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ABSTRACT

This thesis presents a technic of Discrete-Time PIDA controller. Continuous-
time PIDA controller under the design concept of Richard C. Dorf combined with Pole
placement technic. The second step is the implementation of Discrete-time PIDA
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witgmlaofiudls (Zero) WdanavauiileMi3ondn dilefle (Proportional-Integral-
Derivative-Accelerated, PIDA)

Haqtufimstneuiianges (Computer) suszandldlugnavinssamniy usid
NTEUIUNTN9gAEIMNTTL S W LUUTE VUL Aseldosuaz Sududenadn uinns
oNLUUAAUANTIENSALIS (Hardware) uaswomuas (Software) SuseaUdsuutaudial
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donuiun1sUszatanavesAaLiamesAIgUn 1.1 [3]

u(t) y(t)
w(t) u(t)
Lﬁi@i; L b= W0 1 L

/ plant 1
controlled variable Y1)
control variable

. : ) (system output)
~+  (system input) o

hold sample
.E process |[=—t—]
\

D/A = computer T
r(k)

JUT 1.1 NIEUIUMIAIUANLUUAIN BRI MTUNTEUIUMILUULIAFBLLBS

A/D ym(k)

1 (% o

Tnafifdurudygraviminnlunisuuasnndygiaueuzden (Analog signal)
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Judyeyrauidnea (Digital signal) virlvidyaraiueglugvesdygrauuunailddeias

ldgniseenuuudamiuauitleduuunailideifios dalagdudl 3 35luniseanuuuda
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2. §1apenseuIumMsharAmuIamAIn sdwesaielusunsuuunuay (MATLAB)
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2.1 nai

Tuunilinausmssenuuuimuauitlefieuuunadeiiles Fadudusomsuis
yuifugruresimueslufulaseaing vinmshoulasandnemy 1wy sTUUAUALS
Un szuvduduiiaes Mmuauiiled feueuiilofie Tadavessin (Root locus) uazHans
povauaIIaal WiethuUszendldluniseenuuudimuauiilefieuvunaideidosiu

SEUUIA9IA8IUT TR LAY

2.2 53UUAIUANINUA (Closed-loop system)

2.2.1 TA398319UB5EUUAIUANINUA
sruumuANRUakandluguil 2.1 ssuuhnulagdaiens C(s) T0INTTUIUNIT
WANeUA Uy Iue198e R(s) Wanaansilu E(s) idrludmnauazUssanananiui
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R(5) E(s) G(s) ("(s)_;

H(s) e

JUN 2.1 szuuaIunualn
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C(s) MR IDIMNAVBITEUY
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Cls)_ G
R(s) 1+H(s)G(s)




MnAuNSH (2.1) aun1sAaNYMe (Characteristic equation) i@
F(s)=1+ H(s)G(s)=0

2.2.2 szuusudunile (First-order system)

fiansangun 2.2 Wussuududunisegaine

R(s) E(s) C(s)

-+ —| -

3UM 2.2 szuududunils
Handuaelawralnfa

S L
R(s) Ts+1

g9 T ABLIANAINNSe T

2.2.3 32UUDUAUADY (Second-order system)
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: % : S(s+ 24Lwy) 4

UM 2.3 szuudunuaes
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nofl o, Aornuiuday
¢ ARPNTINUNTDITTUU (Damping ratio)

sruvdufuiiaeszfinnsanassiuusfe o, waz ¢ fe

1. n3dl 0<¢ <1 AolwanslafeglusunuudiuruBadoudeya (Complex
conjugates, s+ jo) WazRgN1IRIUE18L0UBITEUIY s (s-plane) 158N MeAINIINgA
(Underdamped)

2. N3l ¢ =1 ADlNANUARYUULNUITY (o) Fundadeatuidenin n9InNge
(Critically damped)

3. 038l ¢ >1 ABlwaeUABguULIULTSY (o) ANMILnUaiwsendt nuiniy
(Overdamped)

4. n3el ¢ =0 ABlNAIUADEUURNUIUANIN (w,) 138N31 Lalvmine (Undamped)

mseenuuuiImuANiuilenly nsdl 0<¢ <1 AslilnarUnedaudievasszuiy

a

s (Left half plane) 1alvinanauANBIYeITEUUG I daunad Agun 2.4

Jj@

A

s
! All stable pole All unstable pole
] K‘ in the LHP in the LHP K>
— S 5 A=

JUN 2.4 NanauauauaIillna A UNTEUU S

2.2.4 ﬁmwmé’nwmzmsmuauaa%l"m;i (Transient response)
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Suwwﬁgwﬁwﬁw (Unit-step input) dafisneazidendsil
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GRAVERLIR

2. Haandu Rise time, t,) ﬁaﬂmL'Jmﬁmamauauaﬁumﬂﬁ;wﬁﬂﬂé'fq%m;m
wilaiu 10% LU 80% vesranneanuzegi

3. vawen (Peak time, ¢,) fetiianfinanauauadluismganun



& 1 1

4. AaAiugddn (Maximum overshoot, M,) viselesidudarauiu (Percent

q

overshoot, P.0.) AeraneseniAseniudunntuniamie fndeulusuiesidud
5. a1 (Settling time, ¢, ) Fievisiafinanavaussluieguaianien
MrUALIY £2% 130 £5% Yesaniazagii Faandinaggnldlunsimuananeuaues

Y

Tudunaunseanuwuufsaznasall

e(t) k
|
M 1 /\ ! 005
P | b g 5
] | ~N~— T - :':_—-__4 = o
- | 0.02
: s : 1
LA i -.
I | 1
e "
4 I =1 3 |
1 I | 1
i ] | I
1 I | 1
1 I | I
| I | 1
] ] | (]
0 - " =
—— f, —
—-ll—fp——-ln-
1 >

5UN 2.5 Msnauauestinisodunntuvilemide

2.3 fapduaunlef

2.3.1 Taseai1evesdianiuquiilen
AamuauiitefUsznaunly daruRuLuUil (Proportional, P), fiatuaukuule
(Integral, 1) uAzAIAIUANLUUA (Derivative, D) &asaunuitlofaunsadeuilsiduaielou

[

&
NU

K(s)=Kp+£+de (2.5)
s

lngil K, AgdnI1ven8ve3iIAIuALLUUT
K, fognsvensvaiiniunuiuule

K, Aodn319818983iIAUANKULA
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1
K(s)=K, 1+a+Tds
_K. (s+a)s+b) (2.6)
s
_Kc(s+zc)2
s
We T =47,

2.3.2 dodnfinvasiaprunuilef

fa1sanaunisn (2.6) Ingulniagle

TT.s*+T +1

K(s):KC{ Ts

' v

Naunsi (2.7) wansliiudsiunis@lsunssunu s Taastuegivan 7, uas T,

Aadl
TT,s"+Ts+1=0
T +.J(T?)-41T, (2.8)
NN
217,
WeNNTANAITINYDIAUNTIENUT
0 T, > 47, AUVUUeTlsNIABEUULNUITIUUTEUIU §
i T, <47, duntsesdlsiiudwaudadeuden Jalilda iz igadsiuds
Amun

T, 24T, (2.9)

i z,, z, \Dudlsvessmuauazla

Z, =2, =—— (2.10)



[

annsadnguuuuvesilnduaelouvesiiaunuitlofnadl

K(s)=K. (s+z)(s+z,)

(2.11)

MnaunsT (2.11) wuindeueuseneudedlsassiuasinavisiafigaiiia
vusru s fetuvnnlisauauilefdsmalinssuiunavaniiiamaasuidas

1. Susfuresszuuifintuniedudu demaliszuurhamudnag

2. wfinvossruuiiutuniedudy ilesanlaifinnuaanndeuluaniizegsn
(Steady-state error) \ugud lunsdfianiduBussuvsiaguinasdyyrudunndunis
iy egnafinumniansandamuauitlefvszneuseas@lsdasmngdniunssuiunns
Susuans mniluauaunsyuun sSsusuganidusuaesaziamgenua szl
desnmiosnniunflsvesmuauiisiuautosninlnavesnszuaums femai (8]

FaimsunauefmnuauilefioielddniuaIuANNTEUILNTEUAUA Y

b4

2.3.3 N1309NHUUAIAUANAILAS aAHYD93IN

Tafavessniuvilslunare3sdentneonuuuiauaulngnisiausidunig
wu InansUailefinsdsunlaidnmnisuengviedialnaviodlsaede

MNANNIW (2.2) ansnsaueneenldiiu

1. Seuludag
LK (5)G(s) =+(2k + 1),k =0,1,2,...n (2.12)
2. Reulasuwun
| K()G(s)|=1 (2.13)
TnefjpenuuuansaimuasanouauastesszuuldmnmMneUaussuUUiInIuas
mimauauamwmﬁuﬁaLﬁﬂﬂﬁLUS&JuLLUaa%uwm (Input) s?iqmwm (Output) AzUaAAA

Iwaidu (Dominant pole, s,) lugudsenvesituiudsdou arunsamauwnualaainnis

MYUAALTIOULYDINIATUANIINGUNTTN (2.14) Uag (2.15)

o ]
Percent overshoot(P.0.) = e[ﬁ x100% (2.14)
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—1n(0.02 1—./;2)

Setting time(t,) = L(£2%) (2.15)
A co,
Dominant pole(s,) = (o, + Cw,\1- ¢ (2.16)

1%
[

Tunsuniseenuuuimuulneliladavessiniiielilainansuaussinniuas
amazasﬂiﬁ’mmﬁaammuﬁ

1. Amnasnemsmiilaefivundesiduigega 9naunsi (2.19)

2. Funamneanudndaulnodivuntaananing mnaunsi (2.15)

3. Auamswmisinawuanaunsi (2.16)

4. MINALAUAIVUTZUIU S

5. Mansumuvedlnauazdls s, +z) Welvyurudulusudouluniu
aunsfl 212

6. mnunilslaglduuves (s, +z2.) flgandunoud 5

7. ANIUMNEATINISVENIINNANNIT W TBUDAYBITEUY

8. d1asemanauauatiinjuazaniIzegiiatnfuysilaainnisdiuinuy
TWsunsudrans awsaUSuuidnsnisvonglimnnanavavesliduldmuiiimun

MnIFEduEnnsnoenuuuiimua Tnsdusvenideauildssuuiasanis

muANszauinaeludsasly dagun 2.6 910 [7]

UM 2.6 nsruIunsassmsauausyavineludanly
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A o

lne?l F, , fednsinisivaudn

Y

H,, , feszaudingluds
R, , Aandmun

aunsadeuduiladduanelouszls

_ H, (s)

MR
_ R3 ( )
T (5 +D)(rys + )Ty +1) 217

e T,
T s+D@s+D2s+D) U Und /s

'
a

NAUNITN (2.10) NSIVIINTLUIUMSUING 3 ALAUIUULNUIIINAMAUS -0.5 919

1 4

3 shuvisunumegdanual x dauanslusui 2.7

o

HoBnLUUMMUALA

Percent overshoot(P.O.) = 5%

(2.18)
Settling time; t (£2%) = 5 secs.

ynesiduaiafuazladnsmisamiiu

PO.Y
(lnl()()j
g:

oy = 0.69 (2.19)
2 P.O.
-+ In——
{ ( IOOJ}

UAZAINTIIANTIN {2, (+2%)} MUUANUASTINYIAN MU (Undamped-

natural frequency) A

_ ' _ 2
w =M =1.227 rad / sec. (2.20)

' gt

1%
(YY) [

AITU FWNLIvNALAUIURAD

s, ==, + o 1- ¢ =—0.874+ j0.888 (2.21)
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Passszuulagldliuinsuuamualdegun 2.7

Root Loci of the plant G(s)

1.5 \ \

0.5F

Imaginary Axis
o

25 -2 -1.5 -1 -0.5 0 0.5 1 1.5
Real Axis

JUN 2.7 Lafavee5InUednszuiun1sdiges

wifiuimisAuressnduliiiugeinawruagiuiadululildesfiazaune
muauszuulnsUTIATndA AL Fdudddiniunuiilofdmiuauaunsyurunislid
nImBUALBILUUTIRTUAENSIBVALDIUUAA Tl na Ut edy

ladavesnindviuosnuuuimuauiilofluannisi (2.6) aunsnidouiledidu

anelowralavasszuulasaaunisi (2.22)

K. (s+z,) -4
s-(2s+D@2s+1)(2s +1)’
~ - 0.94(s—0.368)*-0.5
5 (s+0.5)(s+0.5)(s +0.5)

K(5)G(s)=

(2.22)

f93a13UT 2.8 9 lafaveIsInUeessUUNIUALNALAY HiNeAL ey
AIUANTILOAAIUANNTTUIUNTIAI N SABUALDILUUTIATHAL N THDUAUBILUUAIAINLT

fvualuaunisn (2.18)
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Root Loci of the Closed-Loop System with PID Controller
2 C T T T

1.5

0.5¢

\ /o :}ZC X2 i

Imaginary Axis
o

0.5} \ |
\\ ////
Ak 0.69 |
A5f | |
'2 C | 1 j | | 1
-3 -2 -1 0 1
Real Axis

JUN 2.8 ladavessnuasszuudaeanldmnunuiiles

2.3.4 negaunslditauauiilofiesiuiunszuaunisdiaes
N3UT 2.8 szdiudmndindlsidnluazyilinszuiumsdiaesiinanisneuaued
fadesnmundu Faglduuifnvesmsssnuuuiiniuauiilafitedaznaluidednaly

naaoun1slefanIuauilefelagnsiiudlsniafandunus (s+z,) falu

Hantumelawiniade

K (s+z,) -4
s-2s+D2s+1)2s+1)°
- 2.99(s+0.755)° 0.5
 5-(s+0.5)(s+0.5)(s+0.5)

K(s)G(s) =
(2.23)

dieflendudnelouvessanuauiilefione

K(s)=K

(s+a)s+b)(s+c)
S b

3 (2.24)
EKCM;K:KC,a:b:d:ZC

N
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5UM 2.9 Wunan1snaaeuvesaunisin (2.24) N NEUlaAd0991NVBITEUUN

Y

'
=

Unnldimuauitlodie Inaisuvis (0) wagsdumia (-0.5) indausiudmmiunganenesn

(Breakaway point) uagipdoudrugalnawuludinuasanyauenidy (Break-in point) fiaw

ALARDURIININTLSNALNAUS (0.755) LALALAUIDUUA

Imaginary Axis

Amplitude

Root Loci of the Closed-Loop System with PIDA Controller

1.5

05

T T

1.4

1.2

o
o

o
)

sUn
U

Real Axis
JUN 2.9 Tadavessinuesssuuiildmaiunuiilofie

Stable Unit Step Response with PIDA Controller

T

H when increased Kc to 10 times

all desired specs can be obtained.

0 10 20 30 40
Time (sec)

50

2.10 HanauaweITaIiIAIUANilefioradyaauuututule
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'
a

SUT 2.10 uanInanauauedvesaunsi (2.24) naaeulagdeudymyinudunniuy

]

Junilaviag (Unit step response) wuanaasand1fiduasdunanian@lsiiudnluly
aun1si (2.24) Jsaguldnmisldmauauitlefiediunssuiumssuduiianulvinanauauong
T Faagnanialasiaine wnAnuagisniseeniuuiimuauiilefiedmiunssuiunsdudy

anulusinden 2.4

2.4 fAUANILORALD

2.4.1 TaseadenantuANillofie

nseenwuudImuaniilefegninauslull 1996 lay Richard C. Dorf HuwiAnN
nmadiudlslihausuiusmuauiledudiBonimuauiih deuguitlefie Sei
mueuiignesnuuuiniialdfunssulunssuduany Tneldladauessnuaziauauivled
:mLﬁuﬁugwuﬁ’m%’umiaaﬂLLUUGT@MU@NWI@%La

[

fa1sansuit 2.1 meviureshpuguiileftelilaseainesil

2
U g £:7 2 0 g 0£Y).9K (2.25
s (s+f) (s+d)s+e)

ansdngUiuvetaigae

K(s) =K. (S+a)(s+b)(s+c);d:f (2.26)

s(s+d)(s+ f)

Tnedl K, o shsmsvensvesshauauiilenie
ftuanunsadeuannsvesiamunuiilefieldfannsi (2.27)

K(s) =k, S EDIs+0) |, (2.27)

N

Wle g, b, c uax d, e Aelnauazdlsmudrdudmiuimaiuauiiledie williosan
a, b, c << d, e wagLlaNATUNNAN d, e FellAtesuinIsazliliNansun Faaunsadeu

lassasavesdimunuiiledialanagui 2.11



16

D)
4 C'(s)
Ris + ‘
() Kis) } = G(s) >
L)

UM 2.11 lassasesseuunivaunUaldsuiudnuauiiledie

v

#1sanguT 2.11 flaituaelounUavesssuufe

C(s) _ K()G(s)

R(s) 1+K(s)G(s) 2.28)
AUNIIANANWULYBITZUURRD
1+ K(s)G(s)=0 (2.29)
dmsunszrINMsTReusy n flaiduaieleureinszuaunsie
G"(s)= K, (2.30)

sV (s+ p)(s+py)..(s+P)

A o

Inui K, ABBRNINNITVLIEUBINIEUIUNIT

B, , folnaveenssuiums

2.4.2 N192AKUUAIAIUANNLBALBATMILLINIIVBS Richard C. Dorf

Richard C. Dorf Iinigsmssenuuuanunuiilefite dadunsiiisdlsdnge
fufusmuauiiled Gawumnsignuszgndldsmiuladavesnuussuy s feguil 2.12

Tned R, 74, q ﬁa@i’mwiﬂwaﬁasﬂwaumeﬁuﬁﬁsau%’ﬂ@f dlolwavesnssuiu
mslilfegfigniuiinuasiidnionnin —co, Sumilwaisaedvioglureuiualasfitmunlag
Tnadmilsinsidudrsvesnavesssuuiifisnuniigauasinadnvilsianddilnasenluain
udiavuszuy s lssuiduiveswaduasidundnanssnuussuuumulaedooniuy

ansausuiwmsvadnalavnuanisnevausdlilanufesnwuuld
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Jjw
A
6= Cos ¢
«—X .
, '

SUN 2.12 YouluaNUALaZA NG UAUUTEUU S

vieillu (1] lenmunseulinnselnanuastinueinszuiums (System type)
lnafiau ssauzveIfInIvAuilefieaIusannualaniuleauluvesnisesnuuy

WoRldusAmuiy, natsenkaztIIa il ANTBuLRAl

PO.<Lt <M, (2.31)

C(t)

D(?)

x| Qutput response | <W (2.32)

; a = max
|D1sturbance signal |

lo L, M uaz W gnimualnegeenuuuiaaaunu fivilvianiiawaialuaniuzogs
e, =0 dwiuimuauilefiefuazan Tnor L uag M Wufemstuaiumieressn
Tilndfuganilinuuseuu s
funsumsseniuuimuauiilofieniuuuafaves Richard C. Dorf

1. Awndnniwesszuunteulvvealasidudanaiuarlai

(2.33)
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2. MUUA Lo, TOWWAUITINNANTN LD

o ]
2 (2.34)
Percent Overshoot(P.0O.) = e[‘/T x100%
—ln(0.0Zw/I e )
Setting Time(t,) = , (£2%) (2.35)
‘ o,
0!
4
[ 236
s (2.36)
Tnosumiinnasevnguasld s=¢, ¢ ide
g==Co,+ jo,1-.4=—¢w, - Co1-¢’ (2.37)

3. 91N19@9NA13INVBIRN LTI USRI TIN IR oI sIiRTauAqY Lag

ANNUA

R = Re{dominant root} < —Cw, (2.38)

wazimuadl R lnglviagmamudreveslnamuinigaluintiavesnsyuiunis
UUTEU S
4. \FenFuntesINNATULLIUASINNTER Laefvualy r < —Co,

5. WUANNTAMANYMEURITLUUAIAY 1+ K (5)G(s) waeli
(s+r)(s+R)s+q)s+4)=0 (2.39)

6. YINTUAGNAITIUTUN 5 lHOMAMITIENDT a,b,c 4o K,
7. dAmnsiiweivesiinluauiiledieneanwuuliludiasinszuiunisg

nameuausIiaajuazan1ivegin dwassnuibiidulumuiioenuuuliinmsdiudnsinis
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YYNYIUNIINANTNDUAUDIVLDIVIULIAVB N AUALAL D1 99U TUMLNUIUDIe 2 Tna Ap R

WaY r NN590NwUUINLLAEINANUTUNDURNDNAT

2.5 N159ANKUUAIAIVANN LBRABUUULIAIHBLLBY
Uaymegranilsdmiunisesnuuudiniuauiilefiafiegeanuuudesiiiiugiu

Adinfnans szuumuANkazdugUszneunisesnwuy Judunmseindedesnuuulasianie

¥
a o a

dwfunsguiunsdusuaiunsegin iy druntsressnuideaduiidnavemaiianis

@

ganuuudintuAuitledie Ingldiinmesiuning Feasdaguwuuilenduelouluguuuy

Y

wnsnduazlinuautd Ax=b uasArIumAMINNNes lneliTunounidl

fuslinaituaelauvanszuunsuduaudy

bs+b,

G(s) = 3 2
§°+a,s” +a,s+a,

(2.40)

a1 Y =

1NAUNIT (2.25) BINsUININET d, e FadArioauindsaziluRansanaetu

flandudielouvesdinivauiilofione

K(s)=K, +&+de+Kas3,
L (2.41)

K, +K +K;s+K,s*

)

AatluanNIAUAN YglalauvessEUUITnRe

F(s) =1+K(s)G(s)=0,

actual
{Kps +K, +K s +Kas3}(bls +b0)

=T+
{s}(s3 +ayst Fas+ ao)

b

F(s
act(ual) _ 4 (aZ + del + KabO) S3 +

(+Kb) " (1+K,b)
(al+Kpbl+de0) R
1+K,b)
(a2 +K.b, +Kpb0)
(1+K b))
. (Kh)
(1+K b))

(2.42)
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Auntan1satnatulaiinginasinuudaudinagnmugun 2.12 :nmsfne

nuInaressyuufiegneinudievesszuny s inaneuauesidngaunad deiuiadun

v

Heudmsumseenuuu deaunsaleuilinduaielauseniuunlnlagldnuanvuzveinis

ONLUUNLOALD

F(s)=(s+q)(s +)(s + R)(s +7),

design
=(s*+2¢w,5 + @, ) (s + R)(s + 1),
=s*+{2w, +(R+7r)}s +.. (2.43)
+ {wnz +2¢w,(R+7) +Rr}52 +...
+{a)n(R+r)+2§wnRr}S+...

+, Rr

dwnSulnaiinunl (s+R) War (s+r) Joanuuumdselimumennugui 2.12

1n8019NA1IUN- R 220w, Waw r= R MlTuegiurlinvesisuy (8]

Y

(%

asUuuuanmsieglugdiuuifeniulagiiesdwivainidgegauasiansandy

Usgansiegiuls s AMauiniunaunisin (2.42) wag (2.43) ala

(a2 + Kb, +Kab0)

Shld iy
kB _{2@” +(R+r)}
| (a1+Kpb1+deO)_ -
s G+ K ) —{a)n +2§a)n(R+r)+Rr}
( ooy« ) (2.44)
. a, + K0, 22
X = R 2¢w R
N SRR~ SRR}
0 (KubO) 2
{ ————=w"°R
Q (1+K,b) G 5

aunns (2.45) Aeaunsigaduegnsirgluzuresinmes wesnd (Ax=b)
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0 0 b {b-b[2w,+R+r)
PRI ~b {0 +2{0,(R+r)+ Rr
by b, 0 -b{w}(R+r)+2o,Rr
0 b O @’ Rr
[ —a, +{2¢0, + (R+7))
-a, +{a)f +2§a)”(R+r)+Rr} (2.45)
b= '
—a, + {a)f (R+7r)+ 2§a)nRr}
i . Rr
K,
KL
X.=
Kd
_Ktl

dauaunsdmsumemen K, K, K, uae K, dmsusiiauauiilefiefe
[Kp Ki Kd Ka]T:Ailb (246)

Fageonuuuaunsalingresnsues (Cramer’s rule) tivevman 47
WILA b =0,b,=0.5,a, =1.5,4,=0.75,a, = 0.125 adluaumssvuuuay
£ =0.69, 0, =1.227rad / sec., R=0.8682, r =29.1075 Tuauns (2.45) uaz11aluguluu Ax=b

Feaumsh (2.47)

A b

————
K, fo 02 030177 [175.703
K | fo 0 0 2| 7681 | | 7615 (2.47)
Tk, [Tlo 2 0 ol 87.851] 7| 153.623
K,| |20 0 0}38075] | 6034

Q

NTULTLAN K, K K, us¥ K, adluaunsi (2.41) agla

K
K(s)=K, +—L+K,s+K s,
N

K, K; K, K,
175 703+ 76.15+153.6235 + 60.34 5> (2.48)

h)
~60.34(s +0.866)(s +0.84 + j0.867)
S
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Aatiuilaiduangleudmsunssuiumssudvaiuiesnuuulagldiniunuiilafie

ANULUIN9UBE Richard C. Dorf A

(60.34s® +153.623s +175.703s + 76.15)0.5
s(s? +1.55%0.75s + 0.125)

~60.34(s +0.866)(s +0.84 + j0.867)0.5

B s(s +0.5)(s +0.5)(s +0.5)

K(s)G(s)=

>

(2.49)

N sanaunsn (2.21) wWiguiiguiuaun1si (249) wudsumiavesnaisuiy
Flsvesdmuauiilofioag lusumisnilndiunndsgua. 2.13  Fuluwaunainnisasinalu

VOULARAIFUN 2.12

Root Loci of the Closed-Loop System with PIDA Controller (2)

2, B — =

1.5¢ 5

Imaginary Axis
o

Real Axis
UM 2.13 Tadavessnvesitanduaielouvasseuudusivany

fiansa3Un 2.14 Wunanevausswassyuusedyaadunime dunninssuud
Frnandinduas Weweudugui 2.10 Fadunaunanmansdnasaznisiivesinniuny

HINLUININYDY Richard C. Dorf

a

Tu [8] mnwWesidudauiuliegluseduidesnuuunelaauisaiindnsinis

Y

v
o

Y18 (K) WNanauaLeIdnATs
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10 Stable Unit Step Response with PIDA Controller (2)

Amplitude
o o
(@] 0]

©

~
T

l

o
N
T

!

0 1 | | |
0 10 20 30 40 50

Time (sec)

SUN 2.14 HamaUaueIdIng veITsuUsady 1T unilaviae
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o/ = =) 11 d'
N139an LLUUG’I’Jﬂ’JUEIiﬁJW‘li’JﬂLa wuuLan liisaLilog

[

unilnanfmguiuazlasiasisvesinmuankuufInes Jensuuasdyyinuuy

>

=

naseileadudygraiuunaildseiilosiuiuinissdndedis (Sampler) Fadudiunis

4

Yaen1seeniuummuAuilefeuuunalidellies Inendnitianisasinsduduaud (Zero-

order hold, ZOH), N15AIA198UFTUNTS (First-order hold, FOH), n1sulasdadunnie

BunIsmsiaiukazanudnianule Faduiiugudwiunmsesnuuuluund 4

3.1 AAUANLUUAINDA

mﬂgﬂﬁ 3.1 (n) Wussuuaiuauwuukeuzdonuaz (1) Wuszuuauaguuuy
Admea v 2 UnuuuAnssfuTtEnvasianIuan 9nfindnludreduinsuaunisdiy
Tngjdamavhanlugduuudygaweuzaan é’aﬁmﬁdﬁﬁamuquﬁ%maammsaﬂizmama
wuufInealrnderosilagasuasdyynueusdondudyyiuiinea (Analog to Digital
converter, A/D) Bstfoyaoglugusiagiuass uazmsdsdyamoenlunuaunszuiuns

LABINIITHYAN ”zyz:yﬂzuﬁ%maaLﬂué’zgzyﬂmuauzﬁaﬂ (Digital to Analog converter, D/A)

flaguil 3.1 @)

0 e(l)

' o
/=<>\ | Analog A oot ()
\? controller
(n)
r(f) e(r)
Samplier _| Digital | DACand . — o)
and ADC “| controller "l Hold o o

(¥)
UM 3.1 S8UUATUANLUUBUNALAEILAZIINALAEY
. 53UU¢13U@3JLLUULLEJU8§EJH (Analog controller)

U, SLUUAIUALLUUAINeA (Digital controller)
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3.1.1 SEUUAIVANLUUAINDA

lgsyuUmIUANKUUAINORTAN YAl

¥
= a

1. fnuaukuUAIneagnaseduuuasuiiumes, lulaslusigaives

(Microprocessor), lulasaoulnsatass (Microcontroller) Wsommiuauastingu

q

[ aa

2. imsUszarananuuidneadadeslasdygadunndudyyufdnoauas

o

) & @ o = v @ & o -
o dudyaaueurdenivveslasdyanaornmdudyginueuzionively
AIVANNTEUIUMT

3. NM19Y19UVBINIITNAIDE1LAZNI5AAT (Hold) Aeevinsulaedygiaiuning

(Clock) ey

3.1.2 299sulasdygrandnealudygyiauauzaen

o o

1935U5EnNauRlufnensiia (Decoder) iutinfinensvianlinealuseiunsinu

gaueurdentazasA lisgnisaudyaudignisasal nssuaunsildldmieadn

2 2

grausfinsaduniefestiuienuld faddesueseidiazazwindunislugaund

DAC
E Clock !
Digital ! [ ' || i Analog
signa : e : signal
—=_T A" sDeEcodet: 3~ 1
: [Hold |4
5UTt 3.2 1esulasdaaiidneadudyaiaueuszden

3.1.3 299suUasdygaueuzdeniludyy1uiines

v

UznNaumiIBLA3I09n@ieg1e nsasAwara1aulng (Quantizer) N15¥N9IULSLAIN

dnegradugisnairiiiuandygiuteurdonuaraiadyyinudivay o natfeaiy

Y [

wazdsdyralumsulndudidweeanludaiinuau dagui 3.3 Fdlunisesnuwuuauyflviad

1%
¢ v o

AanladeuveiInAeulndiiugud daduluesnuuuaziansaanziniasdndiedi

LAZAITAIATYINLU
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ADC
o clock |
A_nalog ; [ ' l i Digital
signal ! Saxopier ] uantizer i signal
E /Hold i

o
=
€
2
2
>
2
)
=2))]
3
®
D)

JUT 3.3 1995uUas fyanaueuzaent

3.2 1AS99UNAIDLIIHATNITALAI

'
£

nnden 311 aulandygindunnuasdyyiaie nnreianuANLuY

Adneadetaglugudmuninflneaminly  widdimuauuuURIneaU U SEnNiBunALaY

[

s dusuudygaueuzdenusinisUstanaraduduluuddnea  mnwinszuIunsding

L7

Tddyaamuy  wouzdenlunsrauny  Asludssisadinssuiumsidsudgraidneailu

oy Q10U DU AONALLAT DITNF DL ILAZNAITAIAT

3.2.1 1A599UNAIBEIS

JUT 3.4 \n3eadndledandyauuuunaideiies (Continuous-Time signal)

(A7

WiadgIakeuzdsnaigAudLagaIuIaIiasNasladygiasuuaildneiiio

e

- a

(Discrete-Time signal) ¥iSadtygU1anInog

e(t)

{4

t)
e(t) ).

e(kT)

0 T 2T _3T &T &° t

3UN 3.4 1asesdndieg

Tnefl e(r) AoBumnandaygamuunasioes e (>0
T ADAIUNISTENAIDE1
e(kT) ﬁaLammﬁlﬁa'ml,ﬂ%iaﬁﬂﬁaasm dlo k=0,1,..
Mngufvesluadad-ynuuou (The Nyquist-Shannon sampling) AuEvesnng
Fndredededliiininaeuritvesnnuigeaaludygadunneassinlidyyndldain

nsyuIUMsTnsegamiloudayaaduns
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3.2.2 n15A9AN

NIASANABNITUIUNITASTEAUAY Al el amtisaundnazlidygyialng

g

=

v Tngunfasestndtegiauaznisasanlianunsaldeuluguuuunmeninld 910 [4] Fgn

Y

salimenuiFenin Sampler and hold, S/H

3.3 N13ALAIBUAUANY (Zero-Order Hold, ZOH)

v o

N13A9A1TURUANY (Zero-Order Hold) Aon1sAsrdyayrauedne LiNdyan
dunnrazisugtndegslunisiienginingiediegs A(r) desunidleiieuiuaiy
P309TNAY 8819 T wazlllafigunuA1AsiIIaIA 1l eI anvasdyyIuduna e(r) 431

aansalszn  lewaveansindlegameiadeeniseudsgun 3.5

5 S
- |~

=T WEMT | &5 \ "IN T )
ZOH input ZOH output

c

JUN 3.5 Ay eudUNALAZIDINAYRINT SAIABUAUAUS (Zero-Order Hold)

3.3.1 msmﬁwé’uﬁu@uévmmunm (Time domain)

'
a

5U7 3.6 wandliiudnwnrdygaluusaydiswesnseuiunsulasdyginuy

Y

LT asedtndegviiumsnadaan e(r) fasvuiuiad (Pulse) Wuatvawin

v o 1

il B, At) vnliladeaudndiegns e) B, A(t)

B A(D)

e(t) e(KT) é(t)
Zero-Order Hold ————
Sampler

K hm R Iﬂl_ ;

JUN 3.6 NsAImSuAuAUIULLNLLIAT

| (%

duiadgnduunumeaunisi (3.1)

()P, A(f) = ie(kT)PT,A(t —kT) (3.1)
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do B, Ar) Jusniwiaddnwaziduavawavilovnieduansluzun 3.5

L4

Ty neilaannisasAdusuaug (Zero-Order Hold) i Liantindaeeneil k Weu

Wuaunslain
e(kt)| pu(t —kT) — pu(t — (k +1)T)] (3.2)

We u(r) Aefendutumnilanuay (Unit step function)

Faduemaiildanmsasandudugud (Zero-Order Hold) e
et) =D e(kt)[u(t ~ k)~ pu(t = (k + DT)] (3.3)
k=0

3.3.2 NM3ALAIBUAUANEULLNUAIINA (Frequency domain)

B. AT

E(s) ) o 1N E(s) Zero-Order Hold ——&

Sampler

JUN 3.7 n1smdsuduguduLLNUAIILD

yinNsulasanUaaunisa (3.3) azle

E(S) 3 ie(kT){e-skT A e—s(k+l)T }
s

k=0

~X'7. (3.4)
:[l‘e }[Ze(kT)e”‘T}
s k=0
PnEus (3.4) ald
E'(s)= iqknam (3.5)
k=0

FaFundnansmsumesu (Star transform) WWudunavesilsiduaielouvenisns

Andudugud Auluilaidudelouns

Gy () =[1‘fo j (3.6)
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3.4 N5AANBUAUNLN (First-Order Hold, FOH)
msasmduiunilaumuieasamenvesidseynsuileNagUsvanuvesilaidu

smunssolumeReuly kT <t <k +)T Tagaumsnisaemsuduniadouunuaig
e (t) = e(kT) + e (KT)(t - kT) (3.7)
oM dsdudunileves e(r) Adumds ¢ = AT Uszanadladu

e(kT)—e[ (k=1)T ] (38)

OKT) =
e (kT) p

wuannsi (3.8) T (3.7) avld

(kT)~e[(k—1)T ]

: (t ~kT) (3.9)

e
e (t)=e(kT)+

Ty NAVBINTTAIA SUAUNT TE I 19aRIN ST B 1 uus dels At uaTf
(Ramp function) lng@iruduvesilviduainiie war1sves e(kT) uay e[ (k+1)T |
noaaulnglddunntuniivien =0 udnansvausdlasil k=0,1,2,... ¥

gNAIBE1N k=0

();0<t<T (3.10)

e0=e0)- 041

noaeulddunail f(0)=1 way f(~T)=0 WAN1TNBUAUBINAUVDINITALAN

[V

U U‘Mﬁﬂ (First-Order Hold) Tudaa o<¢<T @8

t
gm(t)=1+? (3.11)
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v Unit impulse

(M

(1)

v

3UN 3.8 Minovauas FOH: (n) dyaaudunilamiag (v) Haneuauaingu

30

M13UIFUN 3.8 MVUS T AzgnunualenITUsEaIumiann1si (3.8) uazainy

FuunumENanitaun1sn (3.9) dwmadegudmanadidnvasiduamion

HanduanglaureInsaeAIdusuniy Inenisyinaluiene

G, (s)=

Qutput signal of FOH

Qutput of ZOH

rersh e T
T K

Continuous-time signal f(?)

1T 2T 3T 4T 5T 6N§ |/J

a '

JUN 3.9 HavreINIsANABuAUALdLas oy B UNAKUULIAA

SRIGN

(3.12)
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'
=

JUT 3.9 uanimsilIguiiisunanisnauaueIndusenitensaseduiuguiLag

o
<@ v o !

MIALAITUAUNTY 210 [5] Agiudnviedyey10ule MR YeINITAIAISUAUANILAZN1IAAT

guaunilalinusnesenindygradieiisuiudyyiaduns Jnsunausnsmiuild

(g7}

'
= o [

n3iSenITIBulandadugiieannnuiisseninedyaudagnariluiitesely

A

3.5 nsuUaudadug
Tulaududug viasenindmvadulunsuszanauaiuilingy ain [2]

TPgnsBuMNINTENINAIULIEaN T

| 3®di =Ty y(e-DD]T (3.1

(k=1)T

bbeYs

j x(t)dt = %[x(kT) +x((k-1)D)|T (3.14)

(k=))T

V()&

1

v

0 T 2T T 4T 5T

UM 3.10 Msuszanauiunliidulasse IS sias

MUUAA

ykD)=y([k=1]T)==a [ y@)dt+a | x()dt (3.15)

(k-1)T (k-1)T
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JeulugUaumsladu

_ﬂ[

y(kT)=y([k-1]T) y((k-1D)]+ %[x(kT) +x((k-DT)]  (3.16)

7insuUad z e

92 =25 - S L@ 2 @ ]+ ) 2 )] (3.17)
22 _ _ a
o) PRI G () (3.18)

satiuazlafanaelaunsaunisi (3.16)

-1
S=21 z_lzz z-1 (3.19)
T1+z T|z+1

7iN5UaesEINU s MU UMNYRITEUIY Z AddNNISh (3.20)

=t
Rez1 271=Re£ o <0 (3.20)
T1l+z T|z+1

Fadunnaumiambeunssuu z dslunsuandadueviunegiuinaumils
vy AUENagnillamsneanEIdyssuuultiseliemanaiaiesiiuiy dagun

3.11

Im

s plane z plane

JUM 3.11 Msudassendnessuny s Auseunu z
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a o = .
3.6 AUaNWIUUS (Frequency pre-warping)
nsuUasiumidnanazdlsseninesunu s wagssuu z vieastenavelilaegly
Youlnvaduiazsvuuinnudadeuindussninnuanvlielugadesedmilaves

mMsuvaadadugasliaunsasnwidmumiavalila masmsusuwuunseanudiviili

WnnsUalauvasaausawd llalaemadansnuTawnuseaun1si (3.20)
2 T
) =—tan(w—j (3.21)

Wo p AeANANTIUTY

NANUFINUS (z=¢") TenTNTBUI s Uasszuy z Tugud 3.11 asld

2fz 1] 2ot
s S 2T S Eld (3.22)
Tiz+1l] T|e" +1

WY s = jo, taunsi (3.22)

5=,z (e 1) (e 41)

sin(wpT/2)

# 5 2jI:(e‘ijT/2 —eiiw"T/z)/2j:|
_? 2|:(eijT/2 +e—jw[)T/2)/2]

cos(mpT/2)

(3.23)

jo, =j%tan(a)DT/2),2/T=a)A / tan(w,T / 2)

WU 2/7 =w, /an(w,T /2) Waun1si (3.19) azla

@, z-1
= [tan(a)OT / 2)j(z n 1] (3.24)

Wo @, =o, =w, 90 [9]
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3.7 fadunuilaftewuuailusiaLiles

NNFUN 1.2 anwnsaeenwuuimaivankuualldedieals 3 35 lu (6] A

CT system » | CT controller
Discrete
Sanpled—D-alta design
design
(M
()
Digital redesign (3)
DT system ~ | DT controller

JUN 3.12 uLuImemseenwuuiamuauwuualineiiles

v

A9 1 159077 n1seenuuUlddeiiioq (Discrete design) L3NAUAINDDNLUUAD
muANKUUnaIAaLlasIndyaasusuLasiUasduimuRuuuunat oo w993
wUsdeyey1as (Discretization)

T80 2 FuNT1 MIVBALUUINTBYARIDELNN (Sampled-Data design) BaNkuuUAT

v
a a

IInNnIEUINNskULLasalienduimvauwuunailiseliadagldinaiindnia (Lifting

' v '
= aaa oy ¥ A

technic) @935 dtudauwazluu1insaluoaldnsesiialumuanls

aaal 15 A O

T80 3 158131 N199BNLULAIAIUANAINEA (Digital redesign) YulsnABTUnDY
N1398NHUUAMMIVANKUUNIAIRBLTBIIINTUULIAINBLIIDY TuNaaroldiaskldeyayia

(Discretization) uwaadumauaunuunailinededsdiuss@nsnanuasldnuie muide

o '
v A

J1438n157 3 dam3uduusn Bendr TureunIsERNWUY (Design step) Fufiaas 13unin

funounisdundinu SeannsoldiZnisitaiu, nspsArsudugud, 33oosiass Euler

method), Aatunlna-Gls (Match pole-zero method) wayisou
mﬁqmﬂlé’ﬂﬁnﬁqﬁugﬂumsm‘uqu nuivasulasdnnin luund 4 Hunis

Ussgnalddmsunsesnuuusiinunuiilasiie



unil 4
n1saanuuUidnluAuilafawuuIanlisatiiasiae

Asnsnafunandnazldinuans1UYe

Tuuniinandsmssenuuuiamuauiilefienuuaseiesdmiussuuduiuan
FresnsaRusiiiuaglifiauiniiuds wientalisuisudunafuressinuay
HAMBUAUBINAUTDITEUY
4.1 nseenuuuiImuAuilefauuuImbine e sfaeisnnsiiady

fmuauiilofiogneanuuuanldfunszuaunmssusuaninedfugiumaing
mupuileAlnensiunddlsliiusnuay SanAteasuildisvaiulunszuiunisudas
fhenueuilefionuunanlineliles

lardugnaleuvesiimunuiilefienuuiailine dosde
Ki 2
K(s)=K, +—-+K;s+K_s (4.1)
S

WnuaNn57 (3.19) asly @.1) agle

K(z)=K (S)L.:;(z;lj

z+1

e )

? z+1

dle K,, K, K, wae K, fio dnsinisvenguessianunuiilofiowuuiiailiseios

P’

msnsgenliazdnlieglugunuu Observable canonical form sisasn1si (4.3)

3 2
Bz + pz" + fiz+ By

4.3
(z-D(z+D(z+1) “4.3)

K(z)=

wiaunslagldanmes wesng, Ax=b Ineiedulssansvesiaudsmdsgelivuan

YDUUMIND AIFUNITN (4.4)
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B, o1 T 4T 8 |[K,
By| 1|21 37 4T -24| K,
B | 21| 21 317 AT 24 || K,
B 27 T° 4T -8 ||K

a

ynfmauauiilefouuunatrailieduaunsiianunsaulanduiniuauitlodie
1ngldI8MINARUAILANULIAINISTNAI0E19N T =1/500 sec. / samples

satuianduaneloufe

ﬁsz3 + ,Bzzz +pz+ B,

(z=D(z+D(z+1)
_10%(0.60492° ~1.81172° +1.80862z —0.6018)
N ("4 z=T)
~6.049x10 (z —0.9983)(z — 0.9983 % j0.0017)
B (z=D(z+1D)(z+1)

K(z)=

dmdunsyuumsleitmadeaiunseenwuuiimuaniiledie lagvinauni

(2.39) HantunnglauvaInsruIUNISAD

bis+b,
3 2
S +a,s” +a,s+a,

G(s)= (2.39)

TagltasnsaRud ULl aInTEUIuNITRUU AR DL a LT UNITUIUNI TUUULIAN

lusailed aatuileiduanalouss

218 ar 2 71
2t | | =24 —4T 2T* 3T°| «q,
z || 24 4T 2T 3T || q
1| -8 4r -21* T° | aq,

ausaslainszulrumswuuian ldsetdeddagldisnisiaiunlsaiuiain1sdn

F08NN T =1/500 sec./ samples faduilsigunislouns
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107°(0.04992° +0.14982> + 0.1498z + 0.0499)
(z* —2.99702> +2.9940z — 0.9970)

_ 10°(z+1)(z +1)(z+1)

 (2=0.999)(z —0.999)(z — 0.999)

G(z)=

=

#9150073U7 4.1 dumafusinvesssuvalawuunanliseiios Wguiusy

2.23

x 10° Root Loci of the Closed-Loop System on z-Plane

0.995 0.996 0.997 0.998 0.999 1 1.001 1.002 1.003
Real Axis

JUN 4.1 FUMaRUsINUesyuUUauLTTUI 2

dumaiunnuesssuuRdauuunadeliles wuhlidumsuvesinlulufiamadeaiu
faushzgnuasfussuuiuunaliideldedlngisnn svianu
fNT3UR 4.2 LieufuguR 2.20 wuliwanismeuauesnduvessEUUTLY
mueuiilefeuuunanlsiseidesieiBmsiaiulinansuaussiilndifes fussuuildemn
muauitlefouuunalideiiios
agUldmmuauifilefisuuunadeideuazuuunalidoidedidunaiuves

Mnuaznaneuausdlluiamusisatusisiundeyauidiumeluannisuiunisnee
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Ingrdnusavuillvionnarin ludaudninuts o o, =, werdspsddanud

WINMUY953uNUIT ARy Asiuandnanluuny 3 gun1senuansnuladnueie

X7 , (z—lj
N tan(ey,T/2) Nz +1

wuEIMT (4.8) asly (2.40) a¢lé

z (Oom m
2| om* 3m’ [bl}
2 3
z | | —w,m® 3m’ || b,
1| |-om* m
G(Z): 3 2 3
3 o o'm  om’ m [
N P 2 3
z 3w —o'm  wom 3m’ || a,
z| |30 -o’m -om’ 3m’| aq
2

(4.9)
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a9 (4.9) AaenTuanelaureInszuIUNISHUUNATLURBLHBIA8AT s HaRY
PR taidAuans MUY
LNUANNTST (4.8) aalu (2.41) wnaun15taeldInimas Wwnsng, Ax=b Laga19

duusvAnsvesiuysmasgel Tuugareuuning agle

3

2 2
B, om’ m’oim o (g
B 1 om’  3m’ —o’m 30’ || K,
2 — 0 0 i (4 10)
2 3 2 3 :
i om” )| —o,m* 3m’ —o'm 3o || K,
0 0
By —ogm’ - m’ o'm -0 |LK.

T
9y m= tan(a); j, w, = critical frequency,T = sampling time

e T = 1/500 sec./samples
Wy=0,

aun1s9 (4.10) Aeflandudiglauvessamunuiilefiioniswuuiianbisiaiieteds
ASNERUSINNIN T AN UV
HentunnelaurasnszuIunIskuULIanlufotlagdsnsvaduyenbliainud

a

Wt (o, =w,) fie

n

ole 107(0.09242° +0.27712% +0.2771z +0.0924)
(1.8501z° —5.54462> +5.5391z —1.8445)
4.9925x107°(z+1)(z+1)(z +1)
= (2-0.999)(z = 0.999)(z —0.999)

(4.11)

flandunislowvesdanivruiilediawuuiianlideilesriedsnsvianunaiilad

AuD WINUYS (@, =@,) AD

ﬂ323 + ﬂzzz + Bz + B,

(z-D(z+D(z+]1)
10°(0.6049z° —1.8117z° +1.80862z —0.6018)
- Z+z2°-z-1)
_ 6.049x107 (z—0.9983)(z - 0.9983 + j0.0017)
- (z=1)(z+1)(z+1)

K(z)=

(@.12)
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NNTUNAUNLAUVBITINUAL NN DUAUDIVDITTUUNTALUULIAT saLlia sy

'
=

Fnsiarunanlaidannud w3Ule (@ =e,) A3UN 4.3 Wguiugun 4.1 uag3uin 4.4

Wiguiu JUN 4.2 wudbikawmilow Mullednn @, =, audwy

x 10 Root Loci of the Closed-Loop System on z-Plane 3
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0.99 0.995 1 1.005
Real Axis

JUN 4.3 1dunuAusINTessEuUNTauusENIU Z 11 0, =)
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v
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4.3 n15eaNuwUURIAIUANTlaRAELUULIaT LiiaIaIR 8 B TARA LTS NTAMNANT VTS

v
' g

nenfinusatuillillonain Mendanudninuds fAe @, =10000, wazdmsld
ANUANIUT a5 mAUITN R
NAUNSA 4.9 HenFuanelouvaInsEuIUNISLUULEN iABLpIn 83T NNSTaRY

[
o

MNdAUANT NN @, =10000, Ao

10.89612° +32.68822" +32.68822 +10.8961)

T 10°(1.85362° —5.54822> +5.53552 —1.8410)
5.8783x107°(z+1)(z +1)(z +1)

= (z2=0.9977)(z—0.9977)(z=0.9977)

G(z2)

(4.13)

[y '
g a

HlandudnelouvasdimiunuitafiouuuiiailiseiliemeisnsviaRunsiinng

WU @, =10000, e

K(z)= ﬂ323 +ﬂzzz + b2+ f
(z=-D(z+D(z+1)
% 107 (1.17112° =3.49972° +3.48632z—1.1576)
- (242" Lz 1)
_1.1711x107 (2= 0.9961)(z — 0.9962 + j0.0039)
T (z—-D(z+1)(z+1)

(4.14)

fisangud 45 Wumsibeuiisuidumaiuresnnvesszunidauvuiianlyl
sellosfeisnsiaRusTrineiaiiinaglifianuandanuts wuduieesdlsinsesnain
wUAURA TS UYL demadensnuvessnidsuly

Tuwaeiisud 4.6 Wunanismevaussnduesszuvastanuuiailidodosse

ad v a !

SnsviafusEnInsiuazlifianudniNnulnedygiadunilaniig dunninnsldy

1%

Y v

audnsUtatuiliaanand n (1) anauandosuazlidwmanaivasidudnnaiu
(P.O.) \i19391nANNFUNUS T2 1I19ANNDEITUIR (@,) kardns1nuas (¢) Tuaunisi

(2.20) dswasasunusinawuluaunisy (2.21)
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#3UNan1539

5.1 unagy

(%

Ut

N o

npuszasAlunisiiaueszilouisnisesnuuudiniunuiilefioiuy
nalifalaenledsnsiaRuneanivazluinnudns Ul wSeunauSsulfeuldun1my

YDITINUATNANITNOUAUBIVDITZTUY HTUNBUAIT

5.1.1 JUADUNITDNLUY
1. MUUANANDUAUBIVBITTUULBEINTINTUA8TaUYBINTLUIUNNS
2. fwsnsinisvene K, K, K, way K, agldimaiianisinsdnaniuuwuife

V83 Richard C. Dorf wazltinmes wasnduidgunmnatinaans

5.1.2 TusaunsBuwAY

1. 1§38 meviaRuuasnszuumsuaginuauiilefieuuunaidaionduwuy
nanlisoiiles

2. milfuaslaildenufingnutluisnsitaiu
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Discrete-Time PIDA Controller Designed by
Tustin’s Method with and without Frequency Pre-warping
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Abstract-This paper proposes the formula used for finding the
continuous-time ~ PIDA  (Proportional-Integral-  Derivative-
Acceleration) controller’s parameters based on pole placement
technique. Also, provide the formulas for designing the discrete-
time PIDA controllers for both of Tustin’s method with and
without frequency pre-warping. The designers can use the
frequency pre-warping to get the better specification as desired.
Moreover, as both of these discrete-time PIDA controllers, theirs
transfer functions are proper. Then, they are easy to implement in
real-time by the Observable Canonical Form of the difference
equations.

Keywords-component; PIDA controller; pole placement;
Tustin’s method with and without frequency pre-warping

1. INTRODUCTION

A well know PIDA (Proportional-Integral-Derivative-
Acceleration) controller in [1, 2] are firstly introduced by
Seul Jung and Richard C. Dorf, who had hold the PIDA
controller’s patent in 1996. By adding one more zero to the
conventional PID (Proportional-Integral-Derivative) contro-
ller, then the PIDA controller is composed by three zeros and
one pole at the origin. Recently, three generations of the
discrete-time PIDA controller designed by Kitti’s method; a
technique of zeros placement based on the root locus
approach are proposed in [3, 4, and 5]. While, [6] is the
continuous / discrete-time PIDA controllers designed by
using a pole placement technique to formulate the formulas
for finding the controllers’ parameters via polynomial
approach. Nowadays, almost of the controllers to be
designed or used are discrete-time controller, but the plants
to be controlled are always continuous-time systems.

Continuous Digital
Plant Discretization Plant
~
\ _Sampled-Data Discrete
Design ~ Design Design

N )

v A
Continuous | (3), Digital
Controller | Discretization | Controller

Figure 1. Three categories in digital controller design.

To design the discrete-time PIDA controller in this paper
will use the third method or route 3 in Fig.1 from [7], also

call digital redesign, which is composed of two steps. The
first step is called the design step, where the continuous-
time controller is designed for the analog system. The
second step is called the implementation step, where the
continuous-time controller is discretized by using Tustin’s
method for both of with and without frequency pre-warping
in order to obtain a discrete-time controller.

II. METRODOLOGY

In general, there are 2 steps for the design procedure of
control system as the plant modeling and controller design.

A. Problem Statement

The problem statement of the PIDA controller design is
to find the PIDA controller’s parameters K, Ki, K4, and K,
respectively, for a given 3’7 order plant, such that the desired
specifications are acceptably achieved.

R(S) + K(s)

T‘

Figure 2. Feedback control system.

U (SL Y (SL

G(s)

The closed-loop transfer function of a negative feedback
control system in Fig.2 can be written as follows:

Y(s) _ K(s)G(s)
R(s) 1+K(s)G(s)

(1

where,  R(s)=reference input, or desired output
Y(s)=controlled output,
K(s)=controller transfer function,

G(s)=plant transfer function.

The characteristic equation of the closed-loop system in
the denominator is defined as;

F(s) =1+ K(5)G(s) = 0. )

To design the controller K(s) by using the root locus
technique, since K(s)G(s) is a complex quantity, hence, (2)
can be split into two equations as follows,



® Angle Condition:
LK(s)G(s) =2k +)z, k=0,12,---, 3)
® Magnitude Condition:
|K(5)G(s)| =1. 4)

The desired specifications to be designed are usually
specified in terms transient and steady state response
characteristics of the control system with a unit step input,
so that the output is exhibited by a pair of complex-
conjugate dominant closed-loop poles sq as follows:

Percent Overshoot (P.0.) = o< 100%,

settling time (¢,) = —ln(0.0Z L3 )/g’a)" , (£2%). ©)

Let, the 3" order plant to be controlled is come from [8]
as shown in Fig.3; its transfer function is given as follows:

_Hy(s) _ R,
CF(s)  (rs+D)(os+D)(rs+D)]

G(s)
(6)

S
Qs +1)2s+1)2s+1)’ m'/s) )
where H3(s) and Fi(s) denote a liquid level in tank3 and
tank1 inflowing liquid, respectively.

The desired specifications to be designed are;

Percent Overshoot; (P.0O.) = 5%,
settling time; 7, (£2%) = 5 secs.

From the given percent overshoot, the damping ratio is

o~/ T

and from the given settling time {#(+2%)}, then the
undamped natural frequency is

o, = —1n(o.02 e ) /é’tS —1227 rad/sec.  (9)
Then, the location of the dominant closed-loop pole is

s, =—Co, + jo \J1-¢* =-0.847+ j0.888.  (10)

B. Continuous-time PIDA controller design
Let, the 3" order plant G(s) and the PIDA controller
K(s), theirs transfer functions are assumed to be given as:

Figure 3. Three tanks non-interacting system.

bs+b,
3 2 ’
s’ +a,s +as+a,

2 3
K,s+K, +K,;s"+K,s

G(s) =
an
K(s)=

Then, the actual characteristic equation of the closed- loop
system can be expressed as follows:

{KpS+Ki +K,s’ +Kas3}(b1s+b0)

F(s)=1+ ,
act(ui? {s}(s3 +a,s’ +as +a0)
Izit(uil) _( (a2+del+Kab0) 3
(1+K,b) (1+K.b) (12)
(a1 +K,b +de0) A
(1+K,b)
(a,+ K., + K, b,) L (Kh)
(1+K,b) (1+K,b)

Please remember that the problem of PIDA controller
design is to find the controller’s parameters K, K;, K4, and
K., respectively. Such that the four roots of actual
characteristic equation or the closed-loop poles are
arbitrarily placed at the locations to exhibit the output
response as desired. Where, the desired locations of these
closed-loop poles can be written by the following
characteristic equation to be designed as

F(s)= (s +¢q)(s +q)(s+R)(s +7),

design
=(s* +2lw,s + @ )(s+ R)(s +71),

=s5'+{2{w, +(R+r)}s’ +-- (13)

+{a)j +2§a)n(R+r)+Rr}s2 Hoee

+{coj (R +r)+2§a)nRr}s +-+ @ Rr.



Figure 4. A desired dominant root region and desired closed-loop root
locations (*) in s-Plane. [2]

For the real poles in the factor (s+R) and negligible pole
(s+7), the designer please choose these poles in the region as
shown in Fig.4, for example R > 2{@, and » > R to be faster
than the poles in quadratic pair (s* +2{@,s+.), so that
the response is dominated by the second-order
characteristic. By equating the coefficients of like power
between each of the last line of (12) and (13), yield:

s (ay+ Kb +K b))
: =1{2 R s
Q (1+Kabl) { é’a))l—‘r( +r)}
a,+K b +K,b )
s*]: (@ Kh+ Kb, ={w? +2(w,(R+r) +Rr},
k) s
(ao + Kb +K,b0)
s': (1+Kub1)/ = {@ (R+7r)+24o,Rr,
0 (Kb,) >
: 20 e 2R
<l KBy T

This leads to a simple linear system of equations in
vector- matrix form; 4Ax =5, where:

0 0 b {b=b[2w,+R+r)]
P L {@] +26w,(R+7r)+ R
by b 0 -b{e](R+r)+2lw,Rr
0 b, 0 ho'Rr
(15)
K, —a, +{2¢w, +(R+7r)}
K —a, +{@] +24w,(R+r)+ R}
x=| "1, b=
K, —a, +{@] (R+r)+2¢w,Rr|
K, . Rr

Here, R, r, ¢ and ¢ are desired root locations with

specifications based on the design criteria. While, az, a;, ag
and b;, by are known coefficients from the given plant
model. Then, the formula for finding K,,, K;, K4, and K, for
the PIDA controller in (11) is

x=[K, K, K, K] =47 (16)

The designers may use Cramer’s Rule, instead of finding
A'. By substituting, b, =0,b,=0.5,a,=1.5,a,=0.75 and
a,=0.125 for the plant model, and ¢ =0.69,
®, =1.227 rad/sec., R=0.8682 and r=29.1075 for the

desired specifications to be obtained into (16), yields:

A b
—
K, 0 0 2 0]30.17 175.703
K, 0 0 0 2| 762811 76.15
X = = = . (17)
K, 0 2 0 0}87.851 153.623
K, 2 0 0 0}38.075 60.34
Then, the continuous-time PIDA controller’s transfer

function designed by using closed form formula in (16) can
be expressed as follows:

~60.34(s +0.866)(s +0.84+ j0.867)

N

K(s)

(18)

The open loop transfer function for the given 3™ order
plant with the designed PIDA controller is

60.34(s +0.866)(s +0.84 + j0.867)0.5
s(s+0.5)(s+0.5)(s+0.5)

K(s)G(s) = (19)

The root loci and unit step response for the system with
open loop transfer function in (19) are shown in Fig.5 and
Fig.6, respectively.

C. Discrete-time PIDA controller design

In order to design the discrete-time PIDA controller, this
paper uses the bilinear transformation to maps from s-plane
to z- plane using the following relation:

2(z-1
Az e

where T is the sampling time of discrete-time system.
Hence, the formula for discrete-time PIDA controller can
be obtained as follows:

K(Z):Kp +%+"'
z—
{T(Hlj} 1)
+K, {E(z_lj}+---+Ka {3(2_1)} .
T\z+1 T\z+1

Finally, the discrete-time PIDA controller designed by

Tustin’s method without frequency pre-warping can be
written as:




Root Loci of the Closed-Loop System with PIDA Controller (2)
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Figure 5. Root loci for open-loop transfer function K(s)G(s) designed by
closed form formula in (19).
Stable Unit Step Response with PIDA Controller (2)
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Figure 6. Unit step response of controlled system in (19).

K(Z):ﬂ323+ﬂ222+ﬂ12+ﬂ0' Where
(z=-D(z+)(z+D) ’
2 3
K
B, 272 NN, L 8| K, 22)
Bi| 1| 2T 37° 4T -24| K,
B | 2T°|-21* 31° —4T 24| K,
B, -27* T° AT =8| K,

Now, the continuous-time PIDA controller in (18) can be
converted by Tustin’s method with the sampling time
T=1/500sec/samples to the discrete-time PIDA controller
with the following transfer functions:

_ /8323 +:Bzzz +pz+ B,

=D+ D)(z+]) @3
~6.049%107(z—0.9983)(z —0.9983 + j0.0017)

- (z-D)(z+1)(z+1) '

K(z2)

However, in order to verify the designed controller, it is
necessary to test it with the discrete-time plant, and then the
continuous-time plant in (11) will be converted by Tustin’s

)

method to discrete-time in the same way with converting of

the controller as follows:

T

z 27 T°
z 2T 37° || b
z 27> 37° || b,
X A
G(z)= 7 (24)
z’ 8 4T 217 T 1
22| |24 —-4r 27* 37| a,
z 24 AT 2T* 3T° || a
-8 4T 27 T’ | a,
With the sampling time 7=1/500sec/samples, the

discrete-time plant’s transfer functions can be written as:

10°°(0.04992° +0.14982" +0.1498z +0.0499 )
2* —2.99702> + 2.9940z — 0.9970

10+ D)+ D)2+ )

(2-0.999)(z —0.999)(z —0.999)

G(z) = )
(25)

x10° Root Loci of the Closed-Loop System on z-Plane
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Figure 7. Root loci of closed-loop system on z-Plane.

Unit Step Response of Discrete-Time System
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Figure 8. Unit step response of DT-controlled system.



Figure 7 is shown the root loci of the discrete-time
controlled system that similar with the root loci of the
continuous-time controlled system in Fig.5. While, the unit
step response of discrete-time controlled system shown in
Fig.8, is better than the case of continuous- time system.

D. Discrete-time PIDA controller designed by Tustin's
method with frequency pre-warping

In the previous section, the substitution of s in (20) leads
to distortion of frequency response. The distortion can be

seen by the real relationship (z=¢'") between 's' and 'z’
into the mapping:

2(z-1 2( e’ —1
§=— = y 5
T \z+1) TleT +1

thus, to obtain frequency responses, substitute s=j@, into
(26), yields

(26)

5= jo, = é( “1) /(e 1),

sin(@,T/2)

2 I:(e,'mnr/z T )/2]:|

2
== . . (27)
T 2[(e/wDT/2 4o ienTl2 )/2J
cos(w,T/2)
jo, :j%tan(a)DT/2),2/T=a)A/tan(a)DT/2).
Substitutes 2/T=a)A/tan(a)DT/2) into (20), yields:
s =(m,/tan(@,T/2))(z =1/ (z+1). (28)

This change of variable ensures the matching of the
continuous-time and discrete-time frequency responses at
the frequency o, =@, =@, [9].

x 10” Root Loci of the Closed-Loop System on z-Plane 3
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Figure 9. Root loci for my=aw,.

Unit Step Response of Discrete-Time System 3
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Figure 10. Corresponding unit step response at ay=a®,.

By substituting (28) into (11), a pair of discrete-time
G(z) and K(z) by Tustin’s method with frequency pre-
warping can be achieved as follow:

T

z om’  m
- 1 om® 3’ || b
z | |—om® 3m’ || b,
1| |~wym”  m’
A Bo1h 3 2 2 3 ’
z o, woym ~om m |1
22| | Bw, —wjm wom’ 3m’||a,
z 3w, -w;m —om’ 3m’ || q
3 2 2 3
1 -0, wym —ym m || a, (29)
3 2
K(z) = Bz +pyz + fiz+
(z=D(z+D(z+])
5 om* m om o || K,
Bl [ 1 om’ 3m’ -oym 3w, || K,
B, oy’ )| ~oym®  3m’  —opm 30} || K, |
By —om’ m  woym -, || K,
w,T . .
m = tan| — , = critical freq., 7 = samplin
> @, q. pling
2 time.

With the same of the sampling time 7=1/500 sec/samples,
while av=am,, the plant and the controller, theirs transfer
functions can be written as follows:

_4.9925x107 (z+1)(z +1)(z +1)

= (2-0.999)(z — 0.999)(z —0.999)’ 30)

6.0492x107 (z —0.9983)(z — 0.9983 £ j0.0017)
(z-D(z+1)(z+1) '

G(z)

K(z)=

The root loci for av=w, and corresponding unit step



response are shown in Fig. 9 and Fig.10, respectively. When
increase ay to av=1000a,, a pair of transfer functions G(z)
and K(z) can be written as follows:

5.8783x107° (z+1)(z+1)(z+1)
(z—0.9977)(z—0.9977)(z - 0.9977)°
1.1711x107 (z—0.9961)(z — 0.9962 + ;j0.0039)
(z=D(z+D(z+]) '

G(z) =
31)

K(z)=

The comparing root loci between an=aw, and an=1000w,
is shown in Fig.11, while theirs corresponding unit step
responses is shown in Fig.12. Since, z, is a representative of
the desired specifications, because of it came from s; which
has the coordinates composed by the following two
parameters; damping ratio ¢ for the desired percent
overshoot and &, @y; the undamped natural frequency for the
desired settling time (#). So, increasing of the undamped
natural frequency @, at some value of the damping ratio &
means a shorter of the Settling time can be achieved with no
effect to the desired percent overshoot at all. From this
feature, the desired settling time (#) can be specified directly
in discrete-time domain.

x 10~ Root Loci of the Closed-Loop System onz-Plane 3
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Figure 11. Root loci for wy=w, and @y=1000,.
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Figure 12. Unit step responses of corresponding RL (Fig.11)

III. CONCLUSIONS

Most of the desired specifications to be designed for a
third order plant cannot obtain by employing the PID
controller alone are illustrated. But, that desired
specifications are easily achieved with the PIDA controller,
who has one more zero than the PID controller. Recently,
there are three generations of the discrete-time PIDA
controller designed by using Kitti’s method; a technique of
the zeros placement based on the root locus approach. This
paper proposes a pole placement design technique by
formulates the formula for finding the continuous-time
PIDA controller’s parameters. For the discrete-time PIDA
controller design, this paper also provides the formulas to
design for both of Tustin’s method with and without
frequency pre-warping. In case of Tustin’s method with
frequency pre-warping, when the designers specify the
critical frequency as undamped natural frequency an=aw,
the shorter of the settling time can easily be achieved by
increasing the ay as desired.
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