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nsmevaussresszuutiuluauiidesnts lssauisldideniaieanruguuuusnlus
(Automatic  Controller) 3NAIUANNTELINNNT  LilemuAumsalvdasusiuguas
Uszansamanndign unisusendadunuamdsnuiazinaiildlunszuiunig iedes
muauSluAdnaagimihivdnlunisiamndygunueufivanzaunuilddeen
Waramih 1edesmvaudnlud@idonldlunszuruntsedn Aedamruquuuy PID
(Proportional-Integral-Derivative: PID Controller) ijadmﬂ’gﬂLLUU“UEN{?]”JF]’JU@@JLLUU PID
Fuguuuiiawnsaldmununssuauntsrieg liegrsniiewans lidnssuiunisiuandy
wuUtImIelsy fmAruAuRIna1EINIsanIuANnsEUIuNIstaldueE1sRdinisusy
A fimesfimanzaudinIuatkuy PID  Hlassadrensshaudilidudeu Whlaldde
anunsainluyszenaldanuiunssuinnsengg avainvalgluutuaglvinanauauasves
nsrUIUMITlAmINAFeIns dmdunsufudmiiinesvesiinuauiuy PID
warnnaIe3in1seu 1an1svesdinesuiilaaa (ZieslerNichols) — vdudsaidealdnisldm
Amsdeitesiamua uenaIntiunsuiudmsdineuesiinuandiosldisnisans
Anassgruazfosendelssaunisalifiesumnsiine suesssuuliafiand miunszuiunis
wAntiue uenantusiiissug Sniwu 35ves GH. Cohen way GA. Coon 3% Damped
Oscillation %84 Hariott 8niswilsniloy fonsesnuuusemuailagismaiuyessin

agn9lsAnuiamuauuuy PID 1ElARTUNSEUIuMsATSuduliAY 2 uddimiy
AsEUIUNSRIBUSUgeNINEuy 2 fu Humssnniiagddaiunuuuy PID Wissegiafienn
vhnsmuguszuulsilananadeiimun (Specification) tilesaindurulnavesnszuiuniss
Anninsuudlsvesiaiuaudmni lnenisifiudiaiunuuuy PD  (Proportional-
Derivative) 9117 (n-2) $1 aynsufufAUANLUL PID  uazi3ndmuauiindmugy
WU PID x (n-2) stage PD [1] wwmwfsianunsndseandldfunssuiunisiidsusu
wnnd 2 Ifdueged wiidumsiiessinagesnuuuluszuunaideiies (Continuous-
Time System) ogslsinuilagiuiinisuszgndldmauiiunaslunisaiununszuiunisnis
qmamniimmﬁu nsdsdayn v idesiuidudnain (Sampler)  Bsiniiilunng
wlasdyaaeuasndudyyiuninea fauANLUY PID x (n-2) stage PD vinlwdayeyiod
tuegluguuuvessruunailiisones (Discrete-Time system) witly [2] azeglusUuuuves
Fuaadliserilosuu Backward control ( ZOH) I@EJ%VIUﬂﬁwuéﬁlaﬂugﬂLLUU‘U@Qﬁiyliyﬂm
lsisiaLiloauuy Bilinear (Tustin) tefiiagldusuusdlinanauausauiugBatuuarindifos
fusguuadiellesnniian
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Ingninusaduiijmiaflensinuimaualuszuunanfuningluguiuues Tuts
naseilios (Continuous-Time)  wazgUnuLvastIsIalisaLiles (Discrete-Time) Tng
thiaueiieafudimuAuLUy PID x (n-2) stage PD wazlfinausnisesnuuusinuns
dmdunszuaunsfsusuinnii 2 wasSeuifisuimuatlusuiuuvesdygalideiies
531313 ZOH uag Tustin Ineldifarunu PID x (n-2) stage PD finadwseenunlndiAseiy
wwunanfumheglusUiuresianaideiios faniseenuuuimuanidaiisnaiuay
nszUIUMIRInaITaNssauEARm N diivuald
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AUALLUY PID ogaifenliifleamefiasaiueunszuiunsiissvuiadesls luinednusian
i3dlAdusamuauiuy PD drldluszuumagunsuiu (n-2) @ levhausauiuin
muAs PID teazvilszuuadisslagldnseenuuunasinszsinavessimunulusyuy
nailiiewilesuuy Bilinear

1.4 vefvsanuInNAanlylun1side

Aaa =

N13ANYI9BNLUUTEUUAIUANNLBUNALALINaTLOANALAEA(single  input  single
output, SISO systems) Iaglddaruaukuy P (proportional control) faAIUANLUY |
(integral control) wagAIAIUANKUY D (derivative control) wazlusimiuauusazyiiaunly
lunsaupuRalasaiuny PID (proportional-integral- derivative control) usineninug
atuihjimis Msmuauszuuiudy 3 taeldiauauuuy PID Adufauuuy PD $1u7u (n
-2) #uthlvluszuu demuaunszuiunsidnanevaussmiatermuaiieanuuy lasnns
sonuuummuanluszuunalidelies MssoniuusrUVAYRiasadenldauainisdy
(sampling Time) Tumsdudyaawesssuulivangay aniushniseanuuuiamuaudag
Badusn lnefmusdumimestlsvesinnuannelideuluvess (Angle Condition)
Fonneduntawestlsiiudlulidimumislndifsstudunisesinavesssuuunniian
Tnewidosuvisdlslivisi iWeldlumsimundunaiuvessniiugavesinarsdasiute
(Dominant Closed-Loop Pole) fmﬂg‘ﬂLLUUﬁuaqé’ggigmmawiaLﬁm (Continuous-time) A5
dsdyanadriusdudyaia Samplen Falmihiwasdyaaeuasnliudyaia
AInea ﬁﬂiﬁﬁ@@ﬂmﬁuagﬂug‘dLLUUsuaaé’fuufgmaa'ﬂaJGiaLﬁaa (Discrete Signal) 11LAS1EN
lusUwuuvesisnis PID x (n-2) stage PD by ZOH Method Uagdsn13 PID x (n-2) stage
PD by Bilinear Method AlAsizvinanIshevaussesszuulwiiatlndlAgsiuszuLIan
sewilas (Continuous-time System)
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PID x (n-2) stage PD LﬁaLﬁuﬁugwﬂumiaamwmﬁa
Inendnusdusenoudlansianun 5 unded

unil 1 nandsuwuidn TngUszaIRreINIsAne YOUAVDINISANBILATTUADY
N13ANEN

UV 2 NANDAMATIATIIURIRIAIUANIUU PID. warlAseasaauaAtiuy PID x (n-2)
stage PD lngniann15e0nkuuYed SA.AS.ANA ATLATYS
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2.1 sruuauaukuulauiu
2.1.1 Tassa¥evassruualuanuwuudoundu

wuum‘UﬂuLLUUﬂauﬂé’ULLamé’qgﬂﬁ 2.1 MININUVDITLUVALUNF Y Y1043 N
I (C(S)) YeansEUIUMsIUSsUITsUdyaaUsuReiinmun  (R(s) 91t
Fyanadildannmatsuiiou (E(s) indwamungunaeivesnsmussilelvlidyaa
AuANUAIUANNTEUIUNTS

R(s E(s C
©),— EO), [ s (s),

A

H(s)

JU# 2.1 szuumuauwuuleundy

1oy G(s) fio Wandunelouresnssuiums (Plant)
H(s) Ao Hsnduaeleuludiutiounau
R(s)  A® deyaiauususia (Set Point)

3

C(s) fD ey Iaueinnvesseuy

T

€

E(s) A9 A URANaINLARIINAITUTBUNBUIENIN C(s) WA R(s)

anduanglau (Transfer Function) vasszuuaivAukuudaunduluzun 2.1 fe

10 Mafatial =l O (2.1)
R(s) 1+G(s)H(s)
RNEUNT (2.1) dunsAaanwaly (Characteristic Equation) R
F(s)=1+G(s)H(s)=0 (2.2)

uazianduaielou G(s)H(s)=0 fo



G(s)H (s)= : ,iT(as+1)(TbS+1)"'<Tms+l)

(2.3)

Tys+1)(Tys +1)-++(T,s+1)

N & = o ~ o Py I a
wenves § dununeisdiuiuvesinaiigaiivua T3eninduszuuin vesyuu
wu N = 0 wanadnszuvtudussuusin 0 v3e81 N = 1 1519z5enindussuuriia 1

2.1.2 UVaNINUAVBITLUU

sa o 1 1

forvua Formsfiweiisndudemsvlunisesnuuudinua Anmand
LLamlﬁmwﬁqmwauauaﬂ,uaﬂW’Jzﬁif"”mg'ﬁumwuummmmﬁuwm7‘iLﬁuﬁmmﬂm%uﬂulm
wilamiae (Unit Step) dormunfiddayuseneude

1. Amjaiugean (M) dumeiuusnsisseninaendneidangeanduiednnd
anuzagimesszuy luuieienananseglusurendesifudamiaiuasan (%M,)

MLE G g =C

max Ss

laghl  c,, A0 AENEAYBIDINNA
C. Ao AEIEnTDLBIANATNANIUDLF

x100%

P

M
%M, =

SS

2. AaUsyas (Delay Time : t, ) Aetrananiinavosnisaeuauadluaniiy
Hangvesszuuiandng 50% vesrfiaanuzetiin
3. A19299a79 (Rise Time : t) Aotasaniinanisnouauasluannydangues
sy fanfinduan 10% Ty 90% vesdflaniuzegimionnefistasiariinanis
nevaussiiA11n 5% Tty 95% wio 0% Uiy 100% vesrfianiuzegifl d1en
Prnantuliation mnedsruuiuiinimeuausa

4. AU (setting Time : t,) ABYINIAIHANBUANBIVBITLUUHALYNG

=

119 +2% V3o £5% vesenfianuregiiuaziinoglutsinaonly vievaneferiveaian
namsmevaussluanzdiasvasuluifunmsneuausduanuzogi

5. enawen (Peak Time: t, v3et,, ) \udnawesafinanouauesly
anmzdanguesszuuAnAaAugsgn



6. AIANAAIAAABUTIANUZRYAT (Steady State Error @ e.) LUudimIw
wans1svete I NAYeITruUiuA1USURtlureNTeuLagluan uzedi sruUnaznad
ANUAALRRDUNAN UL DY AR TN

A
C(t) _ Allowable tolerance
W
Mp | \
0.05
1 v ,/!r\ S $¢_/
— = T ______ f#,/ or
5 > | 0.02
05F=—4 | | '
L~ I
[yl I
Y & I
R 1 ' ‘
0 . >
| g tl’ [
2 iz >
t
< : i

JUN 2.2 UaneA1eng 9 UB9sEUUABNITNOURUBIBAYANMAUNALUU Unit Step

2.2 N13AUAY
2.2.1 ¥llAvaIN15AIUAY

YHUAYBINITAIVANDINTHUNDBNAINTUNN WUU Step, ramp 1138 parabolic #50
unnaue wiedtszuulag 2198 UNNAIE LUY LAaTIUINAIVBIALAAIALATOUNIN Y

[
=

AslunsaliazduegAiudunnuiazdanie #9130 loop transfer function G(s)H (s)
molil

K(T D(T, D-- (T 1
aeH(5) =8 Wt D me D) 0a)
(SN (s +2)(T,5+D) -~ (Tps-+D)

won sV Tudiuvesaunis (2.4) LLammmmu poles N mmm origin Tusgunu
s lunsdiiisnazsuunvinvedsyuumUSILILASIveINSBUTILNSAVBY loop transfer
function agdmuniduaiin 0, 1, 2, .. &w5u N H@10, 1, 2, ... MUEIWU LLHAUINNT
Suunvdnvessruvlunsdiiazarsfunissiuunssuumususuvesssuuty Wevdaves
spuulunsdiladuamuiissmssesssuufagituie wilunemsstudnumesiliadosnin



YDITTUULEAY ﬁqfuﬂ'ﬁﬁmim'ﬁuijmmLﬁaqmiﬂﬁm’s mﬁmaaawuﬁ’mwmaﬁmmw
Suinsvessyuududesnduy 1umwg°umLLmaJﬂﬁ]uaamwumaﬁwwvmmwu@ 2 wnuu
bWNSNY mﬁnumﬁuaﬂiuuuqqmwuw 2 LL@?Jﬂ’]i’e]’e]ﬂLLUUL‘WEﬂ‘ViiuUU‘UULﬁﬂEJiﬁ]u‘Vl’]l@EHﬂ
Lﬂj@\ﬁ]’lﬂizuuﬁﬂ’liauﬁLﬂ'ﬁ(ﬁ]u’]ﬂﬂ’j’lamﬂﬁﬂu feed forward

2.2.2 A1AIUAAIALARBUNNTITAIN

Hlarduengleu (Transfer Function) ¥asszuualuAuiuudaundulugui 2.1 fe

Cs) . G(s)
R(S) 1+G(s)H(s)

Transfer function SEMIWANYIUAIANLANIALATOU e(t) wazFyaINBUNY
r(t) Ao

B3/ _C(s)H(s): 1
RG) T R() . LeG(5)HE) 20

1rafdAYQIUAINILAAINLARDN e(t) IZLAAIDIAINLANAIITENINNTYYI0)

Y]

dunnivdyyraudeundu

R(s)
E(s) = EESOLTO] (2.7)

lngldnguiiAnannig (Final value theorem) L31a3N30MANTINMLVBITLUUN
AMgAEnTUTEULNERuTlalneieg duRsmNAaARERUTINIEAIRElAWNiY

e(t) =lim __ BNV (2.8)

eSS :Ilm s—0
1+ G(s)H(s)

t—>0

FuUsyansamnuAaIneasuanng ( static error coefficients ) Nagnainabuil

< I I

szifudsuansiadianunaiatadeuiiniizafivesszuuaiuny f1duUszansilangs a
muAaralAdeuiinzasiaziiddesdmivssuunamenimlaquda e vinmussszuy
o19azidusiunmds, sy, Ay, gamgiiviedu udlumsinsizdeiainunaia
indouiinnizasiivesszuulagisudaewinmesnifusiummia (position) 87511351 (velocity)
Fadudnsinisidsuuvasvesdunis wazduqdulussuunivaugungll dumiaas
ynefaowmniidugamgll Shsuirazmnefissnsnmavasuulamesgumgiseiian 1y

AU



o/ a A’ 1 o o 1 a <
2.2.3 dUUsLaNsAIAINUAAINLARDUALRUSEDNE

a &

AIAUARIALATEUTINITATIvRITEUUAIMMUAtUTU 2.3 Aedunniilu unit step

. S 1
e, =lim_,———- =
1+G(s)H(s) s

—lim, (2.9)
1+ G(s)H(s)

[y

dulszansarAnurainadoudiunulanag (Static position error coefficient)

K, =lim,_, G(s)H(s) (2.10)

FIdUAIAIIUARIALARBUN AN EAINYBISs ULl UFNUSEANT AR Y
AANALARDURLUIAD SR

€ = 1+1Kp (2.11)
dmsurida 0
K, =lim, Kgsi Z)lr):((riri;)l) 2K (2.12)
dwiuriln 1 vvegand
K ey KTs+ DKM +D) o oy (2.13)

O sN(Ts+1)K(T,5+1)---



4 a IQ‘I i Y < a 4
2.2.4 duUs2ansnInUAAIALAADUINTILIAHDNEY

A1AUAAIALAROUNNITATIvEISTULUTIA MUY 23 deBunniidu unit

ramp
. S 1
ess = Ilms—m—'_z
1+G(S)H(s) s
. S
= Ilms~>0 L o~/ NLI /N
s+sG(s)H(s)
o r—— (2.14)
sG(s)H (s)
duusyansAmuAaInlAfausnISEingd (Static velocity error coefficient)
KV

K, =lim, , sG(s)H (s) (2.15)

ANAIUARIALARBUTNIN1ILAINIBITE UL UL BLEUYS L ANSAIAINUARNALAR DU
Fn5151anne

T (2.16)
KV
dmiuviia 0
K, =lim,_, sK(T,s+D)K(T,s+1)--- _0
(Ms+DYK(T,s+1)---
(2.17)
dmiuriia 1
K, =lim,  SXTaS + DKM ) (2.18)
S(Ts+)K(T,s+1)---
dmiuvila 2 vvegand
K, =lim,_, KUaS*DKAS+D-- s (2.19)

OSSN +DK(T,5+1)---
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NIRsIzEkuYi s msuIssuuidusuusiie 0 azlianunsaniuduny
WUU ramp dnngasiile dausyuuetind 1 awnsaausunmiuy ramp Wign1ieasila
widinarierAuAaIAAGeU falandluzun 2.3

re |
c ()

v

JUN 2.3 naneudueuassyuuAuANled 1 fiinsUsunduiuy unity Aedunniiiu

ramp

2.2.5 duUszANsA1ANAAINLARBUANULSIEANE

unnUY Unit parabolic

t2
rt)=—;t=0
="

(2.20)
=0;t<0
AIANUARAMAREUTIN1IEAWIVDITTUURDBUNNKUY Unit parabolic
e S W o B (2.21)

ss Mg o '_3=||ms—)0 2
1+G(s)H(s) s S“G(s)H (s)

s
a a i

duUsEansAPINUARIALPARUAINNLTIEDNY (Static acceleration error

coefficient) K,

K, =lim_,,s’G(s)H (s) (2.22)
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ANANLAAINLARBUTNINIL AT MU BUFUUTLANTANAINUARIALAR BUAINLLSIADNE

e -1 (2.23)

Ansuriia 0

szK(ras+1)K(Tbs+1)---_0

K, =lim_,, Ts+DK (T, +1) (2.24)
RV
K, =lim, S:‘ET(;&i I)mbi)l) -0 (2.25)
dwmuvile 2
K, <lim,., S;K(giz)wi;;?;;-:K 226
d Ui 3 seaind
K, ~lim s’K(T, s +)K(T,s+1)--- ? ACY (2.97)

0 SN (Ts+DK(T,5+12) -

Wieduwmuwuu parabolic szuUda 0 wazszuurdn 1 azliaunsofnniy
dunnidndnemnte dmsussuusin 2 rausafnnudunmiignzamlaudaziian

ANUARIALATOUTINIEAITIAATY dIuseuuTiln 3 vSeaInd1azaunsaRAnuBuNNIdng

A A o = = a d':
ﬂ?’l%ﬂ\‘iﬂléﬂ@ﬂlﬂﬂﬂ’]ﬂ’l’]ﬂﬂﬁﬂﬂLﬂa@‘LlLaEJ E‘U‘VI 2.0 LAANONNAMNDUAUDIVDITEUUTUA 2 YU
n5UBUNAULUY unity Lﬁaauwm‘ﬁmwu parabolic
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r(t) ‘
c(t)

r(t)
c(t)

t

U 2.4 nanauaueesszuuYlia 2 Tlinmstounduwuy unity Wedunniluwuu parabolic

#1519 2.1 agufisrnunanndeuiinyAsivesszuy 0, 1, 2 uazviln 3 Aedumm
step, ramp ua¥ parabolic dulsyansamnrmaaiaadeu K K, K, wansmiuanns
vesszuvlunsandimuaaIaAdeuinIasituies Tnemlundnsifosnisiiazyinli
Fulsyaviamanueanaaeuiiinanniiefiasvinldmaueainadsuiinnizasiiaeny
doslaivhlinanauauasiiniuessruuasundasluifurouindisansuld fadunis
DONUUUTEUUAIY Tasisilsiassousvessyunlutsveswans vauesdansiazaussouy
yosszutlutisnaveskansuaeInzasimugivlufe

a ' = = a
19797 2.1 ATAMUAAIALARDUNNIISAIN

YUAVDITEUU Kp K, K, Unit step | Unit ramp | Unit parabolic
g LA _ 1 _1
ss 1+Kp ss_Kv ss_Ka
0 0 0 ~d e = €y =™
K ess 1w 2
1+K
1 0 E.5Q 1 & =0
oo K ess :K
2 eSS :0 eSS :O 1
oo oo e =—
K SS K
3 e, =0 e, =0 e, =0
(e @) (e @) (o o}

N130DNLUVIFUUAILANEUR DI TInMEN YL 18N TEUIUNTTRBINTS
puaudenon drunedienafinnsanlugldaemadinamans Ae faddudieloutisdd
\losannazlfidenvilnvesnsauauliimungauiuszuu elinismuauiiadesnm
(Stability) SiszavBamgean Tnsdyaaililunismuauazduldmudnvazvesnisaing
FuanaiiSeni n13A3UAY (Control Action)
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2.2.6 N13AUANLUY P (Proportional control)

<

N13AIVANKUL P 1Jun1smiuAuiuudndiu Aodyaianiual  ult) 31N67

[ o ! [y 1

muaudslUUsunssuunsianludadiuiuainnuaainiadeuaiuisadouduaunismia
ANAANEAS LAGIT]

m, (t) =m+K e(t) (2.28)

Tog M, (t) fa AnevinvvesdiamuAuLuY Proportional

m Ao dAnevinvvessiruaNiienuaaaeaeuTuAug
e(t)  AD AIANUAAIALARDU
Ky A dndnsivgngvessaaiuauwuu Proportional

FAUANUNAIT Y IILAE Ay Meone1REnIeM 191U WuN1TURsuLUR

Y -

Yo HNvIlvAaNsAgULUAMILI enantaeInIsulaImylg muduiussend
wdyyreanuazdygiand1vesiinuauanauanddunoudadou (Proportional  Band
L= = [ ! A a o @ Y A o Y o a va < Ay

w30 %PB)  lagnuaudadunefidevesdng i limaivauuiRauauidenis

o Y

Y91 UFRIINBIINFIAIUAN LaUHRAIURDYIIAIUAAIALAR Ui ey U0 N VR

o v

AuAuLUasuLUasneatgsanlisan lneuanalu wWesiwusduesiidadyanandisaiuny

A7}

AUFURUS T INRT Ve eSS udL O UdRA1uRD

~ 100
P %PB

(2.29)

AALURYBINITAIUANIUY P LanInagun 2.5

Control Output

100% \

Kpl

Direct Action

0% » ERROR

5UN 2.5 LansnuandRvaINISATUANILUL Proportional
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mﬂgﬂﬁ 2.5 wanslifiuinziinnsdufvesaiaunainndeu Ao Lﬁal,mﬁwm
a9l 100% wnefiranueanmadeudnaiutuludn anewinnagbiaunsoifiuduniuld
vﬁuaqLﬁmﬁmﬁamLawﬁwwﬁml,viﬁu 0% mmz‘ﬁﬂ'ﬂmmﬂmmLﬂé"auiwdnﬁmﬁwﬁm
911 0% 19 100% SN Proportional Band (PB) lauAn PB ﬁ]vmamaamwmmaqm
AIUAN NETIAB dleen PB awumamwmﬂmmmmmm anas 91NaunIs 2.29 waviile
amwmamaﬂmmu@uamawmﬂmﬂmaa%ﬂfm (Offset) TusyuuannTy N13AIUANRUUERNH
auﬁaﬂuﬂ'ﬁamuamzuulé’awaamms N ALAUNSEUILNSTIRDINITNANBUAUDITIAE)
wasvonlmAnAuAaIAeAsuILIRnATITWIAl

2.2.7 n3AUAULUY | (Integral control)

MsAUANIUY T 3 FeiFundnegrmilainnisaiuauuuuTien (Reset Control)
Tnsnsmuauagiarsandinaiaindeuiiiafamn dsn1smdrnuaainadeulunis
UAULUY | Hadommaiuiiimunnelinsmuesiianunainndeudenaiani dily
AnufuAAITITITINTY ST 1v818v8IFIMUANLUY | (ntegral Control) LitevALe1Yinm &
aunns (2.30)

m, (t) =K, je(t)du m, (0) (2.30)

3

198 m, (1) AB AN IVINNUDIAIAIUANLUL

Ie(t)dtﬁa WUANIVUAYDIAUARIALATDY

s

m, (0) Ao @ WinnvesmmUANial t dadugud

ANANURTBINTAIVANKUY | Uanesiaguil 2.6
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PV

SetPoint------ i

ERROR

Contro

5UT 2.6 LAAINANDUANBITDINITAIUANLUY Integral

2.2.8 N13AUANLUY D (Derivative Control)

FIAUANLUL D dyeyadlainmnuedsiami uaNasiuegiuensnisivasunua
Y94A1ANNAAIAAABUABLIAT (Time Rate of Change of Error) aglfiuAInINuaaiaAzay

WaguiUas 3a3anmsnsgiinnendnilil 051nnsnsesin (Rate Action) Aufag1s fagud
2.7

ERROR

M/J\ Time
w 4

Zero error/‘

Large slope

5UN 2.7 uansinegenaaudfAvein1sAIuRuILUY Derivative

Ql' =3 1 d' 1 d" I~ & a v d‘
NFUN 2.7 AgtRuIleAIMNAIAAMADUITLALY UonTiuasullaueniiu
Fugs #aveIn1siusunUasiiinldnevinmifanisiuisunuasganuluaig 896n51n7s
WAULUAaIY9AIAINARNALAREN F1U150USEUIMLALALNISUIAIAINNWANAIITENINGAT
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AUABIALAGEY 2 AT WAEMITAIELIAITENIN 2 ANl wadtluguiuAtAen Sund
9131818 UBINIATUANWU D (Derivative Gain) LitMIANFEY QIR VINNTDIFIAIUAL A
aun1s (2.31)

e(t) —e(t)
) =K (2.31)
Mo® =Ko = —0)
w39
de(t)
) =K, (2.32)
m, (1) = @
lnofl  my@) Ae AneWinesiIMUALLUY D el t

A | A a
e(t) A9 AIANNARIALAZDUTINIAY
e(t,) AP AINUAAIALARDUNIEGT t

nsmUANLUUE isngdwiunsruusTiinaIuus (Time Lag) 1107 i1
amsnLARIAARIRIAABUTIF I ARUANLU VAR ULz LUA LTINS drsiidedAneyT
mnuparadeuvalng Jadutymeenismuaunszuaunsudaiunainindousunn
Tyt anunsadlddrmdalasRansananuulliuyssainuaainiaiou niednsnnis
WasuuUaswesdny g uuLes fMeyiusindnnisvhau fie Mmugunovaues  Aesna
msdsuntasvesanueainiadeuasiimnuaanindeuddlritioset dyanusonves
ﬁaauﬁuﬂﬁlsﬁ”ﬁmﬁuéﬁwmmmaamwmmmLﬂ?iau waﬁﬁuaEiﬁ’umit,ﬂ?iamwmﬁuammm
AaALRAEY mmmﬂmmmaaummmw mauwuﬁfaﬂmmmﬂmaamﬂuﬂua anudnuazdel
nanAe mmmmvmamauauawmmﬂaummwmm@maaua%wumﬂsuu wagyilisyuud
HameUALEIT T

2.2.9 n13A3UAULUY PI (Proportional - Integral Control)

MUNLANEINTUEIIINITAIUANLUY - P T dzdloanieninty  an1smdnen
aoulwnil vihlalaenisiiunisaauausuy | W1ld Asluaunsdyaiasenvinvvesiiniuay
wuutlandulunuaunis (2.33)

Mg, (t) = M+ Ke(t) + KoK, j e(t)dt (2.33)
0

m,, (t) = m+ K e(t) +% ettt (2.30)
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PV

ERROR

SetPoint T

\J

Control Output
A

uaneuauay Pl

/ O A/ uameuauesLy P ahadien

JUN 2.8 UANIIDE1INANBUEUBIYBINITAIUANLUY Pl (Direct Action)

WBNAINNIAIVANLUY Pl azsiibiimeaanfianizasi luauduan §iuand
WaiuLagnIskNIe (Oscillation) vasszuuadls wivgylviAdnnandndeuiniu

2.2.10 n19A3UANKUU PD (Proportional-Derivate Control)

n3UszEnAlinIsAIUANKUY D sufun1smauAn P Atevilinansuausdves
FEUUTIALEIY urvzhifinalagnsesonanauaueianzesil F9aun151019nvveInIs
ATUALILUY PD ARAIRIENNIS (2.35)

de()

Mep (1)= M+ K e(t)+K K, (2.35)

Mgy (£)=m+ K e(t)+K,T, % (2.36)

@A

TaidurainisauaNkuuiinge Waiunsovinlesriwnvesssuuanas vsenunll
1o waroraviliiAaiuvesyuulA1gelu NanUALBIYBIAIUANKUY PD Wanasfaguil 2.9
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PV

SetPoint —————----------om oo l ————————————————————————

Control Output

Rate Action
Long (Derivative)

Proportional

1
=

E‘U‘VI 2.9 LEPINANTIRBUAUBDNUYBINTITAIUAULUY PD

2.2.11 M3AUANLUY PID (Proportional-Integral-Derivative Control)

Mnfldnanuudain muauuuy P0 - viliszuuiiafiosninduiusady
(namauauasii) uwildannsohlideuemandoundooeiuaiianneasiiugusl
daunsmuauuuy Pl vhldAiaiueaiaedeuiiannyasiianasionualusvinla
adosawdainsanas faly leliiname uausresszuumuaudaussaundulunudonis
Feadlinismunuritdesuuuianiu Sagyinldldnisauauuuy PID - Aflaunisdyaio
LN AaNs (2.37)

— : de(t)
My (6)= M+ Koe(t) + KoK, [e(t)dt+ K K, —= (2.37)
0
%39
t
Moo ()=m+ K,e(t) + % j e(t)dt + K,T, ? (2.38)
i 0

NEABUAUBIVDINIIATUANLUUY PID LLﬁ(ﬂﬂﬁﬂgUﬁ 2.10
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PV

SetPoint l

Control Output

| Proportional + Integral
+Derivative

JUN 2.10 LAAIHARDUAUBIVBINITATUANLUY PID

Y]

ilehAruANwuy PID I3Uuuuilaiduielouainauns (2.38) el

K
Gep (3) = Kp +—- + Kps (2.39)
S
el K, PB SNIIVYIEVBIAIUALLUY P (Proportional gain)
K, A8 dR31U818v89IAuAULUY | (Integral gain)
K, A8 I 519818 UVRIMIAIUATLUY D (Derivative gain)

wenniilatugelouvewinAIuANLUY PID A1naunT (2.39) dudeuladngy

De
=De

:
Gop(8) =K, [HEH-"Sj

(2.40)

2

TTys™+T,+1
Tys

Gpp(8)= K oig

LY

lnedl Ky fie 9n51981890969AIUAULUY PID

AD 11a1dUNN3a (Integral time)
T, A8 Lateuius (Derivative time)
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NAUNS (2.40) WLAUIWUNUILRITLTUUIZUIU s (s-plane) avTupgiuan T,

[

WAz T, lanadl

TT,s*+Ts+1=0

S . = _Ti i\/ (Ti2)_4Tde
12 —

(2.41)

WaNTUIAITINVDIANNTT

01 T, > 4T, G‘hLmu'waﬁiiﬁu’qaaqéf';%agjuul,l,ﬂuﬁwmzmu s Fadudn
mmzauﬁ?jﬂ (Optimum)

01 T, <4T, G‘hLmu'qsaaq%lsﬁ”’qaaqgf';%tﬂuﬁaLa%L%Q%aué’aqﬂ (Complex
quantity) Bslaldivangiign fedusiuuali

T, =4T,

e 7,2, A9 Tl5v09AIUAY

yibiendusalouvasdamuau PID daguwuulvaidy

GPID (S) = Kpid %S(SjLZZ) (2.42)

nflsAdudiglouvessianiuagl PID luauny (2.42) wuindmuauusznauly
fetlsansin wasinaniaoggatuiavuszun s deduilifavaudnarimng
dmFunszuiumssusiv 2 wiislothlumuaunsgiaunsfisudiuannndn 2 agiianugsenn
warszvvarliatosnm esansuiudlsvessmuauiisiuautiosndiing dewmailu [1]
Jaldiiauesinmuauiuy PID x (n-2) stage PD tteldffunszuiunsfisudiuinnnii 2
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2.3 #7AUANLUY PID x (n-2) stage PD

AAIUAL PID x (n-2) stage PD azUsenauluiiafiniuAuiuy PID wasfamuaubuy
PD $mu3u (n-2) f1 Mstiinsiurusaniuay PD viedlsimungaudlulunszuiunis loe
$1uau n ARednuduiuresssuudunngduszuududiuiiunnnit 2 lassaiisesszuy
AIUANLUY PID x (n-2) stage PD LLaméﬁ’ﬂgUﬁ 2.11

C(s)

4

G,©)

JUN 2.11 1A59a3199095UURLYRIIAANLUY PID x (n-2) stage PD
ngUilndusnelouvesinauau PD fig

Gop (5)=K,@+T,5)
(2.43)

Gep (S) =Kq (e’ Zpd)

farsanilanduaislouvesianiuna PID 3naunTs 2.42 wagienduaisleuveas
AuAx PD Aglaguvesiladduanelou
Y995AIUAL PID X (n-2) stage PD A

PID Controller

Koo (s+23,)(s+25)
K(n72)(s): P Sl -

(n-2)PD

——"—S/ ¥
x K og(S+2) (2.44)

o))}
©

Taeh Ko dns1ven8vaIIAIuAN PID

=}
o
o))}
©

9NI1VY1VBIIAIUAL PD

©

Flsveswiimuau PID

3 Db

9 Fl3uaaiiAIuAN PD

aunsadguianduanelouvesszuuls A

(n-2)PD

(s+zl)(s+zz)-is—+;pdT---
"s:(s+PR)(s+P,)-(s+P)

Ko ) (5)Gp(8) = KKy -+ K (2.45)
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Welvignsinsvenesin K=K Ky K, dalu

(n-2)PD

(s+12,)(s+72,)x(s+12y)
s-(s+P)(s+P,)(s+P,)

K2 (5)G,(s)=K (2.46)

AIATUANKUY PID x (n-2) stage PD @11130AIUANNTEUIUNISTNTTUAUAILE 2 July
Igwdueened SnvisdvanunsavirlissuumuaniiiatosamanntulaenisiiuAvesnsnveiy
YossmuAivisyuuiinanisnevauedluniztinguarluanuzedinudeimunled

2.4 N1599NUUULAENANNITYDY 3A.05. NAR ATLATEY

5A.03. AR ASLATEY IARN1SRNLUURIAIUANLSENTT Kitti’s Method (KM) lagdan1s
9ONUUUMAILAY PID X (n-2) stage PD lneiflofiansanlassairsmuanns 2.46 muisves
5A.03. Anf AsiAsug fsanandumtesinaYeInszuIUNsaANIEuGU 2 fideans
A Tpeiiial PD control 91U (n-2) fuaziiennsiumsvesdlslviogsudneile uay
Tndfulnavesnszuiumsliuniian usluurensdlenaliiaansariild iesnnlaiffum
Tnavesnsyuaumsidediauiuey wu lussuuiilifudaduideddnisussanaailnidu
dudu n lag

MnaNnsRadnuazre sz uUlusU 2.1 5o G(s)H (s) ulimnandsdouaninsa
wenmsfiasansenifuaesieuly fe

Roularesuuin (Magnitude Condition) e

IG(S)H(S)|=|-1=1 (2.47)

Souluvesy (Angle Condition) fig
AG(s)H(s)=%(2k +1)7,k =0,1,2,... (2.48)
fnqusradvnINsoRNLULTTUUAIUAL AD MuUsfideanisniuay 1irgadmned

#99N15 MSTUVLNANITADUALDINTINNUNDDNLUY 387138171 VBNINUAVDITEUU DU
lauAnandNwazAmaiy Asaunis



_—r
)
Percent Overshoot(P.0.) = e 1-¢ x100%

—In[0.0Z 1—§2j
Setting Time(t,) = z (£2%)
wn

t, =

(Amiualuge 2% voseraning)

n

miaamwmuwmumLwaiﬁlmNamauauawamwmﬂil,l,auan’n mmmzmmaqmi

:LGU’Jﬁﬂ'ﬁVINL(ﬂu%@\‘}i’]ﬂ?Lﬂi’]u‘ViLLﬁ“’ﬂ?i@@ﬂLLUUiuUUG]’]ﬂJSUUG]@‘Ll(Nu

Qe

Fumeudl 1 mdasan1vtae (&) MINMsEMLAAT P.O. AuaNnST (2.49)
TURBUN 2 NIAINDSITUVIR (00,) WIBNIAUAAT t ANNANNTTN (2.49)
TUAOUT

Qe

3 MALNUIP89 Dominant Closed-loop pole : s,

sd __é/wn 3 ja)n Vl_gz

(2.50)

PUROUN ¢ 1NEUWNLIVY s, MnaunIsauanua Ky »(5)G,(S) asuuszuruiea
TURABUT 5 MIHATINVOIYUALA s, vosszuukuuanln K 5 (5)G,(S)Are35n14

namnusesAIUIARa s uNRITuYes £(S; +2,) eTazvinlinasiuvesyuduly
sudeulvaunisn (2.51)

>.0,- .0, =%k +1)7,k=0,12,..,n (2.51)

Tunauil 6 wiswriswasdls (S, +2,) Ineldyuue £(S +2,;) dmldanduneui 5
Funeuil 7 mensiwgns Ko ()  v03szuumuidoulaniafiuvessinaingunisi
(2. 44)

GZJL!G]@‘U‘VI 8 ‘L!'Wﬂ'TW'ﬁ’lllLW@?%@QW’J@’]U@NW@@MLUUI@ 1U91889N58UIUNTWINANTS

MEUANBIVDITEUY HaN1snavanavesssuulilinudemimuavesseuy a1unsausuuss
SRV 1LVDIIAIUALIUNIINANITADUAUDIATIANUTDN VLA
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(2.49)
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fragn1seanwuulaglindnnisves 5a.n3.005 ATy lnedllflsnduaielouves

ASYUIUNITAD
15
G,(s)=
(s+D(s+3)(s+5)

Tagiifuundeuladsil P.O.<5% t (+2%)<1sec. uay e, (t)=0
Wil (=0.69 ,0, =6.14rad / sec Wa¥ S, =—4.235+ j4.442
landudngleuvasiiniuauiila

(s+zZ)(s+2,)x(s+2,)
s-(s+1)(s+3)(s+5)

K2 (s)Ga(s)=15K
19 K =15K

Wonmuali 2, = 2, 2, = 4 ladleiduaelournUavedssuufe

(s+2)(s+4)x(s+2,)
s-(s+1)(s+3)(s+5)

Kns(8)Gn(5)=15K

AMTAimesYesiInUANTeanLUULAlUTa09N T UL SINEMHAR D UALBIDS

ITUU
5-Plane
T T T T T
e 1171 L \§ st et ) TR 4
D.B.Ej*_s-d”
4+ sl .
2+ g
o
= s L
E' ok Bhle}nn:}xx i
- :
fa)
(]
E
a2t i
At i
0Ea -
_6_ |
1 1 1 1 1
10 8 B -4 2 o 2
Real Axis

FUN 2.12 ULAAIAUNIUAUVBITINVBINTEUIUNMTOUGU 3 Fila
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AUIMANYDY 5 INRBUlIBIM

- yuveslwaiifunennge

ng =0, +6, +6, +6,,
= Z(Sy )+ (g +1) + £(s4 +3) + £(5; +5)
=133.639°+126.071° +15.543° + 80.232° = 445.485°

=X d‘ o 1 1
- MUY INFALeEN
Zﬁz =0, +6, +6,

=Z(8g +2)+ L(Sqy +A)+ L(Sq +Z4)
=116.715° + 93.034° + Hzpd = 209.749° + Hzpd

- UNINReU LYY WU U EUNILAUYEITIN

>0, ~>0,=(209.749°+ 0, ) —445.485°
~235.736°+6, =+180°(2k+1), k=0,12,..
Aatuagle 0, =55.736°
AU 2, Wonsiusm 0
[Im(s,))|

-IR SEARNCRI
£ |e(sd)|+tan(t92pd)

mduvdines Zy 0, ladunises 2, =1.261
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=-Plane

Imaginary Lxis (Seconds’1)

Real Axis (SBCDndS_1)

UM 2.13 uanwimisveddnauazals
mensveny K 913a s,

i (8o )8 + A, +7:260)]
5,(Sy +1)(s, +3)(s4 +5) |

fariuazle K =5.895
satufantuanelouvaITTuU Ao

(Sq +2)(sy +4)(sy +7.261)
Sy - (sy +1s, +3)(sy +5)

K (s)G,(s)=5.895

ANNIEmesvesIAIURNTaonkuUlidTlUTI80INTEUIUN TN INAN THOUALDS



=-Plane
B - H -
4 F 4
[
o o1 S . S
4 -zpd | -p3 -z2 -p2 -zl -p]p0
E :
b -
&l o
] ] ! 1 1 ]
-16 -14 12 =10 -8 -E 0 !
Real &xis (secondsq)
g‘ﬂﬁ 2.14 LLEIGNL%UV]NL@WU@QT]ﬂ‘U@QﬂSSU’JHﬂﬁ’SMﬁU 3
Unit Step Responze
1.4 T T T

Amplitude

1.4
Time (zeconds)

5UN 2.15 UARIHARNDUALDIYBINTEUIUNTTIURU 3
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unii 3
N1598NLUUAIAIUAN

luunilagnaniaaunisniseaniuudimuad PID wuy PD 913U (n-2) Tussuunan
Lisolies dslulssugaamnssudlugladnisldneuiamesidudinivaunisinauisle
finsaudimuanlussuufidnes sadnsidenlddygiuguaitlussuunailidetios
e

3.1 ssuuAIuAd

szuumUANTddyauvnaaluszuuduilaiduaiodos azilifiniuauiudygyin
Wdudygrasuudadsawazdsdyaraesndudyaiauudedloswiy 138031 danrunay

LuuawIden mauauuuuiiitafidnlunisly Inaanislieossuuamuauadududoutu

q
A

f1dedldmeufinnesiinea violulaslusnvases \Judiunisvonsasmunuviegunsal
muaudidnwaen1sldiaansin (me-sharing) wiednsdsdyarnmivauluszeznidlng
viodnnvesgunsaimunmbudynia discrete nsdlwdrifedldmunuuuuiines G
AudnwaiiutoyagUitadaiedy o Aetoyadniegivie discrete uavasdyaioding
panluumeaiu

r(t) e(t) f(kT) g(kT)
Plant

Sampler | meuiames | DACuay c(t)

t X L > (Syuum >
ey ADC finea 2935 hold

Aollioq)

5UT 3.1 szuumuANdniIegItayaluug

Tuszuuideddiniasdndeta (sampler) wafuvasowdenduiinea (ADC)
ATBUNALIIABNTNINDS sampler duvasdygrarrainndou (eron)  wamelieniy
dutadtauansAmlugUsiafaiay 1 binary code drunsuednvasneuiinmosAinea
srfinsudasnduannsiasiandudyaradedenefulaiineadusudon (DAC) fu
2995 hold  tileingszuudideansmunudaduszuudeilesdnit svuulassandu hybrid
AadyunsITInIUANeglusUATAea Lwiﬁﬁau?iulﬂugwimﬁaa syuuuiisonitszuy
muANtnieEgetaya
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nstndegrmuneaud dyaaiiordnaves sampler Wuguiadyasduniuaie
Frnanlilidyaaae wiiuissuumuanrinuwuualuauda (open-loop control)

Tuaiaedl
A e(t) Aes (t)
T
i Fune P LI t
0 > . Sampler i =

3UN1 3.2 Mmsthdegradurvaiiaus

mﬂgﬂﬁ 3.2 Wansnnstnsegrauuuifuauasinase (uniform periodic sampling) a¢
diulgamndnsuiennudlunistnedasily Lﬁamﬁé"]ﬁiﬂué’%wmﬁuwmz‘mszLiJlaJ
Usingluodne aumguinisdndieenses Shanon aufiveanisdindaesiasdadliisn
mhamLviwaqmmﬁqqqmiué’zyimm%uwmmu band-limited 339z l@dayeyrnuerrinmmilou
GRIARLIGIN

3.2 JUMUUNN9ANIAANEATUBIN191I19U sampler-and-hold

v o i 7 ¢ o o = o 3 I3
N139NAIBE19 (sampler) Wugunsud s ulvasuda 1o uaontduIuIu
amplitude-modulated = pulses @iugunsal hold ViwtesdAaglilugiwianivun
lunmejUadaulngmirfidnsedsuarlsanidnuiueglugunsaliies 13803995 sample-

and-hold (5/H) udlunsiAsIeAsIRenseinueniy AIgUN 3.3

Pr.A(t)
e(®) = e(hPrA()

/OH /——»

sampler
APTA() e p &0
> A h
t t
L N
T g 0 o0 b

5U# 3.3 Mevhaudndaegiwas hold
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nszvIuMITRdmBgavuN SR e(t) sheruauRadiluaurunaniming
P, A(t) Mlladgautndiege e)P, At) UNWATUTOUAIDEN AD A(t) ATUNITTN
019 fo T anumgufidndaeg1aves shanon audnstniegsagsoslimnitanayi
Summm?iqqqmiuﬁmigmﬁuwmLLUU band-limited  3sagladaamerdnnmioudyaio
Bunn fudas D/A felainlugunsalusenaudiefinensia (decoder) fumiiy S/H fagy
7i 3.4 FnonsaasdsusiaRineadusaman

DUNMAINDA L1fnmaUIaaN
> D/A —
(@)
duUNRRINoa BRI LIRLRN
—— —®»  Decoder > S/H >

(b)

sU# 3.4 M3vi91u D/A
Aakdas A/D viwthidnfregruazlean Araulnduasiinsid (encode) Aaguyn 3.5
naulasdygriseundendufiines dygrudeilosgndnfladismugianistniiegng
doanadniegenliazasilimelgadaunssiinisulandufineaiasanysel nslead
JsarnasusIafnINAITUTUAsUIBsdy g aluss nIeIuUas Fehunandivznil

dunmauIAen LDWNARINEA
Y OIS A
(@
BunmeuIden LIANRRINDA
» S/H Quantizer 4 S ———

(b)
5Ufi 3.5 nMsvhauves A/D

N resolution  veIiIMUaY A/D geunn auaunsaaziasraliliduduvesniauln-
wosls Ussneufunsuamlesilsiduveshaansiauassadrswadunuaind sia D/A veq
A/ Tuwinsiesesiudiandudfissmiae s/H vy fafudmsumsiinsesissuuamua
Adnoaanluluauguil 3.1

Zero-order hold tumsmuunadyauaiiuaunalunis sampler lngunue
Wy u(0),u(T),....u(kT),... iis1desadadayeyas u(t),t=0
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3.2.1 N15UNFA28E19 (sampler) AU ZOH

Pr.A(t)
e(t) N e®PrAQ)
sampler > ZOH '
(a)
ﬂ
kT (k+1)T KT (k+1)T
ZOH input ZOH output

(b)
e(t)

5

= {3 et)

o’y 37 | ey 51 AT
T A
(o)

sUfl 3.6 m3tndetng (samplen) Ay ZOH

ZOH asAdnyeyrase1ane Llinsemdaaaudunnvaeisugtniledis lunis

IATEININT9F9e19 A dagunnilafiauiupun1stnglagns T waziiloisuiuaingsi
WaABeianvedIMBUNR e(t) S1ENNNTAUITINALBINNAYEINTTNRIBE 1A IE A

gansy AIgUN 3.6(b) dmsuiiadani k duauIUIRTIANAVIAYUIUNUMEANNTT

e(OP, A(t) =Y e(KT )P, , A(t — kT) (3.1)

k=0

dlo Py, A@t) Wuvviwiadiluevawianilandienuguil 3.3 Gatadiendnnain

ZOH A51a9Nf19e81997 k anansaeuduannislaan

e(kt)[a(t —KT) - p(t-(k+T)]

We () Wuilandu unit-step 91ntudsldlandnavianun ZOH fsauns
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ot) = 3 e(KT)[u(t —KT) - u(t — (k +1)T)] (3.2)

INFUN 3.6(0) WARIATUBUNALALLBNNAVDINTTTNFAIBE19TINAY ZOH 1S
wUasanuananiauns (3.2) aglaauniseil

E(s)=Y e(kT)

_e—skT _ e—s(k+l)T j|

S

S

_ {_1‘ e } i e(kT )e }

'
=

wagaInaunisn (3.3) ansadisulugunmuamesiaidunazuanguuuunegy
3.8 lneilauniseail

E(s)= e(kT )e ™ (3.4)
k=0

Fa3eni7 starred Laplace transform LJudunmdagnsivamlosieidu

1_ efsT
S

Gafg= (3.5)

sULuUrIN1stnMIeg i ZOH Asun 3.7 Liladuguiuuresnistndiegns
NNNBANATY ] waz Gy (s)  niltiduguuuulaannianieoningde q ussauiuudiunu
sULUUNSTNAI8E1S ZOH laagnauaiugn

:
E() Y e :

sampler

-sT E(s)
Go (S) = L es

5UN 3.7 sUuuuvesnsindiegiaiu ZOH
3.2.2 Impulse Sampler
A1 E'(s) eaueadlddnuuuniisindudiudatarvataveserdnnueinisdn

fg1sduiad (ideal sampler) lngnsuvasarataiu E*(s) 1o

e"(t) =L'[E"(s)]=¢e(0)5(t) +e(T)o(t—T) +e(@T)S(t—2T) +...
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=3 e(KT)5(t—KT) (3.6)
k=0

do §(t) (Duilenduduiaduilviie @iivilsudasarvarawindu 1 uazileld
AouaNUR real translation veanswlasaiuana 9ela L[s(t—KkT)]=e ™
a < Vo1 * ) s a v caa [ 1
91naun159 (3.6) aztiulaan e'(t) Wusvruinduduiadniivuiavinduaives
doyeyae e(t) aswaentndieg1e deguil 3.8) nuneauIinstndaedidlugui 3.7 W

. A [ a o & = 1 < 14
impulse modulator dAaunvgiluvuIUBNNagrUarUIgtduAIuaIeAIu T

5:(t) = 8(t—KT) (3.7)

dygrnataguan e(t) 1513858nN13TNFIRgBNTaT WsanIindietslugauad

'
[ a

MIgUR 3.9 WAAINTEUIUNITHOAANGINGTY UWarFUT 3.9 uanaunudaudenlulawuaives
SUN 3.7 ggdydnualueansindeg 198uiad

oo B e

e*(t) /1/’/ 1A e(t)
A

(0) T 2T S 4T 5T 6T 7T

(@)

e) 7 \' e*(t)
(®)
) <::‘:> & Impulse

modulator

e* (1) = e (1)

(b)

»

U 3.8 (a) jUnRuvee €'(t)
(b) Ms¥nsegeBuiadnieduiaduagianes
(0) vuuBuWaduivie
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O1(t)
e(t) \ e*(t) 1 e_s-l- et
> — G (s)= S

JUN 3.9 uanadyanuwalveamsdndaegeBuiadiu G, (s)

o v v 1

a3UnIN319gUNU ZOH daenstuesilsddu G (s) dyaraudndiegieindu
dunmdng G,(s) AveN131NN1sTNAeg198uTad Aon1stndlegraiadniusui 3.6
naneunisdndegaduiad auguil 3.9 uagmnivszilulamuanid jo Saslivans

a ~S& S w P . .
s1vazidunlunil G, (s) uuanunzAay ideal low-pass filter

3.3 fawdag Z

dsuatnu f(k) We k=0 deudiluas z 91uheq (one-sided z-transform) a9

o w

awu (k)1
ZIE (K] =F(@)=3Y fk)z* (3.8)

Wa z Wudulseton F(z) nleazilulndludlsalumenves z @unisulaindy
Wweuiaiau f(k)a1n F(z) Bennisudas z ndu Weuin

f(k)=Z"[F(2)] (3.9)

fuas z vesdiul 9 aeflegfvnnoynsuetiudluaunisil (3.8) guin Tnevild
wlas z afgIvesanu f(k);k>0 lenunvesmsgidinnualay [z|>R Tnefisedl
voamsguin R Audud iy (k) uidmiunsiuntszendld Wunsulasdduluglanm
z uazuasnau

flasdunadeaiiios f(t) awisomdudas z 1 Tnevihnisdndegisseniu T ¢

o w

a1 f(KT) waadsldfonuainannisi (3.8) azlan

(] =2[F (k)= F(KT)z* (3.10)
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3.3.1 audas z wianengu unit pulse
Ald

1:k=0
(k) =
(k) {0;k¢0

205001 = 5(k)z™* =1
k=0
3.3.2 Aawlad Z viansngulnalulie a

k.,
£ (K) = a‘ :k=012,...
0 k<O

z[a(k)]:iakz‘k =i(az‘1)k
1

2a(k)l= l-az* Tza

3.3.3 fiaudas z e unit step

1:k>0
Ky=1""
o {0;k<0

miUas z lalpenseanniendulnaludioa neld a=1aglaqn

Z[u(K)]=——

Z
z-1

3.3.4 msaynusgauUas z s iluladdudas z Tnsl
nflandulnglude af

Zz
Z(az 1)k __c
k=0 Z—a
AUNUGNIHDITLA
a
—az’ -2’70 - =———
(z-2a)

az?+2a’zt +...
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© 2
> (k+Datiz =2

k=0 (z—-a)

1% 2
tiufe Z[(k +1)a* ] = —2
(z-a)

3.3.5 fiaudas z wlla unit ramp function

t;t>0
ft)y=1 '
x {O <0

Mnsindee1s f(t) aglain f(KT)=kT:k=0,12,...

2[t] = 2[kT]= 3 KTz *

(L 228, R .o
-1
T Z L\ Tz 2
@-z7) (z-)

3.3.6 AauUas z ¥in exponential function

e ;t>0
f folpe >
« {0 ;<0

Z[efat ] A Z[e—akT ] = Ze—asz—k
k=0
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3.3.7 A2uUad z ¥ia Sinusoidal function

sinwt ;t>0
fit)=
0 1<0

zZ[sinwt]=Z {i_(e"wI —~ e"“")}
2]

1 1
1—eMzl q_g Mzt

1
_2_J(

) ; Mauandmged

_i (ejwt _e—jwt)z—l
2j1-(eM™ —e "Mzt 4772

« 27 sinwt
1-2z7 coswt + 272

4 zsinwt
7’ +2zcoswt +1

YIUBDLAEINY

1-z'coswt  z°—zcoswt

z[coswt] = 2
[ ] B2 7 CosWHEHZY Y £ 29922605 wite#

U = 9!5 = 1 =
flas z Weulavisasaiuu Asluwmeuwes z* wse z

3.3.8 Aaudas z viadsnguntiunlawm s

ausevAlalnenisuuasararandulveglulamuves t widddnisdn
Mege liemfmulas z mumsedalas z [naxuan v



3.4 SSUUMIUANLUUAINGA (Digital Control System)

Analog controller

v

&,@_, Ge(s)

Gp(s)

C(s)

38

(n)

Digital controller

E(2)

R(@)

4

>} “AD Ge(s) = DIA

Gp(s)

\

C(s)

)

JUN 3.10 SEUUAIUANLUUBUNALAEIDIANALAET

() SPUUAIUANLULOUIADN
(%) STUUMUANLUUAINGA

3.5 N1309NLUUTZUUAIVANLUULIAT LaifiDLia s

\

nMseeNkUUsTUUMUANdY Y Ialliidellasmiuaun Tz UIUNMSLULATRBalAga 1 3AYIY
L9aed3s Ao MIsanwuszuumuALlaenisuilanduneleuvassuumuanlanaifeLiies

(Continuous-Time: CT) Yuneau telulafanduaiglouvesiaaruauly s-domain 3NTUT
wlasszuumruaudadyaiusaiienduszuumvaurianailinewies (Discrete-Time:
DT) fieglu z-domain a1ewds LagmseeniuuszuuAIuANsladyauliselodlans

menswlasilsiduaielouvesnszuiunisiussuuiiy Wuilaidudielowvesssuuaiuny

doyanalsdailiosnou waveaniuuszuuAIUANMIBYALYESEULAIUANLALTdMa vl N1TLUAS

Z ToesMaauagsin

lunseanuuu DT (Discrete - Time) AoulnsalaasamsuaIuAy CT (Continuous -

Time) syuuilasanie sauandlugui 3.12
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Design

CT System
Y

N

CT Controller

Discretization Discretization

DT System < DT Controller

Design

g‘d‘ﬁ 3.11 Discrete-Time controller design.

3.5.1 AIAUANLUY PID x (n-2) stage PD luszuumanlisioiilos

N30DNLUUFAIUALLLUL PID x (n-2) stage PD wuunailaisieiilos Inonsiiix
fmuau PD $1uau (n-2) Witudimuan PID shmuaudsnanngnesnuuusiiiioniuny
nszuauATIInIdudu 2 Tedldinadauasitresiimuauuuy  PID Wuiiugulunis
ponuUY Metuilsrdumieleuresimueuuuuivled wuunaihisewios Faanaunisiladdy
delouvesiauauli z-domain TagA5uas ZOH (Zero-Order Hold) 91naumsdi (3.11)

k.
Ko (5)8,(8) =K, ++ kislIk, +kys] (3.11)
Tnodvuels s=[(2=1)/T,] e T, Aeraalums sampling axlsflaridudny
TouvasiinuAuLUY PID x (n-2) stage PD wuunananlideidos dsaunisi (3.12)

Tz +kd (Z_l)
41 T,

Koo (DG, (2) =K, +k, Ik, +k 2 (.12)

z

(Z 1 21)(Z - 22)(2 _ Zpd)

(3.13)
242=T)

K(n—Z)(Z)Gn (Z) =

eyl K Ao §nT1V818VBIAIUAY PID x (n-2) stage PD LUULIAT
JEERRIGE
2,,2,,7, P9 Flsvawaaiuay PIDA wuunaiailisailias

C
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3.5.2 A79E19N1599NULUUATUANKUY PID X (n-2) stage PD luszuutianlidaiiles

n15lg@IAUANLUY PID x (n-2) stage PD luszuuiianlisiowllos lnanisdnaes
A15719UM8LUSWATY MATLAB 91ANSEUIUNISOUAUANN MUUAGIBEIINTEUIUNITOUAU
AUt JHanduanelouveansEuIUNITeal

6. (s) - 15
S (s +1)(s +3)(s +5)

lnefifimuadeuludall P.O.<5% t (£2%)<1sec. uaz e, (t)=0
9210 (=0.69 ,0, =6.14rad /sec WAy S, = —4.235+ j4.442
NITAURUNTRY z, LWafMUAAY T = 1/1000 3udl 2azle

_Als

7, =" = g" et io-E) _ (996 4 j4.423x107

wUaanseuaun1siegluuiuy z-domain aglid

(3.14)

6.(2)- K(10°)(z + 3.7237)(z + 0.2673)
7 (2-0.999)(2-0.997)(z - 0.995)

P9ty NNANNITN (3.13)

(2=2)(7=2))(z-2,)

K(nfz) (Z)Gn (z)=K 72 z-1)

N@NN159 3.14 Anuali K = K10®) waglidaninaiiumisuss z, uag z,
TAEMAUARAILALITEY z, = 0.998 Az z, = 0.994 agldaunisilendunisloutadssuufe

_ K(@07®)(z+3.7237)(2 +0.2673)(2 ~ 2,)(z - 2,) x (2 - Z,,)
- 72 (2 -1)(z - 0.999)(z — 0.997)(z — 0.995)

Kooz (2)Gs(2)

AIUIUMHATINYRINTYN z, INvedlnakazdlsvaeilenduitn
S GG LRV R IGITRRY

36, =2(z, ~1)+ £(z, ~0.999) + £(z, —0.997) + £ (2, —0.995) + £(z, —0) + £(z, —0)
—=132.125°+0.127° +102.739° + 77.260° + 0.254° +0.254°
=312.759°
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- MUY SR

20, =(2+3.7237)+(z+0.2673)+(2~0.996) + (2 ~0.994) +6,
=0.053°+0.944°+179.747° +179.746° + Hzpd
=198.491°+0),

- MyuNReuluYeNAINNg B EUMNLANYRIIN

>0,-30,=(198.491°+ 6, )-312.759°
~114.268°+ 6, =+180°(2k+1), k=01,2,...

[

nduagla 60, =65.732°

AU 7, ensuys 6,

N [Im(s,))|

2,4 =|Re(sy)| o, )

i umlees z,, 90 6, aglaumiwes z,, =0.997
ldfgmansuene K(10°)=1.193x10°(107%) = 1.193 x 1073

LNUAINISITR ST Ua18 o UYDITEU

~ 1.193x10°°(2+3.7237)(z +0.2673)(z —0.996)(z - 0.994)(z — 0.997)
G-y (2)G:(2)= 2* (z-1)(z-0.999)(z - 0.997)(z - 0.995)
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Bilinear Transform

Tuunilasifunisndnifienisesnuuuinuauuuu PID x (n-2) stage PD @iy
nszvuMIsuiua lussuunabiseionduming fladdudielouvesiimunily  z-
domain 1ag35va4 Bilinear Transform (Tustin’s Method) laenann1suas 5A.95.008 A3
sy WiDNTtENFeg19N1T9INIsAIUANFITUUTUSUNTY MATLAB

4.1 Asn1swlasdisluaiies (Bilinear transformation)

aa

Bnsulaudeludidles(Bilinear transformation) W5HilFe139n11 35 trapezoidal
KT KT

integration #3835 Tustin transformationl4nisusza i I y()dt wag I x(t)dt
(k=D)T (k)T

éfw%[y(kTHy((k—l)T)]T hay ;[x(kT)+x((k—1)T)]T AUAIAY

y(O
/\\//
t
0 T 2T 3T 4T oT >

JUN 4.1 Ussanasuiladulasmedsnmsudaadsluades

ANAUA A

kT KT

y(kT)-y((k-DT)=-a [ y(dt+a [ x(t)dt

(k=1)T (k=1)T
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anunsaseuladuy
y(kT)=y((k-1)T) —%[y(kT) +y((k-DT)] +%[X(kT) +X((k=DT)]
dlovimsudas z 18

y(z) = z-ly(z)—%[y(m z‘ly(z)]+%[x(z)+ 2 x(2)]

1) )= 2
A QIMA-zYY/A+z Y +a

Wavinisnsrunesienduazleaunisn (4.1)
b ANl 7 &
S=— i A\ (41)
Tl+z Tlz+1
1 % = =3 1
dauszuu s dredle dswdivlugeranian

| & 4 41 -
(R AN e
T1l+z Tz+1

1%
v

%QL%U?Qﬂﬁ@JWﬁQWﬁ?ﬂUUiZUWU Z @QUUﬂqiLL‘UaQLLU‘UIUSLﬁU%‘UZ‘UWﬂIu38u’]‘U S
¢ A

edonivanainiglurinauniamiig  gudnaleniiu dununedailawesdeiiio
iadesazwlasduilawasianinfiadies

4.2 N1399NUUUAIAUANLUU PID x (N-2) stage PD lae35vas Bilinear
Transform (Tustin’s Method) lagnann15ve9 3A.05.00R AsLATYS

N1590NLUUAIAIUANKUY PID x (n-2) stage PD wuulaanlisieiiles a1nauns
Henduaeleuvesiaauauly z-domain lag35904 Bilinear Transform (Tustin’s Method)
NANN1TN (4.2)

K,
K2 (8)Gn (8) =Lk + -+ kyS1IK, + kys] (4.2)
i -zt - A F
naunsT (@.1) dmueild s= 21 L 221270 niluasimstt (4.2) agldn
Tl+z7 Tlz+1
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Ko () =K, +K [ 1D (222D (222D (4.3)
PP oo 2ez-y) P \T@E+n) | T AT+
(z-— _ K (z—
Kz (2) = Kpld(gz_l)z(lz(fl)ZZ)x pd((zz+1)zpd) (4.4)

gl K, , fe 8ns1vengvesdimuny PID x (n-2) stage PD Lianlisaiilos

(n-2)
Z,,, 9 W5uesianiunu PID x (n-2) stage PD atlysioilios

4.3 §19819N150INUUUAIAIUANLUY PID x (N-2) stage PD wuutaly
PRIOR
nsldfamunuuuy PID x (n-2) stage PD luszuunanldseties Ingn1sdiasinis

Maumelusingy MATLAB 910N58UIUNNSTUAUATN La8nannI15ved SA.AT.NAR ATLATYS
Fedlilandunnslowvoinszuiunisnail

6.(s)- 15
i rea iy M Rk

Tneiismuniteulussil P.O.<5% 1 (£2%) <lsec. uaz e, (t)=0
¢l (=0.69 .0, =6.14rad /sec way S, =—4.235+ j4.442
MsvEuTeed 7, Werhmuae T = 1/1000 3uidt agld

7, =" =g CEmioni-c*) _ 0,996 1 j4.423x107

wUasnsguaunsiiegluguuuy z-domain agldiaunisn (4.5) fe

G (Z) _ (10°%)(z + (1.0049 + j0.0085))(z + (1.0049 + j0.0085))(z +0.9902) a.5)
’ (z—1)(z-0.997)(z - 0.995) '
Fethuanaunnsi (8.4) uavaunisit 4.5) axldaumsilaidudrelovvesszuy e
K. (z-z,)(z-2,) Kylz-12
Koy (2)8,(2) = Koul222)(2-2) K2 2)
e () .

(107*)(z + (1.0049 + j0.0085))(z + (1.0049 + j0.0085))(z +0.9902)
(z-1)(z-0.997)(z-0.995)
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Al K =K, K, (10°) uagliionnsiuvised z, uay z, lngfmuasiumia

Y89 7, = 0.998 UL 2, = 0.994 laeimumyuvesdls 02, =£(2,-2,) 0, =£(z,-2,)

a

AUNTOAIUIUNINATINVRIUTIYA Z, Mlaanvadlnatasdlsvesilandudieiante ladadl

q

AIIUMHATINYBINTYN Z, NVadlnauazdlsvesilanduisln
- yuvedlwaiifunenng

>0, =£(z-1)+£(z+1)+ £(z+1)+ £(2-0.999) + £(z —0.997) + £(z - 0.995)
=132.125°+0.126°+ 0.126° +124.148° +102.739° + 77.260°
=436.524°

SR GIRATT R AN AR

>0, = £(z+(1.0049 + 0.0085))+ £(z+(1.0049 - j0.0085))+
£(2+0.9902) + £(z-0.998) + /(2 ~0.994) +0,
=0.370°+(~0.116°) +0.127°+114.331° + 065.668° + 6, =180.38°+0,

- MUNIINREUlYYRININNG U E U LAUYDITIN

>0,-%0,=(180.38°+0,  )-436.524°
~256.144°+ 0, =+180°(2k +1), k=012....

[V
[ EY]

nduazla 0, =76.144°
AU z,, Lensusa 6,
9 P
|Im(s,)|

=R Ak
ZPd | e(sd)|+tan(92pd)

WUVUYes 2, 210 6, agladuniaves z,, =0.995
pd

TaANdnsInIsvene K(lO’B):Q,.276x10’3
wnuAnsnesiaidudielouveseuy
G(n—z) (Z)G3 (Z)

_ 3.276x107°(z + (1.0049 + j0.0085))(z + (1.0049 + j0.0085))(z +0.9902)(z — 0.998)(z — 0.994)
- (z-1)(z +1)(z +1)(z —0.999)(z — 0.997)(z — 0.995)
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4.4 n15USPUIgUNANISINaaI5SUU

4.4.1 mawSeuiiisunanissnaesluszuuanlideiieailaiiudnsvesvasszuy
Bilinear Transform (Tustin’s Method)
SefinnsanmaiuisuiiisunanismeuaussveszuulilelifaAUALLUY PID x (n
-2) stage PD fevdnn1sues 5a.03.A0R Asiaswg axdinmjaiuginitdermunfiesnuuuld
wianunsoudlalneiiudanuesvesiimunilifinndudelildnaduluaudetmun na
nsneuaussiiitufeldinanlunindrgaasitiosniuasssdamaiutissnindofuualy
LAFAIUALLUY PID x (n-2) stage PDIhlUMuUANNTEUINMSATSUFUgenInauls

PID x (n-2) stage PD (K=3.276)

02| PID x (n-2) stage PD (K=32.76)

Time [sseond

JUN 4.4 NaRBUAUBIYRITEUULIBIINENTIV818YBIMIATUANLUL PID x (n-2) stage
PD

4.4.2 Mmaieudisvnanissnasddussuunasaifiswaslisaiies Tne3dves
Bilinear Transform (Tustin’s Method)

dlefiarsanUSsuiisunanisnouaueswesssuuanssuunalnetiios funs
panLUUlAEIBY8Y ZOH (Zero-Order Hold) wazniseenuuulneisuss Bilinear Transform
(Tustin’s Method)iia$a1n91 3384 Tustin’s Method tu msutasuuudlsuazludideday
WAy jo veunududuseuiinauniieniae 1 seunef A1991nN1508NLUUSTUULIEN
seiflos adanmitiFues Tustin’s Method dgiiwaneuausslndiAsafunsesnuuuszuy
nawielleunnniIBuUY ZOH L51asiiiu faguil 4.5
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Abstract: To obtain the response of sampled system better than of wsing the Fero Order Hold (ZOH) method The
approximation to the infepral wsing Bilmear discretization is proposed. The results from simmlation show that the
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However, if another of descretization method s necessanies, the overall closed-loop system shonld be considered.
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L. INTRODUCTION
Feedback conirol systems in Fiz 1 may be classified
according to their sbility o follow step imput, ramp
imputs, and so on Consider the following open-loop
tramsfer function G{s)H(z):

Il P |

Fiz. 1 Closed-loop system

E(Ts+DiLz+1p---(T 5+1)
s L5+ INT5 +1)--(T 2 41)

It imvolves the term s in the denominstor, repre-
senting a pole of multiplicity N at the origin. So, this
classification is based on the oumber of integrations
indicated by the open-loop tansfer fimctiom IF
N=0,N=LN=2__ asystem is called type 0, type 1,
type 2., respectively

The PID (Proportional-Integral-Derivative) is widely
used by applying the wellknowm  Fiegler-Michols
nming method. It is clear that the PID comtreller is
properly applied in the typical second order plant. But it
is quite difficult to use only the PID controller for the
third or higher arder plant because the order of the plant
ic greater tham the mumber of zeros provided by the FID
controller [1].

The standing PID and PD to be cascaded by (m—2)
smge contollers iramsfer fimcbon K, (53, E,,(5)
and their equivalent form for the »™ order plant are
assumed to be given as,

Gl H (5= o

1581

“
K5 =E, [hln;: |.
= @

{:fg"..:':
R

Kogls) =L Lha}rfs+ 5‘}=K_.

Enls) = K0+ T,
E o E=E s "'3,;]:]
where K, isthe proportionsl zain
I; s the integral time, amd
T, isthe denivative time.

3

Simce, most industrial plants are type 0 and consist of
three to five of first order lags or dead time plus one
first order laz Then, the n™ order plant to be controlled
here its transfer function is assumed to be ziven as

K
G (s)= 2 -
) 5 (L5 +1)(La+1)—[T5+1)

where, the order of the plantis n =N+ p.

] Lixd lﬂi{ 1] l—oiL

iy

Fig. 2 Unity feedback system

For exanple, if a type 0, 3 order plant o be
comfrolled is given as,
K

Guls) = 5 (s +p1‘,|{.s:p1:|f:+p]’]-

To controls this plant, the (n—2) stage PD comtrol-
ler mmst be cascaded, then the open-loop transfer
fumction E{z)&(s) inFiz 2 can be written as



FID Cq_nn'o]lu' @—11 D
E_ (54z)(s42)xE (542 )k,
s+ p )z +p,)

K, =G, =)=

where, =K K K then

(o-I) FD
(s+zMz+ 5 )=(s +x'_,}---
s+ p Mg (st p,)
m G5 H(5).

E, ,(9G,()=K

8

The charactenistic equation of the system in Fig 1is

F(5)=14+G(5)H(z) =0. )
Since, G{s)H{(s) & 2 complex gquantity, (5) can be

split into two equations as follows,

LGEHE) =HIk+1x, =01 2., ()

|GtE )| =1. g

The basic idea behind the root locus method is that
the values of 5 that make the transfer function around
the loop equal -1 mmst satisfy the characteristic
equation of the system.

2. METHODOLOGY
1.1 Coutiruens-times syrtsm dosign

The statement of PIDx{n—2) Stape PDr Cascade
Controller desizn problem is to find the locations of
achieved.

Wheteas, the desired specifications to be desipned are
usually specified in terms of transient and stesdy state
response Characteristics of a coofrol system to a
nmit-step input exhibited by a pair of complex-conjuzate
domunant closed-loop poles 3, as Sollows:

Percent COwershoot (P.G.}:a[ﬁ]xlm%,
-mfonfi=¢)
o i (22

14 years apo, Associate Professor Dr. Eitm Tirasesth
proposed the simplest way to determines all lecations of
these zeros known as “Eitti® s Method (EW).”

This method can be applied to the type 0, 3™ order
plant

(E)

Settling Time (1,) = SE2%).

15

Gl = E+DE+E+5"

with the given desired specifications are PO 4 5%,
t(E2%) L]l sec and e (f) =10, as the following steps:

1602

Eigp]l Find the damping ratio £ from the given

Step 2 Fimnd the undsmped natural frequency of
from the given of the setlling time
£, (42%) =—In(.021—{")/@g . bence, the
mdsmped natoral fequency & =614 rad
(5B,

Step3 Find the location of dominamt closed-loop

pole

3= {a_+jq|J1—{: = 42354 j4442
Here, the openloop transfer function with {m-12)

stage cascaded PD comtroller is

Y . (s+x)s+z)xls+2,,)
et SR e ey oo

Step4  Mark the location of 5, first, then locate all
poles and (n-1) zewos of the K, (X500
onthe : plame.

PRI

T

H ;

'\-EI [0S

[

- 4 . o

Fig.3 Pole-Zero Map
Siep5  Find the sum of the angles at 5, with all of

the open-loop poles and the (n—1) zeros of
E .G by graphical or by mumerical
computstion Then determine the necessary
angle of £{s+z,) w0 be added so that the
total sum of the anples satisfies ().



Fiz. 4 Determination of the angle of PD's zero

8 =Ls,)=133.630%

8 =Lz, +p)=L0,+1)=126.071",

8, =L+ ) =L5,43) =1554"

4, =205+ py) = L5, +5) =803,

T8 =p 4 +8 4+ = H54ET,

& =LA, +2)= L5, +I)=116T15

8 = A5, +5) =L, +4)=03.034%,

ﬂ,'_. =L+ )=

FA =B 18 £ =20,
XA -¥e =(0aT4e 4 ¢ )—(445.4857),
—235.736° 48, =+180°(2k+1), F=0,12....
S8 = 55736%

Siep§  Determine the location of the zero (5+2,,)
using the angle of @ =74z, )=iiT30

found in the foregoing step 5.
= B .r. ;I
I
1
1 K )
% =
h
¥
: %
£
:l -
L b T, [
T
2 Do £ |

e ndiwewdih
Fig. 5 Determination of the location of PDV's zero

Let the length of the adjacent side of the angle
ﬂ,‘ imFig.5isx . Hemce,

1o

)= opposite _ |I'-'|l'{-5,,:|'|1 = [z, )
adiacatt x tan(f, 3

= [Bels,)#x = |Be(s, )]+ % =7.261.

T
Step T Determine the pam KK, at I, from (T},
15EE,, (5, + 205, + 45, +7261) _
Sal5g+IMs, +3W5,+5)
Here, K=15E_E _ =5805

tan(l,_

L

vl er g m anb

Fig 6 Footlodin 5 -Plane

The unit step respomse of the conmirolled system is
showm mFig. 7.

i Lo

-

Fig. 7 Unit step response of conmolled system

Hote that the resultant percent overshoot abowt 15 %,
it grester than the desired specification of P.O % 5%,
To obtain smaller of the percent overshoot, Kitti's Me-
thod just imwresse the pain K or K, m K K
from K =5895 to 10 times, all desire specifications
are then obtained as shown in Fig 8. This salient featone
of Eitti's Method is intended to extensively design of



b wa

::l t-:‘. i [ z z".
Ind IR

Fig. § The improved umit step Iesponse

4.2 Discrvte-tame rysiem daxign

There are several ways for converting fom confi-
mnous-time to discrete-time system The method in [2]
is Zero Order Hold (Z0H), which the PID) and the cas-
caded PD controllers transfer fimctions from [3] are

z -1
E () =K 4L, [ w _1] +E, [T}

= [Ep+E 4+ E ) (K, +2E,):+ £,
2(z-0) b
- .E'.u(x—;,‘!z— 1}
z{z-T)

E jlz—z,7

(z-T)
(E,+E,):-K, I,,(s—z#}
T 5 X
K,..&—%Kf—x;}x K lz-2,)
z{z-1I) k4

However, in discrete-time control, integration amd
discretization are equivalent [4] Among, these following
three methods, Euler method (foreand rectanzular mla),
the Tustin method (wrapezoidsl mtegration) snd the
to the imtegral are chown in Fig9, and summsrized as
written im Table L

] . JJ'I e -F/.'r
1||=1>—7-Z | #ﬂ—?f

KT ETT

Epp(@=

Epaled=

KT T T ET+T
Farmed Bl Ttk
Fig @ Dhscrete-time mfegration based on the Euler,
Tustin znd backward rectangular method

Table I — Approximation of areas with the three

integration method
Niwiod Discrsiy syuiwnlead
Forward Fectangular Bule 1 T
(Euler) s a1
Backward Rectanzular 1 _ TI:
Rule 5 a1
Tnpe_midalmﬂmd 1 I z+l
(Tustin method) 3 22-1

In order to obtain the respomse of sampled system
close to confimious or unsampled system as mmch as
passible, this paper is then propose the approximate
ransformation uwsing the Tbiinesr (or  “Tustn®)
transformation The transfer function of PID and PD
comirollers can be written as follows,

En(f)=E, +K; [M]+ K, [H: -1 ],

2z-1) Tiz+1)
CET-ET +4E )" «(2E T -8K, )z
= TE-D+])
(=2E,T+ET" +4K,)
T{z-Lz+1)
_Eriaria
z-Diz+D
Eula—ala-5) Eu(z—s.)
(z-Ifz+D) (z—Liz+1)

z-1
rmcx:u=r..+xn[f§:+,§]
(K, T+2K,)7+(E,T-2K,)
v T(z+1)
_ il E(r-z.)
(z+1) (z+D
K_‘{:—zlj[z—:z:leﬂ{:—r#:l

(z-1[=z+1} [z+1)

Here, the discretized plamt & (z) with sampling
time I' = 171000 sec/sample is
Iﬂ"[s+x=]|:s+z4](x+z,}
Giz]= .
K ey e e

Epqlt) =

Where, =z, = 10049 + j0.0085 , z, = 10049 — j0.0085,
7, =09902, p, = 0.989, p, =0.997 and p, =0.995

The comesponding dominant closed-loop pole I,
on I -plane is located at
z, =™ =g mf ) - 00064 j4423:107
Mow, it is ready to apply Eii's Method for Discrete
PIDx(n—2) Stage PD Cascade Conmoller desigm
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problem to the following open-loop tramsfer fiunction
KHJ{:z}G_{:z} , where

(-5 ){z-2 )50
{z+1){z+1){=-1) i

N [x +2 ]i:x +x,]{z +I,) .

(-a)-m)=-2)

There are 4 unknown parameters o be solved here as
follows, =, =, I,, and parameter E.

Since, the root loc on the real sxis are determined by
open-loop poles snd zeros lying om it The
complex-conjuzate poles and zetos of the open-loop
transfer fimction have no effect on the location of root
loci on the real axis becamse the angle contribution of a
pair of conplex-comjugaie poles or zeros is 3607 om
the real axis. Each portion of the root loous on the Teal
axis extends over a range from a pole or zero to another
pole or zeTo [5].

In order o force a couple of real poles at z=1 =nd
z=0990 to become a pair of dominant closed-loop
complex-conjuzate poles by loop gain or parameter £
It is reasomsbly places 1, =0.998 amdz.=0994, m
the same way as cootmuous-time case. Then the
remaining zﬂ=ﬂ-.995 and  E0)=3276107  are
obtained.

When compare between the Z0H and Tostin method
o the contimous-time case. Here, the sampling time
T =1/1040 sec/samples, the resulis from simmolations n
Fig 10 show that the response from Tostin method is
more choser to the continmows-time case than the Z0H
method

Ky 5z =K

G, (z) = (107

Fig 10 Uit step response of controlled systems

When K ic increaced to 10 dmes of the desipned
value, the dominant poles in Fig. 11 will be moved from
z, along circular loci toward the real axic of I -Plame

1605

T lex

o, et

L (XS

Fig. 11 Ruipot loci in z-Plane

The umit step responses of both before snd after
incressine of K are compared as shown in Fig. 12

" L L N .
- O = 0 =
g

Fiz 12 The improved unit step response.

3, CONCLUSEONE

The bilinear discrete PIDx{n—2) stage PD cascade
controller designed by using the root locus technique for
the wth order plant has been proposed All desired
specifications are easily obfsined with better than the
previous time of using Z0H method, in discrete-time
comrol  systems desigm wia EKitti's Method The
Implementation of the proposed conmoller on the DCS
(Distribated Control System) is now doing by another
researcher with Bailey DCS systems at Diouble A (1981)
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Abstract: To obtain the response of sampled system better than of using the Zero Order Hold (ZOH) frethod.
approximation to the integral using Bilinear discretization is proposed. The resultsifrartation show that tt

obtained response from the bilinear or Tustin method is better than the ZOH method at the same sampling time.
However, if another of descretization method is necessaries, the overall closed-loop system pshpettieb:
considered.

Keywords: Bilinear, Discrete PID controller, Root Locus Technique.

1. INTRODUCTION ( 1 j
Kep (S) = K; 1+E+TDS ,

Feedback control systems in Fig. 1 may be classified 1 2
according to their ability to follow step input, ramp (s+2)(s+ 2) (S+ Z,4 )2
inputs, and so on. Consider the following open-loop Kep (8) = Kpmff Kpia \ s
transfer function G(s) H(9:
Y KPD(S): Kp(1+ T 9s 3)
Kep () = Kpd(s+ Zpd)!

R(s) E(s) C(s)
+’< > » GO P where K, is the proportional gain,

T, isthe integral time, and

T— H(s) < T, is the derivative time.

Since, most industrial plants are type 0 and consist of

Fig. 1 Closed-loop system three to five of first order lags or dead time plus one
first order lag. Then, the" order plant to be controlled
G(S) H(9= K(Ts+)(T,stD)-- (T, s 1) 1 here its transfer function is assumed to be given as
(9 H(9=—; (1)
s (Tst)(T s (T s1) G (s): K,
It involves the terms" in the denominator, repre- / sY(Ts+1)( T s+1)-~-( T &1)

senting a pole of multiplicityN at the origin. So, this )
classification is based on the number of integrations ~ Where, the order of the plantis = N+ p.
indicated by the open-loop transfer function. If

N=0, N=1,N=2,...,asystem is called type 0, type 1, R(s) U(s) Y(s)

type 2,...,respectively. 4,?0—’ k(s) > Gls) >
The PID (Proportional-Integral-Derivative) is widely . I

used by applying the well-known Ziegler-Nichols

tuning method. It is clear that the PID controller is
properly applied in the typical second order plant. But it
is quite difficult to use only the PID controller for the Fig. 2 Unity feedback system
third or higher order plant because the order of the plant
is greater than the number of zeros provided by the PID
controller [1].

The standing PID and PD to be cascaded(by-2) K

stage controllers transfer functiorK,(s) , Koy (S) G.(s) = S(s+p)(s p)( & P

For example, if a type 03° order plant to be
controlled is given as,

and their equivalent form for th@™ order plant are
assumed to be given as, To controls this plant, thgn—2) stage PD control-

ler must be cascaded, then the open-loop transfer
function K(s)G(9 in Fig. 2 can be written as



PID Controller (n-2) PD Step1 Find the damping ratig from the given

K. (s+ St S - K

Koo (9Gy(9= wa(S+2)(st 2)x Ki(s z) iy P.O,

s(st p)(s p-(s P {l (POH

n [
where, K =K K ;---K, then Where, ¢ = 10 2=0
(n-2) PD 2+ [m (Poﬂ

(s+2)(s Dx( s g)~ 100
Kin2(9)G (9= K (4)

s:(st p)(st (s P Step 2 Find the undamped natural frequeney,

=G KN ¢) from the given of the settling time

t.(+2%)=-In(0.02/ +-¢* , hence, the
The characteristic equation of the system in Fig. 1 is S(d ‘) q ( 't ¢ )fa)(fM d/
F(s)=1+ G(9 H(3=0. (5) undamped natural freqe, = 6.14 rad / se

Since, G(s) H(9 is a complex quantity, (5) can be Step 3 Find the location of dominant closed-loop
split into two equations as follows, pole

s, = Co, + jo1-¢? = -4.235 | 4.44;
Angle Condition:

ZG(9H(9 =2kt 1)z, k=0, 1,2,. ©) Here, the open-loop transfer function wifh—2)
Magnitude condition: stage cascaded PD controller is
IG(9 H(9| =1 @) (s+2z)(s+ 2)x( s z)

K 2(9G(9=15K;, K, :
(n-2) id d ]

The basic idea behind the root locus method is that s:(s+1)(s+3)(s5)

the values ofs that make the transfer function around

the loop equal -1 must satisfy the characteristic ~Step 4  Mark the location ofS, first, then locate all
equation of the system. poles and (n-1) zero of the K ,(9G(3

2. METHODOLOGY revErEe

2.1 Continuous-time system design
The statement ofPIDx (n—2) Stage PD Cascade 6|

Controller design problem is to find the locations of D69,
their zeros such that the desired specifications are i
achieved.

Whereas, the desired specifications to be designed are
usually specified in terms of transient and steady state
response characteristics of a control system to a
unit-step input exhibited by a pair of complex-conjugate 25
dominant closed-loop poles; as follows:

s-Plane

B4

Irnaginary Axis
=)

0Rd ..

h, §
Percent OvershooP(O. ;)i l’ngx 100%, s 5 5 1 2 o >
(8) Real Axis
—|n(o.o 1—{2)
Settling Time {; )= o ,(£2%). Fig.3 Pole-Zero Map
14 years ago, Associate Professor Dr. Kitti Tirasesth Step 5  Find the sum of the angles & with all of
proposed the simplest way to determines all locations of the open-loop poles and th@gh—1) zeros of

these zeros known as “Kitti’ s Method (KM).”

This method can be applied to the type 3, order
plant

Kno(9G(9 by graphical or by numerical

computation. Then determine the necessary
15 angle of Z(s+z,) to be added so that the

G;(9 = , -
5(9) (s+1)(s+ 3)(st 5) total sum of the angles satisfies (6).

with the given desired specifications afeO.< 5%,
t,(£2%)< 1 secand e(t) =0, as the following steps:



=-Plane

Imaginary Axis (secunds"j

Real Axis rseconds™)

Fig.4 Determination of the angle of PD’s zero

6, =Z£(s,)=133.639 ,
6, =Z£(s,+p)=4(5+1) =126.071 ,
0, =Z4(s;+p)=4£(3+3)=15543,
6, =Z(s,+p)=4(g+5)=80232,
>.6,=6,+60,+0, +0, = 445.488
0, =Z(+13)=2(g+2)=116,715,
0, =4L(s,+2)=4(g+4)=93.03%,
Hzp
2.6,=0,+0,+6, = 209.749+0, ,
2.6,—>.0,=(209.749+6, )- (445.485
-235.736+6, =+ 180 (R+ Dk= 0,12,
.6, =55736.

Zp

=L +Z) =7

Step 6 Determine the location of the zers+ z,,)
using the angle onZm = /(g +2,4)=55.736
found in the foregoing step 5.

=-Plang

Imaginary Axis (secﬂnds"j

T & = 4 E T R ] 1 2

Real Axis (seconds™

Fig. 5 Determination of the location of PD’s zero

Let the length of the adjacent side of the angle
de in Fig.5 isx. Hence,

4

_ opposite_ [Im(s,)| e |Im(s,)|

tan@, ) - =
=7 adjacent X tan(@zpd)
Im(s,)
z,, = |Re(g | +x = | Reg |} tlaTedl) =726

Step 7 Determine the gail ;,K , at S, from (7),

pid

(s; +2)(5,+4)(g+7.261) 1

15K 44K o
(8 +D(§+3)(§+5)
Here, K =15K ,K , = 5.895
4 |
2 f'. .

14 Je
-zpd © -p3 22 -p2 -z1 -pfp0

Imaginary &xis (secunds")

" . ; ; X . . y
- ) EA ] 3 4 2 [ 2

Real Axis (seconds")

Fig.6 Root loci in s-Plane

The unit step response of the controlled system is
shown in Fig. 7.

Unt Step Response

A plitude

| | |
15 2 25 3
Time (seconds)

Fig. 7 Unit step response of controlled system

Note that the resultant percent overshoot about 15 %,
it greater than the desired specification BfO.< 5%.
To obtain smaller of the percent overshoot, Kitti's Me-
thod just increase the gail ;,orK , in K K

from K =5.895 to 10 times, all desire specifications
are then obtained as shown in Fig. 8. This salient feature
of Kitti's Method is intended to extensively design of
discrete-time control systems.

pid



Step Responze
T

Table | — Approximation of areas with the three
integration method

A plitude

Method Discrete equivalent
Forward Rectangular Rule 1 T,
(Euler) s 1
Backward Rectangular 1 Tz

p— % —_—
Rule s 72-1
Trapezoidal method 1 T, z+1
(Tustin method) s 271

| |
15 2
Time (seconds)

Fig. 8 The improved unit step response.

2.2 Discrete-time system design

There are several ways for converting from conti-
nuous-time to discrete-time system. The method in [2]
is Zero Order Hold (ZOH), which the PID and the cas-
caded PD controllers transfer functions from [3] are

Kep(2) =Ko + K (i)+ Ko (Z;lj'
z-1 z

(Ko +K, +Kp) 22 =(Kp + 2K, ) 2+ Ky

z(z-1)
:Kpid (Z_ %)( z- ;) — l$id( z 5(1)2
z2(z-1) 1 1 z1)
KPD(Z)= (KP+KD)Z_ KD = KPd(z_ Zpd),
z z
K(nfz)(Z) = Kpa(27 2)(22) X Koa( 2= 20)
z2(z-1) z

However, in discrete-time control, integration and
discretization are equivalent.[4] Among, these following
three methods, Euler method (forward rectangular rule),
the Tustin method (trapezoidal integration) and the
backward rectangular rule. These three approximations
to the integral are shown in Fig.9, and summarized as
written in Table I.

' A
X(KT+T) - PULY T y J —

A(KT) oot X(KT) s

L
KT KT+T

L
KT KT+T

kT

kT+T

Forward Backward Tustin

Fig 9 .Discrete-time integration based on the Euler,
Tustin and backward rectangular method.

In order to obtain the response of sampled system
close to continuous or unsampled system as much as
possible, this paper is then propose the approximate
transformation using the bilinear (or ‘Tustin’)
transformation. The transfer function of PID and PD
controllers can be written as follows,

Koo (2) = Ko+ K, (T(ZH)J+ K. [ 2(2_1)],
2(z-1) T(z+1)

(ZKDT—K,T2+4KD)22+(2KTZ—SKD)Z
& T(z-1)(z+1)
(2K, T + K T2 +4K, )
T(z-1)(z+1)
L, vzt o
7 ()
_ K (z-2)(z 2) N Ko 2 7)°
(z-1(z+2) (z)(=#1
2(z-1)
KPD(Z) =Ko+ Kp [T(Z+1)j
(KpT+2KD)Z+(KPT—2KD)

T(z+1)
_az+a, _ Ku(z-2z,)
(z+1) (z+1)
= Kpid(z_ z1)( z ;) Kpd(z_ Zpd)
oD T (). (4

Here, the discretized planG,(2) with sampling
time T = 1/1000 sec/sample is
10°(z+ = z)( =
6, (220 (2r2)(z 2)(2 3
(z-n)(z p)(z p)

Where, z, =1.0049+ j 0.008!, z, =1.0049- j 0.008!,
z,=0.9902, p, =0.999, p, =0.997 and p, =0.995.

The corresponding dominant closed-loop pogg
on Z- plane is located at
z, = d% = @i _ 0 9964 | 4.423 10

Now, it is ready to apply Kitti's Method for Discrete
PIDx (n—2) Stage PD Cascade Controller design



problem to the following open-loop transfer function
K 2(2G,(2, where

(z-2)(z z)(z )
(z+1)(z+1)(z-1)

(z+z)(z 3)(z 3

(z-p)(z p)(z-R)

Koz (2)=K

G,(2= (10°)

There are 4 unknown parameters to be solved here as
follows, z,, 7, z, and parameterK .

Since, the root loci on the real axis are determined by
open-loop poles and =zeros lying on it. The
complex-conjugate poles and zeros of the open-loop
transfer function have no effect on the location of root
loci on the real axis because the angle contribution of a
pair of complex-conjugate poles or zeros 360° on
the real axis. Each portion of the root locus on the real
axis extends over a range from a pole or zero to another
pole or zero [5].

In order to force a couple of real poles a1 and
z=0.999 to become pair of dominant closed-loop
complex-conjugate poles by loop gain or param€ter
It is reasonably places, =0.998 andz, =0.994, in

the same way as continuous-time case. Then, the
remaining z, =0.995 and K(10°)=3.276 10 are

obtained.

When compare between the ZOH and Tustin method
to the continuous-time case. Here, the sampling time
T =1/1000sec/samples, the results from simulations in
Fig 10 show that the response from Tustin method is
more closer to the continuous-time case than the ZOH
method.

Cortinuous-Time (Red lire)
Discrete-Time zoh (BiLe fine)

Discrete-Time Biinear (Green fine)

Fig. 10 Unit step response of controlled systems

WhenK is increased to 10 times of the designed
value, the dominant poles in Fig. 11 will be moved from
z, along circular loci toward the real axis o -Plane.

Roat Locus

Imaginary Axis (sacnnds")

L
0995 1005

Feal fxis (zeconds™

Fig. 11 Root loci in z-Plane

The unit step responses of both before and after
increasing of K are compared as shown in Fig. 12

L I I L L
1 2 25

15
Time (second)

Fig. 12 The improved unit step response.

3. CONCLUSIONS

The bilinear discrete PIk(n-2) stage PD cascade

controller designed by using the root locus technique for
the nth order plant has been proposed. All desired
specifications are easily obtained with better than the
previous time of using ZOH method, in discrete-time
control systems design via Kitt's Method. The

Implementation of the proposed controller on the DCS
(Distributed Control System) is now doing by another
researcher with Bailey DCS systems at Double A,
Thailand.
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