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ABSTRACT

The PID (proportional-integral-derivation) controller is widely used in most
industrials for the 2™ or lower order plant by applying the well-known Ziegler-Nichols tuning
method. But it is quite difficult to use only a conventional PID controller for 3™ or higher
order plant, because the order of the plant is greater than the number of zeros provided by the
PID controller. Moreover, for tuning the controller sometimes require trial and error
procedure and experience of the operator in order to obtain the best results for a particular
plant. This thesis presents a design technique based on the root locus approach for the
proposed PID x (n-2) Stage PD controller, which can be used instead of a conventional PID
controller for the n® order plant. The controller is designed, so that the overall system is
approximated as a stable and robust second order system by only increasing the gain of
controller. In addition, the controller gain can be adjusted to reduce the overshoot. The
simulation results by MATLAB show that the desired performances are achieved correspond
to the design technique.
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e v edhauaafildmhasanisfietiasmm (stability) Aaasauilanaeyugt nuams
[ H v
nasasfldneosfnasiasimainaulaglisunss MATLAB wuhéanugufiaanuuuil
o inaneuaissmadaimua lfifuached nennnriudeldmaBaufaufiudeugud
Ao o o ‘1 Y A'\lv X A
aBNUULATLSHAUANILY PID 71 9 Wwuhdhamueailaanmsaanuuuiidinimanausmg
G 1L a Yu v v v A v o c X Yua w
G Bnfedimanndsusanaenesesshmunuie Midnamsaauauesiiviadauldandae
a A ‘s‘l’ 1% z I.: v :
Tnenfinusiilsznaudaeiiemyivae 5 unaei
wifl 1 nenfawnaade Faqumsdssdinninituartounaading i
o 4 A 124 v $ a §
undt 2 nandlanaiunarmneniuuiaugukuy PID NIMaWImnAng g8l
$heueu PID lneiB984 Ziegler-Nichols ninmauammauiniaueasn FINRIMIDANULLA
MUANMEATNNIAUYBITIN
wnit 3 TassaauasiunaumInanuuudaaaugy PID x (n-2) Stage PD dwisunssuam
mysusiu 7 1o q leeldBmadurasnnaasmisdhatumIaantu
unf 4 Humshasamahanulasms resfaweizasinauguiisenuuuyaaviagng
MMaaes KanRLLfERaRsUR B TULMmUANTIRaNKILFUFMLAN PID fieanuuylay
38U ) HAMMAABIMIMWAMINBLEKBITBITLAILGNTIDENULUIEB RN T AEUIAIN T
fimaSuasnsunT
il 5 aplnamaidaisaumsiasinnaot lusugeatigmuasiamaudle wamems

Uiinlywdonumaqaedinentinug



un 2

ﬂ'l‘iél‘élﬂbkﬂﬂél’? AIUAN PID Ima‘lﬁ""a%muﬁwamn

2.1 umih
ssuumUaNEaluiiAuuY PID (proportional-integral-derivative) Ifgmisnldiunsauu
manBamagaamnTINethvvme ililssnpluunssaeulasiivasinaiugu PID &
emanzadumai Wauesnsanumeshe  mogasmnsafiiuahiuodlauivgmh
naumanaamegasnas bty F AewuaelUanidasnnsin mssenuuuuaemaiue
winfiwaivesiimuan PID Bl &S mawamtwnathiroifioadu 33904 Ziegler-Nichols [2] g9
frisinelumalimaniinestasanmugn samdEmadsmnilidmiumaliemst
SUUAILANUAMIBBNULLIIAILIGN Fafunahiliunathalauressuuauguaiin Tt
ynvmudmgdnmeesssuunuguilasmsssnmlalisuiudemndnnsasdumigu
finasmus (characteristic equation) sanamnen [3] Bnvieienansalfimnewnfinsansessy
muguilafimuAemmiinadens 4 WEinday
dadmugu PID greanundaiisdasgnsudslimnsaniuugeensanunsiae il
assanTnSudmmiinastesiaunn s Sufiudammuyn q warludumaashemuau

TneméiresmInausmamnaiamassnmuedungn [3]

2.1.1 DIAUTINRULBIETELUAILAN

ssueUEasTRlae ianlsnaudandis « fishdy 4 dausiaiine

N. NTLUIMMT (process) Maneiia nssuammamaRandadasniwauiildamusmad
$oams lasanmzasanssuaumauaad iaamedaudenssuaums (process variable) NMIALGH
avvananszaum v elasmasunaamendaudsUSunseLImms (manipulated variable) &9
st limanedlunseauma b bdemeilisautsnsanumsiicnuAausdumadaims

9. gunyolTouazsdiyqnms (sensor/transmitter device) Lﬂuqﬂnsniﬁelﬁﬁtytmmmaanﬁ
Wianmyiandaulsnasuaunts Imuﬂ"ﬂﬂwmuﬁaéhuﬂiﬁqnmuqu (controlled variable) %9
ﬁrytymﬁﬁmmﬁuﬂ’uﬁﬁunmﬂ?;auuﬂm@hmqmamwmméhLLﬂwmmzmum*sﬁﬁmmﬁm

A. Shaauew (controller) L?Juqﬂnmiﬁﬂmﬁwﬁ@immmﬁtyrymmaanw‘%aﬁtytmmmuqu
(control signal) NNFYYWIA (measuring signal) LLﬂzﬁﬂﬂ%ﬂJ&%ﬁ (set point)

3. gUnsniSunsvuauns (final control element) fequnaniivwihfisudyguedhan

FhauauudusmazgaanssLMmITEmsimuuasidhuaiunstums (manipulated

variable)



2.1.2 #9022369AIUAN
aﬂﬂszﬁammmmwummuwm‘lﬂ‘lumzmumsnLwamaomiﬂfmﬂummwm{mﬂwa
mufidiaams m'sﬁnmmﬂmﬁuummmmnamﬂwﬂﬂumwqmnﬁmmmmmmmm"vuLwa
Treanandenlimmuaniimnsanfunseumsudasiun|fathafius@ninm Frmuqu
'chﬁryu,azﬁﬂmﬁmﬂﬂuquumwﬁmmsmnLm'aaanLﬂuﬁﬁmha o ¢l
[y . G AI 1 Al o AI a
. §hAILIANLIY proportional (P) iuuwunzasnsmuguiihefiqatassamuemiana
| A v 1 Y v 1 . A
Al mmtﬁmﬁamammmwaammum (Ko) ¥i3afh PB (proportional band) #aiute
mmmmmuww mafissaaugu P il lussunaeviiehdaanattu (rise time) ‘IJFNT"'U'U
ANAY UWWLaLil offset wsammmmmmLﬂaauﬂamwaqm (steady-state error - ey) foam
v’nﬂﬁwamwauﬁuawiaﬂmusagm‘lumfjmﬂ‘mmmuwmmms wiftensnsavn eanuaan
) ) v ¥ ]
indaufianuvagihiianasidlasmainevasdanany (Ko (Wioaneh PB) Jefaviinansiviui
1 1 o 1 : VA W i L% v ] L
Iiemaifiu (overshoot) TB9sELLFNNAY ynqnstifcenaAinas gLy P i
X
mmnﬂu'ﬁumauLwa'lﬁlmnwﬁﬂauauwm'nu
9. §1MIUANULY proportional-derivative (PD) Lﬂuuuu‘naanﬁmumwelmnun‘svmumsﬂ
aanTnlfiauguuLy proportlonal fatud Tmumsmué’ammmmuqyauwuﬁ (D) IES
ucFrasdhmue PD fazadnuiushnuguuy P ﬂammumﬂfnuﬂmmLﬂaamﬂmuzaqm
agfluasuy udthliedaamenea proportxonal fiehgs o uaa (vi3ee PB ¢ ) WuhdauaN
PD ummmﬂmmmaauwamusaqmmmwmmnqmmu P
v . o o (% ﬂ‘ 1 e
A. $7A2UAN LY proportional-integral (PT) Sm¥unsyuanniaf lddaanislkfia
mmﬂmmmﬁauﬁﬁmuzag:él”ﬂmzuuw%amsﬁﬁmmmﬂm@mﬁauﬁﬁmwasJéu’a%ﬁﬂﬁmsmuw
A ¥ o A’ AI w A A v ° 14 4 d'
fuademenslichauaguaiial tasnasaresdaugduinia (O nbidemanuameeian
a Y GL A vada Y - o ‘lv -
fismuvatinussuuniugn sduguaniinfssihaugueiiefinaaraasm nssuumugaams
namfifiae
3. §PIANILY proportional-integral-derivative (PID) fanlunssumshifieneséi
. A = dld } 2 . A AIA
198N (time constant) enannvidansraumaiennm $racuas (dead time) i3 lunssuaumansl
manauauasdh athagunssuaunsiifiendeasiumsnugugomg dwviunssuunshiinansy
aupadiathagu nessanmafdisadesfiumsnugumsinaseszasvad daiugu PID analal
wanvafaldn demnuatasaiusludmueguasi eruuenueubisladynmimumu uday
'1°L1h’amdwiatﬁwnaﬁ"uu‘lo’{ﬁ Aunssumummfifienasinasnnmsnetionssnumaiudamamiag
(damping) §4 Fafusmnmlileiadygnusunam)
dushamuamuULeyiut (D) viedhmuguuuuduiinia (@ athalaathaiionin azhign

ﬁWNTi‘ﬂ%ﬂ?ﬂU')%ﬂ’lﬂﬂ o Lﬂ@ﬁ’i]’m@l')ﬂ’)‘l_lﬂuLLUU?JHWWE’Q‘J]M ﬂ']ﬂ’)']Nﬂﬂ’lG\LﬂﬂﬂW/Iﬂﬂ'\“ﬂ@E‘!ﬂ’) thrl



:’I L7 U t a 8 w v s o v ° w o z [
100% nviadhofiemafiugs dmiudmmuguuuuaunnaa s ssuufisudugauuaraai i
s bifaesnnle damnuaresiuiinietlanedannimiag (damping ratio) 9843t
Ad o A ) A v v g PN A
1umnmmmuQsmnanuﬂufmmnmuqmzwumwmaems‘l& fisnanTnuiagUnsoi
1 w v A °
Gundéhgewse (compensator) Wl lussuldidu drauenan lead Favn nssuufimsneuama
c X v A . ‘ll/ a a v Y v d.elllu
G dhrauauLy lag Tovh WsLufiwg@nsssesriuthiniussuunlgemgairauuy lead
maRsdhauguviadsaebiurss sutdain o iinsdandaathaladiiy
s“uumnmum theadhamuguiuiuuaynIx (series) ﬁmvuuﬁnnmmmmunfmﬁmuﬂu
mamkuuuaunwslumamanamwmwauuu cascade teinag/ludnwaiilaundussGanims
muRaviaTAELLLIWTY (parallel) vidauuutiaundy (feedback) uanmnuummwahanmm
Ganhmamuaandataieiuy forward aRNRLLIAN ) mmummasfmnun‘lm M
mnqumam-mL‘ﬁuL‘m‘lﬂslmzuuuummwm‘:qumnﬁmaaswu seeudnyanadigash o g
] 1 & d'd fu
Tumsete maamummmmmmqﬂmmmamumwmﬁmmmaTaumanuNanwmu‘[awnaammu
A o Ay [y a A v A v % My
auvidadhraweiidasnlild Tnenindimafssnenugaviadhammudigruiuuuaynsasild

SNERNWULAY

2.2 GIAWANLYY PID

Lupisessanfidéhaueuy PID Fafiusamuqueafiomitslumseugauuniiaundy
TaasnhdygnuanianinneeInssaums (C(s) snifeufsuiudyanawiudifiimin ReE)
anwhdanadidnnaaBeudien (Es) sndmammamanginomiasninugHiLy PID
& proportional Bfinauasouiu Welhlddyqnumndhmuna (M() Wlmuaunazaums
satuausmslugi 2.1

R(s) + E(s) 649 M(s) 649 C(s)
s, > s

v

21 2.1 udnanssumsilidhenuaNLLY PID fslasduchelanzasihilaunduidiv unity

Tos G, (s) foleituchelausasdnacuqu PID
G, (s) Rowariiuchalevaasnaznums (process)
R(s) ﬁaﬁmmwmﬂﬁé’a (set point)
C(s) Aofynnouaimnaassn
E(s) ﬁaﬁmmwmﬁmwmm‘?'\Lﬁmmmmﬁumﬁummm C(s) uaz R(s)

M (s) fadyyanminasnanehamuaN



gﬂuﬂwaaﬁamumwu PID

C(s)

51 2.2 Pupuresinmugaivy PID

v
los R o 305uG (set point value)
C(s) e Frynnmudhuansaauns (process variable)
A i a G ] 1 (¥4 cl.la [ [
Ei)  #o eRewmavdanashismingadfusussdygnmulnasiaums
fendu E(s) = R(s) - C(5)
M) #o Sy ImeauqueaulanTsamms (manipulate variable) Foifiu

Soun ofieansnandhaauey

2t 2.2 n vghanfifelimivehinadtehamdileiumameas ulifeslls
MIAILANNITELIUMINGAIFY ) daenndmnmfimesudasshludhmunsazlifiansdiusiu
o :’l o ~a e o d 1 g g d A "~ ) |l .I.,l
Sotumamrfwesnladmiasllnansemiudiu q feluamaadebildifuduiu aums

Naruchelourasphunbig 2.2 n fa

M(s)= (%)(1 +%+ TDSJE(S)

i

311 2.2 9 dnfienlfidushaiugu PID uuuiBsersns (analog) wulwsasBifensefiad
dlasnneanuuuheuazmasuen PB, 7, 7 atiinasani ﬂa\lmiﬁdﬁ‘fuﬁiEJ‘[QWIJENE‘ULLUUS]ME‘U 22

A
9 8

M(s) = (%) [1 + %;J (1+7,9)

, TpS

1+-—+2-
n



1t 2.2 @ gt lfuaumandasiunnidaes (digital) mnzdmiumugunTm
manfmIIUMMINdyMEMen dasmnuaramariauinsavn inaanaamamunaulan u
qs‘lu'mmzﬁussuu-?}éfmﬁmsﬂ%mﬂﬁ'uuagmﬂ%’ué\”’q dlasnnragasmLiy PB asnasnuiudus
nasaumssamaiifuelenliql 2.2 @ fe

M= (%) C(s)+ 2, TS CLS)

7, (1 . rss)
n

7 2.2 ¢ it flunsuoumandasdaswdenivluzl 22 o masdmiunwgy

E(s)

Aa Y A v o 1‘11 [ oA
nevaumTEMIUSuLReugauud uabimmnefunssoumnsilmssunuandygmmeuan

flasanen PB frasdamuaserhsgeLsufusmasiamisnauganI U IRy
heleusasgy 2.2 ¢ @0

100

g (ﬁ) (s 28 s ¥EE)

R (l +3£)
n

fondhmuguuy PID Aifplnsnaspuasilaiiucelau (G, (s)) iudoi

G.(s5)=K, (1+—1—+1Dsj
7,8

i

a a v \
Toefl K, @p damaeny proportional
7, A nMBUANTaVID reset time

A v € A (v .
7, 68 NABUYNUINIANAIEATT (rate time)

vandeq/lvsiazlél

K, (TDSZ +5+ l]
G.(s)= - i



G.(s)= 2.1)

snfafsushelonrasshmuan PID (G, (s)) lusums 2.1 wuhiilsaasdhuasiilna
A! [ |4=; o A . . £ :I/ d‘ ¥ o ° L% Aa
vilihagiqamiiia (origin) daiunseuoumsfiishmuguuuy PID asvhlisuumuguiiioms

] v
WAL aged

N. aUAU (order) VITEULWNIUA DU

~ A‘ A’ ~ o { o ~
9. ofin (type) VOITLLLLANIUEN 1 (299 vanefeiamraslnaiiqarifiinnssvu)

]
o

A v AI é’ 3 GLII ¥ a 1% (v . a Z
MINDUALUDITLUUNNIUILY MTLLUAIRALNMTAMAIN NN (time lag) INATIU 813

a )

° ] ﬂ‘ 3 ~ a0 . ° 13
vl iseaesnnle dumadinsurestfinrasssoudunadidossuy dasnyibilifien

emnamaRRauTEn et fdadyanuwniu unit step

y 9 . .
2.2.1 U9amuua (specification) ¥a33cUY
v . [ - a a ¢d o @ v v ) -1
Harvue (specification) Aawmimesaniudammulumssenuuudhnugu dwdil
umalsivnuiimanauauasinasihaguessumuguelaBunnfidu unit step darhvuaniceny

Usznauae

d € A

n. emaiugegn () dusenauanshessrhaemiynilengegariuiewmmismusey

nssvuy luweRiaauaasediupluesloSidudemaiugige (2%M,)

Mp =Cmax_Css

ot Co ﬁammﬁmaumﬁwﬂ

a4 9

A ' (3 A v
Cy ﬂaﬂ']‘ﬂ'rNLan‘VngYlﬂﬂ'mzaglﬁYJ

a M
' oh! %Mp=—”><100%

S5

9. AL (delay time — 2,) ﬁa'zhanmﬁwa'ﬂmmwm'uauaa‘l,umz%'mj'ﬂamuuﬁ
sidhg 50% Tasehfironuzagin

A, TN (rise time - , 30 tz) LﬂwﬁaanmﬁNamwauﬁuaﬂumaz%'aﬂj‘ﬂaaswu
fendauann 10% Wi 90% ‘naamﬁﬁmusagéh Junansdisgranmriensfihonmiing

' § (Y | SN A’ i
manaUEMRdSienaIN 5% e 95% vida 0% 4 100% vasanmeagiafls tednmniulen
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Y a L @ ) & o o vy
Soemnefesuiudmeneusuendh venaniumamnsfedsasnafitd udmiulinamaney
a1 1w & ‘L v G 4]
suasiiwhiehgavheganineudued IdmuvegaILuaATILIN
' 2 . . P o A vy
3. fdaandnil (settling time — £;) AatNnMTKANIRBLAUBIIBITLUURAIIGTN
+2% V30 + 5% wnefisoiragiauasiicnaglutaetinasaly vismnafimasnmiinanisney
satumvhnjufehidummeusistudmuragéh
A, faEan (peak time — £, Y38 fny) HuFIBINMAINAMInBLEWRIUMETIATIRY
FLULRAAMWAITIUGIER
U a = | v [ ' \
. FIANARIMIAADUTIND MDY (steady-state error - e,;) WUAANNUANGNYEY
'3 [V v P K% da ¥ A A o
naesssufueuRs unisuuey lusmusegd stuuffiasdosisamuameuntau
sonueagdhvaeign
sruuffimavanAng (critical damp) UaY overdamped Dhseuuftlifien £, uas M,
Hormasha o meillfdminianndnunissansasuduainmzinagraumuuy
. Ad e w L A'VLSJA P a
unit step oesvLLfiafiesmviviti Wasan ussuubifliafiesmwwamanauaueasssuuasi

1 z ] ! i 1 1 ¥ o '
mgetudan o wazemuaubild Uit 2.3 uamseeh o agearivmuadtldnamsn

C (t)“

Unit-step input Maximum
ovarshoot
1.05 M__.j/___ﬁﬂ _______ B m gttt — S5 -
1.00 ¢ At
0.05 oo e of e e ---—W——**—S‘C‘u‘ —————— =
LAL 1N minaateiiat e f
Strady-stste

ecrar
{t ~= o)

0.50 o oo e e

e = o & - —— - -

i
1
i
]
]
1
0.10 }---, 1

. 1

1 2. >

1

L

}‘ '[ 2 »
0 Rise time & !

t

[ SIS,

-
Satiling
timedt, |

U1 2.3 wdaaene 9 PDITTULGDN1INDLEUBIGON YR UBUNNULY unit step

2.2.2 MEMWIMAIBITEMARAGN 'ﬂaeNamanauaﬂum?zif'm‘ﬂmzw
UMDY
{insnnmInevausrasuLfidusufisnnnhdesiuamsniasl¥mmlssnadma

afiaenaaiyn Watlugvessuuifimenauauasdudumiliuunsmas (first-order lag) T
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Sududaauuy underdamped 1¢ Fiumatnmnieemaneuaaszasssuulududuaastaliama
ddiyaehaty ﬁﬂﬁmuﬁnﬁﬂﬂﬂszqneﬂ%ﬁmznuﬁﬁé’ué’ug&%ﬂﬁ

HaMIBUEBBIT LIS UFURR SanuduiutlasasummnuassimIgmansos
HosrndudasurasasmaBoayiug loussuusudusesnsiinnrasaumnudnuoisaasd ten
Anasaeniiueat mImousuaassULaYEunh overdamped Hrenmpemnissesdhieniu
\Fafou MInouauadradstuLFandy underdamped ﬁm%ﬂmzuuﬁﬁﬁuﬁuqnn’imaaﬁuﬁqﬂmj
mwauauawaasxuuazlﬂw,l,uu overdamped

Hafsturhelovsnasgmaassuiidudeshigusasmaasains fuuuid

CGs) _ K
X(@s) s> +24rs+1

2.2)

0
LY

loy C(5) Ao SygnmIsouaIaIYaTEULIULEDY

LY

a % o 28 —1-4 v .
X(S) D fqumﬂ“’m‘ﬂaﬂimu aantnminy — Waﬁtqum‘mﬁnlﬂuuﬂu unit step
S

]
v =

8 damYEneNEMULaLh

)
5 ol

a
A
T fn easinemamantmy
A
A

1w [}

a Adammamial
AN TAITELAR
s +2(t+1=0 (2.3)

2 8 2 [ v 27
ﬂ'ﬂM r; WY 72 Lﬂuﬂnmmﬁumﬁqmanwm%\lm

= :gi-___ ng—l (2.4)

T

ha

»

Fofisandmnrassumnudnumsnuhasanmmhaduwihrimnnuesaumae

v

Fusmaueioviesmanideou Senauystizasdanmanbefidsnnnimdawiiy 1 ufmnvi
savasanmmsiinded Seeaymisasanmamiiiianiasnd 1 essnnusssunmauiy

SwGadaudayn (complex-conjugate pair) dwsulunsdinenzasdanmemsihedeawiiy 1 m

:’I 3 1 v 1 ] J & ] 1 1 s 1
ﬂﬂﬂdﬁﬂdﬂﬂdﬁ&lﬂ?ﬁzﬁﬂ']I.YI'muﬁﬂ - LLﬂ'JLJ‘jE]ﬂ'l‘IIadE]WT'Iﬂ'IWWNﬁﬂ']L‘mﬂ‘U 0 TINYANENMI
T

a

adaseavtiusmuduamwiiienyiny +J

=

PNNEnMIRBLEuesasTTILEUFUFe U unsdifidnnvisdesrasNmIg s

Snwmsind 131U MInauausIratssuyaniiuuuy overdamped A laifin1sunas
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(monotonic) wauusroufistosmn s insdifemniseadusnoddeumanauauas
993vLALEMILL underdamped Aalmaunda (oscillate) ﬁﬁmmwmmaan
ém’fum‘sﬂmmﬁmnué’ué’uamﬁLaﬁmmww%avbiﬁufu RTANAINAMTINTDIFNM TN
SnsssamTEpsEhE e isiuaufegsuufeasiiatesnm Ty
mzﬁﬁﬂ'”mn'nmaumsLﬂuﬁwufaul.%a%aummmuﬁammaimaut.%a%auﬁ”’maqé]’m Wumauanaaeay

svinsdiatesnm eduleuenmilanntiasi b lfetesnmaqlddomne 2.1

AT 2.1 LEeA N SIS M T ANILNAM IRB LU T

ABATINEUUI (O) MTADUFUDIVBITSUY
21 Overdamped = Sidismmwuachifimaunis
= o a 1
0<¢<1 Underdamped = HIF0EINTWIAENMILUNN
[=0 Undamped = fimsunisethsiaiias
. T X 2
<0 Unstable = sifafizsnm lnsflawenasunisilatuGen <

Tunsdifssuufiendanmamiwhiu 1 Genhsvuufimahsuudngeasiinmausuag
gasse gL TWITHULLLL overdamped

msﬁmﬂu,a::aanmesuumuQm3ﬂu‘lammauﬁuawaﬁznuﬁLﬂmmu overdamped
uay underdamped whii u’immnmimauﬁuaa‘lmmuﬁuﬁwﬂumwauﬁuawamuuﬁ‘lajﬁLﬁﬁas

N

2.2.2.1 MSABLAREIYAITSULUWUY overdamped
A 1 e 1 a ot 1 :.'/ [ ° a A 1 4
oM aaTIMIMUNTDITEULNAMMNNT 1 INYIEDITAIENMS 2.4 UTUINUIURNY LWE]GL'VI
3 1 z ° g a .24 o
mi’lLﬂﬁ'&ﬁ\‘!'l&I‘IJ‘IA’%‘YHﬂ'\iLLUﬂWﬁﬂit‘,ﬂaUﬂa\‘iﬁNm‘Sﬂmﬂﬂﬂmﬂ 2.3 1ﬁaq1umaqwaqmmaatwauaumu

i MuFaImaNea

7’s* +2lts+1=7"(s—1)(s-1,)
2.5)
= (7,5 +1) (7.5 +1)

Tae 7, UBY 7, AETINTAIENMS 2.3 UL 7, WAE 7, F1B aefianlseandna (effective

. AI A 1 e
time constant) TNMYNNL
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_1 7
el 7"1 - 4_ 42 _1
(2.6)
1 T

Tow ¢ Rasdammamiruassvuy

Sourmaams 2.5 atluanms 2.2 ubrdaplaunsliaglunasiiliasinmileivinaay

Cls) K
X(s)  (zus+1)(z,5+1)

Q.7

quma 2.7 aoerfiucelanfildunussuuiusuaeslunsdiimnyiedassasanmanminyos
fenfiudmnuads miveUaessITLLSuFusRninnasdumaisdaaiiudmnaTriadygo

174 lil . A
g fiiu unit step A9

K 1

=G (st 1)z 5+1) s

€ o

s+— Ss+—
Tel Te2

A
Popui
S

U L A‘ l’: “ 3
ynmaneeaduseans mnuu’l%mmﬂmnamlmmmﬂmmﬂmmz‘lﬁfn

Tel w— TeZ Tel = Tez

C(t):K[l———Te‘ el Ab e e"/"’} (2.8)

loa C@ Ao ﬁrgzmmmaanw‘%awamwauﬂuawmsmu‘lﬂmLuunm

ann1s 2.8 uaasliinimsaavsuesrassruvasiulimudissmartiaeaida
(exponential term) MaNETNITLLALNAIBINANIINBUEUDS dhgamuzagialagbifimaundamies
WU

ﬁwdwaaﬂn‘naaﬁumsﬁmwhﬁuua::u‘_lu’ahmuﬂ%qmwauﬂuawawzuu‘[uimLuunmﬁa

C@t) = K[l—[%ﬂ) e"/’:l 2.9)
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ran
" v @
(&) B (a) Overdamped =15
: (b) Critically damped ({ =1)
/ i
° 5 10 15

4

5ul#l 2.4 USAIMINBUALBITBITELILIGIEIYT, 14 unit step

o thaMIRRLEETaT LY IFB LRI lunTILT 2.3 TaedunTvl (a) Waaans
i@ overdamped Wadammamizasieniiiy 1.5 uasdunmv (b) wumafiammiaginga $in
L ) J ) L L4 ’\’l U LY ] 1 A' A’ ¥ o
Fammaviasiimwiny 1 muuﬁwma@mmmmwamuuﬁmmeuumauzwﬂﬁssuuéfaﬂ%naﬂu

174 ‘v é’ A A n; v
msvzndﬁmuzaqm’amn‘nmmam‘swuunﬁmauﬂuam‘mm

2.2.2.2 MSaaUAKa9TUUNLY underdamped
A a (v 1 A'

MW BN TNALEUEITAITEULILLY underdamped HanuHAR et NEINTIEMIAY
auesmassrAuaataundudmng)iuiuy underdamped Aafimaundsasadyn uasudues
dadynnounidnfidiu unit step

Hefuchelavgassvusususasanma? 2.2 asfimneuavasdadynios unit step du
WLY underdamped Woshdmmmaviastassruufienagiudas 0<¢ <1 dasmnmnuessumam

Snwnsandiueasarimuddeuiynia

1= _

T

—g-ij——vl—é’ (2.10)

1,2
T

o bmnTnesssmInudnmosdavagigveaandedaudeyadei

h= +J =ptIy
(2.11)

1—-

r2=—£_j ;=,0—'_]|//
T T

I@\E_I
1-
p:——g—’ [/j: ;




15

Lmudmnﬁqﬁmaﬂuﬂumi 22 ’«38\15

K
= -
__ 4 4 Y
s—p-jy s-ptjy s
_ .12)
_A4+4)s-p) . i(4, -4y +§
(s=-p)+y*  (s-py+y’ s
_ B(s — p)* - Ca +—A—3
(s=p)+y’ (s=py+y’ s
Tae
g e 2.13)
C=j(4-4)

T 2.13 WU 4, uae 4, Suswddaudgarasiuuaziuuia aniliemas

Buas C udhwanasa mnﬁu‘l%m‘mﬂmnﬁumﬂmfﬂuﬁumi 2.12 Q'J\lé]’

C(t) = Be” cos(wt)+Ce” sin(wt)+1

2.14)
= [B cos(pt)+C sin (y/t)] +1
N
sin (w1 +8) =sin (6) cos (wt)+cos(6)sin (y?)
vibfeams 2.14 gt
C(s) = De” sin(yt +60)+1 (2.15)

low

D=~B+C? =———“1_§2
T
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mmatasndurasaiag INamen mwanﬁumwamnu‘lﬂm UM

w/ \/1
CiHy=K 1——1——e‘¢'/’ sin t+tan { t>20 (2.16)

J1-¢

i
i
i
Settling time !
L : s 1
Cli) K b o o oo mbo g g o o s o et e

0 [ te

Ui 2.5 UAPINAMINBUEIBITDITLILILY underdamped

U 2.5 usautionINaYEHEIYEITEULULL underdamped Tulamunamdadnyyios unit
step WUMEAMIUNITRITYRUABUEUDITAY ) MgATETAIEULEF K Toafenauim ()

(R
Tumsundadiv

T 27z 27T ’ @.17)

0 \f1-¢

anmAemeistediuh ansnsadnanendaivuacha ¢ Tussuufifimanauauas
W underdamped GORTYRI0A unit step dgien k=1 1w

dn5196088 (decay ratio) ﬁadwé’mmdwﬂmmlmmimeiqﬁﬁma@aﬂwﬁqseumnnm
gpsmuns laeflenvinfy C/B fausastugy 2.5 waganssoneneansnialaamawnuenaamat
2.16 awzwatiasEmIEEs ¢ 50 é LMY UVTIMLnaBINEIUNEY (1) SN0

Beudugumandiaemaasiei

MaaTnanaY (decay ratio) = e S = ez;:g/ i=¢? (2.18)

J - ° U w L2 e A o
AA8AA (peak time — 4, Wn Lnax) IINFNMT 2.16 ﬂ?ﬂWW']ﬂ'lﬂHWWEQH@UM%QL‘?I guny

nawas Wehawiumindienhiu 0 ainnehassnmaanin agldehnmenaficiamaniil



(2.19)
=¢tlr 1 _ 2
= sin 6 t, t20
r\/li £? T
Sl Z€0 _ o alg
dt
) 1-¢?
sin 1 t|=0
T
aaficsibidsmife
1_ 2
——it=n7r, n=0,12,...
T
YEn
kv o S Vo (2.20)
1-¢ 2

. X P o X 4 oy
mqoq@ﬁmmumamnmnwamsmuﬁuaﬂmmmﬂ?umszm.l Reaudla n =1 Gt 1,
~ a1
Y3 1,0 ARAUTIN

%) o e, 2.21)

1-¢?

TaelUudndmsen » fwand (=1, 3, 5, ...) aumT 2.20 axbienaaens o ifiad
[} -3 z { 1 1 1 : o o ) .I o
yaiuauluszuuuasifiad) » fuaag (n=2,4,6,..) aglFanarfiv i ifadduin
(undershoot) Tusu
AaAugega (maximum overshoot - M,) WeRmnigUf 2.2 wunamanuggaiia

A’ 4 s z )
Funnuan (1) Saiuduuen £, adlusums 2.16 avld

e'””‘/ N

Clt)=1-S—ue
J-¢

dl I . A o L~ 1 1 a a 1 v d' J [ ’I.’I
Wasnnaees sin(nr + 9) wm‘lmmmquLnuquqﬂummmu —1 Wae1ad n=1 WUU

sin (n7r +6), n=12,3,... (2.22)

M,=C(,)-1= ¢ li-¢ (2.23)
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%M, = P.0.=100 /i 2.24)

LLﬁﬂﬂﬁLﬁufhdwﬁaLﬁuzjjqfmmswué’ué{uﬂaaﬁuuﬂs@hﬁudwé’wmwﬂfmLﬁmaaimﬁm
aatlssde (delay time — 2,) MBI TR ANaM IR LERDITRITTLULAM INaLEUSY
) ! LY " ! 1A z ) W L 1 H ) 1 -3 \’; (]
mamstﬂ‘a‘uuuﬂawmamtymamwﬁhmcmuamw‘uwau MInmAuivauaImMYTEINUn
v v
Y &Thems ehaaananTeoLEMaBITILYhAL 0.5 udvhmamemaneiaansnéiail

,_ 2 ,_ 2
L o6ul i -l—g-—td+tan"-l—f— =0.5 (2.25)
T

l-——e¢

\/I—Cz

t 123 ° v 2 16 ° Al A 1 = .
MmN ¢, Q']ﬂﬁ“ﬂ'ﬁ‘mﬂuuﬂ'ﬂ@ﬂau‘m@Enn LLGmﬂ’lN’ﬁﬂﬂi:iVn‘léﬂﬂUTEYN']UﬂT]ﬂﬂ U
' td SR, A 11 Ao w A ! 1 |
e 2L diaehohs « 209 ¢ Toglumenmeaseardusnmadinmmasasmudingnge 0<£<1
T

sansausnouiuamaduas idde
t;=(140.7¢)z, 0<¢ <1 (2.26)
VioaaInasnmenyed tﬂﬁé\"zﬂaunﬁé’uﬁuamﬁaﬁ
t, ;(1.1+0.125;+o.469;2)r, 0<¢ <1 (2.27)

frdaaiaandndl (settling time — £;) sansnmine idawmsdefimwaiugegaannnii 5%

it Safuenfisanadasiusmsannviafiadlugig 0 < £'< 0.69 Wasneas &= 0.69 du
J s; ° L4 A r dl 1 e A a j

i liamsmanayainstasstILfifssanm: 1% Taseiianueadd Fafieldhnamsnay

AuadaITTIIRY A mragiud mamefiuisevsastnaifitiwilden uidmiunsdin

¢ Sentfaudonglutae 0 < £<0.69 fansoshengadauilaLraanamInaLsuIsaaTaTEIL

svimsdmanlfmnzrannevaussdanaeasssufimsunisagiugasrasiauilay

1 - 1 IR AT v
14 e yay 1— ———— e~ Fviuthrimua Wi

1-¢? 1-¢?

1+ ——e"" =1.05
1-¢?

auld
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L -‘lln(o.os i-¢?)
T ¢
chaastnanmdnfiautu
L= %, 0<¢ <0.69 (2.28)

SmSumIsmoeneneng 9 289 1, unadidu « Sl

57

t=—, (1% criterion)
¢

L= 4—7, (2% criterion) (2.29)
¢

t = %T—, (5% criterion)

U g = . ) \1 v 1 dl
AT (rise time - 7, Y38 £) SanTOMiaNAMIBINIILAEUIIABINGMIAEY
MBI AT AEuIasan 0% B3 100% Tesenfiamuzaginiudygnuendniidu
unit step NNTUBIMIMERY 7, DoNN ¢l

’ A 2 ’ vl 2
) ~4l gin ——1 4 t,+ tan™ ——1 {4 =1
T

l-——=c¢

1-¢7

3 AN i I A z o J t H i 1) 1
uanmnuummmmﬁazmmmmmdnmmmmmmsm 1an £ Audsiwfaudae
T

¢ha 9 289 Camaitunavanniibimansdenadisaaduaaiimnemhananinauauade
SR 0% uay 100% Wdisafuiumanenaanasdds fansdliiduenlnsysanuflndifes

Wi
t,=(0.8+2.5{), 0<¢ <1 (2.30)
yaavhmILvanoieeas 7, hesnmasususasldiiu
! =(1—O.4167§+2.917§2)1, 0<¢ <1 (2.31)

(Y A (RN { X ' a
nnenuFuiusrasamaiugiga Mdnani AnaduuazmnasEialussuy

§ dl 1 v ] &1 v | SR a I} g A v
WUNHDMBANMTUUNYDITEULNOIUDE 6 LLﬂ’Jﬂ'\L’Jﬁ’\ﬂT&’NLLﬁ%ﬂ']‘ﬁ'NL’)ﬂ'l‘ll']‘lmﬂ‘dﬂﬂ'luﬂﬂ@]'m‘lﬂ

] o J [ (R} 1 4 i J é’ e 5
dw uaaeiieaiugsgauareanauiffienaniu fouhdssmslinamaneusmases
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2 1w v 3 Ada 1 1 a . v ° 1 v 3
suudhgamuzaginldathmaalauifidmadium asfoimuaiemesianmaniiessuy
fenflaioeaudiul

2.2.3 WAYRIGAAN PID Tuszuwsila

42y ” el v d

Fadashmugdiulunssmms wiuthelawssshemuauauiudnmiismesan
mRuANETBIsTIL funTmeusuesassLLAdinw A aslifafimaiiadhaugud

Tfluszo
fngongy 2.1 Sivmald

. Kp[rbs2+s+i]
T.
Gc(s)=Kp(1+E+rDsj= :

i

(2.32)
K

/(O 3
»(s) 7°s* +2{7s +1

oy Gys) o ﬁaﬁﬁumﬂammﬁqmuau PID

G,(s) fn Wordumhelaurasnsanums

Warifuchelaupasranndalugl 2.1 fio

C(s) _ G.(5)G,(s)
R(s) 1+G,(s)G,(s)

KPK(TDSZ +s +—zl_—]

s(z2s% + 2475 +1) @33)

_ K (s-z)(s-2,)
(s—p,)(s—pz)(s—p3)

o
_ K, Kz,

1_2

K

A A [
2,2, A Flvesmuny

pupaps 08 IWavesTELL
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[ A‘ v ° a z A g a X g
NENNT 2.33 WUNMARANGIAILGN PID yiRaatunilsuaniadlsudesinlu
T I 4-'; a X Al €a A w AI 5; a &' d‘ € v € LY
stuy lesnafifiaauilasnannwanduiniauaszlshifaruiiasnnwataywusrasmaiugu PID
afiensamaeiiinnnwatives proportional fht delilRzRasanfisnansuzaamanmail

dannANTINTBITELL

m()

PID

511 2.6 uaAIThMUAN PID

Rsanwzhaugy PID WU
m()=K e(t)+K; J'e (Y +K, ii-}tfl

K de(t
=K,e (t)+—ﬁi Ie ()at+K,z, dg )

(2.34)

i

Toy  my  Aedygnonesnyasiiniugn PID
e)  PedmrmeRewaIeNTIRULNTe
A v .
K, ADDNUELNEIYBY proportional
K; fovaTIvENLeIBUNNIa
Ky fedamuensmaseyius
T fAaaasnnaauiinga

a . o v
(%) AN BYNAD

A‘ v GL ° 1!/ " . a Aa_ v o fé‘ 1
MIWNGINILAN PID WIsLLUM IAINANDNT B pI‘OpOI’thIlal DUNNIRLACBUNRDTIU LU

s Fohunazaaniinshenuen PID vl lussiussgnitmnsonidunsdioon
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. A 1 ° °Lu a I a A K 3
proportlonal WIDRREN PB v mmmmwwwmmﬁmuxaqmmnw
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2.2.4.1 t‘iau‘lﬂmsa‘iLaﬁal'imw‘nmszuuﬂ'mqmﬁaLﬁ'u

) l& A [ A’
Wﬂ'ﬁm']ﬂ'ﬁ@lﬂﬁﬁua\'l‘llﬂxﬁwuf.lﬁﬂﬂ‘mNf‘mﬂ']'iﬂ\‘lu
C(t) =be" +b,e™ +---+b,e™ +(input term) (2.35)
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b2 1%n-4 !
an—l
C blan—S n-lb
1
by
LAY
ba, s —a,.b,
6'2 = b %
1

] ' 3 €
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1 1 1
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Ui 2.1 edfucelauzassuuiofe

C(s) __G.(5)G,(s)
R(s) 1+G.(s)G,(s)

fiammnuinuias
1+G,(s)G,(s)=0

ﬁwwum‘lﬁﬁqﬁﬁudquauLLuuqaLﬁ@ (open-loop transfer function — OLTF) ﬁawathﬂaq

Hesdumhalownommaluszunslle itfa
OLTF = G.(s)G, (s)
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1+OLTF = 0
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somdmmuaariumalowimaisasls
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OTLF =

N K(l+17,5)
ke (zps +1)(rs +1)(7,5+1)
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(2.43)
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n. ewlyvasy (angle condition)
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g n dosmauzaslwa uieritumalawatle

m Aodnurasdlsvaslaitucelawnela

ngdiafl 7 YNaGUTBITINUUUAUIIN UGS
yin ¥ aauuwmMEmRS I 5 '«JVLﬂmmnmaLﬂumamwnamn‘lmmaiwau,a.fﬂs‘naq

saielomnadafioguuunudimousiouase dmaniierenediinoussiuduend npfath
Lifmdasiumaiinaviedlazasiteifumelamadaduinawddaudoye
npdefl 8 yufisananiwauazamidridls

umaanmn‘[waua NNYIL’II’IVIW’I‘E sansovn dlaamarvmesa s, g lnaulwavdadls

ﬁ% mu&lmwau‘lwaaagumu
zm:x(s, +z,.)—i,1<(s1 +p,)=2(k+1)z, K20, k=0,5132 (2.48)
i=1 j=t

npdaf 9 yadinzesmauaTniuunuA I RUANH

sansovn i¢anideas Routh-Hurwitz criterion uazigmauvmenlasase

naﬁﬂﬁm 90 breakaway Wa 99 breakin

Faomadusasnnegssniulnaansin ash Wifemneeaduimnaiiusesnnuenasnanga
fogmwilnarioanstiu uasdamaduassrnagsawheilasasissiimadusemnfiagls
o s uanidvnBlausioin Q‘w?}mqw‘iwnamnLmnaanmnﬂmawuamnﬁaQizdedijwaﬁandw

i a 1 % A '
30 breakaway tavaafimaduzasnnuandimilaeninge breakin Fosmamen efan

(2.49)

loa ¢ @0 90 breakaway ﬂ%ﬂ'&g@l breakin
d‘ | 2 ) d‘ 1 Al 1 & A I A acd a
HUMN 2.49 MAMNNALNANNNNAIMN G’IﬂdLﬁ@ﬂﬂ']YIWiN’I%ﬂNI@\E]’)ﬁﬂ'ﬁﬂﬂdN@ﬂﬂx‘li‘]ﬂ

ngdafi 11 mIdwnINEay K Avansaniian s; 1 9 LWNAFUT8N

AINEHAMANENMT 2.50 ViR DYInTN

|K|=E—— (2.50)



37

N Yo
24.3 Namaam‘itﬁﬂwa‘lﬂnmwumuqu
a v Yo o VU w X N

madsTwameauane sz s Tifussueugaaeh Sudurasssuugeaumasm

Aa v a v Qv A A . § v '
gaawafifsndnly mamwnamannwan‘lwm%au\lﬂmamﬂmzmn s damnarn v bisliaties

lﬂ' a LY d‘ 1 w

MudeiMsUsuasumaasaNneny K

famnitesfumelawnnda

K
TF = H(s)=———= 0
OL G(s)H (s) SGra) a>
ANMIMUANLILAD
K
1+———=0
+s(s+a)

nTesENMIgMANEUMsaR NI IEI9ITII 5 8D 0 Uak —a FrariszunRadl

witesmvnenuas K iduwnnuaasdopi 2.9

ol
»

o

Imag Axis

b
n

. - . Pad 2 . ’
-1.5 -1 0.5 0 0.5

Real Axis

511 2.9 LEPIYNILAUTRITIN ST LLS UG IR

Samtulnafiaumis -5 et 5 > 2 Taneznmodussuudususauasiatiumhalaun

Deauiti

b>a>0

OLTF=G(s)H (s)= S(H;;(Hb),



38

2.5— \‘Al <
it OLTF LK
(s+a)(s+b) LT B

151 el \_:,,- SO
s T o

B oost

= ¥ ¥

< K = Ku K = 0

oo ° —¥

o _

E-’U.ﬁ—-

| ]

Real'Axis

gﬂﬁ 2.10 UEAIMIBUTITIN TS UUUGUNLALEaNIENEINg® K,

wuEwnadussmnagladh imesen eIy 5 osnnsmaaduiiunEen
ain 00° i +60° lssuumugunanoduuibifiefiosnmidlas K denfndinga
(K.) LLﬂmGNTl.]YI 2.10

Suislwad i luserndnuiionf s = —c las ¢ > b stRnmeusLUEUTLR madu
yBaTINasNHAN Wagmerm ey s s smnaduiiuazy Ao £45° maneiiaiatios

o A‘ z L4 4
mvgesTuuSitauuaatauiaueana g 2.11

OLTF

Imag Axis

Real A:;is

Ui 2.11 WEaNAuIaITIN TS UL AR SanENeingg K,



39

° A [y A. dl ° a v e [ LY A [Y] A 1
cluﬂ‘]uﬂ\‘l OEINUNIN NIW an Lﬂuﬂnmm‘m‘ﬁauﬁd F_‘lﬂsl,wmﬁmu N 311/! NAWNAUNLNNATIAN
Yy v v v A a a s v aAkd AMia a
LAY NAUUUAOBLFNUTMWADITELLICANR LLasNYal Lﬂ@qjﬂﬂﬂd‘ﬂu“ia‘bJNLﬂn HIMN
\1:4 . A e T FLuu o ﬂlv a o o a X
ﬂ?ﬂ ANNMITANDIUIU NG INLTLLLIEM ATLUUHYA LS NAN NIENUTNMNINNIUIUDR

e bisiadesnwle

Y v
2.4.4 uazsamsvndlslinussuuaiues
a v v o 8§ w a vy A v o
madedlamenemasssny s Wiussuy ash madnzesnngnusnbiedawdninmedn
y X ¢ a A a v v caX a G Az a \ly
emaTany s snntv tudsssuLasiicdrsnminsirwienmeiisuuifiangsmwle

Fansonilatfumelaweda

K
OLTF = H = — 0
F=G(s)H(s) T a>
# sl fenumia s = —b Merttumalowadaasiv
K(s+ b)
LTF=G =
¢} (s)H(s) e a,b>0

° 1!/ a Il/ v ¥ a [ é’ 2 o

ailimadusasnnldanduanmadsasiadiughdetuluszun s mnehassuudl
LY Ag g i Il.'l AI i v .4 L7 °

chemmdaieasousniigf 2.12 Taatomaisdlafiduiiandeioudyaflinabuimes

-3 [
LAHINU

Imag Axis

Real Axis

q1fi 2.12 LEeynaEesmndla RNl ssuLSusiuEa



40

Aa 6o ) v e [V :‘l’
fnsontasfumalavwafiaesseuuiusuamneiai

OLTF=G(s)H (s)= K : b>a>0

s(s+a)(s+b)

rindle s = —c low ¢ > b agnbimadusasmnisandusnmafalussiy s e 6

2 2.13 ssunasaRevansuifideulavsasirsmmwemanaesdh K Tfhsvuffictios

J
mwyne K
- ‘- <z \
... S OLTF K(S'PC) \:>:’._,\“\ " K
‘"‘-.,_’\ =4 —!———_—\ - \\ \‘ N
2l T (s+a){s-t-b) o
J 4_\_ :’:\‘ N
A4 » oS
@ ;
o
[SHt !
o o :
« -C -b
E |
” »
gL —d
Yo :
- N AL,"
" "3
3 1 Sl 1 L 277 ) ! 1
5 4.5 4 38 3 2.5 2 1.5
Real Axis

- T 0% v NN L A ;
U1 2.13 LaamTRNaTs P UsTUUSuTEN 29vh madinsasnnieRausnede

2, | 7 b |

N ODTF _—(.—)—3\ \\\ ‘\

~~~~ { +a )(s+b) \
T N
S(S“-l‘a)

.2 0.5 :
b
o ° &
= b
E ‘\
=i 05 “

1.5
: : : L e J :i )

-
Real Axis

g1l 2.14 Lo maeuresnn MssUSusUsadlainEls Wishumiadentulwafl —b



41

y‘[ydId'a' v\ld. .GLVuI uslv A ) Aa X
#loelsfdain lWsisumislndtuwash ladmiasnuinamanaudussasssuiiiau
P I -’.’z A A4 . J AlIdlulJ 5L!Ju3!/‘1v. | dI A
dasnninatuasiidanadousmusuniadlfoduduning doiumvdumisessizagn
° ] ~ 1 (Y] o A' (3 ° ¥ .A’ s [V :.II e A v o 1 %
mmmmmnuT,wawﬂmmwmn’«a::m‘l'wwamwauauawmszun‘lmunuiwamuuvmwLLa::mwﬂw
SusuaesrsuvanadlUniledudiusng fogui 2.14 naaTsuuSudmafigniRadladn U fidumis
Geatulnaft —b avdiuhdumaduzasnnifumaiuussuniuiude Fosruasfiaiasnmynen
209 K iwdeniusruususudamnisents

mﬂfmmwwﬂﬂumtmmmaﬂwm u'nmivmu s Wiussuasyh midumaiugesnn
wdalimedrelusmny s lsuuemuauiiedaammdy TnuarnedRadlslusmumisiing o

([Wﬁﬂ'lslﬂﬂ’)ﬂudﬂ”ﬂﬂmﬂﬂﬂﬁﬂUﬂ’]W‘IJﬂGIWﬂG]')%WV\NG\ﬂi AN

25 MIlEmaiugasniunsaenuLLiIAILAN

‘lumiaammuét’amuqﬂmﬂ"ﬁ%%ﬂmLawnamn&u Suiudpmmuitaddumelovrasssuy
Ermurion deniudninasvausslmeruasgrimunlassamaguidneaiiovi
nadumafusesnndaly

favonguiunihlizasshaues PID Tulaumam

m(t)=K (e(t)+ fe(@)dt+x, (t)) (2.51)
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2

;C(sd +zl,2)= 6, =
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2
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Zap, ~2 0 Al3109MILGN PID
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PID x (n-2) Stage PD Controller

JARUVANAWAT Anuchit, JULSEREEWONG Prasit, UKAKIMAPARN Prapart and TIRASESTH Kitti

Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang

ABSTRACT

This paper presents a design technique based on the root locus approach for the Single-Input-Single-
Output (SISO) systems using PID (Proportional-Integral-Derivative) x (n-2) stage PD as a controller for the n"
order plant. The controller is designed based on the transient and steady state response specifications. This
controller can be used instead of a conventional PID controller. The overall system is approximated as a stable
and robust second order system. The desired performances are achieved by increasing the gain of the controller.
In addition, the controller gain can be adjusted to obtain faster response with a little overshoot. The simulation

results show the merits of this approach.

I. INTRODUCTION

Most industrial plants are type 0 and consist of three
to five first order lags or dead time plus one first order
lag [1]. The type 1 plant that consists of one to two first
order lags is also often met in industry. The PID
(Proportional-Integral-Derivative) controller is widely
used by applying the well-known Ziegler-Nichols
tuning method [2]. 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
third or higher order plant because the order of the plant
is greater than the number of zeros provided by the PID
controller [3,4,5].  Moreover, the tuning methods
sometimes require trial and error procedure, and the
original Ziegler-Nichols settings do not always produce
the best results to meet the transient response
requirements because of the Y4 decay ratio criterion.

This paper presents a design technique based on the
root locus approach for the n" order plant G,(s) to
satisfy transient and steady state response specifications.
The PID x (n-2) stage PD is used as a controller G(s).
The overall system is designed to be an approximated
second order system. Of the two poles of G.(s)Gpy(s),
one is located at the origin and the other is located near
the origin; these are defined as significant. If the poles
of G.(5)Gy(s) are located at the origin, they are also
defined as significant. The remaining (n-1) poles are
considered as insignificant poles in both instances. Due
to the transfer function of G,(s) usually determined
through testing and physical modeling, linearization of a
non-linear plant, or the uncertain parameters concerned,
which cause the location of the poles may not be exact.
Then (n-1) zeros of the controller are arbitrarily placed
near the left-hand side of all insignificant poles of the
Ge(s)Gp(s) in order to reduce the effect of these poles.
The desired locations of the two dominant closed-loop
poles s, are determined from the transient response
specifications. The zero of (s+z.) of the controller must
contribute the necessary angle to force the root locus to

go through s, The location of the zero of (s +z.) and the
gain K, of the system at s, can be determined graphical
or numerical computations when this procedure is not
provided by pseudo quantitative feedback theory [6].
The other (n-1) closed-loop poles are located between
the (n-1) pair of the open-loop pole-zeros. Hence, the
amplitudes of the transient responses of these (n-1)
closed-loop poles are very small and negligible although
the exact pole-zeros cancellations do not occur [7].
However, the transient response does not completely
satisfy the specifications because of the effect of the
zero of (s+z.). By this technique, all of the root loci
located on the left half of the s-plane, and the significant
root locus is a circle or circle-like shape. Then the gain
K, can be adjusted to reduce maximum overshoot and
obtain the desired specification. Faster response with a
little overshoot can also be achieved by further adjust
the gain K,. Consequently, the system can be made
stable and robust. Note that the effect of output
disturbance is also rapidly eliminated.

MATLAB's simulation shows the results of this
technique. For the plant with £25% parameter deviation,
the results show that the system performances remain
essentially unchanged. Moreover, when the gain K, is
increased, the effect of the uncertain parameters is also
decreased.

II. STRUCTURE OF THE SISO SYSTEM
The structure of the SISO system is shown in Fig. I,

where a unity feedback is assumed.

D(s)
R(s) + . XY+ YO
G G,(9) —>

Fig. 1 Structure of the SISO system
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When the PID controller is applied to a high order
plant with step input, steady state error (e,(f)) is zero,
but the transient response does not meet the
specifications. The proposed PID x (n-2) stage PDasa
controller for the n” order plant to meet the
specifications and robustness is defined as

Go(s)= K, [ 1+ ==+ Tus [[TK , (14 T,s)
WA ()

=Ko (s +z, Xs +2.y )"[:[z(s +z; ),
s J=l

where K, T; and T, are proportional gain, integral time
and derivative time of the PID controller; K, and T, are
proportional gain and derivative time of the PD
controller; -z, -z, are the real zeros (7} 2 47y); of the
PID controller; -z, (j =1,2,....,n-2) is the real zeros of the
(n-2) stage PD controller and K, is the gain of the
controller.

The standard form of the PID x (n-2) stage PD
‘controller is defined as

G, (s)=%(s+zc)’ﬁ:(s+zj), @)
J‘

where -z, and -z (j =1,2,....,n-1) is the real zeros.

The structure of the n™ order plant is often found,
which is classified into type 0 and type 1 plant, and the
transfer function can be defined as

G,(9)= ; ®)

5+ £+ 21)

where -p, is the real pole located near the origin (type
0), and p,; = 0 (type 1); -pi (1 =1,2,..,n-1) is real poles.

The open-loop transfer function of the closed-loop
system is

Kc(s +zc)’ﬁl(s +z}~)
Ge(5)G,(s) = L , )
s(s + pd)_ﬂl(s +pi)

where K. = KK,,.

As mentioned previously, one pole located at the
origin and the other located nearest the origin, or both
located at the origin, these are considered significant
poles, and the remaining (n-1) poles are insignificant
peles. The zero of (s+z) is used to force the root locus
to go through ss. The (n-1) zeros are placed near the
lefi—hand side of the (n-1) poles in order to reduce their
effect. Hence from (4),

K. (s+2)T1(+ 7 +)
= SO

Go(5)G,(5) = d_
S(s+pd)[1l(S+p.-)

where -z,=-(p; + &) (j =1.2,..n-1;i=12,....n-1) and ¢,
is a small real number.

From (5), in case of type 0 plant, if some of -p, = -p,
only one pole of those multiple poles is considered as a
significant pole.

IIl. DESIGN PROCEDURES

The design procedures to meet the transient response
specifications are as follows:
1. The damping ratio (&), undamped natural frequency
(@,) and s, are determined from the transient response
specifications in (6).

P.0.=100e"" V6 0, 1. = 4/¢w, (22%),

sy ==¢w, + jo,1-¢7 .

where P.O. stand for percent overshoot and ¢ is the
setting time.

2. Place the location of sy, all poles and the (n-1) zeros
of the G.(s)G,(s) from (5) and (6) in the s-plane.

3. Find the sum of the angles at s, with all of the open-
loop poles and the (n-1) zeros of G.(s)G,(s) by graphical
or by numerical computations. Then determine the
necessary angle of s, + z.) to be added so that the

total sum of the angles satisfies (7).

(6)

[z(s,, )+ b 4 )]
=1

n-1
"[ﬂd +Lsy +pa)+ Eé(sd +pi )} O]

=+(2k + 1), k=012,..

4. Determine the location of the zero of (s+z.) using the
angle of Z(s, +z.) found in (7).
5. Compute the gain K, at s, from

n-1.
Isd“(sd + pdlnli(sd + Pi]
K =

e - ®
l(sd >~ zc]‘j]l(sd +pi+ 511
6. The closed-loop transfer function is
n-1
ﬂ‘ﬂ= Kc(s+zc)il:11(s+Pi+£l) ©

R(S) (sz +28w,s +w3rl:ll(s+p,- +5,»),
i=l

n=1
where [](s + p, +,)are real or complex closed-loop
i=1

poles located on (or close to) the negative real axis

-1
between the insignificant poles Ti(s+p,) and zeros
i=1

-1
I1 (s +pi+ 5,-) , & is a small real or complex number.
i=l
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Since all of the (n-1) closed-loop poles located near
the open-loop zeros, it can be shown that the
coefficients of these closed-loop poles are proportional
to (& -&) which is a very small number. This implies
that. although the poles at -p, can not be cancelled, the
resulting transient responses due to these closed-loop
poles have insignificant amplitudes, and their effect can
be neglected [7]. If pole-zeros cancellations in (9) are
considered, the closed-loop system can be approximated
as a second order system as

(s) KL.(S+:C.) (10)

Y
R(s) - ‘Sz +20w,s + a),f )

It is evident that the transient response does not
completely satisfy the desired specifications because
greater overshoot occurs due to the effect from the zero
of (s+z.). However, the significant root locus is a circle
shape on the left half of the s-plane, while the others are
on (or close to) the negative real axis. This means that
all of the roots of the characteristic equation located on
the left half of the s-plane for all positive values of the
gain K.. Then the gain K, can be adjusted to reduce the
maximum  overshoot and obtain - the  desired
specifications. Moreover, faster response with a little
overshoot is achieved by further adjust the gain K.
Consequently, the system can be made stable and

robust.

IV. EFFECT OF OUTPUT DISTURBANCE

If the output disturbance D(s) occurs in the system,
with the absence of the reference input R(s), the output
¥(s) due to the disturbance is

(1

_ 1
D() " 1+G.06,0)

The output disturbance has an important effect on
the response at the initial state. However, the effect of
output disturbance is rapidly eliminated because of the
controller in the feedback path. Moreover, the effect of
output disturbance can also be reduced when the gain K.
is increased higher than the designed value.

V. SIMULATION RESULTS

Example of type 0. 4" order plant

I S
(s+l)(s+2)2(s+3).

The desired specifications for step input are

ex(t) =0.

G,(s)=

P.O.£5%, t(+2%)<1 sec,
From the desired specifications.

¢ =0.690, w, =5.796 rad/sec, sq = -4%£j 4.195.

The controller is first set as

Ke (s+z, s +2.1)P(s+3.2).
s

Gc(s)=

Determine the angle and location of the zero of
(s+z.) in according to the sy,
sy +2,)=84.068°, -z, =-4.436.
The gain K, at s, = 7.29'is determined. Hence,

7.29(s +4.436)(s + 2.1 (s +3.2)

s(s + l)(s +2)2(s +3)

G.(5)G,(5) =

Figure 2 shows the root locus plot of the closed-loop
system. It is clear that all of the roots of the
characteristic equation are located on the left half of the
s-plane for all positive values of the gain K., and when
the gain K, is increased, the P.O. is decreased. This
implies that the controlled system can be made stable
and robust.

4 -2 0 2
Redl Axs

Fig. 2 Root locus plot of the closed-loop system

PO =170%

05 1 15 i 2?5 3 35 ; 45
Time (second)

Fig. 3 Step response of the controlled system (type 0 plant)
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The step response of the controlled system (type 0
plant) for the designed K. = 7.29 (P.0. = 17 %, t,= 0.8
sec, e,,(1) = 0), with the effect of 50% output disturbance
occurred at ¢ = 3 sec., is shown in Fig. 3. With the
designed K., the maximum overshoot is greater than the
desired specification. but the other specifications are
obtained.

Figure 4 shows the step responses of the controlled
system (type O plant) that satisfy all specifications when
K, is adjusted to 55 (P.O. = 5 %, ,= 0.3 sec, e,()=0),
and for K, = 165 (P.O. = 2 %, t,= 0.02 sec, e,(t) = 0),
with the effect of 50% output disturbance at ¢ = 3 sec.
When K. is increased, faster response is obtained.

05 1 ™ 2 25 3
Time (second)

Fig. 4 Step responses of the controlled system (type 0 plant)

Example of type 1. 3" order plant

K

G,(8)=—F——x
p(5) s(s +1)(s +4)
With the same specifications are desired,

8.26(s + 3.79) s+ 1.3)Ys + 4.2)
st (s + IXs +4)

Gc(s)Gp(s) =

35 4 as 5

_ Kc=826 PO 2%
- Kc=100, PO 35%

05§ 1 1‘5 25 3 35 4 45
Time (second)

Fig. 5 Step responses of the controlled system (type 1 plant)

5

Figure S shows the step response of the controlled
system (type | plant) for the designed K.= 8.26 (P.O. =
22 %, t,= 0.8 sec, e,(t) = 0), with the effect of 50%
output disturbance at 1 = 3 sec. When K, is adjusted to
100, the step response that satisfy all specifications
(P.O. =3.5 %, t, = 0.2 sec, e,(r) = 0), is also shown for
comparison. It is noted that when K, is increased. the
effect of output disturbance is decreased.

v

Example of a plant with uncertain parameters

If +25% parameter deviation occurs, the transfer
functions of G.(s)G,(s) in the previous example of the

type O plant are (controller parameters remain
unchanged)
K (s+4.4 AP (s +3.
G655 (8) = s+ 36)(s+221) (s+32); (425%).
s(s+1.25)s +2.5) (s +3.75)
and
K. (s+4. AP (s +3.
G.(5)G 5 (5) = L(s+4436Xs+221) (s+3 2); (25%).
s(s+0.75)s +1.5)* (s + 2.25)
15
Ke=729
__ Parameters unchanged

/. -. Peremeters +25% changed
) _ _ Parameters - 25% changed

05

o057 W5 2 725 3 35 4 a5 5
Time (second)

(a)

Ke =55

Parameters unchanged
Parameters +25% changed
Parameters -25% changed

==

2 25 3 3‘5 4 a5 5
Time (second)
_ (b)
Fig. 6 Step responses of the controlled system (type 0 plant)
with parameters unchanged and +25% changed
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The step response of the controlled system (type 0
plant) without parameter deviation compared to the step
responses with +25% parameter deviation for K. = 7.29
and K, = 55, are shown in Fig 6 (a) and (b) respectively.
It can be concluded that system performances remain
essentially unchanged when K. 2 55.

VI. CONCLUSION

In general, the PID controller is properly applied for
the typical second order plant. But for the third or
higher order plant, only the PID controller is not
appropriated. Moreover, when the high gain is required
in order to reduce the effect of the steady state error or
the effect of the disturbance, the degree of the relative
stability of the controlled system is declined, or the
controlled system may becomes unstable. That is, the
roots of the charateristic equation will move towards or
located on the right-hand side of the s-plane.

The PID x (n-2) stage PD controller designed by the
root locus technique has been proposed in this paper.
The merits of this controller can be applied to the high
order plant instead of the conventional PID controller.
With this proposed controller, the controlled system can
be approximated as a second order system. For all
positive values of the gain K., all of the roots of the
characteristic equation of the controlled system are
located on the left half of the s-plane. In increasing the
gain K. higher than the designed value, the step response
is satisfied both the transient and steady state response
specifications. Faster response with a little overshoot
can also be obtained if required. That is, the controlled
can be made stable and robust. Moreover, the controller
rapidly eliminates the effect of output disturbance. All
these merits are confirmed by the simulation results.
The results also show that the controller can be applied
to the plant with £25% parameter deviation. This also
indicates that the controlled system could be made
robust.

However, this proposed controller can not be applied
to the first order plant and the PI controller is used
instead.
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