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2.2.4 M3 NI USB 6008
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037 USB 1Juv09131% National Instrument (NI) fiwoinazuifonduna 8 409 v 12 bit
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Tavl# NI-DAQmx 1T lnses dnyaizuesnia NI USB 6008 uaasdaguii 2.6

E‘ljﬁ 2.6 Block Diagram Tnsaasimeluveamsa

2.2.5 1aeAnIN30Y Solid State
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M9197 2.4 Toyaniunaiinves USB-6008

S1wazidun AMANTA
BUS USB
Analog Input 8SE/4DI
Input Resolution (bits) 12(bits)
Output Resolution (bits) 12 (bits)
Max Sampling Rate (kS/s) 10 (kS/s)
Input Range (V) 1 09 20 (V)
Analog Output 2 ch
Output Rate 150 Hz
Output Range (V) 0-5V
Digital I/O Lines 12
32-Bit Counter 1
Trigger Digital

HUWMe SE : single ended , DI : difference
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(linear-Time-invariant ~ system) wiluuuvemen (Continuous )LA¥A3A0A (Discrete) 131Aa ¥4
Taoha luda mmmimi'ﬂgﬂ‘lmﬂﬁﬁﬁ%’wﬁﬂﬁa;ﬂu 3 gUnuuiianady fio uuY Transfer

function, L1UY Zero-Pole-Gain, LYY State-Space AINTN 25

319 2.5 3Juvy Tuiea

Model Continuous Discrete
Form
Transfer H(S) £ BrRogial- Eb ot s\ H(S) § by+bz+..tb, 2" +b 2"
e ay+as+..+a, " +as" a,+az+..+a, 2" +a z"
X :[HUJ H:I:HU]
Zero- H(S):k(s—z,)(s—zz).‘.(s—-zm) H(S)zk(z—z,)(z—zz)...(z—zm)
Pole-Gain (S—p,)(s—pz)..,(s—pn) (z—pl)(z-—pz)...(z—pn)
H:[H:‘f] H:[HU]
State- X = Ax+Bu x(k+1)=Ax(k)+ Bu(k)
Space y=Cx+ By y(k =Cx(k)+Du(k)

Jlnvvveluaalumsaunsni 1ot e Tumavosszuuuuunilduns
Wil 1A HA(SISO), nilaBunanareierdng (SIMO), nawduNANilID YA (MISO) HiouuY
naedunanmiIAe (MIMO) 18 Tno3msadraTunauuuaan$1adu @9u Control Design
Toolkit fiswaziBuasade Ui
- msEezuaag Continuous-Time (s-) Transfer Functions
WLaN Model Construction 15zna ludrefadsuaendmivmsatialuna

TavTumanadnsazuanslugvesndmand Fammsohdiudunaventadsusu wu Warfa
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M3ANIZHHARBAUBINIANUE, N153R AR5 MMaTL LY, M3T1A0ITTVUAIVAY
u8n9 IR FUMs a3 Taauda Wian Model  Construction SaiWafud 1M unIsuans
Transfer function WU front panel Aa vt RIS T AT 2.52

7 252 uaneda0d VI dmunisadaa Transfer Function Tav1% CD
Construct Transfer Function Modelvi 91nud0nlneziunsuaziiiug1 Sunaves CD Construct
Transfer Function Model.vi 92152nauaie Numerator (IfHU®3Transfer Function), Denominator
(@Y Transfer function), Delay (A1UINYDUAUAIFIVOINY delay Time), Sampling Time (1u
nsflad 19 Tunauyy Continuous Time Transfer function 98y 1% sampling Time v laifims !‘%ﬂﬂﬂ'ﬂ

9
vt mumlmiTugud) ludredniidunmsadraTunaves Transfer function H(s)

3
2s5+1

H(s)=e™ 2.9)

ansamuam duyszdnsves Numerator, Denominatortias Delay Time
Y94 Transfer Function 14310 Numeric Control UY Front Panel 4agileiAapa Transfer Function h
19U Front Panel Tn614 CD Draw Transfer Function.vi 492 Indicator.vi 1ion &0 Run w1sng

] & ' o
Transfer Function fia519%n1ug0q Equation Indicator #9317 2.52

CD Construct Transfer Function Model, vi

Iea # [CD Draw Transfer Function Equation. vi
Sr=arn

g‘ﬂﬁ 2.52 Create_tf cont.vi
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ﬂﬂﬂﬂ'ﬁﬁﬂﬂl’ﬂN‘] ‘IJBQﬂig]J?Uﬂ'liﬂf!')'llﬂuﬁﬁ?'lﬂmElU'NUQ ﬁﬁﬂHT!&ﬁ$1ﬂUﬂ11ﬂuﬂﬂQ§ﬂQ
] [ =1 0] P=1 a s o
Tulsznounneg veanszuirumsitiues1ad %’w:mmm:uﬂswmmzeammummuqu"lﬁ’
4 9w oo @ ¥ o a4 a & P 5 Yo VA
Hf)ﬂ‘i]'lﬂllllﬂ']U\‘l"U’H']Juﬂﬂ\'lﬂ'll‘Nﬂ\Ii‘ljﬂlﬂ'illﬂ'iﬂqfﬂT‘Iﬂln'ﬂ’lft}zu'lli'ﬂﬂfﬂllﬂiﬂ‘u'Juﬂ’]'i'ﬂllﬂ'ﬂll
A = Ay 1+ = % A o Y = Y2
LHiJ'IgﬂﬂJﬂSE!]l‘JJ w'luumu'lwnm’smmﬂﬁzmumﬂm:‘Iﬂmﬂmnmmhamm:Latm MUy

d‘ ' { o a < J 4:%.‘ U
woithuse TenfungivhiInofinusidui T fnee 1y
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UNN 3

d-‘-‘-'; ﬂ; s = W
NYHYNINYIVDINUVITUIVY

3.1 a1

v
o =}

cg dy 1 = = 5 = o YV o a :i’ VYR P o
L‘LIﬂH'}11—1‘”1‘1‘“ilzﬂ’c‘l'l’mﬂ‘m]]slQﬂiﬁuﬂﬂﬂ'm’ﬂ"]‘iﬂﬂﬂu’mﬂu LWB1H§ﬂQﬂh1ﬁlﬂQﬂﬁﬂﬂ15

- . . » A
Aauazaumsuaazaums saulUfimsimged Weenuvudnivgu Falwilennzdszaonly
A2 N uHueaInIugui lod ngufuuusiaoaniolu nqug Smith Predictor NOYHUNUA

e ] ¥ £
dulsedns uazunagyl FeswaziBvanavua ldgneiuielinae T

3.2 NQEMsnIuRNLUL filod (PID)

H
= o w &

dmunu Hudiuilseneufidduesy uumuguuuusa Tuia maniuguealuia Ao

¥ A

9) o = . a [ dq VA
M3 1¥AAIUAN (Controller) - YirmihMuSsuioudadunazsuunuuyudiiinanouauss
< & w [ ] o a
Wullawdesns Fadgapunsnansgiullaung uazgduvuvesnsaruguindnivguld
-} o 9 9 1 I~ 8 =] 2 a ey
wen wazimua Basemi nsaauau bilnziiunsmunudoionseon Tuia sanmsniugu
woniauaziloundulUdemnrnguinernisifSouiion dadu tazesndias U5y lud ms

y L. AL .
nszviveantin lag duguiiawdisn Jegiuaiesnruguainsautieau Iassadanis

] 9/ = 2 A ) a o 3 o &
mqm'lﬂ 3 YUR ﬂ‘E]lﬂS’ENﬂ')‘]JT’}IJLL']J“U‘H')LM?]'EﬂﬁVIﬂNWMIﬂUi‘b’ﬁfyﬂﬁm%ﬁM IATONRAIVURUUDY

ad A da o £ a d a da 3/ 5 ; \ 3/ o

siannsotinanimlavldrsesddnnselindiFadu (Linear Circuit) Tunsadedyananingy

HAZIATINIUAUIVVAIADATU T 192995A5 0L (Logic Circuit) w3 e luTns Tusiwmaoiadha
L |

dyruniugy Tasanauguigmiunlfuaziuniintuduiniigaluisnisgaamnisums

HAANAB AIAIUANLIUY PID

3.2.1 mimuguuuvieundudiamniugui lod
ITUVAIVAUUUY Closed-Loop  (iuszuuaIuguuuunilididyayisieidayaveing
1ABATIADNMTNIVAUAINUSZVUAIVANUVY Closed-Loop o3z uuAIUANilounduiuies
[ ' 4 =2 g o ' ' @ a v ow o
dyaumanuamanisusuiludyyiauananssnindyapusunanudygiuiloundues
9 Ry A A ) 4 Yy o q ¥ I a <
gnieulvimniugu meonez ldaaanuamanionliilesawazhfiordyavesszvulisiaiui
v o v A 8w ¢ a2 o 42 ¢ L
dvams dygrafleundviiorniudyainerana lavasaniaiudyyinniduiedduves

dyanoue1nng
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] 3
srvunfuilounduTaoa liszneudogngal il
1. AINIUAY (Controller) Ao A5 uFyanuiaiohuulSoumouiuaudmueonds
fnamsnmunzauiesduiludygiunivguesn laiuguaszuiums i1
- 3
ansnauihminelddudrnioguilld nuunsaiuguiinalsuyy 15y ON-OFF
[~
Control, P Control, PI Control, PID Control fludu
a . = S Y =]
2. qﬂmmaﬂ (Measuring Instruments) WN10049 qﬂnsm‘lmm Sensor, Transducer Y39
¢ o A o o & Ao s o
gunsaindasdygin  (Converter) Wivdadyyindug Alindnanudyin
WIS FIUBIANA
¢ | I o A (o
3. Uns0ld5VNILVINMT (Final Control Element) ugilnsaifiviimihndsuaniizves
NSEUINNITAIBANIITVINTTUINM S Ao U asn i dyiunIugy
£
(Manipulated Variable) ¥839ngn13awaugUnsainaniilfin 11dmiugu (Control
' <
Valve), inverter, Actuator f114%) Wudu
4. N352UIUMST (Plant or Process) A9 N3ZUIUMSNYNAIUAUHMI onTZUIMMINIIATnd
v Y Y o o & Y
fineemsnruguidanigaudednis vaziianigmsihaunieagliaadenen
Wavundasegnasainl nszuannis laun gumgl, Ay, §asims Iva, szdu
iWudn
5. dYYIUNIATFIU (Standard - Signal) Tumsiiaesnisiendeginsailuszuunivgy
o waq 3 o Vv 9 Lo g v = Vv A oA w - v
aluialvi ldawdeanisiudududesivins pusosfusdeaidanmsaua

'
=9

a o wa Y ga = 9 ¢ A =Y
sullszuunivguon ludauuninsildeunlasszy Agunsalinsesiiotain
¥

.

AUARY (Pneumatic), W1 (Electrical) nérdagiuisuiims 19duanuaiaoaduuda

Tyyaian 3-15 PSI, daymnar il 1-5 Vde 130 4-20 mA

A,
v

Controller Final Element > Plant

Sensor

3UN 3.1 wanslnssadnvesszuumuguuuuileundulasnaly
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NISAIVANNTEVINMINGATIMATTY Tnona T Toulddnuquuuuiilof (PID)
wizgduuuvesinuguiludiniuguilansaniuguaszuumsaeg 1ded1aninanang
A a 3 o 9 1oy Y Eg) Y o Ay add 1
eawiniiTassasamsiaui liduden aunsaidhleldie msldnudnuguitlodiliuey
AumsUsuAmsimesveadiniugu PID Iimanzay o 18 1dnanouauesvoinszuiums
AMURDINTS

#2977 PID U5enauduaInIUAIIY Proportional (P) AIAIUANLUY Integral (1) 619

5 | v &
AR Derivative (D) Halifandua1oTou (Transfer function) A9l

m(t)=K, [e(t)+ (3.1)

j[e(r)dt 4T, de(’)J

1
7 dt

Tagh K, = A16931901090987NIVANIUUY P (Proportional Gain)
T =129 Integral (Integral Time)

I

T, =191 Derivative (Derivative Time)

1 < 1o W s = o
1ngli 31 winlAndygieniugu wiedwlsdSunszuinms (my) 7il8anda

o o o r o @ v W
AR PID vz gnimuadsuauduuisenindyanavitidnsuguiudunlsnszuiuns

ar as — 1 4 s o o L 13 "o
(pv) Ny mmgmé’waw%mtﬂmmﬂ (sp) Iﬂuﬁmmﬁnwuﬁmnmwwuagnungmmq{mi

— 9/ [ v 9 9/ U =Y L4 w = =)
MuuRAnURNTDuas13aamih As e veIaInuauIzy hawns sniuguuuy

o

1 F
A199) Aadina1ane il
=) Y L7
3.22 msomsnuguuuuieoundy

- N3EIMINVYNUYL ON-OFF
< a0 ~ = 9
N13AVANLVY ON-OFF 1ilunismunuitdhienga uaztonlglunisaiugy
N3EUIUMTA LiADINIIAMITBIns g Taemsarunuazyiaifios 2 go1ue fie Wa (100%)
A (0%) NTUIMIAIVAUIUY ON-OFF Aauend 37 3.2

Control Output

Pmax-—

-—

Direct Action

Pmin . ><—£ i P> Error
j——P

U 3.2 WerAIN3eINISAIVANILY ON-OFF
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Mgl 32 wiiuhidimanuaandouninnimiinga (+&) Ano1ANAvIA7
AruRuazlaoustn 0% il 100% domanunmamaeuieuniiingn (—&) AnDIANAVDN
fmuguazadonan 100% 1 0% suerdnaiioglugruanuund (Dead Band) v liiinms
nasundasudedialagervezdlunanninnisideaniui 1 1daa 3o niouendes
fufludosiIWiAagrunnuuudiu eloart ON-OFF veuiulduszviliglnsainiuqu
ienszuaums 1dsuanudonio unsruanuuudidealin o msizezvildmai
(6975 4Y99MIAIVAUAATY NFUINTAILAVIVY ON-OFF ansaidouithuaums (.2) 148

0% ,e<-¢
m(t) = (3.2)
100% ,e > +¢

We  m(r) = dyanunILAUNI DN HATEIRIAIUAY

' &
e(r) =mManNunaIRRaDU

1 !
& = E‘ummmmmuﬁ

- NIIMINIVANUVY Proportional (P)
¥
NSOINTAILAN P U ANDIANAYDIAIAIVANIEHT AUATIN DA IR
A 1w Al 4 a P 1 o o g A &
ANALAA DN NA1IND 0IAINITUAAIAAADUTAININUU AUDIANAVBIAIAIVAUNL T AN
J y 1 U 4 o =1 3 a
My uazdmnnuamandeuiidnfooas Auodwavesdiniuguiezianiesasaunioins

¥
AWMUV P dunsolouaunis (3.3) 1amail
m (£) = K e(t) ¥ 7 (3.3)

m,(f) = AUBIAYAVOIAINIUAVLYY Proportional

K,  =0a51uuv0dIn )M Proportional

L4

i 1 o [ A y " w
m = ‘f"l"IL'E)'Iﬁ'ﬂﬂ“UEN9’1’Jﬂ’.]‘]JﬂNﬂﬂ?ﬂ’ﬂﬂﬂﬂ'lﬂlﬂﬁdﬂum?ﬂﬂﬁuEJ

AIMIVAUUUY P 1197791992 19801 Proportional Band (PB) unums1dfin K, &1 PB fio
FUDIAINNUAMARTOUTEN I ITHAVEIAINIUANTIA 0-100% Faduns

_100%
K

p

PB

(3.4)

¥ = a i = 1 o _a 1 < v
YOITYUDINTYINITATUANLUY Proportional fin Ia1uisafsamoenidala
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Control output
A
|
l
100% | :
Kp2>Kp I\L |
|
; I
1
. Kpl
I
}
0% I »
Y Error
l—PB—>]
I PB »]

37U 3.3 uanegaeniiAueIng 1A 15AMIRINMDY Proportional

- DI INIVANUVY Integral (1)
a = a T : 1 =]
AIUINITAIVANUDY L HI0i58nBN001NIITT MTAILANLLLTIFN  (Reset
U a o g/ U A) -:; %’; 3/ i d'l
Control) TngnupIARRueIA2AIURY 1 Id91nduiinanuaneldnswvesninunainnaoy

AprRIRUALMAINAGUNTI 83 Wewv0IRINILAMIY | (Integral Gain) Haen1T (3.5) Ao li

m, (1) = K,j'e(r)dm m, (0) (3.5)

e m, (1) =AU IFNAVDIRIAIUANLLY Inteeral
i g

K,  =9a71%018903dMIUNUIDY Integral

Z g2 : 4
e(t)dt = AuinanuavemanuanInmaoy

——

' 4 @ A 1w o
(0) = AUDIMWAVOIAINIVAUNIAL ¢ WINUFNY

2l

- dy o Ta 5 ! 1 =y
HaveansoImIAILRuUUY T ezl ldifneeridatiulusz vy uazaadiuiu
(Overshoot)  weeszuuA1d uadnTuInisarvguiimguinly sz ldnansvaussves

NITVIUMIFIA9 HOABUTUBIVOINTIIMIAILAUILY T Auaalugln 3.4
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Pv
Erfor
Control output T

T
L]
L}
]
L}
L}
L]
L]

;
y

FUN 3.4 LAAINAADDAUDIVDINGUINTTAIUAUIY Integral

- N3N INIVANULY Derivative (D)

N30ININIVANULY D FEN8NTNTININ PMTAIVAUUULBATIAIM (Rate Action)

o

o/ 5 L") s H ' 4 1
Taodyaaewinavesdiaruguauegiusasimsnlanunlasvessinuaaianaoudenan

L

[~ 1

' 4 o < 1 o =] 4 =t )
wimunmanunamnaeniiiloneiugudls nazaueidyansnsaddoundasldiian
5 d:l. A C; é A o ar ! 1 o o =
Favu deanuamamasuilaoui/as #5003 $MAINE1291 995111505291 (Rate Action)

3
Ay (3.6) aa 11/l

de(t)
dt

(3.6)

my(t)y=K,

A ' o al s
1o my (1) = AUDINWAVDIAIAIVANLUUY Derivative
K, =9a519010999d9AUANIUY Derivative
de
dt

= AAINAAAAAOUNLIAT t

m > Time
S S

Zefo error

¥ Large slope

JUN 3.5 UAAIAIDI1IHARDTUBIVBINTUINITAIUANULVY Derivative
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- N3LINMIAIVYNUVY Proportional- Integral (P)
A Y 1 a ) =1 < a X & o w 1
ATUNNANIVILAININTYINIAIVAVLUY P WY 3ziooWismnaty Fansfdan

b4 ' £
ooiimil ansovi IdTasmsiiiuniomsaruguuuy 11511 Saumsde i

!
me (1) =7+ Kpe(t) + K, K, [ e(t)dt (3.7)
0
Y30
- K.
my (t)=m+K.e(t)+ = [e(ar (3.8)
i0
4 1
1o K.=K, uaz K, =—
T
T,= A9 Integral
Pv
set point l
Error
Control output f

Ke

»
v
'
'
¥
»
0
k—"'Tl_"",ll

3N 3.6 uaRIiId1aanBNAIBIYBINTHIMIATLANLLL PT (Direct action)

- ﬂ?mmimnqmmu Proportional-Derivative (PD)
dq ¥ a 1 Y] = A o Y
M3UsegnalFnTomsnIuauuuy P samAun3omsauguuuL D ey ls
a é;’ 1 1 v 1 o el
HaADU A UDIVUDITSUUIIALIIUN LlﬁfﬂxullillﬂﬁTﬂEJﬂ‘JJﬂﬂﬂﬁﬂﬂﬂﬁuﬂﬁlﬂQﬁ&’ﬂﬂﬁﬂ'ﬂﬂ%ﬂdﬂ‘dﬁq

L4
AUMIIDMNAVBINTHINMIAIUANLUY PD udaafaaunis (3.9) ae'lalil

de(t)

mPD(t)=%+KPe(1‘)+KpKD (3.9)

de(t)

mpp () =m+ K e(t)+ KT, (3.10)
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1o K,=T,
T, = A9 Derivative
Py
A l
sebpomt | ooecocineinoo o X
Error
' !
t
Control output !
=4 ]
A
Long
Rate action
hott (Detdivative)
Proportional
0 >t

U1 3.7 uansdietiumaneumeaveInseINsAIANLLY PD

- n’%mmﬁmnammu Proportional — Integral- Derivative (P1D)
A o - = v 2 q Y a
ivo Winane uauesvesszyunIuguil aussouziy lawdeans 3919030103

3’; i [ é ) 3 a :1'-: ar 1 dy
AIVANNY 3 1Y 33AU G IR IdnS vimsauauuuy PID Aflaumsa G.11) se'li

m,,,D(t):ﬁ+K},e(t)+KPKlje(t)dt+KPKD% (3.11)
0

de(t)

R
mHD(t):ﬁ+KCe(t)+—1;—"Je(t)dt+KC1’:, (3.12)
i 0

F's l
set point

Control output

1

]
(]
!
\'D

P u/f Propostional +Integral +Desivative

-

0 »

U7 3.8 1aAIiI0019WARBAUBIVBINTIIMIAIVANULY PI (Direct action)
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33 mseenuuUsTUUAIUgNE I TN FIsyanE coM

Coefficient Diagram Method ¥38 CDM (Ju3Fnisoenuuunuufivatia d9n1500nuy
15’14f}g:vuvfugm‘uu'mﬁﬁ'nﬁufﬁ'waafhf'i’uﬂs:ﬁwéﬁumswnumﬂmﬁ'ﬂym: (Characteristic
Polynomial) Fhgiszaafilumsesnuuuifedesntsaunsnmdnyme Characteristic Equation) 7
Mz A ﬁa&u’i‘%ﬁ%mmﬁﬂuﬁmﬂﬁ% 13919 Ina Tnudewu (Indirect Pole Placement Method) Tau

wsiimesilFluniseenuuudiuds com sxilszneyludamduiiadosnm 5, uazanem

PAANYA T FIN51IAD3 Y955 CDM ﬁﬂz'l‘x?'f?m%'ummSﬂemmmumswuumamﬁnym:”‘
RBINNT

3 coM ez ldrumiswyuinnanaunuszuy Taodauiey (Numerator) azd a4y
(Denominator) YoalariFua s Teuszfinrsuauoniu lumseenuuusaniuguiuii1dTaoims
fmusaumsudnyuznieaum Iy INgudnEazideansvenlaisumoTonasla Tay
Wsandefnmuaduanssous (Pe formance Specification) YOITVUA NN tazidulszAng
VOIMUMIWUIN M EN YL 1491058 CDM wgmhhBouiouduamdudseinivesauns
wyunudnyme il 1 nndaniuguiasnsgmnis zﬁaﬁwmsn1ﬁ1W1s1ﬁLma§ﬂJﬂaﬁammu
ao

rluﬁau‘ﬁwﬁwmsa‘ﬁmtrﬁq'ﬂmﬁ’nymzﬁugmwﬁ% coM Tanaainvesszuunivgui
p8nUUAI7E CDM nszummslumsoeninmdaniugudalsenon ldun1s Tna uazns
METT MssenuvvauMIHHINIuanEud0TE DM Fouluadesniwuedds CDM s
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UNURIF YT ANS

33.1 qudnuaEINgIYeeE CDM
AuIdnENE AN MYe43F CDM fiogaaenu 5 9o fio
1L IFaumsupmuaasmussoy
2. AUMSAYLNRNANYREuAsAIMUgUaINIToenuuY Idvu
3. unufdunlseAng annsaldasavaeuszunldotailsy Andnm
4. nouidoulviificanedmiuaiosnm Tao Lipatoy gns e T 1y
nqyﬁﬁugmﬂ]m?ﬁ CDM
5. Jnvunasgudmivmniinelves MLS gauSulgauas 19iug iy

o a '3
MASFIUTMTVWIIUIND5V9975 CDM

o el gf " J
ﬂ'lii]ﬂﬂl!'ﬂ'ﬂSxﬂﬂﬂjﬂﬂNﬂ%ﬂﬂ?ﬂUUﬂﬂﬁ'Jﬂ?ﬁ CDM HUICDYUUNUTIUUVDING
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[ [~ L)
VOITTYVAIUAN HASA ¥, iJxr,nJumnmumﬁﬁmmwua:gﬂmawamuﬁuawmszuuquu
Py T ow oA P=1 gt kY] o3 =Y o é [~
maasulaswesmariliafosnmezadresumsnfountasmnniimesveans=uiumsaasiy

AIMNUAN NUAINUVDITZVUAIUAY

3.3.2 In39a519v0 953 UUAIVAN

Taseadranallvesszuunivgquuans1ddagli 3.9 vingilaziiu 1dssuuaingy

Usznovlddronszuium G(s) = B,(s)/ 4,(s) Mmvquuuuiloundy C, = B,(s)/ 4.(s)

Tugufloundy uazdaruguuuuilenlumi Gy =B (4 {5

+
Tl cp0= 22 RN T
B.(s)
C = <
SpaTe
10 3.9 Tassarfaia hlvesszuuniugy
D(s)
),
R h E 1 U(s) T ] (
= B,(s) ! = A,(s) S By(s) [—= A,(s) o

4

B,(s)
JUN 3.0 Tassadanaspuvesssuuauguiiosnuuudieds com

Lﬁammazmnhmﬂh“lﬂﬂs:qmﬂ%’qm Inseadnszvuauguannsaiifeylugy
nuved1adeldTanld 4,(s) = 4,(s) uanlddaziii 310 Tnseafravesszuuaivquuuyi
FonTAseadsUUAIAUUDY 2 TuBass (Two Degree of Freedom : 2DOF) tiazifuTnseartag
1IN TINVBITZTVVAIVANT DENULUAI6TE CDM ﬁm?uns:mummﬁa%uwwﬁumﬁwm

(Single Input- Single Output : SISO) Iaw B,(s) uag A,(s) ﬁeﬁnmswummmnszmums
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B,(s), 4,(s) uaz B,(s) Aodunmsnyuinvesdiniugy laslanduaioTeuveenszuauns

annsauanslioylugdvosaumswyum 1ddai
A,(8)=ps* + po st +. 4+ p + py (3.14)
B,()=4,5" +q,,58"" +...4+q,+q, (3.15)

LATANMITHYUINVDIAINIVAAD

A()=1,8" +1,_ ¥ 4.+ 4] (3.16)
B.(s)=j,s" +jw_]s"”'l P A (3.17)
B,()=p,s" +pl’,,_ls“’“I +.ot P+ P, (3.18)
Tao w <kuazm <k
HazIe A HAvEITEIUN ARSI 3,10 sunsauanaldmedl
Y(s) = B,(5)[ B,()R(s)~ B.(s)N(s) + 4,(s) D(s)] (3.19)

A.(5)4,(5)+ B (5)B,(s)
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G,(s)= (3.20)
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_ B,(5)4,(s)
 A,(5)4,(s)+ B.(5)B,(s)

(3.21)
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a a < o a a w ' :
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Tao n=>m uaza,b>0

o a a a = = i
(BIANAVDITTVUAIVANIZAAMT YYD UYAB BV DI a Ty Tnaiile

Ed
st a = o U a

1. dyredugaddauuiuiiula r(f) = a,R(s) == d1a, = b,
5

Taom,n=>0
o a Y a 3 a v
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3.3.4 MIVONUVVANMINHINNYMEDHLA8IT CDM
¥
ludmiizeTueiamseenuuuauniswyuiugudnuazdae3s coM  Tavaums

o v O o [V [y
wyuwuansuzvesszuunuguileunduminszidluaunsidurdudvaumsqudnvas

e

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

- n n-1

=aq,s +a,,s +..+as5+aq,
n .

=) gy (3.24)
i=0
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Adyiliafosnw y, masdnanuya ¢ AFumsesnuuyaumanpugudnuzuazm

o

' v
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y, =—2 (3.25)
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—_— 1 (3.26)
a()
. 1 1
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n = 1

P(s)=a,| ). H(y ) (vs) p+zs+1 (3.29)

i=2\ =l

3.3.5 Woulviadasmmvesds com

TumsoonuuuszuUAIAUAILTT CDM 1M MsfinsaniEosveadiosnmezlddonly
ANLWAINBId ML B YT IMYDA Lipatov 1A Lipatov nd12'1491 537 19 ums sz wasosnm

9y
YOITTVUAIAUIU MU Y8 Hurwitz WnAeudrsgaonuas lifisanoromsszynd 1oy
] » 1 ¥
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A = = P v oA o v A ' YA a
ouluadosnmimeriivssy Tudheiviiwe Tefian omqiisenan 189 Soulviados rmues

. =] A A4 T =

Lipatov 1uiou luiduegiuanumeriios

VINNYYPATIVABVADIININYDL Routh Hurwitz (Routh —Hurwitz Stability Criterion)
TTVUOUAY 3 dxdiiadosnnaeia

a,a, > a4, (3.30)
- - s BN VA P
avannsodou lumevvesrsiadoin e fo
Van >1 (3.31)
¥ » v
FMFVILVVOUAY 4 veiliaBosamAnedioiou lude lUDiFues
a,>(a,/ay)a, +(ay/ a))a, (3.32)
Ya¥s >1 (3.33)

VINAUNT (3.27), 3.31) uaz (3.33) Mnsoagl1dan szuUsURY 3 uazszuUSUAY 4 93T

= g1 A
IHDUITMWNADIUD

vi>v, AMTUNNAUONi =2 ~ n—2 (3.34)
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a, > 1.12-[£a&+2 4 i a,._z} (3.35)

i+l i-1
7, >1.12-9; AMTUNNANB =2 ~ n—2 (3.36)
A a o = ¢ w 1A A A
llﬁzl@ﬂuqﬂlﬁﬂU'ﬁﬂ’]WVIWﬂLWUQﬁTHﬁUﬂ']']nvluulﬁﬂﬂﬁﬂ'l""lﬂﬂ
ar'+lai = a.i+2ai—l (337)

ViV, =1 MTUVNAIVOi =1~ n—2 (3.38)
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n=[2 2 2 25]

(3.39b)
4, = [0.5 1 0.9 0.5] (3.39¢)
T (3.39d)
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G (s)‘ = -2010g|1 + S|
=-20logv1+ @ (3.48)
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s ~ A o
ﬁ‘uﬂszﬁwwmﬁnmsmjumﬂmaﬂum::

A=[a, ay\. o0 a) (3.53)

BnTIdMIENINT U sz EnTuesduniIwy N an Yo

B=lb, By w» B B (3.54)
ABIADYTAIN

C=[cﬂ_2 Cos - € G (3:55)
Toy

B WSy i=0,1,2,...,n—1 (3.56)
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c, =l sy i=0,1,2,...,n-2 (3.57)

a

mmstaums (3.52) miliegluguuudail

G,(s)= %/a, (3.58)

a a a
ST+ s+ 2
a, a, a

n n

—~ s = 4 L '
1NANNTT (3.58) Mnsalsudulszadnsvesaumsnyuivgudnvus Ideglugduuves
o ] T s = c{ ar [ c:l.y
pANMIUTTHINGNsEANTvRSTUMIN U Nyl TR

A=[1 s .. i1 n_lb,} (3.59)

i=n-] i=2 i=1

° A ' w L ’ o = l{ o ot ' 1:: L
ﬁ’i‘mm'5mnmamm’mizmwﬂnﬂizﬂmwmumswnm‘uﬂmaﬂymﬂuﬁﬂﬁ’mmmﬂuﬁa k

o

4 3
wlddulss@nsvesaumsmpnunmdnyazaail

A:[l kﬁb,. k”"‘ﬁb, k"ﬁb,} (3.60)
i=n-1 i=2 i=l
NNAUNIT (3.59) wazaumsi 3.60) xdunalandidriiadosamsanioway 1u185ns
Wasuuaaly TnosfiGounlashlffemmsinmana 7 vinaums (3.60) annsodouls
oglugUanduee Tow Idatl
kK'a,

(s) = (3.61)
S a,s" +ka, s"" +. + k" las+k"a,

MNAUNT (3.61) wxdunaminladn i ¢ vesszuunauguidon T
1{ g
T=—| (3.62)
k\ a,

Y o A 3 o ) A Y & da g &
IﬂUﬂ1ﬂ1ﬂ15!Wﬂﬂ1 k ‘Uu‘i]xﬂ'ﬂﬁﬂ'i 7T UATHDYRAY °1NﬂﬂfmﬁﬂEJUETHBQ“{JN‘E&UU?\’J‘]J?}MSWN

v ow g I 1 k)
uaylunnnavaudm & aglu9 0 <k <1 AAADUTUBIVDITEUVUNIUANIEHION

]

Fnlrlumsdsumansuauesvesszuu It ldmandiiauiidesnisvi 18 Taefiansan

1 a 1 Y A 1A 1 T 2 Y A ' Y o Y
el ‘il'Iﬂ!ﬂNﬂ"ll’)ﬁ'l&‘lﬂﬂ‘llﬂﬁiﬁUUﬂ”JU?]?J'ElQTIﬂ'IL’)ﬁ'H‘FHll'lrii ‘il'lﬂu‘l—iﬁl'r‘imﬂﬂﬂ']L’Jﬁ'lt‘ll'WlﬂﬁﬂQﬂ’lS

¥
]

o ' ) ot [ Ld
waezmsvin k laglennudunusasi
told
t new

k=

(3.63)
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Tav to0ld AoAwinuivesszUUAILANAY 1AL £ new AoAwIANdINveITTUUAILANA
o = 1 J ]
#oams wdanitldm & udnih ldunuluaums (3.62) nezldm 7 weeszuvAILAUA TN

[N

o S ¢
3.3.82 MmsdSuunsmminiimesy,
Tunstindwaauiivesszuuniugyldanmiidesnts uasinsananovaueIves
m v a9 ¥ oo 3 A4 EY a v a o W LN
szvunugy bl ldnwidesmaiusuiuiivsdedsvudeimsiine’ y, Tavmsdsuudan 7,
Z a Y t:f
Huasaeiuylaaail
a X 1 i
auyald G, (s) WulardudioTountavosszuuniuguiiesnuun 13 luaeuusn

Tau
ay
n n-1 Ny +
a,s" @ s" ka8,

G (5= a,>0dMIVi=0~n (3.64)
Taodudseansvesaumsnypuiuguanyuy, easdIusznNadulsyinsues
quMsWNgNANY LAz ATz gYuUIR DN AU (3.53), (3.54) LA (3.55)

N3 (3.64) Imilvegluguyuasil

Ga(5)=— (3.65)

a . a
L L S st B
dy a ay

g 1
1INANNTT (3.65) MwsasudulszAnTvosrumsnyuiugudnuz eyl

1 U s a ﬂ{ o o 4
JUnvvvessandmsznINdulssansuosaumswyumguansne daal

A= NN T (3.66)
[Io T1a 108 1o
i=0 i=0 i=0 i=0

1 (3.67)

W
o
I
o
T

1
3
L8]
el
3
l.b)
_!')
-
o
| EEEE |
S
=
| ——
. X
-
w
")
3
i
o
L]
—=
o
| ES— |
5
i
og-. =

o A ' ow A = o 1 A 1w oA 9 ar a £
mmm'ﬁmumﬂﬁnmﬂnusmwiuﬁﬂmummnuﬂa k ‘i]ﬁulﬂﬁNﬂ'i&’ﬁT’l‘E‘Hﬂdﬁilﬂ'li

3
WY ManYuE Al
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1 1
i |ty
gl p=2 03 0 lnz—l—l n=3  n-4 0 ,
e
k* 2 g c,....Hc, b k2 s c,....l_-[cj b, (3.68)
i=0 i=0 i=0 i=0 i=0 i=0

VINAUNIT (3.67) Lazaums (3.68) vedunalang ¢ danuniowdy 'y 14503
nasuuas Taseiudouudas lARemdsiiadosnm sinaums (.68) amnsoionlieglu

dar 1 Vo 4
sUlanguaeTou 1amal]

G,u(s)= (3.69)

1
n 1
a,s" +k7a, " w0 0hk2 P as+k? 2 a,

]
as A v

acy @ 9 .:; k) 3 =1
A lumsiiuranovauesvesszupmugu I ldgnsmideansiu Wit fmiven
o & Y = % 4=:saz:’|J 9 1 r U 1 9
AOAANNIUNUNTUVDINTYTY 7 Taolunsdiliszdesaovqaenliua & wundiee 1d3Unse
P 1 ° ' 1T a o

wanpuauediideams a1 £ > 1 wihlinaneuauesvesssunniuguiauazanjaiuie:

13 o kY i~ 13 1 1 a o .3 =2 Y1 an
aARd uAn1 0 <k <1 vzvirlviNanouauouessyuUnIuAUE AR YR vNNAY Baui3153
c%. 9 = a 1 ==Y ' @ 4 A Y
usznosansrnnvgnlumsyfum k uandadniimalSun 7, Taense iissnndiszuuningu
<3| o ow ' P o o
Hhunuusuauge My, Mvgvhmsdsuimnalydae

v Y v = v Y 3
naanni ldgUnsanansuausIveIszuunNMuAReImMsnds Arandhiivesszuy

1A a :g a | o ] a
MV LA TN ARIINT DINNAIY dutionnnIneasImMsmitavesszu gy I asunlag

= 3/ ©

@ P oa e o 9 o 9 a9 - ¥ &
T dniusetudlunezdesiinsuiuamani i i ldamfidosms sna st



3.4 NYBHUD9 Smith Predictor

R (s
G G > e"' Liu
+ + e o
- - .. RealProcess
b -L,
> G, &
WORELOOD e e e NominalModel
Extermnal-Loop

U7 3.13 Tns99519909 Smith Predictor

o
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MIAIUANUVY Smith  Predictor [1] AoNIsATAULDYTouNaY Taelnistounsuuny

wiounwlundadaglii 11313 Tnoii G, fonszuaunsasenlifia TimeDelay, L, flofn

3 v [ ' ! o ° o a Y
Time-Delay ~ @uilua1nam, G, way L, 1luuuusiasives G, way L, aua1ny, G, A7

My dmiuasounsnIgun LI Imhiin§aa1 Time-Delay mstordynudrtloundy

v o & o a:f o ¥ w g o 19 o £ £ 1
Tgadanrunu FamsmuuviwgmiissusaeenuuudiniuguidTaen Tudesiedem

. & ¢ oy I \ \ % Yo S
Time-Delay ¥N I UAMO5HINTUUDI Smith Predictor 131501801 laaaii

Y(s) _ G,(5)G,(8)e™™
R(s) 1+G,(8)G, () +G.()G.(5)e = =G, (s)e =]

Y(s) _ G"(‘g)e_m[]+GC(S)GM(.S‘)(I—E-£’”')]
D(S) 1+ Gc (S)Gm (S) + G‘. (S)[Gn {S)Q—L"J — Gm (S)e'lh‘]

Tunsdli G, =G, uag L, = L, annsadounsmdidesadan 18t

Y(s) _ G.()G, (s)e™™*
R(s)  14G.(5)G,(s)

Y(S) _ Ga (S)e'LD’[] & G‘-(S)Gm (S)(] _ e—l,_s)]
D(s) - 1+G.()G, (5)

(3.70)

(3.71)

372

(3.73)
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3.5 NQEMsnuganuUsiassnelu IMC)

£ v
Internal Model Controller (IMC) HupaMduuvusiaeniely Iasiinain13ase

ot

muu lsdlszuuniuguegnmely Tuueemdseiforsuszuuniugunszuauns dgduy

¥
¥ o W

@ & ° P 2 = < Y o
NMSHAUUANIUYeDYTIaeInszuIMMshgndAes  daiulelianudull1dfezaiunu'ld

pteuysol WeRnsadaiiedalugy 3.14

Output

Set Point Gc ( g ) Gp ( g )

JUN 3.14 szvvnuyeseuila

Tavii G,(s) oAU MIVAIVAUNTTVIUMS G, (s) aUYAI G, (s) D

HUFI9090INTEVIUMSI Taedmuald G, (s) Wudaunduvesuusiasenszuiums

G, ()L, (sT (3.74)

oz G, (s)=G,(s) unsdifnundhassnazuanmsiaznssuaunses i) oz

o q Yt ¢ Bl o JraB - a Aq AN 14

ilinuednaiinwhduauihwineaasanat Fadedudwivsnuaden1Faanguszoui i
o o = ﬂ' ar &é’ o d'

msfloundu i liisilianudidonunsauguuuuidosdudmiunszuiums smmnsofiog
Yy 9 v 2 A o & '

muguaszuIMms Iianueuysel 18 lnemsldszvunuquuuntloundud inrwsuiuedia

IS UNTZ VUMM I eusan U RuReS 1veInTE UIUnTS Ie

3.5.1 35M3v09 IMC
=1 a ¥ o ] @ a :
11—!1"!'313“1]11%3\‘]1414 LL‘LI'U%TEIBQﬂSS‘]J'J‘I—Jﬂ'Iii]g‘l?JF}SQﬂ‘Uﬂﬁgll']‘uﬂ']‘i%‘i\i %\‘]ﬂ"l'iﬂ'lﬂﬂullﬂ'l_l
] ¥ s " oW 1 9/ ' 1 o
wsoudasy immsanuguidatedyavesnszuumamuandmuield udedlsfan
& o a o & = &
MARUFIUMSHAITTMTAIUgU AT INIToAIDANNszuIums I auysel FeTTmsiife

Internal Model Controller (IMC) Tnsaa31auaaanaz

d(s)

Output ¥(s)

Setpaint R(s) + E(s

P
o) s T

Process Model
G,(s)

a(s)

3UN 3.15 Taseadnves IMC
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Y ] =] o i ' = '
TugduuuTaseadaves IMC u 4(s) Aemssuniuilinsiwauazinansynude
52U, U(s) Aedunantlonliiunszuiuniseiuazunuiaosussnsuiums, oidnaves
A o P o I ° ] L= T
NITUIUMT ¥(s) WerdwnfSeuiiouneaynvesunuiiaesnszuaumsamadnine d(s)

¥

Faannsodon1deed

d(s)=[G,(s)-G,(s)]-U(s)+d(s) (3.75)

LY

Sdmual a(s) Sawidugud fatu d(s) Aez1dnmidaldananuuandis
3EMINNTEYIUNMI IS MAUIUTIa09N52UINNT Uazd G, (5)= G, (s) udaiu d(s) Razdim
whAumssunaui lunswm dndu a(s) emniinsaandeyai IdnndRawaavesiuutians
N5EUIUMS G, (s) uazausaldasandeunisarvgyldoindiiiindedusznde d(s) fu

= Y a1 oA Y ar ] g/ gr y @ d ar 9w cg
R(s) Faoimitlnaifvadueiimnnudniu vz Iinadwsveadayanmaiugy Idwai

U(s)=[ R(s)=d(5)|-G.(s)={R(5)[ G, (5)-6, ()] U(s)-d(s)}-G.(s)  (3.76)

19U
[ R(s)=d(5)]G.(s)
vor 1+ G, (s)=G, (5) |G (s) e
ipan ¥(s)=G, (sU(s)+d(s)
Tunsmdlefladsussonilaues IMC uaisouandldai
[R d(s)]G, s)Gp(s)
( I+[G GF(S):I-GC(S) +d(s) (3.78)
EL)
_G.(5)G,(5)R(s)+[1=G. (s)G, (s)]d(s)
TG, 66, 00] 6.0 "

vinmsuaainsudiledfadduresonTaiu viiu'ldh 6.(s)=6, (s)" uazdn
G,(s)=G,(s) ﬁ'qﬁ'mzmmmmmuﬂszmumﬂﬁ?}ﬂmmaﬁwmmzﬁﬁ'ﬂmsmmu"lﬁ’Lm'
od1lsfinmd 6, (s) =G, (s) MssunIunszLIUMsiamsafisasenl 18 Tnosualy
G.(s)=G, (s)" '

msnsanuamuvesszuiu enansznuiitidenszurunisitosuinuaziile
uuuiaeenszyIumsii linsesunszummMsese fesnnnnuuansusenienszuaumsess

AuuuuiaeensEuIuMsianangAnssuiiianudgudunluszuy Tasdnfsasoudly
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Taenms1¥@anseanauiidir G, (s) v lieudTymmansznuiifinninuuysians
nszuIumsi hiasesunszuIunsie éﬂﬂuﬂﬂmumsaammvﬁaﬂmammuﬁmmmﬂ"lu
(Internal Model Controller) 134 wlddmnduveswuuiiassnszuaunsueynsuiufInges
anudsi Taofmualy Gy (5) =G, ()G, (s) nazAndveadnsosnuiiiu lnondazidon

midimnzausy 6, (5)6, (s) dnunadnivesnsenTauansldfamuns 3.80

G (5)G, (s)R(s)+[1- Gy (5)G, (s)]d(s)

1+[G, (5)-G,(5) | Gue (5) (3.80)

Y{s)=

3.5.2 NM390NUUY IMC
3
M3eonuYY IMC WummsaFouion e ld laosmua 1iuuusiananssyiunsae

G, (s) uazimuald

G, (s) =G (S)é; (s) (3.81)
d y . o Yoo 4
Tngi G; (s) Vufiof Time-Delay uazimuald 6, (s)=G, (s)" une G (5) =G, (5)G, (s) 1ilp
A o 40 o 9 1 = = d w =
G, (s) ABAINTDINVINDAT UAZAIMUA N Gf(s)='(-—)-n Has 7, ADWITINIRDIAINTDINIIND
M7,s

1Az » AOOUAVUDIRINTBDINIING

®  (29619N150NUVUY IMC

23—55 & ai'_ N, - 5
50.C TN 91D G,(5)=G,(s)G, (s)

fmualiiuuseesnszuIunfie 6 5 (5)=

= 1+220 WAL G: (s) = e MnuinIsnan G () Tv1Fdrunduves G: (s)
S

OYNTUAVAINTDINNUDA G, (s) Faluitvzmmualiiar 1 T2 whveas Time Constant

¥
AU 7, =10 9z'ldN

_ (1+205)
Gnee (5) = 2(1+105) 2
1ﬁzi1ﬂﬁﬂmﬁﬁ“ﬁ?ﬁauﬂmmswuﬂwﬁﬁ G,(s)=G,(s) uazunuasluaums
Y(s)= G (5 )G( (s "'[1 G (5 )Gp( )] (s) (3.83)
1+[G (s)-G,(s )] glit)
ioimuald

Y()=G;(s)" G, (5)G, (s)R(s)+[1-G; () G, ()G, (5)]d(s) (3.84)
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N EREATAYST]

Y(s)= G; (5)G, (S)R(S)'!-I:] -G, (5)G, (s):ld(s) (3.85)

(l+rfs) (l+rfs) (3.86)

Y(s) =eip(-—SS)R(s)+{l—M}d(s)

¥
o

Ed
AniuazmunIassadnues IMC fguauiadaae i

1. Y¥ArYA) Time-Delay

2. mnsesdsa ¥ ldiuuvAanumdmusueznnnlfiaswaneuausanin
GERATL LY

3. faanneda Mavguiziianevauesiadss

3.5.3 msliam IMC samiudanange PID

Wagrwos e annsalddmivimuamvesnivnguiile nie iled lugdf 3.15
3y
ansnaalnseainesouda ldaed

Setpoint Process Output
+ ’@9 + G, (s) G, (s) i
- + 4
Process Model
G,(s)
U 3.16 msaazd Inseadaves IMC
uazaz @
Setpoint ( ) Process Output
Gopls %
PID
4 G,(s)

3N 3.17 Tnssadavesnszuumsudamsangyl
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1991
G G:(s)'G
oo (5) =12 G!M:"’(Cs(;c‘);ﬁ A gfs()s). éﬁ)s) (3.87)
auAINIEUIMMITUTTUUSUAUMTNAT Time-Delay fniu Tuaavzidudail
G, (S)=£?¥ (3.88)

fagaismmsaidensi 1daesitae
o szanamuuueynsu§ MY Time-Delay

s ar & at o 1
151910150U52N1UNBVVDA Time-Delay  Iaoldaun1ssuduniie fes20819

b
exp(—6s)~1-0s AU

. K exp(-0s) K J
G = & 1-8 3.89
»(5) l+7s []+rs e (3.89)
A
1o
G; (s) =2 —tiaz— { G )= 1R 6s (3.90)
e (I+7s) A
ey
V(Y
G (s)'G I
aff= P_(:s‘) L (5) _(1xzs) e _ - (1xzs) (3.91)
1-G, (s)G,(s) K qo1z0s K(r_,,+9)s
l+7,s
= nm Yo dy
annsoou i ldnail
T 1
G, XN =<l iy 3.92
P’D(S) K(rf+9)[ rs} ( )
3
wisuiouaumsiinudanvguilledlugaund & []+TL+TJS} 9z 1971
i
.
K. =——N\ T =1 (3.93)
K(z,+0)
® szanamuuy Pade 113U Time-Delay
1 9s
" Vv —
151MN301T0U Time-Delay THiTumsyszinauuy Pade #il exp(-0s) ~ —2
I+=s
Tunsaiil
l—gs
- K exp(-6s) ( K J 2
G = R 3.94
»(5) I+7s l+7s QS) E54)
2



82

4
510)
G‘;(s)=——]—<—— iag G‘;(s)=1~€s (3.95)
2
(]+Ts)[1+~s}
s B
Y
1
G*(s)"lGj(s) (1+rs)(1+ s) T
Gppp (5) = —"=- = ’ 0 (3.96)
-G,(9G,(5) K -2,
-2
1+rjs
Wowstae laaadl
(I+rs)(l+gs]
(3.97)

Gep (S)= 0
K(Tf +5J5

= Aw w = = a 1 Y
neunourumsinudnuguil lodlugaund Kc[1+T—+TJsJ 1519219
py

1

_ (T+5/2) 0

K(‘I’f + 9/2) .

7::24-1' T, =
2

o anFunuhves iMc
11 AnseInFuaI L lves IMC waznlivwfivunuszvunivauiloundy
) 5 ¥y 5 ¥ ] = &
Wl mdosmssiuguiiiegnisnfannlasTaseadnlussuuniguiesinlse Tomidmsa

MIBOALIYUITEUUAIVANAMINY Sun T

L LEG)X(9)
)= Rey~d(3) -5 G20

AIM5Y IMC Aaua

G (5) G, (S)R(S)-I—[l =G (S)GP (s)R(s):l d(s)

Y(s)= — 1+[G,,(S)“ép(3)]6mc (s) 13100
ole Y(s) 1-Ge ()G, (5)
(s) d(s) 1+G,, (s)[G,,,(s)—G‘p(s):l Galn
I G, (5)= G, (s) ud
£(5)=1-Gye (5)G, (s) (3.102)

HAS
71(5) = G (5) G, (5) (3.103)
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-2 a’f s 5 e = ! dl i af
aanulunagnives IMC Mnuguazdsingiululadudaduiimeidos Sanfeudousuns

' k4
maunreandesiudimiyTnsamsnuguuuusudy

1 a uae n(s)=%% (3.104)

E(s)=———
(s) 1+G, (s)G, (s
3.6 NYUMINMUUSIA0INTZUIUMS
NIZVIUMsNNAFIMATINa I Iy wudnduuuususunilaiiinannin vieh
30091 A5EUIMMIBUAVMHWUDTHNIAIMIL (First Order Plus Dead Time Process) Tnuariai
o TouuaAIdIaunNg 3.105

G, =§:—]—e'm (3.105)

e K, = 0AIINIVOIV0INTZUINMS Tudnzyaile

AIMINVOINTLUIUMS

T

Il

T, = AIAMUNVBINTZUINMS (sec)

¥

TUADUTUMIT AU ANNI5 AU NN AL YOINTZVINNITADIINARD U T LBV
nazuaums luannznseudlanmm ., « ez 7, Tassmiunmsiszanae Failguuy

@ ¥
Tumseuaumanue 3 sUiuudal

3.6.1 3Uuvuie (Model A : FIT1)
s nIasiisnaieriasuinm/anmlamdinndasunatazaiain
mldnnduduiaidarudugegalidaivefmanmiodyain 0.632 hvosmsasms

nsunasmgaiiodszli 3.18
FIT1

Amplitude

0.636APV

Time

71 3.18 M3nmAA1eg nraneuaNeIYLTY Tau1d Model A
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3.6.2 3Uuvul (Model B : FIT2)
o ¥
mammiuniounyTuea A uaaanaiim sy rnans e i aniy

HarAanagn 3.19
FIT2

Amplitude

Time

v 3
3N 3.19 msmAne nraneuaue LU Iauls Model B

3.6.3 JUNUUE (Model C : FIT3)
suAaNe Al 0.238 mhusamgatouasain 0,632 whvesmgahonds

WINUINAINTNNIT 3.106
FIT2

AMV

Amplitude

0.636APV:

Time

; g 2
7N 3.20 msmAg MaransuauoaLUTU ALY Model C
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APV Y% 3
ﬂ=————0-,f=—(t2—t,),T0=I]—-f sec (3.106)
AMV % 2
1o , fie naftowiyaTia 0.238 MvesmBunaiingaile

A :i '3 a 1 1T a :i =3
L, A AMIDINANAT 0.632 IMYNMDUNANYYAU

t;'i"mdnmsTumanssmummamﬂﬁuuﬂ’am?au'Im”l%’waﬂauaumunm‘]'u [3]
0.8

K(s)= 3.55
g (105 +1) (305 +1) (35 +1) W)
Step Response
A
g
=
=
E AMV
63.2% APV
28.3%
A

4, =721=2257 =45 7=51%

Time (sec)

H v LY
Ui 3.21 Twmanszuaunsuannlfounandow Tnoldkanouauoauyuty

M319 3.1 AIN5R03 luMsmuUs1aeeveLdas Tuina

Process Gain: K, 0.8/1 0.8/1 0.8/1

Dead Time : T, 73 7.3 45.0-33.8=11.2
Time Constant : 7 61.5-7.2 =543 45.0-7.2 = 37.84 3/2(45.0-22.5)=33.8
BRI : T, /7 0.133 0.19 0331
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Abstract: Smith Predictor control is theoretically a good solution to the problem of controlling the time delay systems.
However, it seldom gets use because it is almost impossible to find out a precise mathematical model of the practical
system and very sensitive to uncertain system with variable time-delay. In this paper is concerned with a design method
of smith predictor for temperature control system by Coefficient Diagram Method (CDM). The simulation results show
that the control system with smith predictor design by CDM is stable and robust whilst giving the desired time domain

system performance.

Keywords: CDM, Smith Predictor, temperature process

1. INTRODUCTION

The Smith Predictor [1] is a popular and very effective
long dead-time compensator for stable processes. The
main advantage of the Smith Predictor method is that
the time delay is effective taken outside the control loop
in the transfer function relating the process output to
setpoint. However, this method introduces extreme
instability into the system for the uncertain system,
unstable system and variable delay system. Furnkawa
and Shimemura [2] augmented the scheme with an
observer, Watanahe and Ito [3] deliberately replaced the
known process by a mismatched process model,
Gawthrop [4] used an adaptive least-square predictor. A
simple algorithm of implementing self-tuning controller
for first order system was present based on Smith
Predictor control structure [5]. Huang [6] did the similar
studies of self-tuning controller design, which used the
infinite time integration of a quadratic function as the
system performance index. These cited authors have
thus solved the stabilization problem by involving
greater complexity than the Smith Predictor. Also
Hamamchi et al [7] proposed a Smith Predictor design
by Coefficient Diagram Method (CDM) to achieve a
better performance. [8]

Coeficient Diagram Method (CDM) [9] is a method
where by the designer can obtain the characteristic
polynomial of the closed loop system efficiently taking
a good balance of stability, response and robustness.
The strength of CDM lies in that the simplest and robust
controller under practical limitations can be found for
any plant [9]-[10]. Such, CDM is less sensitive to
disturbances and bounded uncertainties resulted from
parameter variations [11]-[12].

The rest of the paper organized as follows. In section
11, gives overview of the traditional of Smith Predictor.
Section III, explain concept of CDM design procedure.
Section IV; introduce structure of Modified Smith
Predictor design by CDM. Then simulation results are
giving to illustrate the performance of method proposed

978-89-93215-02-1 98560/10/$15 ©@ICROS
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for temperature control system in section V. Finally,
conclusions are giving in section VI

2. OVERVIEW OF SMITH PREDICTOR

+D(s)
U(_s')+ i GD 5 e—L,,

R(5) G Y(s)
e £ &
- [k Real-Process
-y +
ol G | ol
Inner-Loop :
Externa-Loop Nominal-Model

Fig.1 The conventional Smith Predictor structure

Smith Predictor control [1] is a feedback control
scheme that has an inner loop as shown in Fig.l. G,
denotes a stable, strictly proper rational function
characterizing the delay-free part of the plant. L,
denotes p positive constant standing for the time-delay.
G, and L, are nominal model of G, and L,, respectively,
obtained through modeling process. G. denotes a
rational function characterizing the compensator called
primary controller. The inner loop works to eliminate
the actual delayed output as well as to feed the predicted
output to the primary controller. This makes it possible
to design the primary controller assuming no time-delay
in the control loop. From Fig.1, transfer function of
conventional Smith Predictor can be writing as:

Y(s) _ G, ()G, (s)e”™

R(s) 14G,(5)G,(s) +G.()G,(s)e™ -G, (s)e ™ ]
)

Y(s) G,(s)e™ [1+G,(5)G, (s)(1-e )]

D(s)  1+G,(5)G,(8)+G.()[G,(s)e ™ —G, (s)e ™]

@

In the case of G,= G, and I, = L, the transfer



function can be writing as:
Y(s) _ G.(5)G,(s)e”™

R(s)  1+G,(5)G,(s) )
Y(s) _ G,(9)e™™[1+G.(5)G, (s)1=e™")] @
D(s) 14+ G, (5)G,, (s)

3. CONCEPT OF CDM

The CDM [9] is one of the methods of a controller
design using polynomial approach. This method uses
polynomials for system representation. By denominator
and numerator of the transfer function are consider
independently from each other. The CDM is a technique
to arrange the poles of a closed loop transfer function, in
order to get wanted response in the time domain. The
arrangement of a suitable pole is get using to design
parameter, stability index (y,) and equivalent time
constant (7).

D(s)
ROL R 1 U@ty [N ¥
+ A(s) - s)
Plant
B(s)
CDM Controller

Fig.2 Standard block diagram of CDM control system

Fig. 2 represents the standard block diagram of
control system designed by CDM. It is composed of
plant and CDM controller. The polynomials form of the
plant and the controller generally is write respectively in
the form [9]. !

D(s)=as" +a,  ++a,

(5)
N(s)=b,s" +b,  +:-+b,
and
A(S) =15 +1_8" +-+1,
B(s)=ks' +k_s"" +--+k, (6)
F(s)=k,
where m<nand i<n
From Fig. 2 the characteristic polynomial define as
P(s)= A(s)D(s)+ B(s)N(s) o

=a,s"+a, 5" ++as+a,
where ap, ay ,..., a, are the real coefficients.

And the stability index (y,), the equivalent time
constant (7) and the stability limit (y,) are defined as

2

a
7= ' 1=1, :n_l (8)
, (a,.,a,,)
=4 ©)
a,
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(10)

The equivalent time constant determines the time
response speed. The relation between the settling time
and the equivalent time constant is consider according
to the standard Manabe form [9]. If ¢ denotes the
desired settling time, this relation expresses the choice
of by v= 1,/ (2.5~3). The stability index specifies the
stability and the waveform of the time response. The
variation of the stability index due to plant parameter
variation designates the robustness property [9].
According to the Manabe form, the stability index are
chosen as

%=25 ¥=2;i=2~(n-1), y,=¥,== (11)

The standard values of stability index according
Manabe form in Eq. (11) can be use to design the
controller if the following condition is satisfied.

pi'/p-l‘—l >T/(yn-] n-Z""},I) (12)

Where p; and p,.; are the coefficients of the plant at
order #” and (k-1)" . If the above condition is not
satisfied, we can first increase y,.; then y,.; and so on,
until Eq. (12) is satisfied. From Egs. (8) ~ (10), the
characteristic polynomial to be used to design the
parameters of a controller is

P{s) =a, Hi(n'}:%}(n)i]+m+l} (13)

i=2

i-j

By equating the characteristic polynomial (7) with a
controller included to the characteristic polynomial (13)
resulting from the known equivalent time constant (7)
and stability index (y;), the parameters of a controller are
then obtained.

From the CDM standard block diagram, it can be
rearranged in structure of two degree of freedom [13] as
shown in Fig. 3 where the controller G.(s) and the
pre-filter Gs) are

G{(D'= ”f]% (14)
G, (s)= % (15)
CDM Controller 1+)(s)
R(s) o G, :i@' G.(5) U (S):g__ % Y(s)
Pre-filter Controller Plant

Fig. 3 Rearranged block diagram of CDM control
systems.



4. MODIFIED SMITH PREDICTOR
USING CDM

From Fig.4 represents the Modified Smith Predictor
using CDM. It is composed pre-filter G;(s), controller
Geofs) in forward-loop and controller Gs(s) in
inner-loop.  Assuming  the  real-process  and
nominal-model match exactly, the closed loop transfer
function of the Modified Smith Predictor using CDM as
per the Fig.4 is given by

D)
R +
(s) G, b G., Uls) LG, el Y(s)
T Real-Process
- v+
Inner-Loop ™ G"‘ e o2
G, Nominal-Model
External-Loop
Fig.4 Modified Smith Predictor using CDM
Y(s) _ Gﬂ(.S')Ga(s)e"!‘"I (16)
R(s) 1+G,(s)G,(5)G, (s)
Y(s) _G,(s)e ™ [1+G,,(s)G, (s)(1—e )] a7

D(s) 1+ G, (5)G,,(8)G,, (5)

Where G.)(s) = F(s), G.ofs) = 1 /A(s5) and G(s) =
B(s). As it is seen from Egs. (16) ~ (17), the
characteristic polynomial of closed loop system is time
delay free. Hence, the controller parameters of G.;(s),
Gey(s) and G,;3(s) can be found using only the time delay
free part of plant transfer function. According structure
of two degree of freedom in Fig.3 and Eqgs. (14) ~ (15),
the closed loop transfer function can be writing as :

¥(s) _G,(9G. ()G, ()™ =\
R(s) 1+G, ()G, (s)

Y(s) _G,(8)e™™ [1+G.(5)G, (s)1=e™)]
D(s) 1+G,,(5)G,(s)

(19)

5. EXPERIMENTAL RESULTS

In this section, the experimental system of the
Modified Smith Predictor design by CDM use to control
the temperature of oven process in laboratory show in
Fig.5. By changing the control signal 12.5% from 2.5 to
3 wvolts. The open-loop response of the temperature
process obtained from the experiment is show in Fig.6
and its transfer function found that

ByS) K ne_ 6278
A(s) Ts+1 10205 +1

G,(s)=

(20
where T, L, and K are the time constant, dead time and
gain of the process respectively.
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Fig. § Temperaalre process and Experimental System
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Fig. 6 Open-Loop response

In the following examples, the temperature of oven
process to be controlled is 40 °C started at 1300 sec and
the results will be show in three parts. First is the system
performance of the temperature process for various
stability index (y;). Next, the step response due to
comparison between proposed system and internal
model control (IMC).

5.1 System Performance

According to design procedure in section III and IV,
the model in Eq. (20) is use to design CDM controller
by neglect dead time. Therefore, parameter of CDM
controller for this case is equivalent with PI controller.
Then design CDM controller by define desired settling
time ¢, = 1,000 sec, so as the equivalent time constant t
= 200. Next, define stability index corresponding
stability limit condition in Eq. (10). In this case, the
comparison performance for various values of stability
index is show that by define y, = 2.5, 5, 7.5, 10
respectively.



Table 1 Coefficients of CDM-PI Controller for
Various Values of Stability Index

Stability index K, Ki

P=2.5 0.187 0.001
=5 0.39 0.002
=15 0.59 0.003
y; =10 0.79 0.004

The step responses of Modified Smith Predictor using
CDM-PI for various values of stability index are show
in Fig.7, and the control signals are show in Fig. 8. It is
apparent that parameter assignment according to the
standard Manabe form satisfied for case of settling time
while overshoot is 0 %. The coefficient of CDM-PI
controller and performances values of time response for
various stability index are also summarized in Table I
and II respectively.

Cubpt Paupane
T

Fig. 7 Step response of system with various
stability index
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Fig. 8 Control signal of system with various
stability index

Table 2 Comparison Performance Values of The Time
Response Curves Shown in Fig. 7 and 8
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5.2 Comparison Between CDM-PI and IMC-PI

In this part, the performance comparison between
CDM-PI and IMC-PI is show that. In this case, IMC-PI
controller is design by conventional method that

approximate €~ = ]-L,s and define filter parameter ()
to be five as fast as the open loop response. Hence, from
Eq. (20) 7y = 204 and parameter of PI controller is X}, =
0.0693 Ki = 6.7984 % 10°, According to concept of
CDM in section III, stability index is specifies the
robustness property. Therefore, choose parameter
design of CDM-PI controller y; = 10 and 7 = 200 which
obtained K, = 0.79 Ki = 0.004 for comparison with
IMC-PI controller.

The step responses of Modified Smith Predictor using
CDM-PI compare with IMC-PI are show in Fig.9, and
the control signals are show in Fig. 10. It is obvious that
CDM-PI controller produces a step response without an
overshoot, fast settling time and this is achieved by a
control signal having a smaller magnitude when
comparison with IMC-PI. Table III represents the
performance values of the control system in Fig. 9 and
10.

] AN e e N S

——— COM-P

i | === mMcP1

ok i) B - m Ton EM
2]

Fig.9 Step response for comparison between
CDM-PI and IMC-PI
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Fig.10 Control Signal for comparison between CDM-PI
and IMC-P]

Stability index settling time | max overshoot max u Table 3 Performar}lice Va'lues_ ofgthe El‘i"(])e Response
y,=2.5 | 807 s 0% 232V Curves Shown in Fig. 9 and 10.
Zi=d 762 s b 2.57 V Methods settling time max overshoot | maxu
=75 | 714s 0% 239V CDM-PI 190's 0% 232V
y; =10 397 s 0% 255V IMC-P1 210s 0% 23% V
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5. CONCLUSION

In this study, the smith predictor design by CDM
for the temperature control system has been proposed in
this paper. The control system is tested with LabView
program and the time domain characteristics are
compared with IMC method based on PI controller. It
has been show that the proposed method is successful in
the controller design than the IMC method for the
temperature control to overcome the effects of plant
perturbations. Moreover, the proposed method can be
neglect dead time which cause of easily and flexible for
controller design.
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