUMTALTBLULANSWIB G, (5) = G 5 (s) Way t, =t,

5.3 uamavauaamqﬁ'\utmoﬁvgmiaﬁtytyﬁm'ﬁ';uﬂ’u'lﬂwﬁmﬁwmnmi............."......................38
TassanumsulasiSoumisusevandifivawewuvalisiulad
feasuuvails ‘
5.4 HANBUALDIINIAIULE AN IATALETBIIaI i InavauBNARUW ... ... 39
Tnsvaeiiiuiuadaaz 2009 e 600% (0, 200, 400, 600)
5.5 HANBUAUBIMNAUBWWANIAAYALTETInMliNERBUaUBIdBBIIUl. ... 41
Tnuvaveanasnsaay 20% i 60% (0, 20, 40, 60)
5.6 NARBUAUBIN AL WHANTHATYALETaIaTlINTRBUaUBBaiUl ... a1
Tagveneguusniiidmuiugan
5.7 i3naflofilddmTunisnaaoulngldina Tl EnTRBUAUDITI oo B2
5.8 LASDIABURIUADTATMSUNINARON ..ottt s sest e a3
5.9 ssuuAtleaiigna¥ralaglusuns Mattab/Simutink melutA3eneuiames 1 .......... 43
5.10 ssuuAtieaiignailaglusunsy Matlab/Simulink meluin3asreufiomes 2........ 44
5.11 nanevdusredyanautuulanioniensdieavsvesaailimanevaves ........... as

ﬁmmgnﬁmﬁﬂﬂmnm‘l%’msmauauam‘%ﬂﬂamwumm‘l%’mauauaqﬁ
fyawsuwuuals 1.0869 Jui

5.12 Namauauaqsiaé’rgtyﬁmilv'uﬁ'uiwﬁwﬁ'zans:ﬁﬂ'wmvwvamm'l%’mmmmum ........... a6
ndulvdddanalininovausssdassawsiaslinevausiidmmee
wuvasisunfiuly 600% w3e 7.6083 Fu

5.13 nansuauswedyanatutilaniwnihonsdimeaweveaiailinmevaves .......... a8
Teumiluddddailimsnevauenilasvawsnatlinovauesdifmmey
wuvadisiosiuly 60% v3e 0.4347 Ju¥

Vil



e n o] > fo

o

(%4 -

s1gn1sAtanasdsuanuel

Y}

ArdulsransrasaunisaudnvuzanITreNnIng A
1 4

ArmInTeINTEUIUNslugULuvaNnanuY

. <

ArrInraInzUuNsiuguLuvannsanue

1 ‘J
ﬂ']ﬂsz‘UB\]ﬂSSU'JUﬂ')ﬂUEU wyvdaunTanIue -

AMSUTTINUAILRANATA
ANaRTEn Iy IuBuNnBivdy e e

4 * L o o Jd «
Amasssidygudeunduilinnugndssvewivaiee

o v oW o aa o - el
wuvadisfudygruteundufiinailinmsnevaussviwweiszuuidion
< ‘.l 1 w é L] L
W\’ﬂ'Uun‘]ﬂIau‘UENW')ﬂ']U?]N‘U\iﬂ%ﬂ']fﬂﬂ“ﬂ')Uﬂ?UﬂuﬂiﬁUQUﬂqi

Handuaelaureanssuiunis

Handuarslauvsanssuiums

AR SITEBTRIIUBUNa AL
ATDATIVYWVDWIFUNAAQIUY
dyayraurewnuusarua vie BuNRYBINTEUIUNTT
FUSusUINdyyuBune
AlwadmiunisesnuuuiiUeunduaniuy

ANlwadImiunseenLUUMAANRAIUY

Fyey1uTssILUINTTUIUMNT Y38 LBIRNAYBINTEUIUMST
Wn3NGUIRNNENNTaAUANIA
WrsngYaimansadunale
Jryey1ouBunneNBIveLTEULATIDA

fauUsaany

wn3ndlandnual

LailinmevausIvesTTULATiea
BunpvsnsrrIuNTIugULUVANNTA UL
FyayranownavasianIuau vie dyanmuvasdaulsaum
dryeyraBunmvesiarnrewuvalsviedygruiiuusmun

4 -t 1 | v @ @
ALMBIANULYBINTEUIUNSTRIAYINAUSUAUYDINTIUIUMS



s1en1sAtanazdeyansal (sia)

faulsaniuy

fdunnantue

AN YR

(BWHAYBINTLUIUNTT

JygauWwareInITUUNT vie Fyguveiulinszuiunis
dygraednwavaawuuiasnszuiunsnelufyawewuvalls
dygruemnavediavaeLuvails
dhumilwavassrdounduanmuranisnisdumisiwad miuaunsaudnyay
vawhlpunduaaiuy
suvidlwavessdunaanuvdmivaunisaaudnynsrawidaunnaniue



undi 1
UNU

1.1 anudrAyuasIneatinug

sEUVAtiea (DCS, Distibuted Control Systems) iiuszuumivauitiealdaui
agaunsarslunisAIvANgaamnssu seuuadealimitsalununsruuns (Process
control unit: PCU) ilusamuauuaziliumits Sudygruduwn / 1o1dwnreanseuiuns
szuvAtieassintigyiatlineuauss (Time delay, Dead time) (adfgnuaingunsal
o n30 dyguvesdandsnszuaunis (Process variable: PV) BN IULATETEANUIANTDY
STUUATIEE NOUMIEAIUANATILINNTS YITlNARBUAUBM IR ULD R HATBTUUATIaA LY
Wunaiifaenis

IngrinusihiiauenanssmuiiinanuisemuaunsELIUNSAMEAUANYA
wifluenfudygraorinauazdunn laguausnansuauamafuadyaiadygyI
Sradetutila Weliiiummuuanieswansenuifatuisuiisuunsdangunfifids
Lifimgnsaifandariinduwasnisuslylgvinanavausmiaiuierdimndaivniy
wuvaisannsaundgminnanla

! a (3
1.2 AnjnueuazInqUsssiAvan1sAne
] [ v al e ol o o ol
wedAnwinazvaasuauiululanazlgisnseenuuuianruauuasiivase e
v o/ g 4 [ 1 « L)
whlvtgmnanlinsmevauswesdygrudaudsnssuiums desdrinunieiieauuau
ol a o
vpesEuvATed lnsudnsanssnuiusinguaskanisadsuniuaulynivuald

1.3 niquiusauurdanldluniside
ad & v Y] Y - ) ac . ' o

nqefiingatesdunalimnevausdinguijinavenars s lagdnlngastulu
o . v v W P - ' o
anwaizvenisidiivaseliiudaivaunelvnisaivauiiainugndes iy dvaiyy
wuvads, svihugdrsieuuuuestasdisvesnndu lnesaidetiasleidMvaeuuualista

- a'a v d‘ } & & - : 4 ar

Wuitnialdineudtgwmoalinnevaussduintunnssuiuns (1], [2] assgnaldiu
WY

1.4 YBULYANTTIVY

AnwssuuAdieaiiianailinisnevausilasulasssuuidieaduwuudiass
adinmanslugiuuuudentaszunailnewSeufisunansuausssenitanmsundfilifiioan
1$nsmevaussiuaneffinalinmevaus: fmnailinmevaussaiafunsuszunu
Tnoiadstnszesamin awamaussouznsdinislimhunuaunssunmsiamiavse
funszuvaumsiiunemuaudeiu



¥
1.5 YuABUNISANY
-t a v -t «
1. Anwnsifianailinisnavausaisuungiea (uvn 2)
v Ve - a‘
2. msuslatgmnailinsnovausilasldivawewuualis (uni 3)
o/ J v L * - 4
3. panuuuimuauielfiduiamuanesivaewuualls (uni 4)
o -l ol v v - A
4. vnaisviedasvaussouzvesseuvatiealasldniailinnsnevaussad (uni 5)
v «f
5. agUnanimaasac UalauBULuY (U 6)



it 2
b 74 A
ra1l¥n1snsuau VB ISTUUATLOE

2.1 umin
° -l [-{ ° al ar v J o P s,
mstnaveluvninasufunninausinerfulasiasniuguvesssuuatioaie.du
wug'\u‘ludmsﬁ'uauanaw‘l%’nﬂsmauauawaﬁzwﬁ%ma AUNISUNAUDITISUINTEUY
-t af -J\l - v - d a v
adwaluannzuninlifinanl¥nisnovaus wazssuvadwadiafanalinisnevaveslay
MHuuushastaumsadineansiasununnudsninezunsulumaitaue

be

2.2 sTUUhdied

ssuuatedlainstiauaiduadiusnlag USEM Honeywell Tul a.m. 1963 (3]
FaudunistausuuiAnisnisnsyawdinvasgunsaiivimihiifumiteussnanald
nszarseaniifieliasourauynassuums lnsfivmizevsananaaunsavinmsauuld
(0108199 a5E Laraunsadnsededmsfulasrinudetsauuau Fadendueietuidiea
Lﬁadq‘ﬁ'waﬁusuwﬁmﬁ'za'ds::mana'uammamuaun'ssmums uavwﬁwé’qmswénmq
Feagivosmunuguinata Vmhiidufasidunisuagidan sdunadadainmenin
aaﬂaummasmamLuumsmsmuqu’luumavdqmumwaqnsvmumswmmag’tumuumav
amuﬁTﬂaaﬁmauJu'[mqaﬂwmszuumwamgw 2.1

wiwdmsguenan

(ViaspauANAUENa)

< ATDTANUIANTBITEUUATDA >

&

&

i

mihpauAunTEvINNT 1 | | vhemuaunszuuns 2 MYATUANNTEVIUMST N
mielssinana mhgdsunana mihgUssanana
[l [} o000 H
miumunu MIBAIUAN VeV
mieBunn/ioAnm miwduna/iednm iy Buwa/iowing
(¥0) (70) (I70)

d at el
JU# 2.1 lassainvasssuvidied




nslfssuuAioaiemununszuiuns annsanssilashanedggusuesinn
voansruums sadudygrufuusnssuaumsiadn VO duduwarsimizsaiuny
ASLUIUNTT wasd1aedygIuaudunnvuaInssuIung %’uﬂua‘(tummﬁ‘mtlsmuqu
(Manipulate variable: MV) At 1/0 futedinarasmisniuaunszuIums fguil 2.2

wiigdansAudnan
(WoenruAnAuInaR)

< ATDYIBALUIANTDITEUUARSE :>

MIEMVANNTEUIUNTT 1 | | mwmuaunsyuaunis 2 MUIBAUAINTLUIUNTT N
mhglszinana whegUszanana mhshvnana
wihemuAl miumuAY W v WmIBRUA
MOEBUNA/ D 1ANA WEDUNA/LBNA MM AN
(1/0) (I70) (49)

nsTUIUNT 1 ASLUIUNTT 2 AWUYIUNIT N
@ @® @ ® @ @

< ata -
JU 2.2 milYazuuRTieaiteruaNn s UIUNTS

-nislsruuiBioatemununszuiun1senguil 22 Tneht (1) Redgygoudiauys
nsEUIuMS (2) Aedyqaifulsnmunuiilenszuiunsrahssuuadiearsuauysal miy
dan1sgudnannanniesnivguaudnartannsafissduiiunisaugunssviunislagds
dygrudunasnadarituaietismnnANYesEuUATed mizeUsznawhnsisuiiioy

1 -

mauvgmé’wﬁqﬁ’uﬁwﬁtumaw‘fmﬂsnszmumsuasﬁ'nﬁumsm'mn‘;‘aau'lmmn'ﬁmuQuﬁ
Foonuuuimunldszyrliifmuauuasmizenmuan wliFyyradulsmurudasiu
/O uagnduiniinssunumstadidnuuzsifussuumunulaundu
ssuuﬁ%ﬁmﬁaﬁmsm‘lugﬂuuuﬁ'laaqmmzﬁmmams‘ém%’u‘lﬂu’mmﬁwuﬁ'ﬁ
annsnesuelagliudenlaosunsuuanimiuduiusvenmuqunssuums 1 melussuu

o « Ve <
Aded 91NN 2.2 anansauandlafaguin 2.3



MUIUAIUANNTEUIUNTT 1

ES) ! G0 L% G, () > Y(s)

|
|
l
R(s)—
|
l

d o - -
3UN 2.3 vienlaozunsuvessruuiBioadmiuldluinerinug

Tnofl
R(s) vy ﬁmmwmﬁuwmé’wémwﬁwﬁqmsquéna'\a
Y(s) vl dygraeswaviedygusiudsnssuiuns
E(s) wingds Arasinsenindygrudunnandaiudygineiiye
G, (s) v fauauiegnelmitsnunueviemURINIEUIUNTS
U(s) wingin dygruednnvesimuguviadygyuimulsaivay
Gp(s) el nsTUIUNTS

A U e o ‘
vienlassunsuangui 2.3 wammudiiusiiudsddudgley fie

¥(s)  Gol)Gp(s)

R(s) 14G,(5)G(s) @)

- </ J o A “
forsauraunsaudnyuzanaunisi (2.1) laedvuatelenaunisgudnyuy
Gonin F(s) a¢ladu '

F(s) =1+G,(s)Gp(s)=0 (2.2)

' o o Y|
Wumsuansimsaluqueaansuauns 1 fudygrautoundu insteundungnees an
A [} - ‘4 o/ /S
auns (2.2) amsahluinsuiiewisuifisuduannisaudneusAIuANYeINSatm
Bmsnavaussveszuuidiea lngesnaniluiidadnly



. mhgdinmsaudnans

2.3 anlin1sneuausiveeszuunies

N13EdYINY Y TNTIUIUNTT 1 mngﬂﬂ' 22WA VO  vaamimua
ASEUIUNTT 2 WA Ui LUSNTEUINNTILABINTULATEUIBANUIANYDITEULATIDE
reundusnfimheruaunszurums 1 Jadufmunurenseniums 1 fagui 2.4

(Voamunuaudna)

AT DTILALNALTRITEULUATIDE

< %

MIYAVANNTZUIUNTT 1 MNYAIUANNTEUIUNTT 2
whsUszanana wilslsunana
MiheAIUAY VAVR LTI
MirgBunn/ta1eyn MUIBUNA/AD WG
(I/0) (1/0)

1 AssuIunNig nITUIUNIT 2

@ ® @ ®

al o o
Jun 24 asdrsaedyguussiiuysnsuiuns 1

Armnamslvavesdiygudiudsnsruaums 1 Ui 2.4 laehi (1) Aedyguven
Fruusnszuaums (2) Aedgyravesnulsmugu Jedygiadudsnszuauns 1 vaiw
ISatlsANUNANYeIsTULATIeE dwmaliimuauuanszuums 1 ifiaanlinmevaues

- o o ) ' ' d a
U3handyginvesiaulsnssuaumsivainuaistiennnauesssuuadieaileinnsun
- o J 1]
LRWIEIIAIVANTBINTTUIUNS 1 anunsauansfiavnevesdygruinlsnszuiums 1 idwa
Y a v v <
WiAarailinmmevausaiagun 2.5



[N c—

wisdimsgudnas
(¥osnruAuAUINA™)

nanlsnisnavauss

MNYATUANNTEUIUNTS 1

wulgUsaiana

MingAIuAN

MUY BUNK/ DAY
(1/0)

VUQBAUANNTEUIUNNT 2

wngUseulana

MIBATUAN

(AT LANUNANYDITEULATLE

MNEBUNA/AB AR
(¥0)

@

ATTUIUNIT 1 |

®

o a o v a . -
U 2.5 firmevasdrygashusnszuiuns 1 idwaliiinnailinsmeuauss

-~ g */ ) J - it 1
nartinsaavausuinndyruiauysaszuunisiesivaiuiuinuRiI ety

o &
vdenlaszunsudsgun 2.6

e o o A - o Y o
ﬂNUWﬂNﬂﬂQiSUUﬂ‘ULOﬁQ'\ﬂEU'ﬂ 2.5 IﬂEJVILﬂi’OQVIJJWU — ﬂi)YIﬂVI']\W'E]\lﬁEUiU"lNC‘\'JLLU?
) d A ) oo
NS¥UIUNST 1 ll!'e]W?)"lifU"lLQW'WUiL'JfLWlLﬂﬂl']a”l‘l%’ﬂ'ﬁCﬂaUﬁUG\ﬂﬂUu?lﬁQIU?‘ﬂLL‘UU'UOQ

y(t)——» nanlsnsaavauny

e Z(1)

o & d o o a a | 24
:J;IJ‘II 2.6 Uaan‘lmasunsumawmimwLawwummmnmL'Jm'lsmimauaum

@)  mnete dygnaduneneuianailinnevauss
2() e dyanaevinaaievdaianatlimsneuauss



J [ ¥ - -
véenlapzunsuningun 2.6 aunsouanmnduiusiduaunmsadinenansla Ao

z(t) = 0 £<0 (2.3)
A -ty sy ’

o
Tagi
t et narlaguu

t, e anlimsaevausmisAiailinsneuauss

yhnsudasaunsi (2.3) Weglulasawaneesldfaumst (2.4) fio

Z(s)=e"2°Y(s) (2.4)

L4
-l

< o v fv 4 v
aumsn (2.4) Saguaunliiluguwuuiidudslaulagnei

20) _ s 2.5)
Y(s)

(3 ] J Ll .Y L4
HearFudialavarnaunisn (2.5) awnsaldidunuuitasiadinaiansvaaian
P ' - o o ' - - . o a .
Bnsaevausalae ¢, fimheduiud dwenesdudinaivislindnld (4] o

< L34 v ol - ° -3
aumsii (2.5) unldfunalinmsaouauswesyuuidioaangui 2.5 annsaunausuinu
- et Y o
aianailinisnevausesssuuAdioalupiuuuesuaeniaszinsudegn 2.7

- - - — - o e = — -

i
|
|
R(s)——(OED »! G, Ll Gy(s) > 1(s)
*(;/l |
|

[T TT——7~ - 1
Z(s) I I

il pan |
VUIBATUANNTIVIUNTG 2

o o - a 2/ o
EUVI 2.7 Uﬁan1ﬂasttniuLLamUimuqmnm‘)a'ﬂS NISABUAUDIVDITEUUNYLDA

< a 1 4 ol - 1 4 - L4 .‘5 ' 1
Wnagaianailinsrevausmng 2.7 luaraustudiesEududiudnioe
AIUANNTEUAUMS 2 fuiadedisnuuiAesEUUAieaIuil 1O YIMUIIAIUAN



T Y(S) _ Gc(s)Gp(S)

¢ v a [ O o P v v
nseuaums 1 uivgldnisionsanlagliAiasiuvivun laevszanantu ¢, Wewn Min
Anarlinninevausilasaziduaynyassiinnududounsannds AadumsinAian

d L) A ° LY 1 A
¥nsmavavasimsinnldiariavaidumsinssozialasnsledygyuduardygun
v - - o ' v v & <
FunduiniieuiisuieUssanamnaitinmmeuaus dnuuienlaszunsunngu 2.7
wansrudniusiduiliidudielaufe

= (2.6)
R(s) 14G,(s)Gp(s)e™’
forsanaumsudnuaranaunisi 26) Hdudediae
F(s)=1+G(s)G,(s)e™= =0 @.7)

WuN1SUAATITIAIUANYBINTEUIUMS 1 maﬁwué’mmwmﬂauné’uﬁmsﬂauné’uﬁlﬁgnﬁm
< v & e . 1.8 o o «t v 1
naunsh 2.7) waasliimudnfinaves e Uzduivaunsauanvaisanainnail
ralwdyanutoundurenemuauuesssuuifieaiinawariily ¢ 3uil Fawandiiudn
. : < P o
msealdumieaiuaunszuIunTngun 2.5 dnalidygradaundursnmuauues
- ' P - - Y
syuuddiealigndes eaniinad ¢~ Usluagluaunisnudnyos
v o - o ° - v v al
nsuftgvianunsalddrawsuuvaiisioadruuudrassadnaranivindunan
1 - - U o A s -t 1
AoliAnA uAananved g liaunduiieliannisamudnyusinnugnaes wuluaunis
P 0 ad v af
#1 (2.2) lasnhauodsuntgmaluun 3

2.4 F3nsiarwranlinisnaudusivesssuuhdies

nsianalinsnouauswesuLitoausanseilae Tndyymadeuil 1/O
YDIMUIAANATELIUNT 2 LasTadgrail 1/0 veamiaerauaunszuIums 1 lag
Wisuifisuszssnavesdyanamaaeudududiudygruildiu Gainliansonsiue
nal¥nsmeuausessyUUATioa MUl 28



10

wingdanigguingn
(WeamauANANLNaN)

ASDTIYANUIANYDITLUUATIDA

= y

MAUAINTEUIUNTT 1 MIBATUANNSTEUIUNTT 2
miheyssnang MheUszaIana
MeAUAN MNUAUAN
MNEBUNR/D AR WiuBune/ie10nn
(/0) (1/0)

5 WOEh iy

b .
»

YUNAYDIFYYIU
YUIRTDIAEYTYINU

]

i

Iz

1787 Gud) nan (Gui)

v

o o ’ v -t ol
EUVI 2.8 mi'mmL'Ja'flsmsmavauawaﬁzuumwa

1ﬁmsmiaaammmaammhnsw*mnns'lwmumsa'znaﬂumﬂuua danduundl
MBAUALASEUIUNTIINGUT 2.8 lo (1) feyniadyynaidadusuliievnasy (2) ﬂaqmﬂ
aryty'lmﬁlmsumwumaunuamty'lmamumu Feannsalfindesnonfaumeiinauasndes
Taefimsidailestureasismanfmefine Wiidnumemiioutussuuasisaiguil 2.9



S 5t T imesuun 24 Mbps

@8 LAN

(MUQEAUANNTEUIUNS 1)

/ a g al o &
1ATBABUNIADS 1 wIDIABURIADT 2
(VUABAVANNTEUIUNT 2)

< v - « - o v &, aa
E‘UV] 29 ﬂ']i‘l'ﬂtﬂiaQﬁa!JW'JW]E]ﬁﬁOQLﬂsaﬂﬂ'lﬂu’llﬂusﬁ‘UUﬂ‘Ulaﬁ

11

favualiieiesreufiames 2 vmiisudyegiuanieissreuiinmes 1 uazde
Fynrundulunieiemoninnes 1 8na%y Mnfurnanlinsnevaussaziinannisiuuay
diilla3pemauiinmes 2 dletinasuvenaaaiildlunisfunazdaitotiuainan
Bnsnevaussvessuuiiealasldlusunsy Matlab / Simulink a¥aiaTesiiadmiuTae

< a 1Y o
na'fl%'mimauauawmmiamaummas‘ 1 I.Lﬂﬂ\‘JGNEU'VI 2.10

—

y

To Workgpace1

To Workpace2
ubP
t I | l | g Pack —Pp Send
Clockl Binary
. Pulse
Generator Pack Send
uoP P Unpack
Receive
Binary f Unpack
Receive

o

O

Time
Scope

P

yi

To Workpace3

P o o U v o P «
3UT 2.10 iwSesdledmiuindnalinneuausvausieneniames 1



Toedi
Clock1
Pulse Generator
Pack
Send
Receive
Unpack
To Workspacel
To Workspace2
To Workspace3
Time Scope

12

vanefis dygananitadugiunaildidu Pulse Generator
mnety undanindygruwad

winefh gunsaiudasdygnaiadidudoyaluszivlud
wuefie qunsaidedaya

winelia gUnsnisudeya

wnefls gunsaiuwasfeyaluszivluvibudygruiad
vinefis mibetuiinendygadldsundun

winetis mizeuninAan

wnefis mietuiinddygnuideanty

wingfiy misuanmavesdygyrulasuananaludnan

A P g a J J < - W s
wInslledmiviadnailinmsnovausiveanieireniawes 2 fdnvunidudiiu
a4 J d <n ) 3 g o« - J < é ® v A
dygrunininiadesnauiames 1 uavdsdygiundulidunissnsuiimes 1 Javiamin
< a“ . ] « J
wWisuiaiioudnanIvidtyyrauruuanidagun 2.11

uop

Receive

uopP —| Unpack

»| Pack P Send
Binary

U

Binary npack
Receive | ) 5

Pack

Send

Teminator

of < <3 v v v o o <
E'U'VI 2.11 Lﬂi’t)QuﬂﬁﬁﬂiUﬁﬂﬂ'll’m’ﬂﬁﬂTimBUHUOQ‘UGQLF\SENF]EJMW’JLNBS 2

o
laen
. s v v o Py
Receive et gunseiiudeyadnniaTewmeniimes 1
Unpack vuned gunsaiwasdeyaluseiuluviildudtyeyrauiad
-t €1 v v o o ¢
Send mineis gunsaidsdayaluduntesreuiines 1
Pack e gunsaiwlasdeyganiadidudeyalusedulud

Terminator ~ vane@ia guasaidwmiutesdygambildreldau
1w d o 1 Ld LY L o/ A
nsdsdyruie TaAnalinsneuaussimualilddygrunadamisem 2.1

v

d <l o J v o & 1 1 24
AN 2.1 Uasioenva mvﬂJu'lmWﬂaLW@IﬁﬁWMiU')ﬂﬂ']l’Jﬂﬂiﬂ'ﬁﬂ’cJ'U?lLIB\l

- t -‘ [J
w15 wmes AMNUn
WauWaAYA 1 iy
ATULIAN 10 Ui
v o €

ANUNINYDNED 0.2% Y99ATULIAN

[} A 1] - -f

f72aaivminesnly 4 Ui




13

oy uNadnaTRT2: T wanwraldfui 2.12

1.5 T

YunYBdty I
ol
U

(@]

a1 Gun)

d 3 e & - 4 v W 1 b 2
JUN 2.12 dyaraiadirelddmivindnailinimevaues
o «l o ' o o o ' 1Y) o -

dyyruwadaingui 2.12 Wegndslunieiesnauiinmes 2 uazdinduaniiaies

P’y o ' o o v veo -~ o

AauiIAes 1 anunsawFeufisunasewindyyundesnlduasdgyrunlasunduuni

J o s [ e

AInseNRIRBS 1 AIgUN 2.13

15 ; 3
X 4 X: 5.041
Y:1 Y:A1
= 1 Ly ]
S |
<
. Il
é 057 l .
= I
= I
0 Aoy [
Ay
—0.5 1 )3 1 i
0 2 q 6 8 1C

(3@ Gu)
d e 1 e/ J 1 g hod fod
U 2.13 Wisuiivurassninsdyaaiidesnluuasdoygadidiunduin

« ] Y] o =l ] o J 1 o & J ' '

atyty'liumn;:ﬂw 2.13 19U NIUTIUINBUIND M AIHAA NIAYUAINER1TENIN
) al 19 nlvlvu Y & v - a P
Fuaaiideenluuardygramldiunduuituanalimneuaustie 1.041 um



14

-] o 1 L d g J 4
Amsiarnalinisrevauedmilasfmualddygruiadennniswn 2.2 ua
< v ¢ v o
Waumunweniadilu 5% vawniunat uanawalanagun 2.14

15 — -

WIAYBIFEY QI
o
(6, ]

(]

ra1 (Guan)
d o/ o A v v W J d 4 L
JUR 2.14 dygraadielddmivisdmnalinine vauswdieasuminuniwueiad
) « <l - ' a o - ' [Y) ad o
Sryeyruiadangud 2.14 diegndsluiiaTasmanfiames 2 uasdanduiniiiaiag

a < < ) 1w a4 o 1Y) Y al
AaNRDS 1 aunsnieuifiounasswindygyuiidisentuuasdyyrndldiunduni
d ] 3 [ 4
ATDINDUNUNDT 1 GNEIJV‘ 2.15

15
X4 X:5.125
Y:1 Y:1
1 B !-n .
I i
[y | |
=4 |
€ 05 P .
@ -
s P
& [
= : 4
4 0 A
—_— e
- === gy
-0.5 ' )
0 2 4 6 8 10

wan Guin)

d J g A [ al a
JUN 2.15 L\J’s‘amﬁauwassmwazynpmmaqaan‘lﬂuazﬁtytgﬁm'ﬂé’sunaum
o o o
Wawaguainunneeavad



15

dyynangudt 2.15 Welwsuiisuiiemarnaniedadusmaisening
Fynaideenivuasdygraiidunduinidurnaltlinmevaussde 1.125

dethAnalinisnavausstialfainguil 2.14 uas2.15 wuitwummmniges
dyaraiadnidlunaaeulifinadermnailinsnevavsaissmnuaiildTuiimulndifeady
Tnedlahdygravadluvnmmadeuiiemaniatlinsmevaussadssauniove 30 ady
Kraunasi (2.8)

n
=20 (2.8)
i=1
«l
lneh
-t 1 o o a |
1, wnelia Aanlinsnavauasdaun i
(] 5 J [ ]
n MNuHY IIURTIIIININAGBY
ansawiAn ¢, Lvindu 1.0869 un¥i 1INIWNMIINAABUNINUA 30 AT
2.5 63y

nslimhgaiuaunssuunsduimimsudgyrusudsnssuaunsasih e
nanl§nsnevausvessruuRdieaiiswmindygauiiulsnizuiunisasdedvaiuuiin
\nSetnsvetszuATen neunduiniimieruaunssuIundaiwiiiduhmuauves
1AURNRTIIUNIRINaNLatdinhszuuATieawagliiuwuusrasedamaniiiie
RI1TWUINPVANVBINTEUIUNT AT MInBUaNBzag ULy alounduves
2Avay Fuibidinihfaddudelouninrsamuininaudygrateundussinnives
nal¥imsmevausszuusgfmavilimsteundurenmununszuaunisiidmithigndasiu
JagUiunaredmansenussaussousnas e WavetnlIuauld fimsiadinan
1¥n1smevaussanunsaiald 1.0869 Jundt wafuaunsoudnslddrdygraleundures
muATsisgniaailiilivia 1.0869 FuiWi dewinmsTeuiieuivdygyiabunn
81989

Wansuitgymnanlinismevaustwesszuuadeaamnsansevinlaemaiiidyyio
Jaundurernmugunszuiuntsimugniedlagasdesidanaivesiailimneuauss
sonluandyyradeunduiitelimemuauaunsaldfuidyayrutounduiigniedlay
WaueBuitymiluuniian



p= |
umn 3
AYALYEUUVENSAMSULa115N15R o U UD IUITSUUAT Lo

3.1 uni
v -t -ll Ve < o8V ar
L'Ja'ﬂiﬂ'ﬁ(ﬂaUﬂuaﬁﬂaﬂiaUUﬂ‘ﬁLﬂa‘Jqﬂﬂ ﬂu"llﬁua‘lUUWﬂaaQ VI'\IMVI‘J']UQQ{JEU“'WJGQ

]

- « v [, |
'3Qﬂ')Uﬂ‘NﬂENﬂﬁﬁU')un”ﬁﬂ']UIust’UUﬂ‘ULaaluaallﬂ'ﬁﬂmaﬂ'dmz'ua\")\iﬂ'n]ﬂ”uﬂ"ﬁ{]auna\lﬂ

-l

“ v v & X - &, ° s W o o @y Y
Ligndes dahutionwesumiiamaziiunsiiaueBuidgvievinaunsandneasd
| * o L LY ot
mstsunduingndedlaghnsviannivesnailiminovausieanlunnaumsauanuusd

o o ol v o v o ‘'
W)'UﬂL'UEJllUUaJJSU?‘IﬂJ'ﬂllUW/IWI&I’lsﬂNﬂUﬂ'ﬁLLf'ﬂ]mW\ﬂdﬂa'ﬂ

3.2 AYALYHUU VSIS

o'f'wﬂwauuuaﬁﬁgnﬁ’mmﬁuima O.JM. Smith (1957) {Whiasteuldlunisvmiue
nalimsmevausy [2) F9fvesivawswuvaisfenmslduuuiaemndndanives
ASPUTUMSLALLUUS memendindanvetnailinsnevaussywihiiduaiioudunil
venmuauitavitlinsteunduiinnugndies Tathdyeraiiuanndeawewuuaiismn
vindafudygraiiudsnssuaumsiinatlfnmevausissa

vienlaezunsumnguil 2.7 Warhinfssuiievinnisesnwuuivalvsuuvails
dwiunantinsmevauswesssuuABeadiainauslmidnadslagi

E(s) = R(s)-Z(s) (3.1)
Z(s)=e"'2*Y(s) (3.2)
Y(s)=G,(s)U(s) (3.3)

fmonaun1si (3.1) Lﬁagmmuri'ﬂﬂaaun'ﬁﬁ (3.2) waz (3.3)
E(s) = R(s)—e"°G ,(s)U(s) (3.4)

o o a 1. v -
TaimsUounduresnmunluanmzunaibifinalinismevauesfe

E(s)= R(s)~G,(s)U(s) (3.5)

v & o 0 v - al v - Y v o -
grunseeyinlfannisi (3.4) fdnwasudetvaums (3.5) svdeaild e = luaunis

7 3.9) melulaefidanaguuuses G 5 ($)U(s)



ﬁiﬁﬂﬂaﬂqﬁﬂmq nzvoundamnisiiy 17

FFvashvairuuuvalsae eIz NsasnuuUIIasnMnAERTLAYILUUIIaIYBAIaN
J o w -— (3 [ 4 [J v L d
Bnsmevauanfioidanal e7'=* uazihymad G,(s)U(s) lnsdmunliuuudnas

o 4 d v : [ -1
AdnmansvaInssuunsnasIulmidu

.

U'(s)
Y'(s)

=Gp'(s) (3.6)

Toeit U(s) =U'(s), Y(5)=Y'(s) wazG,(s)=G, ()

[ v K a < v o v & o
mvmm'l'mLmumaaaﬂmmmacnwamm‘lsmsmauauamaﬂwu'lwuwu

Z'(s) '
——,(—)=e 25 3.7)
Y'(s)
4 _ y ’
nef e’z =72 5
Jaauntsivfiauanddlunrsindanal e72° wazSnwinay Gp()U(s) 1aely

o o d a
aunsil (3.6) waz (3.7) wamauduiusluguuuveudenlaozunsuilofansaany
a @ -
vinnudenlaazunsuyenszuun1sAagun 3.1

ASTUIUNITIN

U(s)
Memgewvvalls 00| --———--- 4

o [ o a a &
EUVI 3.1 UaEJﬂ1ﬂ0¥UﬂiNuJE]WQ"I?mWLQW'I&'U'iL'JNUﬁE]fﬂ.ﬂ'f)&lﬂiﬂ‘ﬂi)ﬂﬂib’lﬂ')ﬂﬂ'ﬁ

fvualViLUUTassrtinAansvewaealsiaunisiu

K(s)=G, (s)U'(s)-e-'z'SGp' ($)U'(s) (3.8)

o
Tna

Y'(s)= Gp' )U'(s) (3.9
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Z'(s)= e~ ¥ (s) (3.10)

o - ¢« a o ° <t P g " e <l Vo
aunsh (3.8) figauszasdiitoiluvimsiouifisumdmadniuannisy (3.9) lagldd
-~ ol v g U o ¢ ol
sauysuuvaiisnnguil 3.1 aswewawgliuninuauaua UGS UeaNnTT™ (3.8) 92
v «l
lavdenlaevunsudigui 3.2

ASLUIUNITIN

! |
, N {
Y (s) | :
! 4 ]

' —1,'s | G, (s)
| Z'(s) & y'(s) =2 U'(s)!
1Y _ Epepempey \AY =N &, TOSOo8y 8 W X4 -

AUALBUUUVALS

o L4 - b4 ‘ L4 1 @
JUT 3.2 uienlnezunsudwawewuuaiisaiemsameliundasaarun

' ' alvy v v o a - v ol
A1 1 (s) Tldannasldienrsuuuaiisannguin 3.2 adwiluaunish (3.8) lag
fivualv

E(s)=E(s)-Y (3.11)

flothanns (3.8) Wyhnsisudisumeamannaiuaunisi (3.6) 1idu
E(s)= (R(s) -G, (s)U(s)) —(G p (S)U'(s)- ¢'25G o (s)U'(s)) (3.12)

1
t t,

zS=e— s

dlomaawwawvvaiisiicn U(s) =U'(s), Y(5)=Y'(s), Gp($)=G p' (s) waze”

v ¥ 3 Pe)
FUANAANNANNTTA (3.12) AD

E (5)=R(s)-G, (5)U'(s) (3.13)
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v 1 “ - J - 0 w [ 4
Wunisuambitiuindsassuvvalisemannisi (3.8) wazgun 3.2 awnsamidanay
e”'** warinwmeud G, (s)U(s) winssialdauluguuvuudeniaosnsuysasldnu

| U od - v V) (%Y
aun1sfi (3.12) winiudosnnaunsil (3.13) Wuaumsitldnevdannssneelngl g
a_v =l
PAYLUUANSAMFUN 3.3

ATTUTUMS

E(s)

ol s | G (s) fa—-
Y'(s) U'(s)!
fungELuUaNs

o veo a
§UN 3.3 nsvauelagldivawenuualis

o - 4 LA + “ o o
fvawsluvaiisanngun 3.3 awnsauwansiindudelouvesiivaisuuvalisho

IAON ~t;'s
e G ()[1 e ) (3.14)

3.3 mMalszgnaldigaweuuualisd mivaalintneudussvessuundied

'Nﬂ')‘Uﬂllﬂi"U']Uﬂ'ﬁﬂm’m’]‘liﬂ"l‘imﬂUﬂU'EN‘UﬂﬁuUUﬂ‘ULil?l'i)'mﬁ'dﬂ 2.6 llli]‘U'lJJ'ﬂ‘U
Q']UTNJﬂUGl'J’UﬂWEJLLUUﬁSJﬁ"J'\ﬂiUVI 3.3 ﬂ']ll'ﬁfﬂ.‘lﬂ'dﬂﬂ']‘ﬁﬂL'UEJLLUUﬂ!Jﬁﬁ'\MiUL’Ja'ﬂ?ﬂ'ﬁ
mauauawmiuuumtaamgﬂw 3.4
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:- T T T mhgeueunszvouns 1 :
+ E(s) + E
R(s) :»Q ) 160l G ) Us) :+ G, (s) > ¥(s)
- , |
I 10 I I
| ! fvmweuuvalis | | |
| { L
o : i
i : ol |
| o Fel—lue 1
b o e e e e e - e e ———— — Jd
n { MUIBAIUANNSTEUIUNTS 2 |
e 2z

o o o - 9 v ot
EUVI 3.4 Uaﬂﬂlﬂﬂ'&uﬂiuc‘n'ﬁﬂL‘UEJU-'U'Uallﬁﬁqw‘iul.')a'ﬂiﬂ'ﬁmauauaﬂ‘ﬂi)\ﬁﬂUUﬂ‘ﬁ Lod

Tnei
R(s)  wneh dygradunnidmnminsdanisgudnan
Y(s)  wnel dygraendwaviedygauiiuysnssuiums
G.(s) Wl fMAUANTBINUILAIVANATLUIUNTS 1
Gp(s) WNBN NTLUIUNTT

Gp'(s) Vet WUUSNaDIAMAATANIYINTEUIUNS
U(s) — wneia dygrutoidnavesmuaumvsedygiumulsauny
-4 1 J . o < } 4 a Vv oW &
E(s)  wnei Amasasenindygraduynenssaiudygnaneinnn
U's) — wnet dygradunnvesihyageuuvalisnisdygaduusaiuay
Y'(s) wnehh dygraseidinavesuuiiasinssuiumimelusivaisawuuais
Y'(s) vl dygroanerdynveshvawewuvalls
ot 1 1 1 a ko ﬂ‘ o
Ei(s)  wneia Amasnssenindygadeundunisinugnasavesiiuaiy
- </ o A -«
wuvalisiudyguteunduiiinailinmnevausissivessyuy
Atoa
_t Ky -t llu o ol
e 'z et atliNsNBUAUSYNITEULATIDE
mneti wwushasanailinnsuausimeluiyasewuvaiis

o - o Y -y o
fasasewuvalisdmiuiianlinisnevausivesszuuidieasingun 3.4 awnsa
asuruenduanglous
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;(S) - — U0 , (3.15)
©) 146,96, )+ Gc(s)(G ()67 =G, (s)e™ s]
lagdmuali G,(s) = G, (s)-uas 1 =1, wiuAtasluaumsi (3.15) axldidy
- G.()G,(Gs B
M) __Ge()0p6) (3.16)
R(s) l+Gc(s)Gp(s)
Fosanaunsaudnuusyesiliifudelouninaunsd (3.16) fio
F(s)=1+G,(5)G 5(5) =0 (3.17)

aunspuANuMENaNMET (3.17) Wathuisuiisuiuaunisaufnymuzann
aun1sil (2.2) unisuansiveawsuuuaisiinaveamnsaldiuszuuadioand
nalnsmevausdfifiasninnistiaunduresismuauiinnugnioaiiofvawswuuaisd
A Gp(s)=Gy(s) wae £, =¢, IﬂammsnﬁﬂLauaLﬂuuﬁan‘lmasunsuﬁqguﬁ 35

+ E(s)

RGs) 6.¢) F2% 6,0 > ¥(s)

o < e Y vo a 4 o v
JUM 3.5 viienlaesunsuszuvatisaniendainslifvaweuuualisiiarivualifmaiye
wovallsilen G, (s)=Gy(s) wae 1, =1,

v v ¢ o -l v & °
aruduRusvesudenlaszunsueingui 3.5 Wumsuanslifitnuiwuudtaes
ARIAANARSEDINTEUIUNIT Gp(s) filalnAtAs I UNSLUIUAITISILALAYALYLLIAN

v -y -l v v oo £ -
¥nsmovaues ¢, fAlndiAsaiussesianlinisnevaunsiifiniusdeesiinaliieniuau

-l - ay 1o v ol a Xy
yeanszuumslussuuidieaiaiiouannzunfbiiiviallinminevauss Ingimsiinesdi
ATUANTIMNEAILANNTEUIUMS 1 annsaldwisifineiifuwaghidualagdonsiives
AElumhemuANnSEUIUMTT 1



22

3.4 a{U

seasuuvalisdmiunanlinsnevausiasssuuidieaannsaiilvauns
qmé’nvmxwﬂﬂmﬁaur'f'uaumsqmé’nwmswﬁmmszuuﬁ%Laaﬁ‘lﬁﬁna'ﬂ%'msmauauamaz
Wunmsuandliiiuinnistheanedygiuiiud nssuiunsienumilgmuaunszuIunTs
wisauannsanszvild TasfiwuusrasmendamansssuunsEuIunTeIi TALYe
wwuadisedpeinnugniadndifssiunsruunssisaruuusiasimndamanissuy
nanl¥msnevavssuswisawewuvaiisesanlndifssiuaailimmevauesavassuy
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4.1 umin
HovesnunididunisuanaimsesnuuuiamuauuesssuuAgoanivailinis
—muausuitmhiviiunmaaesluuniii laenszurumsilfiduuuusrassmanadamans
¥833rUUNSELINNTSURUABITINsBRnUUUMAIUANAlFIT NI Talunns
panUUY Faumsssnuuusaniuauazssinisanlagldaumsanuziiendrdnnuee
vesounduanuzuardnsweveshidunnaaiusiiaulaguanannisaniunduly
HuiterdudrelouresmunuveriinuaunzuIumslussuvitied
mssenuuuimualuuniiaigaUssasdiouandivuinilodmisiineivasd
muquﬁlﬁvﬁmsaanuuu‘lU‘HﬂumsmaawmuwﬁﬁwdwmﬁﬁLmas'-uaaﬁhmwmsé’qm
witoudslivAsuuastaefidadusunsuinauedal

4.2 NFTUIUNTEINTUNITEBNLUVAIRIUAN
J L] v A o o J v
nssuaunsiinldifedmiumseenuuusaauautasn1snaasluuniviiiy
nszurunIssusvandlasinuusnaseadiaman juasseuvRe

1
G,(s)= 4.1
P9 (105 +1)(60s +1) @.1

Ly v d‘ o L - - )

nseanwuummuauaelaeuledmunliiigaeuyaiisannannisn (3.15) U
ol alel P o o Y

Gp(s)=Gp(s) waz 1, =t, Tnufissuuitieaifaituasloukaraunsandnuamtulud

ol v o <
aun1si (3.16) was (3.17) MUUaNI008nLUUAIAIUANINANNTST (3.16)  Tnsudn
-3 [y P
UARN1ADLUNTUTRIRAIVANATEUIUNS Gp(s) Igun 4.1

U(s) 1

+ ~E
R(s) Sl G LU, Go) = o TGO T > Y(5)

a
jUn 4.1 UAanlABTUNTUTBYNAIUANNTIUNMT Gp(s)
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A - £ o/ )
uﬁanlﬂammiumng'dnﬂ.—raﬁmaLﬂuﬁqn'uuma‘lau

Y(s)  G:(5)Gp(s)

R(s)  1+G(s)Gy(s) “.2

4.3 n1sevnuuusidAIuANlaBISeAIuMLIng

Ué‘an‘lma“zuniumngﬂﬁ (4.1) samuau G,(s) WBnseanuuulagiznniiuns
Twa (Pole Placement) Aafusrfsswlasguiluaunisanusitonisoenuuuimunulagis
Mneumilraderounazimawasgunduiduiteifudelaulunmendufeduitaifudie
Touvasimuay G.(s) Tawfinszviunis G () wasguiluaunisanuyde

x = Ax+Bu (4.3)
y=Cx
<
o
<t ¥ ¢J 4" - L4
A, B uaz C vngi masivesssuudaduming
X . vnefa nawesmudsaniug
u nnediy VnwesiulTBune
y M IARBSNILUIIDINR
L o L4 A o A
mudiusanaumsi (4.3) uansluguuuresdenlaozunsudsgi 4.2
+ X X
u — B > » C —»
+
A [E—

o [ v w ¢
EU'VI 4.2 vaanlnasunsuuanimuduiususaun1sanIue

miaamwuc?hm’uq:ﬂﬂU?J%"mﬁ”lLmﬁdwa'luﬁ"uusnasé’mﬁmsm‘lmsaaﬂwuLﬁa
FnwadesnmseugnannaviedyguBunndnede r =0 dWeldfiunndnieisvesd
Hounduanus K uavmswshsvnsvesshdunnanis L Insfiddanmanueiim
Uszanumsmdnusanueiiliannsatalddeguasainisldiunsiunamngnis
AIUAN (Control  taw) Tasmsuszanurranuginilagenfedoyavesdygrudunnuay

1Y :

s elv 4 dd =t J s o s * 1 o L

FyanaanizanusAiialidditedonirdidunnanusiuiuiu & Teshluldsunuda
Y Y =

Usunduaniugiagun 4.3
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> x=AXx+Bu % C

: l +
K je—E2— ] fdunnaniuy |

drdounduaniue

r=0

+

d w LA o g A
Uf 4.3 vdenlassunsuuansitoundvanugsiniudiidanaaniusiie r =0

4.3.1 prsesnuwvuRltiaundudauy
L [ -t ma‘ - (]
mseenuuumdounduanuyssuvasissdiauauiinSenicmnansaniuaula
oo [] 8 J ] IJ 8 -, -f wa :
(Controllability) viniu #aszuvdrulvgifaunsamuauleasasinuanifveiiae (4]
- o -‘ L7 } 4 [ v U o L 5
Tasludindiamansudissuunfinuandfnmuannsamuaulavzaeanasiiuardrduiy

(Rank) vasm3ng TaeTiuminduasmnuannsamunilsl Q. Ao
rank(Qc)=rank[B AB AZB - A""B]=n " (@9

4 -t y v d <l ¢ | & aa
gt n Nt ANBURUTEISTULTRTANYIINURYEY nnmasanIuL
o - el e J °
finrsutanizvinadideunduaniuzainiui 4.3 awrsadnausilu
Y Y oy ) =i
vienlnozunsuuadizteunduanusniangmruaidigun 4.4

aTTYIUNIG

—» x=Ax+Bu

x(t)

< Yy v -
JUR 4.4 vienlaevunsuvesiilounduaniusvSengniimunn

YR o
uamﬂ'l'm?I:quﬁ‘umaumiamusmﬂgﬂﬂ 4.4

x=Ax+Bu (4.5)
u=-Kx (4.6)
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Aaudgrgredaunduvenmiuaume

;&= Ax—-BKx a7

oz x=(A-BK)x (4.8)

- L. L @ - CJ -
wrsngomsvenevawivounaduaniue K naunish (4.7) uae (4.8) Ao

K=[k k - k] 4.9)
o
lagi
K wneit wesndggnsiverevawnusunduaniue
ki wnela desrvesessnleunduaniuy |
A d v o/ L &
aunasi (6.2) fvuali u=—Kx sldwumnudnvauzvesiilounduaniusie
g(s)=s"+as" N+ L+ a, (4.10)
o
loen

g(s) et wunuRnansuzvesiUaunduanuy
<f / - J E w
a Wt dUUTEANSTBIMINIANNYIE
a“ ) . A v
nTydaTeseassataunduaniug K 1naunisi (4.9) annsamlalasnisly
€ @ - a J
gnsvewoniap i [5] eduleivannsi (4.11)

K=[0 0 - 1]Q.;"q(A) (4.11)

P a ¢ Vet
llli)UNWﬂ‘l’ﬂ'nlla'm']'iﬂﬂ')UﬂN‘lﬂﬂﬂ

Q.= [B AB AZB ... A"“B] 6.12)
uay g(A)=A"+ A" . el (4.13)
Tne
< U al -} o [ 4
A 1t YN ﬂ']ﬂ\lVl'UﬂQ5=’/UU‘NUjuluﬂ5ﬂ‘U

I Mmnete wesndlandnwal
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4.3.2 m3gsnuuuiidunagaiusiAssuiy —

NMIpoNLUUAIENNNENUEREUYINN1T0RNLULILABINSIRABUINTEVLIANMLAINSTA
Funaldalidnunsifertutumsnnaouauaunsamuauld Tnsluidwdamandsyuy
Alguantinruanuisedunalfiesanandastuiddutuveuning Inefuning
muannsamuayld Q, fio -

rank(Qg) = rank CA? |=n (4.14)

CA”"I

Toefl » Ao Adusureszuvdsdidviiuifvesnnmesanuy
mdunaaouziususuimiUssuasfwsaa iz veansaunsitovly

Tunsdaumngnisauas Tasidygrudussdanaaaiusysznauiedonu

FuBumaazoFrRueInsuIumsTiansadalfewiguit 6.5

u y

fmidunnaniuy +

. y=y—-CX
+ t=Ax+Bu+Lp [*

-+ C

d v e L o
JUT 4.5 Mdauneaamuniusudy

v v v o v v ¢ - <
ddunmanuziuduiuIngun 4.5 uammmdiiusiduaunisadnmansfe

=A% +Bu+L(y-C%) (4.15)

Toofl & MNBHe ANTENTDIENIUE X
L  wueii wedndonsiveeusasidunaaniug
WamnevesidunranuzAonisuseanud X gt x (%) lwvasil o0
M sUsBINUARANAIAYEY e= X~k AD

e=(A-LC)e (4.16)
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s v al - - ¢
Snsverevendunnanius L 99naunisi (4.15) wag (4.16) fwa3ngidu

T
L=y L - 1] @
-
lagn
L el wesngdnsnvenevasidunnaniuy
l; el snsrvengvasdunnaniuy
- ° v * v v -
aunsh (4.16) imuald e=(A-LC)e velamvuunninunsho
q(s)=s"+Bis"  +..+ B, (4.18)
o
Taem

g(s) Vel WU INANGNBUYIRINAANAGNUY

B vanefis SinlszAnuoamuiuaudnyny

ASVNESATInsenvesadanaaniuy. L 91naunisil (@.17) aunsaviidlaens
MWgnsvasusnimesiiini 6] adurEMIaNATST (6.19)

L=g(A)Q,'[0 - 0 1]° (4.19)

o = < [y -
UALUATNYYDIAINU@NINA wnalafae

C
CA
Q, =| caA? (4.20)
CAn—l
way g(A) = A"+ BA" 4+ B,1 (4.21)
Toedi
<t ] - - & - ‘
A VUIYR ANAINIVDITSUUTATUNAITND

1 gt wnsndiendnwal
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—4:33 nseenuuuRlgitTaudileunduantusuariadunaanius
nssenuuusiirIvAnlagliisnsTndusEniwileundvanusuasidunnaniue

-~ L7 4
mmsnasmumgﬂw 4.6

. r
{ NONISMUAN

u X & + y
<1 -K | [ | L |e—r
: ' — + dmsvetoves |
{ " i
. -BK - fduneaniuy
psinmyny___ - LAbRoLC [ AR !

J */ - el « v &
UM 4.6 nmssanuuummugulngIsTiumUsunduanuzuazidunnaniuy

Y o -
AUMTANULYDINIATUANIINGUN 4.6 AD

%=(A-BK-LC)%+Ly (4.22)
u=-Kx
e=(A—LC)e (4.23)

A -
LHOWATUIRINAUNTITAQTULUBINITUIUNTT

x=Ax+Bu (6.24)
y=Cx

o

ad vy vor o
gldeonuuungmismuaulini

A

u=-Kx % (4.25)

a hd P~ o ' al Y
NSUNANIY x=Ax+Bu 3naunim (4.24) Luagmmum‘lﬂuaumsw (4.25) amgﬂaums
Tvailendu

x=Ax-BK% (@.26)
neii

X=x—e (4.27)

unuenaunsi (4.26) uannnsh @.25) iy
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x=Ax-BK(x-e) — (a.28)

-l C A
NnauNIT (4.23) uag (4.28) wanaduguuuvamsngas

_|A-BK BK |[x

® e e

4 - & “
auns (4.29) Wuaunmsedurennamiansvesssuuarvaulasldfmdunnaniuzuazsia
UJaunduanrug (Dynamics of the observed-state feedback control system) fatiuauns

LY o Vv o o 4’ <t
AUdNYUTYDIANNTTN (4.29) aeldilusall Ap

sI-(A-BK) BK

A(p)= 0 sl-(A-LC)=" (4.30)

iy

|sT-A+BK|sI-A+L(=0 (4.31)

=l | at v
fsnvesaunsi (4.31) luduvemay [sI-A+BK|=0 ifismeglussurunadiu

t W o A
H18 (Wuniseanuuuteunduanuslagldngnisaivan) uazsineesasnisi (4.31) lu
daunatives [sT- A+Ld=0 fisnagluszunmwngy (Wuniseenuuumdineaniuy)

' & & oY
Wunsuanadnaaruamlagsiuvianunuessuuaivaniiiiatesam lnendunsunis
» v
sanuuumAIUANMEIETINiYsunduanuziazidunmaniusiiduneudill

4 al ° ' - . a
vunoud 1 Amua K 1wy [sT-A+BK|=0Wilsnvasaunsegniiudny wazil

L ) J o L
nMsnehuisreslwaimnzaumudaivuaniseenkuurasEuUmUgY Yliauwnsaw
] o ] d‘ - -t ]
AlnamumislagdeansuussuruBdoudiszuuavqudinuansaniuaulaegi
auysod

Y =t ° ' vl ' v v

Yunaun 2 nmua L 1wy |sI—A+Lq=O Wlisnvesaun1segnInugIsuazIN
' d ove o - a - ° - Uy oquy ' v o -l
Alnauiialiimdunaiivssavamnisviruneeniuld inlManunsanseninavesdidanad
duwnitlaquuszuruiddou fszuumugudinnuaunsedunalisgwarysol

s A A 4 1 ) 4 g v & °

dunaufl 3 Weudsseminaadunauazdilounduanuzidrdeiulagfvuali

~ - o 1 ) - [ -1
u=-K& 91n3u#l 4.6 annsamilaridunelouvasimunulagisnmswaaaslanei

sX(s)=(A—BK-LC)X(s)+LY(s)

; (4.32)
U(s)=—KX(s)
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AN (4.32) awnsowasguiduilaiduislonveshmunuiiedieuiiugui 4.1 fe
G.(s)=K[sl-(A-BK-LC)]"'L (4.33)

) - v o o
Taorrmduwusanaunisit (4.33) wanaiuufenlnozunsudiagui 4.7

= Y
R(s)=0 + U(s) (s)>

G,=K[sI-(A-BK-LOJ''L |—=3 G,(s)

d v o g
U7 4.7 vdenlaezunsunaudashteunduanusuazidunnaniuy

o o
4.4 NIATUIUNDIAUUUAIAIVAY
Y v - ° ' al I T | a v o
JumsusnraiTeRnLUUITFandandumitina iveldiluAssyiveldduiam
a ¢ o 5 ] e w P ° = <
weindons1vensees K war L lutuneusalymudiu lasdiehanns (4.1) Jwasiev
- A - U o ) d 5 -
dumadusiniemadenfisnsandivesdumidnaiiveldidudeyalutufiureinisiatsan
P [ -
nmaidenina AN 4.1

P ol v 5 L o t 1 a - o [ *
#1919 4.1 's"taastaamm‘gawmwaqmuwuwaam‘iwausmuwnﬂmq‘]ﬁ'mwL'LlumTwa

vawhlaunduaniuy
Sasnine | mndiossuwd | Aniudugede 231778
Aunualwa & @, MP t *
(stRen/Aui) (1Wesitud) (Junii)
-0.0583+j0.124 0.427 0.137 22.1 12.8
-0.0583+j0.138 0.39 0.15 26.2 11.2
-0.0583+j0.142 0.38 0.153 274 10.9
-0.0583+j0.143 0.379 0.154 21.7 10.8
-0.0583+j0.147 0.37 0.158 28.6 10.4
-0.0583+j0.169 0.327 - 0.178 33.4 8.79
-0.0583+j0.181 0.307 019 35.8 8.08
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- [ d 1 4 4 L L
Fondumialna s = —0.0583+ j0.142  91na1s1al 4.1 (WuAlwavesialoundy
anuy

p, =—0.0583 % j0.142 (a.39)

[ [ o L 79 o/ LY - 4’ 1
wazsuvidlwavesdanaanuslagliminavesditoundvaniue p, lasfintuanuy

AMNEUUAAY [6] ElamuruilnavesadunnaniusAe
po=-0.175% j0.426 (4.35)

° - . o °
HUUSIa0VNARIRATAR S UBISEUUNTEUIUNITIINENNISA 4.1 Ynaualussuu
ASYUIUNTSANEEDIRD

1

Gp(s)=—— (4.36)
600s“ +70s +1
mlmgﬂ'sz'uunszmumsmnaumsﬁ' (4.36) Wuaunisaay
* | -0.1167 -0.0544 0.25
x—[ 0.03125 0]x+[0 ]u (4.37)
y=[0  02176]x (4.38)

v <
AsIvABUMENNIaAUANIAAINaNN1TT (4.4)
rank(Q.) =2

-. 1 d L. U 1 dv ) 4
YjﬁtﬂuﬂqﬂﬂiﬂﬂUGuﬂUﬂaﬂss‘UU n=2 L{]Uﬂ'ﬁLLaVN'J753UUuaquq7ﬂﬂ7Uﬂlﬂﬂ
o v =
Wi?ﬂﬂﬂUﬂ'ﬂNﬂ'\Nﬂiﬂﬂﬂmﬂ‘lﬂﬂqﬂﬁﬁﬂ'ﬁﬂ (4.14)

rank(S,) =2

o & ' v v v & ' & Y v
Faudurfinseiususuresssuu n=2 Wunsuaasitsvuviiannsadanela
- o« o U A
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n13l4lUsunsa Matlab aanuuuinIuAu
1. AuansaAvqula
%% Simth compensator

clc
clear all

% Define a system for investigation

A=[-0.017, 0.017; 0, -0.1];
B=[0; 0.1];

C=[1, 0};

D=0;

G=ss(A,B,C,D);

% Controllablity matrix Pc and check its rank

Pc=[B, A*B]; % or Pc=ctrb(A,B)
rank(Pc)

%Determinant

det(Pc)

2. aruausagunald

% Observability matrix Po and check its rank
Po=[C; C*Al; % or Pc=obsv(A,C)

rank(Po)

%Determinant

det(Po)
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3. MIMUURINGoRs1vesvaRalsunduanue

%Step 1: Determine K

qc=[3.5%(-0.05+0.087*), 3.5%(-0.05-0.087*i)};
K = acker(A,B,gc) % or K = place(A,B,qc)

4. NMSMUATNGDATIVEI VBRI UNAEOUL
% Step 2: Determine L
qo=[12*(-0.15+0.26*i), 12*%(-0.15-0.26*i);

Lt=acker(A',C',go) ~ % or Lt=place(A',C,qo)
L=Lt

5. msudasaunisaaunludaitudisTouvewraruau

% Step 3: Compensator design

syms s
I=(1,0; 0, 1];
De=-K*inv(s*-(A-B*K-L*Q))*L;
factor(Dc);

pretty(factor(Dc))
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PW -Electrical Power System
PE - Power Electronics
CT - Control System and Instrument Technology
CP - Computer and Information Technology
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Smith Compensator for Time-Delay Distributed-Controlled Systems Using Pole Placement

Teerawut Savangboon , Vuthchhay Eng and Suthian Kiatsunthom
Faculty of Engincering, King Mongkut's Institute of Technology Ladkrabang (KMITL), Bangkok 10520, Thailand

Abstract

Distributed Control Systems (DCS) has been
widely used in industrial control systems nowadays, and
Time Dclay (TD) does occur when Manipulation
Variable (MV) and Process Variable (PV) are scparated.
When converted into a state-space equation, the TD
system, that is, TD and DCS cannot be applied by state-
variable methods to design a compensator, To overcome
that, Smith compensator has been then presented, and
Pole Placement is an efficient tool to find its transfer
function. This paper presents Smith compensator for
Time-Delay DCS  (TDDCS) using Pole  Placement.
Finally, with the appropriately sclected poles, Smith
compensator can permit TDDCS to well possess a good
performance.

L. Introduction

Widespread use of DCS has been still very
alteactive in industrial control systems  nowadays.
Meanwhile, various improvement and studies of DCS
structure have been carried out {1-3]. Fig. | shows DCS
structure and its simplificd block diagram. In Fig. I(a),
control processor plays an important role in monitoring
and controlling & process. The signal transmitted from
process to control processor is done by PV, while control
processor can transfer the signal back to process via MV,
In real process, TD does occur and emanate from the
separation between MV and PV in the control processor,
as depicted in Fig. 2(a), whose its simplified block
diagram is illustrated in Fig. 2(b). TD system, TD and
DCS, really results in problem; that is, when converted
into state-space  ¢quation, the TD system cannot be
applied by state-variable methods. However, O, J, M,
Smith has proposed a feedbuek structure that cffectively
takes the TD outside the loop, which can be done with
standard methods [4]: in other word, Smith compensator
is used to compensate for TD system. In this work [3],
performance inprovement of Smith Predictor through
automatic computation of dead time has been presented.
However, its complicated analysis does occur, Pole
Placement is an efficient-tool, well-known for finding
the compensator in the feedback control degign [4-6],
Good performance of the dynamic and robust system can
be obtained with it appropriately selected poles, This
paper presents Smith compensator for TDDCS using
Pole Placement, The paper is organized as follows,
Smith compensator is reviewed in Scction 2. Pole
Placement is demonstrated in Section 3. Compensator
design example is presented in Section 4, and Section §
gives the results of design example. Finally, Section 6
provides a conclusion of this work.

DUX Netwark

Control Processer
Input/ Output (10)
" MV

L__Proces ]
@)
v v
LR oot} o{Frocens} s

pocmscncnsy

(]
Fig 1 (a) DCS and (b) sts simplified block diagram

li'\@l |

Control Processor | | Contrl Proxeaser

Input Output (10} | Input'Outpun (1)
14 MV

(a)

v ¥
"o 5~e{Contiol Processor LA 1 (1D}

()
Fig 2 (a) DCS with TD and
(b) its simplified block dingram

2. Smith Compensator

In the industrial pracess control systems, TD
usually oceurs. Due to the distributed nature of these
systems, the response remains identically zero until after
a delay of A scconds. The transfer function of a TD is ¢**,
whereby transfer funetion of a Single-lnput-Single.
Qutput (SISO) system with TD is defined by:
GAs)=Cie)e™ (h
where G(x) has no TD.
When converted into state-space equation, (1) cannot be
applicd by state-variable  methods,  However, 10
overcome that, Smith compensator design has been
presented [4], as depicted in Fig. 3. The overall system
can be then written by:
FUsMR($)=T'(5)= D()G(ede™ (14 D(s)G(5)e™™) )
D'(s) can be found by setting up a dummy overall
transfer function in which the compensator transfer
function D(s) is in a loop with G(s), excluding logp
delay, but with an overall delay of 4:

Fig 3 A Smith compensator for T1) system

v
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FeeH= 1) DGV DG ™) (3)
Match (2) and (3) to solve for D)
DA IV )] GL-Gse ') 4)

3. Pole Placement

When the estimation error is independent on the
reference input /(1) (or M=BN) [4-6], some equations
can be written from Fig. 4.

§ Ak Bus Ly (%)
o ~KxeNr
e(0)=(A-LC)e(r) (6)

where (1) is the estimation error,

3.1. Full-State Feedback Control Design
Fig. 5 illustrates full-statc feedback block
diagram, whose closed loop system is given by:

« - Ax=BRx - (A~BK)x (7)
To find full-state feedback, some methods are available.

A- Method |

« Check the controllability for the system.

- Determine the values of -« ay ..., a, from the
characteristic equation for matsix A,

ISE-Al= @ A dersta, (8)
- Define the trangformation matrix T that transforms the
system state cquation into the controllable canonical
form, and T is given by:

TPW ()]
where P, is a controllability mateix: P.=[B AB...A™'B]
A, et
a, a, .. L0
and Wf | v o
ol ..(040
| =. 0" 0

- By using the desired clased-loop poles, write the
desired characteristic equation:

(S NE40). (5-16) " & va 4.+ asta, (10)
Then, matching (10) yields a,, ..., a.

~ The state feedback gain matrix K can be found by;

Ko [ttty @y pdyg . u;-u,]']"' ()

Note that direet substitution of K can be done when the
system is of low order (#<3). Hence, the desired
characteristic equation 1s possibly given by:

Avrtem Model
e

A=Av+Bu
valy

Obsenet

e A-LOR ¢Bus Lyfe— |

Fig § Full-siate feedbuck block dingram

s
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[sI-A+BK|=(s-p0, )($-p03)(8-pt5) (12)
where K = [k, k; k;). and K can be found from (12).

B- Method 2: Ackerman's Formula

Given characteristic cquation 5"+ ay' . *
the state feedback gain matrix K is:
K=[0 0 ... 1JP."¢(A)
where K=[k,, k;, ..
([(l\,".'\. RN e

(13
o ko). PeB AB . A™'EB] and
o, A 'll_l .

3.2. Observer Design
The full-state obscrver design can written as

ir-,\imml‘()w(?i). as depicted m Fig. 6, where x
denotes the estimate of the state x. With the observer
gain matrix L, estimator error e(t) isdefined by:

e(0)=(A-LC)e(r) (14)
From (14), L can be defined to let the roots of the
characteristic equation in (15) lic in the Left-Half Plane
(LHP).

el -(A-LC)=0 (15)
This can be always accomplished if the system is
completely observable. L. can be found by:

A« Mcthod |

- Check the obscrvability for the system.
« Determine the values of a, @ ..., @, from the
characteristic polynomial for matrix A,

[SUALS™ a4 . 15 (16)
« Define the transformation mateix Q that transforms the
system state equation into the observable canonical form
where Q is ;iivcn by:

Q = (WP,y 7
where the observability matrix F4CCA ...CA™'|".

- Write the desired charncteristic polynomial,

(St opts). (540, )= a4+ e sha, (18)

Then, from (18) the values of «;, ay.... @, can be found.
- Determing Lz(\\‘l",)"[a,—-a_ a e, .. a,—a,] (19)
Like a full-state fecdback, when the system is of low
order (n23), the direet substition of L into the desired
characteristic equation can be done by:

[$E-ARLC= (s ) (S-405) (8-4¢9) (20)
From (20), the vatlues of L, L.y, and L can be obtained.

B- Method 2: Ackerman's Formula

Consider L=[L; Lj... LY and the desired
observer characteristic equation =™ Sy ... .
The ffs are selected to mect the given performance
specifications for the observer; hence, L is given by:
LA, 0 0 ... 1)
where p(A)» A"+ A« [l A A,

(21)

Fig 6. The fullestate sheerver
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3.3. Compensator Design: Integrated Full-
State Feedback and Observer

Fig. 7 shows state variable compensator with
integrated  full-state  feedback and  observer, whose
designed equation can be expressed as [4-6]:

x| [A-BK BK [«

HEe

»C

The characteristic equation of (22) is given by:
|s1-(A-BK) BK |

A= g sl—(,\-l.(rl'" (23s)

or |s-A+BK[s1-A+LC|=0 (23-b)

So if the roots of |sl-A+BK|-0 lic in the LHP (i.c.,
design of the full-state feedback law) and the roots of |s1-
A+LC|=0 stay in the LHP (i.¢. design of the observer),
the overall system is stable. The design procedure is:

1= Determine K such that |s1-A+BK|=0 has roots in the
LHP, and appropriately place poles to meet the control
system design specifications. The ability to place the
poles arbitrarily in the complex planc is guaranteed if the
system is completely controllable.

2- Define L such that |s-A+LC|=0 has roots in the LHP,
and place the poles to achieve acceptable obscrver
performance.  That is guaranteed il the system is
completely observable.

3« Connect the observer to the full-state feedback law
using we-Kx .

From Fig. 7, compensator transfer function can be found
by using Laplace transform.

SR =(A-BR-LOX () LI (s) (24-a)
U(x) - =KX($)

From (24-a), compensator transfer function i3, as
depicted in Fig. 8, defined by:
D)= L H(s5)==K[s1{(A-BK-LC)]"' L. (24-b)
4. Compensator Design Example

The teansfer function of heat exchanger is
G(x)=c/[(10s+1)(60s+1)]. With Pole Placement, Smith
compensator cun be designed by sctting poles at p.=-
0.175+0.3045i and the estimator poles at p=-1.843.12i,
The procedure is dong as (ollows.

¢ |- )
X(r) l ’8'7 ‘*g‘lsz(llr[g.l ur-3)
vt ok

where the TD s 43

- Check controllability by P=[B AB A’B), rank(P,)=2
and det(P)-+1.7x10% so it is completely controllnble.

- Check observability by P=[C CA]", rank(P,)=2 and
det(P.)~0.017, Then, it is completely observable. We
can now proceed with step 3, design procedure,

(25)

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

)
!
1 Compensator
-

R e

Fig 7 State vanable compensator with integrated fullstate
feedback and observer.
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R(3)=0 ~¥Y(s) U Y(s)
_’_%xm-m-nu-1.(';r'l.J—(—"~[rlml—-i-"

Fig 8 Block diagram representation of the system wath
a controller-observer

-Step 1: Design the Full-State Feedback Control Law
A- Method |

The characteristic equation is:
[s1-A=s7+0.1175+0.0017=5" +a s+,

From (26),-¢«;~0.-17 and «,~0.0017 are obtained.
The desired poles are located at p,=-0.05¢0.087i. Hence,
the desired characteristic equation is:

(26)

(54t X §+13)= £40.1540.0101= 5+ a,8+ a (27

From (27), we can define «,~0.1 and a;#0.0101,

Then, the gain matrix K is given by:

K=[ayay aqa]T'<[0,0084 -0.017]T" (28-a)

T W1 o 5882353 0 Y

and T =(EW) [ - w] (28-b)
/ 0 0117 o171

where P, ~[0J _0.0‘] and W -[ . o].

Hence, K=[0.0084 -0.017]T"~[5.1112 -0.17)  (28-¢c)

B- Method 2

Given K=[k, k],

[sl-A+BK[=5"(0.1k;+0,117)s+0.001 Uk +k+1)  (29)

Match (27) and (29): hence, k=5, 1112 and ky=-0.17.

C. Methad 3: Ackerman's Formula
K-[0 0 .. 1P "g(A)-( 51112 <0.17) (30)
After obtaining K, we proceed with Step 2 10 define L.

- Step 2: Observer Design

A- Mcthod |

From Step |, we have «,=0.1 and a<00101. The
desired observer poles are located at p=-0.150.26i.
Hence, the desired characteristic equation is:

(5411)( Sp3)™ £40.35+40.090 1 = s'+ay5+a, (31)
From (31), we can define «;=0.3 and «,=0.0901. Then,
L(WP,) [a-ay a-a)]"~(0.183 4.1235] (32

B- Method 2

With L=[1, L,]", the desired characteristic equation is:
[s1-A VLCIs HL+0.117)5+0.1L,40.017L,40.017  (33)
Match (31) and (33): hence, £,=0.183 and [,4.2235.

C«Methad 3: Ackerman's Formula

L=p(A)P,'[0 0...1]"+(0.183 4.2235)' (34)
K and L are now obtained as designed; hence, they will
be used 1o design its compensator, as given below,

- Step 3: Compensator Design

The final step in the design is to connect the observer to
the full-state feedback control law vin w=-Kx. The
resulting compensator transfer function is:

D (£)=—(0.2315+04383)/(s* +0,2835+0,0954)  (35)

If unity closed-loop DC gain is chosen, the reference
input is defined as N=1.014.

,. g LU UL
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5. Results —
Fig. 9 illustrates SIMULINK block diagram for
Time Delay (TD) system using Smith compensator,
whase output response of open-loop and closed-loop
transfer functions is depicted in Figure 10. The model in
Figure 9 is consistent with that in Figure 3, where the
transfer functions of heat exchanger and compensator
obtained from scction 4 are inputted into each block
respectively. It should be noted that TD is represented by
transport delay in this model. In Figure 10, the results
show that with Smith compensator, the closed-loop
output response well possesses a good performance
during a start-up with settling time of about 25s and
maximum overshoot of 1.23 or 23%, while the open-
loop output response is undesirable with a settling time
of 300s.

6. Conclusion

In this paper, Smith compensator for Time.
Delay Distributed Control Systems (TDDCS) using Pole
Placement has been performed. The reviews of the Smith
compensator and Pole Placement were also provided,
Following the designed steps, the transfer function of
Smith compensator is then obtained and emanated from
the appropriately selected poles. With these reasonable
poles selection, the resulting transfer function from
Smith compensator is able to make TDDCS yicld a good
performance during a start-up.
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Smith Compensator Design for Time-Delay

Distributed-Controlled Systems Using Pole Placement

Teerawut Savangboon' VYuthchhay Eng' Suthian Kiatsunthorn '

! Faculty of Engincering, King Mongkut*s Institute of Technotogy Ladkrabang

Abstract

Distributed Control Systems (DCS) has been widely used in industrial control systems nowadays. A typical

DCS usually is comprised of DCS nctwork, Process Control Unit (PCU), and Process. Time Delay (TD) docs

occur when Manipulation Varinble (MV) and Process Variable (PV) are scparuted. When converted into a state-

spuce cquation, the TD system. TD and DCS, cannot be applicd by state-variable methods to design a compensator.

To averconte that, Smith compensator has been thus presented, and pole placement is an efTicicnt tool to find itx

transfer function, This paper prescents Smith compensator for Time-Delay Distributed Control Systems (TDDCS)

using Pole Plrcement, Finally, with the approprinte poles sclection, Smith compensator can permit TDDCS to well

posscss a-good performance.

Keyword: Distributed Control System (DCS), Time Delay (TD), Smith Compensator, Pole Placement

1. Introduction

Widcspread use of DCS has been still very
atructive in industrinl control systems nowadays,
Mcanwhile, various improvement und studics of DCS
ttructure have been carried out [1-3]. DCS structure
and its simplificd block diagram are illustrated in
Figure I(a) and Figure 1(b) respectively. In Figure
i(a), cantrol processor plays an important role in
monitoring and controlling o process. The signal
trangnyitted from process to control processor is done
by PV, while control proccssor can transfer the signal
back to process vin MV. In real process, TD dooes
occur ond cmanate from the scparation between MV
and PV in the control pracessor, as depicted in Figure
2(a). e simplified block dingram it illustrated in
Figure 20b). TD system, TD and DCS, really results
in problem; that is, when converied in state-space
cquation, the TD system cannat be applied by state-

varinble methods, However, O. J, M., Smith has

211

proposcd & feedback structure that cffectively takes
the TD outside the loop. which ean be done with
standard methods  [4];  ir other words, Smith
coimpensalor is used to compensate for TD system. In
this work [3], performance improvement of Smith
Predictor through automatic compwtation of dead time
has been protented. However, its camplicated analysis
doex occur. Pole Placement i an officient tool, which
is well-known for finding the compensator in the
feedback control design [4<6). Good performance of
the dynamic and robust sysiem can be obtained with
its appropriately selected poles.

This paper presents Smith compensator for Time
Declay Distributed Control System (TDDCS) using
Pole Placement, The paper is orgunized s follows,
Smith compensator is reviewed in Section 2. Pole
Placement is demonsirated 1 Sectioh 3. Compensator

design example is presented in Scetion 4, and Section
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$ gives the resultx of design example. Finally, Scction

6 provides a conclusion of this work.

<

DCS Network

InpurOuiput (VO)

]
]
]
i | Control Processor
1
:
i
]

-----------------

[ Process |

(a)

Mol Process

Controller

(b)
Figure 1: (a) DCS and (b) s simplified block dlagram

(o132 ("0

Control Processor | | Control Processor

DCS Network

------ Seavuens -

InputOutpun (110) InpuvOupat (VO)

rrecarmcnnan
L O

M)
Figure 2: (a) DCS with Process Delay and
(b} lix simplified block diagram

2. Smith Compensator

In industrinl process control systems, TD usually
oceurs. Due to the distributed nature of these systems,
the response remaing identically zero until sfter 8
delay of A scconds, as shown in Figure 3. The

transfer function of & TD is el'. whereby trangfer

212

function of a Single-Input-Single-Output  (SISO)
sysiem with TD is defined by:
G (5)=G(s). cl' 4]
where G(s) has no TD.When converted into
state-space cquation, (1) cannot be applied by state-
variable methods. However, to overcome that, Smith
compensator  design has been presented (4], us
illustrated in Flgure 4(a). The overall system can be
then written by:
V(Y R(s)Y=T(s)= DA()G(s)e ™ [(1+ DG (s)e ) (2)
D'(s) con be found by sctting up a dummy
overall transfer function in which the compensator
transfer function D(g) is in a loop with G(s) with no
loop delay but with an overall delay of A:
Y2}/ R(£)=T (s)= D'(s)G(s)/(1+ D'(s)G (5)e™ ) (3)
Maitch (2) and (3) to solve for D'(s):
DY(s)=D($)/[1+ D(s)G(5)-G(s)e™ " ]] @)
It should be noted that the Smith compensator is
conceptually feeding back a simulated plant output to
cuncel the true plant output and then adding in a
simuluted plant output without the delay, as shown in

Figure 4(b).
()

. -

(A2

Figure 3: Response of & tinie-delay system

be |

R +

y

D'(s)

e""G(s)l-—

()
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(b)

Flgure 4: A Smith compensatar for systems with
time delay:

(a) Stmplified model and (b) Full model

3. Pole Placement

Figure $ shows state-variable compensator with

a reference input, fromm which we can define:

A (5)
e Nre=KX+Nr

{§=Ai+8u+l.,a+Mr
whete stey=Cx and e ~KX .
The estimation crrar is given by:
e(0)=x(1)-%(1)=(A-LC)e(t )+ (BN=M)r (6)
{f the cstimation crror is independent of the

reforence input {0) (or M=BMN), (5) and (6) will

become:

k= AR+But Ly N
wm=KX+Nr
&(t)=(A=LC)e(r) (8)

Flgure 6 shows a simplification of Figure S when
MDY,

1.1 FulkState Feedback Control Design
flull-state feedback block disgram can be

represented in Figure 7, whercby we can write:

{ ; = Ax+Bu )
u=-Kx

The closed loop systom ls:
xm Ax=BKx=({A-BK)x (10)

213

t oAl eDaelf+Ms]

Camgnrimans
sadeviascrecstesiasnratsadoss

Flgure 5: State-variable compensator with a

referance lnput
Gotron Morlel
“ seAr+ By ¥
y=Ca
H 3
3 [Contrnd t.av] ‘ (Macrwr S
+ so{A-L.C)H +Bu+ly !
E(‘mm—v j

Flpure 6: State variable compensatar with

a reference input and M=8N

Syatens Model

.
x=Ax+Bu

cofeonaea

tewnwmadusas -t

Flgare 7: Full-state feedback block diagram

To find a control law, various methods arc provided.
A-Method 1
= Check the controllabillty for the system.
* Determine the valucs of @, ¢1,...0 @, from
the characteristic polynomial for matrix A,
[sT-~A|=s +af ™ +.+a s +a,
an
» Define the transformation matrix T that
transforms the system siaste equution into the
controllable canonical form. (If the given system
cquation is nlready in the controllable canonical
form, then Tel.). The transformation matrix T is

given by:
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TP W (12)
where P, is a controllability matrix: P.=(B
a, a, .. q !
a, a, . 10
AB...A"'B] and W' :
aQ i1 .00
I 1 .. 00

- By using the dcesired closed-loop poles,
write the desired characteristic polynomial:
(=24 W(&=28 ). (5=, )= 8" + 0,8+, Fa_s+a,
(13)
Then, determine the values of @, &, ... @, .
"« The required state fcedback gain matrix
K can be found by:
K=[a,~q, a,-a,
(14)

Note that if the system is of low order (n<3):

a,~a, a~a|T"

hence, dircct substitution of K into (13) may be
simplor; that is, il n = 3; then, with K = [, &,
k,}. write: The desired churagteristic polynomial,
(15)

From (13), the values of &,, &,. and £, can be

[s1=A +BK]|em(s= 24 X526, X 5= 24)
obtained.

B~ Mcthod 2: Ackerman's Formula

Givon state variahle fecdback mawix: K=(%,,

kyoooo k) und  the  characteristic  equation
a7 4 a  the state focdback gain matrix is
K=[0 0 .. 1]R'¢(A) (16)

Where the controllability mutrix is
P~(B AB A'B..A"'B)and

WA)s A" +a A bora, Atal

3.2, Observer Design

The full-state observer for the gystom

. §=Ax+8u
y=Cx

dninuImsinms emdumalulalvizeoundudigammanianszla

214

is given by §=Ai+8u+l.(y-—Ci) and shown in

Figure 8.
K|
2 Ohxerver
g=AR+Bu+LyJ
[
1<)

Fligure 8: The fill-state observer

Where X denotes the cstimate of the state x.
The matrix L is the obscrver gain matrix. The goal of
the observer is to provide an estimate % to that
X —>x a3 1+ Estimator crror, o(t)=x{r)=%(r) . is
defined by:

e()=(A-LC)e(r) an

The dynamic behavior of the emor vector is
determined by the cigenvalucs of matrix A-LC. In
other words, we can find matrix L such that the roots
of the chamcteristic equation in (18) le in the Left-
Half Plane (LMP),

pa~(A-LCY=0 (18)

This can be always accamplished if the system
is completely observable; that is, if the observability
matrix, Pg, hs full rank.

A- Mothod 1

- Check the observahility for the system.

= Determine the vatues of a,, a, ..., a,
from the charucteristic polynomial for matrix A,
fs1=Al=s"+as™" +..+a, s+a,  (19)

- Define the trunsformation matrix Q that
transforms the system state cquation into the
obscrvablo canonical form, The transformation
matrix Q is written as:

Q=(Wry" (20
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where P, is obscrvability matrix, P,=(C CA

a, a., .. a |
. a, a4, .. 1 0
wCA™'  and W
P00
- Write the desired characteristic
polynomial,
(s=p1)5=p0,) (5= ) =8 40,8 +.. 4 s+,
@2n
-Determine

L=(WR,) [a,~a, a.,-a,.2-a] (@2)
Note that if the system is of low order (n"<S3),
dircet substitution of matrix L into the desired
charncteristic cquation may be casier. If L=(L,
L, L,]r. tubstitute L matrix into the desired
characteristic cquation,
I—(A—LC)Ym(smpy o= 25, s=20)  (23)
From (23). the valucs of L, L,, und L, can be
dofined.
B- Mcthod 2: Ackerman‘s Formula
Ackcrman's formula can be also employed
to pluce the roots of the observer charncteristic
equation at the desired locations. Congider the
observer guin matrix L= (L, L,.... 2,]" and the
dexired obxerver characteristic equation,
Q)=+ P w4 Bt B (24)

" The ﬂ's arce sclected to meaot the given
performance specifications for the obscrver. The
obscrver gain matrix is then computed via:
L=p(AIR*[0 0 .. 1]

where the obsoervabllity matrix is P,~{C
CA ...CA™"1 and
HAY=A LA™+ +0 A+0A .
3. Compensator Design: Integrated Full

2%5)

state Feedbaek and Obscrver

215

Figgure 9 illustrates state variable compensator
with intcgrated full-siate fecedback and observer.

Recall,

{§=(A~BK-LC)i+Ly (26+a)
um—Kx

(1) A=LC)e(r) (26+b)
{;an-c-Bu (27-8)
y=Cx

wm=KX 27-b)
;-Ax+Buqu-BKi (27-c)
with &=x—e
x=Ax+Bum(A-BK)x+BKe  (27-d)

Write {26-b) and (27-d) in a matrix form,

e ]

Equation (28} deseribes the dynamics of the

(28)

obscrved-state  feedback  control  xystem. The
characteristic cquation of (28) is:
| 1-(A-BK) BK - .
A(/l)t' 0 st=(A-LC)=0 3
or |s1-A+BKllsl-A+LC|=0 (29-b)

So if the roots of |si-A+BK[~0 li¢c in the LHP
(i.c.. design of the full-state feedback 1nw), and if the
roots of lsI-A+LC|=0 stay in the LUP (i.c. design of
the abserver); henee, (he overall system is stable. The
fact that the full-state feedback faw and the observer
can be independently designed ix an illustration of the
separation principle. The design procedure is;

1~ Determine K such that {s1-A+BK|=0 has roots
in the LHP and place poles appropriately to meet the
conteol systom design specifications, The ability to
place the poles arbltrarily in the complex planc is
guaranteed if the system is completoly controllble,

2- Define L such that |s1-A+LC|~0 has roots in
the LHP, und place the poles to achilove agcceptable
obsarver performance, The ability to place the
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obxerver poles arbitrurily in the complex planc is
guaranteed if the system is completely obiervable.
3-

Connect  the obscrver to the full-state

fecdbuack lnw using u=—KR .

From Figgure 9, compensastor transfer function
can be found by using Laplace transform,

{sf((s)z(A:-BK—LC)X(3)+LY(:)

U($)=-KX(s) (30-a)

Conend farw
=l e

-K

U

PRRRPRY P

Figure 9: State variable compensator with

integrated full-state feedback and abserver

From (30-a), compensgator transfer function is, as
depicted in Figure 10, given by:

DI UsH¥is)=+K[A-(A-BK-LO)I'L. (30-b)

It ix found that the compensator transfer function
itself (when viewed ag o gystem) may or may not be
stuble, Even though A-BK is stable and A-LC is
stable, it docs not necessarily follow that A-BK-LC is
stable. Howgver, the overall closed-loop system is

stable.

4, Compensatot Design Example

Transfer fungtion of heat exchanger is G(x)=¢
“AC0s+1)(605+1)]. With pole placemont, Seith
campensaror can be designed by sctting poles at p =~
0.03£0,087i and the estimator poles at p,m0.15+0.26i,
The design is donc as follows. To facilitate the design,
G} can be putted under state-space form.

{i(:)u[“‘"g” ‘_’;8‘17]:‘(:»[8"].:(:-3) a1

»=[1 O)x
where the TD , A, is cqual 10 35,

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

-
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- Check controllability by P.=(B AB A'Bl.
rank(P)=2 and doi(P.)=-1.7x10". Honcc. it is
complctcly controllable.

- Check obscrvability by P,~(C CA]'.
rank(P)=2 and det(P)=0.017. Then, it is completely
observable. We can now proceed with step 3, design
procedure.

Step 1: Design the Full-State Feedback
Control Law

A-Mgthod 1

The charncteristic cquation is:

s+0.017 0.01
let-Al= 0 $+0,
{32-0)

M-Al-s' +ax+ta,

Ilas’ +0.117540.0017

(32-b)
Matching (32) yiclds a,«0.117 and ,~0.0017.
The desired poles are tocated at p =-0.0510.087i.

Hence, the desired characteristic cquation is:

(5= 4 )(5=4t, )= (s4-0.05=0.0877)(5+0.05+0.087/)
ws! +0.15+0.0101

(33-n)
(=g )s—4,)=8 +as+a, (33:b)
Matching (33) gives O, =0.1 and &,=0.0101.

The gain matrix K g givon by:
Kafoy~a, a,—a]T" =[0.0084 -0.017]T"

(34-a)
and T"'(P.W)"[Sﬁ':s” l(‘))] (34-b)
. o o0.a17 1ot i
where P’—[O.l —0,0l] and W—[ 1 0]'

Henee,
K=[0.0084 -0.017]T-' =[5.1112 ~0.17](34-¢)

Ris)=0 % =Y (s)

Figure 10: Block diagram representation of the

K[st~{A-BK-LC)"L |

syxtem with & compensetor-cbserver

e

0 g 0.
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B« Mecthod 2
We define K={k, k. then,
fri-A + BK]nlamyo Xe=gr )

wa’ o(0 1k, +0 1173540 001 7¢k, +R, ¢1)
Match (33-0) and (35): hence, &, and £, can be
given by &, ~§.1112 and &,=-0.17.
C- Method 3: Ackerman's Formula
K=[0 0..1p g(A)a[s.1112 ~0.17]  (36)
. Sicp 2: Observer Design
A- Method {
From step 1, we have & ~0.1 and &,=0.0101.
The desired poles are located at p,=-0.150.26i.

The desired characieristic equation is;

(=4, X 5=t ym(540.15-0.26/)(5+0.15+0.26/)
as' +0.35+0.0901

(37-0)

(37-b)
Matching (37) gives &,=0.3 and &,=0.0901,

Then,

_ A= | seniny V! 0.0884 0.1830
L=(Wr.) [m -0, ]"(“"") [o.m ]“[4.1235] 8!

(S=p Ns=p,) =8’ +as+a,

B+ Mecthod 2

We define Le[l, L), so the desired
charucteristic equation is:
[s1-A+LCl=5" +([,+0.117)540.14,+0.017L,+0.017
(39)
Mutch (37-0) and (39); hence, L, and L, can be

defined as L ~0.183 and /, =4,2235,

C- Method 3; Ackerman's Formula

o avpe 0.183
L=p(AR 0 0 . 1] “[4.:235]

= Step 3: Campensator Design

(40)

217

The final stop in the design is to connect the
cbserver o the full-state feodback control faw via
u=-Kg .

function is:

The resulling compensator transfer

0.(5)%=(0.2315+0.4383)/(5' +0.2835+0.0954) (41)
If unity closed-loap DC  gain is chosen,

reference input is defined as M=1.216.

S. Results

Figure 11 shows SIMULINK block diagram for
Time Delay (TD) system using Smith compensator,
whose output fesponse of opcn-loop and closed-loop
transfer functions is depicted in Flgure 12, This
model in Figure 11 is consigtent with that in Flgure 4.,
where the transfer functions of heat exchanger and
compensator obtained from section 4 are inputtcd into
cach block respectively. [t is should be noted that TD
it represented by trunsport delay in this model. In
Figure 12, the resulis show that  with Smith
compensator, the closed-loap output response well
posscsses g pood performance with setiting time of
about 25s and maximum overshioot of 1,23 or 23%.
while the operrloop output rosponse is undesirable
with u scttling time of 300s.

17 Hedi 021 st
Loy

{

Figure 11: SIMULINK block diagram for TD

System uslng Smith compensator

e
i
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proeexrry )

R T

t{a
Figure 12: Start-up transient response of open<toap

and closed-loop trangfer functions of the TD system

6. Conclusions

In thiz paper, Smith compensutor for Time-Delay
Digtributed Control Systems (TDDCS) using Pole
Placoment has been performed. The reviews of the
Smith compensator and Pole Plucement arc also
provided. Following the designed steps, the transfer
function of Simith compensator is then obtainced and
emanated from the appropriately sclected poles, With
thege reagonable poles sclection, the resulting transfer
function from Smith compensator is able to make
TDDCS yicld a good performance during u start-up.
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