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ABSTRACT

This thesis aims to present a discrete-time controller design for a Two-Degree-
of-Freedom (2-DOF) control system connected with Posicast function to stabilize an
unstable third-order or higher-order plant. The continuous-time controllers used in the
2-DOF control  system, the Proportional-Integral-Derivative (PID)X (n—2) stage
Proportional-Derivative (PD) cascade controllers and the forward controller, are
designed by using the Kitti’s Method. The Posicast function is used to eliminate an
overshoot in step response. Based on the continuous-time controllers designed in the
s-domain, the discrete-time controllers with closed-form expression in the z-domain are
then calculated by using the bilinear transformation. The magnetic levitation system is
employed as an illustrative case study of the unstable plant to be controlled. By
comparing the discrete-time system with the continuous-time system, the effectiveness
of the proposed discrete-time controller design is verified by MATLAB simulation

results.
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duduaes wagluIngrinusiauilalddiniuau PID x (n-2) Stage PD Cascade 39A954
AUl lunannsiazlATIEsIINLINTDFIAIUALILUL PID fe ialilaiinisiauenis
PONLUUAIAIUANAIBITNITVOY 56.05.A0F sy Lo Nzandunaulunisassiinassgn
YINTM AU TNMUZEN wazdinistdiniuau Posicast inldlufatuauludiamiinie

| i a Ao oa X A 9 v = v
Hganaiunduintuluszuu welilulunuseulundesnis

Controller Plant
R(s) E(s) u(s) Y(s)
K(S) ——» G(s)

JUT 2.1 dnwaginldvesudenlaazunsuvesssuuaiuguuuuls

luszuunruguuuulanangul 2.1 avUsenaulumeilanduanelouvesiiniua

K(s) wazilenduaslouvasnaiud G(s) aeanisaiuay tneddyaiadussuuloun A

WIod ey uBuNnd9de R(S) AnnuRanan E(s) duanaednnvesianiunu U(s)
WAZdY UL ANFIVIS ORANDUALDIVBITEUY Y (S)

2.2 ¥aNN5URIAIAUAY PID wazdadnin

2.2.1 N1IAIVAUNLUY PID
ﬂ’]iﬂ'ﬂUﬂiJsU@ﬂ(;f’Jﬂ’JUﬂiJLLUU PID LﬂUﬂWii’JﬂJﬂﬂiﬂ’JUQNLLUU Proportional 113
~

ATUANKUY Integral kazN13AIVANLUY Derivative Wilideiu wenddnduindunis

AIUANKUY PID anynsauansilanduaislourasmaiuduasimuaulanaiiogsalull



R(s) E(s) U(s) Y(s)
KPID (S) — G(S)

5UN 2.2 1A59a319U83N52UIUN1IAIUAL PID

nlATIEsIveINsEUIuNTAIUANlugU 2.2 fruau PID daunisdyainuiesn

YDIFIMIUANRIENNTHD LU

u(t) = K,e(t) + K, I e(t)dt + K, 260
—Ke(t)+ e I e(t)dt+ KT, LV 0
T o dt
Taofl u(t) e dygnuwieenvesiiaaugy PID fiaan t

e(t) o AyanarmnuRawaiadiviad t

K, A8 8n319818904 Proportional

K, A8 8n319818v89 Integral

K, 78 80519818984 Derivative

T, Ao AAeTIA1v84 Integral ¥i3e Reset Time (3und)

T, fe fAsfiaives Derivative vi3e Rate Time (3w

flanduaelauvesaamuny PID 9 naunsh (2.1) Ag

1
Ko (S) = Kp(l"'ﬂ"‘TDS) (2.2)

|
lnefl Koo (s) Ao fleiduseleuvassianiunu PID

[

flafdudnglewainaunsn (2.2) Weuladnguuuy il

K
Ko (8) =Ko +?'+ Kgs (2.3)



PNANUFURUSVRIEUNTTT (2.2) wazaunsh (2.3) azlaidu

(2.4)

T T,8°+T,5+1
T,s

KPID (S) = KPID [

[y

lnefl Kpp AR 8951981890969AUALLUY PID

91NA@NN157 (2.4) 22N IunLweTsuNIEUIU S (S-Plane) astuagiuen T

waz T, leisiadl

TTo8*+T,s+1=0,

-T £ \ (T|2) —4T T, (2.5)

“A\S B

Sip =

ofsaNAITINYeIANNIST 2.5

o T, 24T, GT'\LmﬁQGUE’Ns?JI’iﬂ;IJQaENﬁ’J‘\]EE]ﬁJquLLﬂ‘LJ‘\]%Q‘U‘LJﬁ%‘L!TU s GufuAmungay
ﬁ?jﬂ (Optimum)

1 T, <aT, drundsrosdlsnsansdiaziludnandsdoudya (Complex

Quantity) #slalgailvuiziign Asliudaivuali

3 (2.6)

,=2,=— (2.7)

ibiilanduaneleuvessiaaiuau PID daguwuulumidu

(s+zc)2

Kep (8) = Kppp (2.8)



(s+7)(s+2,)

Kep (8) = Kppp (2.9)

laefl  z, A @l50eFIAIUANLUL PID

nilaidunelowresiiniuau PID luaun1si (2.9) wWiuldiemuauagdszneuly

o a

edlsandsn eguuwnuisazinanilsdn egigaiidauuszuiuiBadou s Jauanslmiug

Y 9

mmuaumunzauiunsildldiunaudnidududvass Weihlumupunaiudiininn
= i I~ A = ° =~ o N '
dosvsiinnugeennuaysyuuondlifiiafiosnin Wesmndnudlsvesiimuauivesnitlng

YDINATUR

2.2.2 dp3nfinvasiapauny PID Tuszuududunuinninges

= 3

Tumvgnamnssutuimuau PID dulvguaiazgninluldlunaudvlinfiaud wae

Y

25 UsznaulUmeaNiIiURIN 1IN O UALD IO UAUNTINLUUAIMEAY (Frist Order Lag) #30A1

LY o

nanlsnanauausy (Dead Time) UNAIE 1 VBINISABUAUBIDUAUNTILUUAINGS AU

A v a '

TgusunsaupuTman N agisuTuiigell Idulivgiuinilndunislouvanaiud Ao

q

G(s) =— Ky (2.10)
s*(T,s+1)(T,s +1)- (T s +1)

1n8E@NTANIIVOUAUTINA1UALIRST n= N + p lne?l N Ao sdnvosnarud uag

p AeduiulnaveanaudaNa AU wallieendInIuaN PID dugnianldldegianunsay

v a

wmnglunadsudufiaesindy Fudunisernuinmindnisiadmuauwuy PID U4l

e’d‘d [ [ & 1 =l Y] a
wauA JusunvauvsagenI e swiilfe?
o lHeantua1elouYeINATUASUAUEIY AD

1
()= (5+1)(s+3)(5+6) (210

Wolafleiduarelouvesdiniuauias natuduad iin1smidiwvudlnanuisla

[ 1

(Dominant Closed-Loop Pole : s;) 1A971n8m3I1N1591U2 (Damping Ratio : &) e

[
v A

5351915 (Undamped Natural : @,) lossife



s, = (o, * jo,\1- ¢ (2.12)

INFLNUIVBILNALAUITTAT

sy =—6+ j6 (2.13)

INTAIAMILNAINR Ul IEIA (Magnitude Condition) uazvessy (Angle

Condition) A8

ZK(8)G(S) = +(2k + 1),k =0,1,2,

K(9G()] -1 (2.14)

g1unsouannlinalazdlsves z, daesmndiundafedfuLazanlnauln

Iéiweguit 2.3

Pole - zero configuration

o

6 Ksd=-6+§6
- O\
4 A\ % \ 1
;: \ \"‘< N \
< 3f N N
o . \" \\ N
) \
\, ™
E, ) \ \ .
X .
1 \ NN
\ .
0 *p3 Xp2 Xp1 x p0 © 2zq
gLl .
6 - 2 0 2
Real Axis

JUN 2.3 shumidnauazdlsves z, desnimuviuieiu

AITUIDAUINVINNTDY Z, ABIITIAIUNULAEINUIRTHUEUNILAUTINYDIFT

auRu PID Tunaudduduitany ladsgun 2.4
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s-Plane
6 Ysd=6+6
4 I Il‘v
2 "‘
% " N
g 1] . R — )(._J.__..)‘._ ........ x,4 o
£ R
-2
4
-6 - :
-10 5 0 5
Real Axs

d' Y a L% 6 U d' K S + Z 2
JUN 2.4 Eumaiusinvesiiniuau PID Tunaiudduduani we K (s) _ Kep(S+2)

MINsElsuee (S+2,)° wazdnsnveny K, 193damuny PID 3 ndlendudieg

Tou Ko (s) Tuaunisil (2.8) agld

2
Koig (5) = Keip (Z+ Z,)

(2.15)
_ 23.547(5—2.791)°

S

NUNUAINLAALEUNILAUTINTUIUN 2.4 1WHevn1sAimuaf1vedns1venglua

A 1 1

Ag 9 aznundlegaudiuniuiaulafe

Y

'
=

1. 91 Kppp =23.547 wihmadusinasiuluauinuiuiddeudeanlnawiuida
walnadslansaeteguy Right Half Plane (RHP) Feuansliiiiudnduszuuatuauiilid
W@fesnIm Fauanraneuauemsue e i dudiniulugun 2.5

2. N Ky =2.1666 m1aAusInaginnuiny jo aitunanaaziilissuuiinng

X o ¢ Y 2 & A =
LLAINYU 85\‘1LLa@NNﬁG]aUaua\?V]']\?ﬂ'TULa']WWWGLWLMULUuaN')QELUEﬂV] 2.5
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'
a

3. 1 K, =0.346 d19sugnilisanin Breakaway Point ®331n903vi9dasaziluy
UL GREITY wareglusu Left Half Plane (LHP) dsnalvilinnanisnauauas

a | i = Y ¢ Y & & v A
fmsetann Juanwanavauammsmuednaliiududdulugun 2.5

Kpip = 23.547
251

Kpp = 2.1666

il / \ , Kppp = 0.346

05

T

S
o
T
1

1
-

0 5 10 15 20
Time (second)

U1 2.5 NanaUAUDIVIAULBIANATIY

I L3 (3

Y ' Y & 1 & & a 1d v o A
fagrsuanslmiiuInaus i lusianauduazna1uavesssuullusuaunay lny

U

WU INARNEVRINITAIUANADIIUILBUAVYDINATURAUBDNALFITLIVDIAIAIUANTEUY

Ao 3-2=1 Jauansliiudfisnuudlshinenazldlea Fuwililanasinvosudnsudlseing o

szuvseanunluyufiesmidn 9 vussuiuiuge Famansvauesnoanunluliaiy
waal Yo ¥

AnaudRnlAf a1l

Ay v g.J/ va 0 Aa o i ! U o 44
mﬂmawimaqﬂmuu ATUAUTNUATVDINIATIUAN PID M159u2U099lsILAdBIRY YN

v

Waunluaruaunaudnuinnindudvass aginligeenwagseuvazldiafiosnin aan

Reulvlugaillalinsiauamaiuaudmiunaiudsuduass@uly wWu diatuau PIDA lag

(% a a 4a

S. Jung wag R. C. Dorf NlddmSumuaunaIuaAsduauay way sA.n3.A0R AsiATYg ba

< v v

UauaAInIUAY PID x (n—2) Stage PD Cascade d@wisuiunldiunatudnduduiuans

'
=

Ul ievrglvinisauauszuuiinuEfesn Ay mMuTuINdudiuveTsuuliy 9 dagld

Qe

a a a a 1
oS UNTwasLBALLANRD U
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2.3 ANNT5VBRIAIUAL PIDA

fnIuAu PIDA gniliauaitenauauastomyuadmiun1sneuauestiInTILaYAIT

YDI5TUUAIUANSURUTIANN Tae S. Jung wag R. C. Dorf toiauenannislinadl

R(s) U(s) Y (s)
Keioa (s) —»{ G(s)

'
=

5UN 2.6 1398319009052 UIUN15AIVAY PIDA

landuselouvaiiniuny PIDA fg

KPIDA(S) X KP +ﬁ+ KDS + KASZ
s s+d (s+d)(s+e)
(s+a)(s+h)(s+c)
s(s+d)(s+e)

(2.16)

= PIDA ,a,b,C:d,e

187l Kpps A8 8M3108180361AUANKUY PIDA dau a, b, ¢ uay d, e Ao Tlsuay

(%
o v (%

Inavesdialuaw PIDA aiud1du Ase a,b,c<d,e ludiuveslna d, e fodnlddAgy
Wosnnlnavasdimuauiliadeendnglsuin 4 Jsennasnsls Ingilmungves PIDA fis
nsivuaA1vesiInIUANTivi Iiaussauzdinsveswauluniifianela aunsoleu

aunstyledu

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

Keioa(8) = Kpipa (2.17)

2.4 ¥ANNITWUFIUVBIAIAIUAN PID x (n-2) Stage PD Cascade

NANNI5VBRIAIVAL PID x (n-2) Stage PD Huazdsznoulusesiniuauiuy
PID WagFIMIUALLUY PD lagdnuiuyesiiniuAuuy PD %3831u3uedlsiivagauiay

Wt U lunssuaun1suuelgI1uIUYRIdUAUVITEUUAD N FIITNITHASIANNTANEINSU
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o o A

dnanlsivousunassiuld TnelddsnisAnAe 3wu (n-2) ¢1 Nevseadinluszuu I

1AS9ET19VBITFUUAIVANLUL PID x (n—2) Stage PD awuanslaniaguil 2.7

R(s) Y (s)
K(s) | G(s)

gih’?i 2.7 Imaa%ﬁwaaizuUﬁﬁéf’amuamLL‘UU PIDx (n—2) Stage PD

NgUN 2.7 Tlaidunigleuvesiiniugy PD fe

Kep (8) = Kp (1 +T55)

(2.18)
= Kpp (S +Zpp)

laght Kep(s) fie Weidumnglouvessdiniunu PD

[y

Kep  AB SWI1018U8IAUANILUY PD

Zp A8 TsvoaAuAY PD

fnsanileidumelouresdiniuau PID 31naun1si (2.9) uasilanduaielouvassn
AIUAN PD 9nauni1si (2.18) aslguvesilendudielouvassiiaiuay PID x (n-2) Stage

PD Cascade f®

PID Controller (n—2) PD
K(s) = Koo (6 +2)(s+2) e

- oo (S+2Zpp) (2.19)

Toed  K(s) Ao Handuaelouvesiinmiuau PID x (n—2) Stage PD
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aunsadsuianduaneglouvesszuuls A

(n—2) PD
(s +2)(S+72,)-(S+2Zpp)-

K(s)G(s) = Ky pKpp - K (2.20)
() () PID" *PD nS'(S+F)l)(S+P2)"'(S+PP)
delidnannisvenesin K = KygKep - K, ey
(n—2) PD
K (5)G(s) = K 828 +2,) X (S+2pp) - (2.21)

S-(S+PR)(s+PR)(s+P,)

' (%
& a v v o 1

FIAUANLUU PID x (n—2) Stage PD Cascade @18130AIUANNATUANIIUAUAILA
andulUladueged SndsdsanuisoitliszuumvauiiiadosnmunBsiulnanisiiuan
Y0I8NS TN YBIRIRIUANIT ST UUTNaN snauauedtuazdanuarluanuzeddinlull

ANUYINVUALA

2.5 NANNITPBNLUUYDY A.AT.ANA ATLATYY

NTedninvessianiuns PID s.as. Anf Asiases IaiauenisesniuuiinIuaud
5UNI1 “Kitti’s Method” (KM.) 1ae35n1520nuUuAIAIUAL PID x (n—2) Stage PD
N91501LATIESNINANNITN (2.21) M11ITVOR 56.05. AOF A3LATYY 2HINTUIINAMWAUS

¢ al A Ay a °
KRN IWﬁGUENWa’]umﬂll"mﬂ'l']@u@l]a@ﬁmm@ﬂﬂ'ﬁﬂ'}UV’]N I@Sﬂqu\lu PD Controller 3nuu

=Y

(n-2) 7 wazidonIesiwnuveslsivegaudeiisludumianlnaiulnavesnaiudl

1Y o 1

wnyian wiluuiensalenaldanansavila wesinliddiunddnavesnarudlaeguiusy

:
wu Tuszuuilidudaduiidoddnsussanaaidududu nla
InQUsTAIAYBIN1TEBNLUUTEUUAIUANAD MLUsYesszULTifesn1snIuAs g
Whusnedisesnis ielfszuuinanisnevavsmssnuiieenuuuld wiefidenin dorfmun
19955UU Suldumaaidf (Setting Time :t,) uagAWaAugauTuls (Percent -

Overshoot :P.0.) saun1saebull
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T
, 2
_ l—é/ 0,
Percent Overshoot(P.O.)=e x100% (2.92)
—In(0.0Z 1—g2j
Setting Time(ts )= ,(£2%)
(ts) T

4 o ¥ 1 1 U ¥
t, =—— (Amunlviegluyia 2% vosranving)

g,

N1309NLUUTEVUAIUANLTE LA LANANBUALR AN IATUATAN1IEAFININT

#9901 L LITNITNIUAUVBITINIATILILALNITDDAMUUTLUUMNTUN DUAIT

[
Y

TUpBUN 1 W1dnsIN1TUN () 31NNITMNUART P.O. anNaunIsh (2.22)

Qe

URDUT 2 MAUDTITNYIR (@,) Waimvuasl t, Muaun1sh (2.22)

2

o
Y

TUROUN 3 MIHNUITY S,

s, ==L, * jor1-¢? (2.23)

%
Y

TURDUN 4 N9NLIVee S, INAUNIIAMENYME K(S)G(S) aauussuy s
TUABUT 5 MINATINVDIYUNYA S, VBITzUULUUInTa K(S)G(s) A3e3TnIs
nsmAnvsenIsAuINRaTamMIUTS N TuIes L(S, +Zpp) \HaNivz

ibinasavaaululusuteulvesaunsy (2.24)

>.6,-> 6, =+(2k+1)7,k=0,1,2,...,n (2.24)

VUABUN 6 MFWNUIDIELT (S, +2Zpp) Weldyuvas £(S, +Zpp) Mlannlu
TUROUN 5

1%
Y

TuRaUNl 7 Mensvety K 799 s, 1835suunuieuleniafiuuedsinainaunis

7 (2.21) Tng

K s (s+PR)(s+PR,) - (s+P)
) [(5+2,)(S+2,)x (S + Zpp )|

(2.25)
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£
Y

Tunauil 8 hAmnTwesvasdinuanisenwuulaluinasnsyuIuNIITIHANTS
AOUALDIVBITEUY fmanisnevaueswesszuulidulumudeiivun
A150USULAITRI1VE8BITIAIUANAUNT AN TRaUANBIIL T Ul

dl v v
uilteeanwuuld

2.6 WUIRAKAZWNANNISVDY Posicast PID

2.6.1 wWIAAYBY Posicast [10]
Posicast 1uign1smuauludrminiidisanaraiuluszuuifinisivuaan

H1A317 Weususdgndessruuniuauaglinsnevauestansndidnyasdunsding

WUUSIIUYR
flnnsanszuuiifinsmevaussiauandlugudl 2.8 Nan15noUALBITIATINVDITEUY
UAUABININTFIUVRMIAIUAN PID 5&ﬂﬂﬁﬁ1?‘jﬂLﬁﬂLﬁﬂ%ﬂiﬂi%UU@gj n137ndamazlunig
novauasaInsaesglifsaaaniines suduusnAenailugansnAeaimilsueanis
POUAUBILUY Underdamped #iszuzaan T, 9agilens Agegnavesutelay 1+ M, Tagil
Y=

M, tUu Normalize Overshoot @sdifndisus 0 9 1 fetiugaiidrdeyfie Zero Overshoot 2z

doAnaBaiun1s Damping sauandlugun 2.9

Standard 2nd Order System Unit Step Response

1.8
16}
1.4+
1.2}
% /\ J—
=) e~
£
£ \/
<

1 2 3 4 5
Time [secs.]

5UN 2.8 N13M0UALBITINTIIVDITTUUSUAUADININTTIY
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Standard 2nd Order System With Posicast Control
12 r . . :

o
o)

1/(1+Mp)

Amplitude
o
o

o
~

0.2}

Tp
0 1 2 3 4 5
Time [secs.]

5UM 2.9 N15RBUALDITIATIIVDITLUUSUAUABBIATTIMUALAIAIUAL Posicast

Comparison between of With and Without Posicast Control
18 r . . .

16¢
147}

12+

Amplitude

1/(1+Mp)

Ip . . .
0 1 2 3 4 5
Time [secs.]

JUN 2.10 WisuWsuednavasszuuniuayliiifialuau Posicast

. o & a < \ \ 2 O A o = &
Posicast 9zeNAEIBUNADDNLUUADIAIU @IULTALUUTUADUNUITUIUINZILTU

AN LAZIFALINUBINITNDUANDITDINTITUATE (Oscillatory) AFINUAIGAIEIABINTT

1 £ A

! N v PN o [ [ d‘ a
ﬁ’J‘LWIﬂ@ﬂﬂ@ﬂﬂ?iﬁj@usﬂﬁ)%aﬂﬂiUgﬂLL'UUL‘UULL‘U‘ULWQJﬁLﬂaLL@SL’J@’WV]@W?I’]LW@EJﬂLaﬂﬂ'ﬁ

MOUAUBIVBINITHNITIMARRg TR Il NAveIssUURgluANTIfBINTS TufeLwIAnYes
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"Posicast kUUATI50U" F9d1u15031a09bnelin1siinesanssife M, uay T, NARNGUD4

seuuiasUlauwanslilugun 2.10 TnefiiordneiililasunisvaeduansiaSeuiiiay

2.6.2 BanN15984 Posicast PID [12]

aNNT State Transition Equation (STE) 98353 UUSUAUEDY @ansaesuielansil

s 1 a Y(S) a)r? N 3
nflandunnglouvedisnIunuanisi == > WwLVYULTY
R(s) s°+2w,s+w;

v

dun1swaeans (Dynamic Equation) leigadl

State Equation

x| [0 -~ 1 %] o
= t 2.2
X2
Output Equation
() =| o Oj[ﬂ (2.27)
2

Faazanusaudou State Transition Signal Flow Graph (STSFG) Iéjﬁﬂ'gﬂ 2.11 el

an3u99 Mason AT Transformed STE (State Transition Equation)lﬁﬁﬂgﬂ

o.(1) on(7y)
| !
9 9
1 1 71 @y,
oy 5 . AL O
" ST o ;
X, (s5) X, (s) Y(s)

-2le,
-

n

5UM 2.11 STSFG vassvuumuanleunduduiuaes



X,(8)]_ 1[s+28m, 1] x(t) L1 1 R(s)
X,(5)] D| -@@ s %(t)] D[s

o D=s’+2lw,s+a’

19

(2.28)

TngyhnsuUasanUansnauidniuaunsi (2.28) agla STE dmsu t>t; waznue

Y u(t-t,) fedl

Le-gwn(t-to) sin[a)n J1-C3(t o)+ @J

1- 2

O gt i o 1-¢7 (t-1))
{xl(t)} Vi-¢* [ |

X, (1) ;ze'g“’"(t't(’) sin[a)nvl-é”z (t'to)}

o.\1-¢

i Lo (tg) i [ \/i \ }
e sin| @,1-¢* (t-t,) +,
L | -
1{ e4%“"0’sin[wn\/L?(t'to)'QZJ}

\/7
\/7 R AL g wda i [wn\/L?(t 'to)J

Xl(to)
X, (t, )

m' —1_ 2
lnef &, =tan™ i way @, =tan™ 44

HANDUANBIDMNAVBITE UUTUAUADY THTNTunIev L Ao

y(t) = wlx,(t) = - (; eg‘”"(“")sm{ m/l-é“z(t'to)*@}xl(t")
On__ odonlto) i h-r2-
" 1-4’26 Sm{a)n (i to)}xz(to)

+1+%e'§“’"“'t°) sin {a)n V1-&7(t-t,) +®} (t>1,)

(2.29)

(t=1))

(2.30)
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tlyidunsiiu Step Function fiffaes Step éﬁ’qgﬂﬁ 2.11 Step usnilaztoudniing
t=0 uazlvivuinAdugeves Step wsnfiindu k daen k azuifu Max. Overshoot 183
Step Response wasilafduusnilfidniiunils drmndnsinisniag £ =0.2 anaunIsi
(2.28) 3tla

P.0.=53%

AT Step WINILABILYUINAIINES

k=i=0.65
1.53

a4 1281 N1k Max. Overshoot azilAn

y(t) =1 waz y(t)=0

wazuaatlau Step Function 91 @aduilenduniheuidn) Wilulussuuingsa

= ° vy = T 1Y
t, =t FezAwualiongunIsn t,, =—1-¢2 azle
a,

n

T T 3.2

" o I= o 1-004 @

t (2.31)

2z3A" Initial State WINAUAWANBUAUBIVDY Step LINATINLAA Max. Overshoot

(138 o e b, ) TeasdAn

X (t,) =1 uaz x,(t,)=0

mﬂgﬂﬁ 2.11 waraunisi (2.31) agle

@} {(s+24@,)% () + X% (t;) + R(S)}
S°+2lw, s+’

Y(s)= (2.32)



wnuen X, (t,) =1, X,(t,) =0, R(s) =

1 [ . . ¥
= wagld Partial Function agla
S

)’ (s+2La?) N w?
S’ +2lw, +@  S(S°+2lw, + )
@} (s +2w,) +(1j @5 (s +2@,)

S+ 2ws+a} \s) SP+20w s+

Y(s)=

w |

Wy Inverse Laplace Transform agld

Yy =1 t=t,,

21

(2.33)

Fauansdnilateou Step Function wsnluuInaalad 0.65 Lilediwim t) =t W

Jeaudamnheilsidudily aclvinanavauauoisinaiinlugig Steady State viufl Asgun 2.13

TBeupuuilisendn Posicast Control &1 O.J.M. Smith Tawuzthaudusieusn

{ON

~V

a A & Y [y
aadunemdutuiule 2 seeu



~V

0 to = tmax

JUN 2.13 HARDUANBIYAIHNYINIINTUN 2.12
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FTUUNLILENYT LAZN1T9BNWUUAIAIUAY

3.1 Na1

v @ ]

Al Y 1 o Y A & 5 1

Wesandamuau PID wingknn s igiunauandududvasavindulimaneg
[ fa & [ [ = 1 ~ A o v fa & [ [ A
Aunatuanidududuaiy ¥ssuinndn weayinliaruaunaiudndududvaiy wse
wnNnIle daAruAl PID x (n—2) Stage PD Cascade a1u1satnunldiivenidaymaengn

Feoanuuungluiugivreanallaniauausn wazgninauelunseuvesiaiiuuseiiles

{ v 1

[2,7] AR LANE1IUILEL INEITNUSLAURIT AT ANTEDNRUUALANNSENIN “Kitti’s

s

Method” TaeiifnaUszasriialunisesnwuuduluniuarndesnisiaelidesiinisanstinass

9

gnuaznsgeyde Wesimuanluytmthgninuildiean Amaiuluniseeniuusiniuay

lpssasnsaznateilusyuu 2-DOF muguT 3.1

D(s)

R(s X(s)+ + Y+ Y(s
B oS0 ko [+ e >
;J‘IJ‘V; 3.1 2-DOF Control System

O
input > & output
| Ry
) Transport
Gain Delay

5U# 3.2 SIMULINK Diagram
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AIENITINTLIVBINITRBNRUUFIAIUANAILLUINIGYBY Kitti’s Method vilnszuy

mmuAuiuaduAlneUszanamusEuUsuRuamInIgIu 91NNanauaueeInistou

>

a1 oa A a £ 4 & & —ts )
BUNRNVY ﬂ'W\ql\‘iLﬂuqfiq@VlLﬂﬂmuijaWQquﬂsﬂLLiﬂ tp hiv e " A Transport Delay Ny

q

YWIAVY 1+Mp Iae My denilauandlugud 3.2 [7,10] seullinin1sdeudune asinig
Lﬂﬁaugﬂmaﬂmmﬂuaaad’m IﬂadaumﬂLﬂuﬂWiﬁ@uﬁuwmﬁumuwm 1/(1+Mp) Maa1t=0

wazduaeuunvutudulaturuin M/(1+Mp) warn1suugaa1me tp

3.2 UUAIUANNNTEREAIaUNLIImvANTTussUUsURUATY

'
=

Tuguit 3.3 [7] gnUurewaa m indinldauanimanliihiisses x nisluaves

Y
< [

nszualniluvaaanuimantuirazdeliifauseulerdauunimandugnlu usans

Y

1%
Y

1 1 <@ LY o 1 £ o ¥ A = IS
TEMRINWLLIGUTNLA L‘Viaﬂl‘l/\lﬁ’]ﬂllLL?QINQJQ’JQQSM@@JUWIV&IﬂWiLﬂﬁE]‘L!V]GUU-ﬁﬂﬂ@ﬂ@ﬂﬂu (200

a

< 3 o LY o I = a A 1 o &
L%um@ﬁ@ﬁ')"\]ﬁ]ULLE‘N"\]%LLU?NU@WNWWLLWUQ%@QQﬂUu TngUSuaun I Naoar UL SINURY

wazdadaaindullgnaasmuankazdiuidveaiioauauanssianui gntuas

1 a

Shwrdunan1sindeufioguiiingnauna uionlnoswnIuvresyuUNITADRILUURILAGN

Y 5

wandluguil 3.4 7]

controller amplifier electromagnet

) R
operating

point > W .
—>> coil

- L
X

photoresistor
light source

a Y 1 3
E'UVI 3.3 ITUVUMIUAUNTTABYAIFUNULLULAAN
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disturbance

Ef
lect t .
controller + r_____e_ef:r_orpaigrle __________ ., ball-bearing
I,(s) = 'F (s X, (s
| K(s) 1 i K L 1(S) 12 (8)
R+Ls + : ms
5
!
— |-
X, | |
_________________________________ I
R |-

JUN 3.4 URONLADZILNTUYDITZUUNITABLRIUUUNIWEN

v

A1N1SNISPADUTNVDITEUVALNTDLARNI LAGIIL:

i \2
f :CH o
X

e=Ri+ Lﬂ (3.2)
dt

d?x
m—-=mg - f 3.3
ae 53)

dlo f = useudwdnlwih (N)

C = phmsfi
I = NSELAvRIVAAIN (A)

X = svpgysrranwivanivihuazantu (m.)
e = ussulnlihiivnan (V)

R = AuUAUIUUnaln (Q)

L = avwuwilenthunan (H)

m = wiavaanaugnlu (kg.)

g = 9 usausslduni (kg.m/s?)



26

auN1sTady asutemstuwlsanyaaiunuilasulasidenidanzReulugadu
NAUVYILOUNTY “Taylor” §1AAIUTVIRAALTUAITHANINIEAIYBY "0” LAZAIRY

wUslndifeswasgasiiunisunuasiedivios 71”7 udraunisadudu

2Ci, . 2Ci2
: di
e =Ri + Ld—tl (3.5)
d2
m dt)z(l ——f, (3.6)

N13uUaIRIUaNgYeaUNITi (3.4) 09 (3.6) LiDAUNITAMRNYULVBITFUUAIUAY

ansadngulndlacail

K (s)[kB/mL]

2 e, ) (3= o )5 RIL)

=0 (3.7)

70

25

90
\ 4
100

A

0 \ YAAIN
i 25 <
LAULAN

< qniu

5UN 3.5 unvesszuU (Hadung)
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AN5199 3.1 WIS eTAINSUTEUUNTaRLFLLIEN

wwmﬁma% 73’1‘“’3“%63%1&38
X 0.008 m.
m 0.068 kg.
R 28 Q
L 0.483 H
Iy 0.76 A
C 7.39x10° N-m’/A°
k 1.765 N/A
B 1.14x10° V/m

NIUN 3.5 auwiiningnafaduainynainwuin 22 faduns Nuseuwnuman
A15UBY 3600 50U NYWIALNWEUKIUAUENAT4 (d) 25 Taduns LazAd1ue1dn (1) 100

fadluns Lagunua N wesau 9 91nan597 3.1 aslu aun1si (3.7) laandu
60990K (s)

Q) = (s 495) (s—49.5) (51 58) 29

3.3 N1399NUWUUAIAAUAL PID x (n-2) Stage PD dususzuuinliiianes

3.3.1 N1599NLUUAIAIUAN PID x (n-2) Stage PD d1msuszuunluiafesuuuy

LIANRBKIBY

Tiwaudsudun n G(s) Nzmunulaeimauean K(s) Maiduaelovauylidu
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K

G(s)=— -
sT(Ts+1)(T,s+1) -+ (T s+1) (3.9)
_ 60990 o3 N0
(s+49.5)(s—49.5)(s +58)
yauediflertudnelouves PID Ao
Ko (5) = K, +%+ Kos =Ko W 3.10)

=

K, fa Proportional Gain, K, A8 Integral Gain wag K, Aa Derivative Gain

=b.

(%
LY

Mua1eu Aeuilandudnelowvesdiniuny PD e
KRI85 Kl kN ot (et 23, ) (3.11)

Henduaielournlnd msudinaugu PID x (n—2) Stage PD, K(s) wavnaus
G(s) fo:

PID Controller (n—-2)PD
Keip (8 +2)(5+2,) x Kpp (S +2pp) - K,
5" (s+ P)(s+P,)(5+P,)

nth order Plant
Pre-assigned
_ K (s+49.6)(s+58.1) (s +7,,)60990
T 5-(5+49.5)(s +58)(s—49.5)
\ 3rd order plant ‘

K(s)G(s) =

(3.12)

91n35N15904 Kitti’s Method azlasum1 z, =49.6 uaz z, =58.1 undududu

wsn egmAnameiwls z,, war K 91ndeyavesuniufiunnuazauinmuidouly

{&K(S)G(S) =+(2k+)z, k=012 (3.13)

|K(s)G(s)| =1
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Tonmunifeinsnavesnwuulinazgnizyluleuluvesndnuugnisnauaues

FIAT1ILAEAINVDITEUUNITAIUAYL Tnoglusunuuvesd Complex-Conjugate ALy

[

Poles 2Un s, =—Co, * jo,1-¢* Al

Percent Overshoot (P.O.) = e({”/jl__{) x100% = 5% (514)
Settling Time (t,) =—In (0.02 1-¢? )/{a)n = 0.1secs. (+2%) .

ntarinuaiiaeinisiivualiluleulvvesdmisiungasusula (P.O.) ald

DMNIINITNUIG AD

e R

waganderimuamnaeousuld t (+2%) i EsTSHR e
o, =—In(0.02 N )/gts — 61.373 rad./sec. (3.16)

AeuA1vaslnaliuIUnegniunue s, =-42.354+ j44.416. fandunisene

TowsUaleglidl z,, N s, Ao

(4 +49.6)(s, +58.1)60990
sy (S, +49.5)(s, +58)(s, —49.5) (3.17)

=0.75471,927°

K (84)G(s4) W0z, =

IS = =
WUIMNBLT Zp D S, AB

arg(zep) = 7 —arg ( K(s4)G(s4)W0Zp )
= X(Sy +2pp) =108.073

(3.18)

YULRUDNLANT U
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151.214° 108.073
(s, +49.6)(s, +58.1) (s, + Z,p ) 60990
Sy - (84 +49.5)(s, +58)(s, —49.5) (3.19)
439.287°
=151.214+108.073—-439.287 = -180°

&K(Sd )G(Sd) =

d{l ISP ! o gj = o 1 I
Wen (S, +Zpp) AN 907 ATUTLS 7, AUNLIRERENIUINTBN S,

WA

lim(s,)|
tan (7 — £(Sy +Zpp))

Zop =|Re(S,)|— =27.86 (3.20)

gn519878 K v893nIuAn @usamiaainvuianutoulyvesunadaniuiu

[

&
I1NPNU

61.373 44.987 47.091 102,029
54| |s4 +49.5||s, +58]|s, —49.5  2.195

= L, (3.21)
|5, +49.6[]s, +58.1|s, +27.86[60990 1000
45,003 47.125 46.721
Fauvtnevesitsidudelowraln |K(s4)G(s,)| Fi®
(2195/1000)s, +49.6]fs, 56.1]s, +27.86[60980 502

|sq|[sy +49.5]|s, +58||s, —49.5)

(%

gavneflsiduaelewsdnaunsonanalanil:

K (54496 )(SF58.1)(S + 2,y )60990
S(5+495)(S+58)(s —49.5) (3.23)
K =2.195x107°, z,, = 27.86

K(s)G(s) =

ABIN1TANANBAUTAATY MenISNELs (S+24p) bUEs Heddudielourata

K(s)G(s) wedwwinludamaunuludamtilawugily

K (S) = 2Zpp /(S+Zpp ) (3.24)
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[

I 1 Y Q) v v &
5$‘U‘UI®EJi’JZLI%3L‘U‘UQ'TU?S&I'WﬂﬂMLﬂu33UU8u®Uﬂ@QQJ’Wﬁ§’m JU

Y) [z K (375 )60990
R(s) s+7., )| S(s—49.5)+ K(s + z,,)60990
3.73x10° (3.25)
" §242-0.691-61.0735 +3.73x10°
¢ o, w?

3.3.2 N1599NLUUAIAIUAN PID x (n—2) Stage PD d1wsussuuibitafesuuuy

nalifailanigBLBeLE g
Tupsunisoenwuuly [7] louandlimudsiauausufonty s lawufedsilaun
Weunlddmaiuansuuailideilieddy z lawn Juneussliiioniliiluluniuainy

AoansrensvidImuAsLUUlidellasislawandlugunni 3.6 [6]

Design
CT System CT controller

Discretization¢ ¢ Discretization

DT System | —» | DT controller
Design

;a:‘dﬁ 3.6 Discretization

Wi\ ° A4
y(k ="
x(k-1) [X(K)
T -

§1J fi37 Trapezoidal Approximation.

Hegra1eTBdmIUNITUUaRINTEUIU s g5vuu z Msudasidauuniueusening

sT

aanauazszunu z Ais z=e", e T Asnaiwuugu agslsinunisulasisaumailandu
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'
=

aa 6 o 1 1 v 1 Y o 14 1
NANER LL@B‘WQWUUQ’]EJIE]UIM?HM’WOLLﬁﬂ\‘iI‘HE‘ULLUUGU'ENE]G]T]?{'JUGU@\‘IWHU'HJ‘IW lense

(%
aa o Y'Y

nsldinsesliodanaItuvesdiniuAuuuABNiIMesLUUATTa deludaldnisudag
Tnguszanauwny Tugud 3.7 Tnglisauswiiuiion k 1y y(k) waz k-1 Junslilag
y(k —1) WHenunuszunaldidulasho

y(k) = y(k—1)+TE{x(k)+x(k -1} (3.26)

ynisulas z luaunisi (3.26)

Y(2)=27Y(2) +T§[X (2)+z7'X (z)]

(1-zY)Y @)= TE(l+ 21X (2) (3.27)
Y() T(l+rz .(zlj
X2 | @8\ 7 Ns

ilandutglouressiinauny PID x (n-2) Stage PD, K(s) densltiimngauiiazgn

wasannanseieafunailuseiiedagldiids ‘c2dm’ Tulusunsa MATLAB (o9 ndls
agluAwilainnandinulnaludims anniseeniuusiimuaukuunatlisielios Naue
Tu [5], Handudrglew K(s) arursadeulvalusiuvunyuiuiivendiuazainlunis

Discretization neldnisulaudy

K(s)= K(s+2)(s+2,)(S+ Zpp)
S
c.s’+Cs°+CS+C
- 3 2 1 0 (328)
S
¢, =Kz,2,2p, € =K(2,2, + 2,255 +2,Zp),
c,=K(z,+2,+12,,), ;=K

gavnenisiisuluaswuuiBadugannsamualani

s= 3(2—_1j (3.29)
T\z+1
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laedl T nunedananlunisdusiiegne Guiil / daegne) lngnisidsudduyseans
warailonduduuszansawuulisaidowdr dmuguuuunailddeilesdiyuuuunis

wanseanwuulanlnsulag

K(2)= d,z®+d,z* +d,z+d,
(z+)(z+1)(z-1)

d, 2T? T 4T  8||¢
d, 1| 2T? 3T® AT -24||c
d, | 2T*|-2T% 3T° -4T 24| ¢,
d, —2T> T° 41 -8||c

(3.30)

dmiunainuudy T =1/500 sec/samples siapruauuuunasatiodluaunisi

(3.30) gz dusimunusuuliseides uaassuaiaulanadl

K(s) = K(s+2z)(S+2,)(S+ Zpp)
S
| 2.195x107%(s +49.6)(s +58.1)(s + 27.86) 550
: .
(s+49.6)||(s +58.1)||(s+27.86)]
k() 2.506x10° (2=0.995) (2-0:89) gz - 0.946)
(z-1(z+])
suvfanaufluaunisit (3.9) Sl Buuuulideidiondu
3
G(z) =5.779x10° FL (3.32)
(z—0.906) (z—1.104) (z 0.89)
|(s+49.5)||[(s—49.5)| |(s+58)|
Mnduilsidumelowalinanmnsauszanaldiiu
K (2)G(2) ~ 0.145(z —0.946)(z +1) (3.33)

(z-1(z-1.104)

ilaidudnalowrUanewsstoudusmuauludrmihnuusiliagladu
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Y(z) _ 0.145(z -0.946)(z +1)
X(z)  (z-1)(z-1.104)+0.145(z —0.946)(z +1) 330
_0.145(z-0.946)(z +1) '
1.1452% —2.096170z + 0.966830
Tuiid feuauluinemthie
Ki(2)= 9027(z +1) (3.35)
(z—0.946)

ntulagsinvesieiduaeloudmniuaunisi (3.35) eunsuiigaunisi (3.34)

Y(z) 3.915x10 (2 +1)°

2 (3.36)
R(z) 1.145z% —2.096170z +0.966830

A a 6 1 a < v o A & o 1 YY)
\efigaldnaunish (3.36) LuszuuduiuiaeInsgiu daidunisangloudustu

[

a ° o A v g
Papsnasguansagnviuuuliidelieslndsil

0.015
G(s)—— )’ ) BT @’ T? (2+1)°
S°+20w,8 + o]
a, =(4+4{w T +w'T?)=4.352,
a, = (-8+2w’T?)=-7.97,
a,=(4-4,w T +a’T?)=3.687

2
a7 +o.l+o
2 'R 4 (3.37)

PNANNTT (3.37) edulszavdasiife a, =4.352, o, =—7.97 uay o, =3.687

(
m?/ U

AUAIAU satUAElaSuNIsTuduIImalian1seanwuUauslaeldIsUe 9 Kitti’s Method

AN1150UTEUNUSEUUNINNSANEN LAtaessuudus uNdaala

aunsavinnIseenkuUmIAUANIINTe T8 lauNn T

Y(s) bs"+b,s" 4 +bs+h,
U(s) s"+a _s" +--+as+a,

(3.38)
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nilanduaelennnsgiu annsadeuvienlaesunsuladigui 3.8

—{b]

VoD

Rel

w | =
ke
2

v

w |
=<

A 4
&

gﬂ‘ﬁ 3.8 Simulation Diagram For The Direct Programming Technique

(Controller-Canonical Form)

a13nsnLsuudantaaznid The Observer Canonical Form (OCF) 28352u1u s 1o

PRIUN 3.9
u(t)
: :
A % Y. v
Z s O
2
*

3UN 3.9 vdenlaezunsy OCF va3ssunU s

Tuvihuasfeduddidedtuaeloudy

Y(2) _ BT+ B+ Bzt (3.39)
U@ Z’+a,2’+az+a, '
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anunsadsuldentaezinsy OCF ¥0358uU Z ladegun 3.10

u(t) ;

By 2, Py
+ % + % é + YO
+ 2 z T> + 2 +

-a, a,

t $ :

JUN 3.10 vfenlnesunsu OCF v0458UU 2

State Space Model dwsuudenlaozinsuvasimuauuuuailideilies 3ngun

2.10 19910

X (k +1) 0 0 —a || x(k) By —of
X, (k +1) =110 =y || % (k) + :Bl _alﬁs E(k)
X (k+1) 0 1 -—a, | X(k) B —a,p5

m(k) = x, (k) + 3, e(k) (3.40)
kI3 kI3
y(k) u(k)

Naun1sh (3.40) wazudenlaezwnsuluzufl 3.10 ralddunuimnsdmiunis

Implementation Of Difference Equations sialula

R(2) E(z) U(z) Y(2)
K(z) » G(2)

JUN 3.11 Tassadeveanssuiumsniuauwuuailisaios
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nisiduaneleuvessaauay PID Tuaunisit (3.31) Weulndladu

K (2) = 2.506x10° (2=0:909)(2 ~ 0-89)(2 - 0.946)
(z-D(z+))

(3.41)

ausavinnIsInaeswanauauasaiimuAnUamelusunsy MATLAB ledd

. 23-2.74122+2:503522-0.7619557 ‘EI
z3+z2-2-1

Step Scoped

Discrete
Transfer Fen6

5UTl 3.12 SIMULINK Diagram wassamuamnadiauuunanhiseies

£

Naunsh (3.41) Midusuuusnsgiulanag

K(Z) Al ﬂsza +ﬂ222 +ﬁlz +ﬂ0

s (3.42)
C+o,2" ozt a,

Tnefin1dudsedninefiae B, =2506. [, =—6868.946, f, =6273.82112,
B, =-1909.460984, o, =1, o, =1, o, =1 W oy = -1 AUAWU

-3

° i ¥ YA v v
NsANENNTTN (3.42) 998 — aunsaeulnladuy
z

K(Z) — ﬂe +ﬂ22_1 +1812_2 +ﬂ02_3

(3.43)
l+a,2 +a 2 + a2

oy K(2) = M) _¥(2) vl du Difference Equations el
E(z) U(2)
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mK) _ B+ Bz + B+ Bz

ek) l+o,zt+oz?+a2 (3.44)
MK) (1+ a2t + 7 + a2 )= (B, + By + Bz 7 + B2 7% )e(K)

naun15 (3.44) 9gld Difference Equations @

m(k) = —a,m(k —1) — eum(k — 2) — erm(k —3)

(3.45)
+,8(K) + re(k =1) + pe(k —2) + fe(k —3)

A13°99 3.2 W5 ilmesvesAeMHATRIRIAUANdIMIUNSITUTRsENN1TT (3.45)

k | mK& | mkl | mk2 | mk3) | ek | ekl | ek2 | eks3)
0 0 0 0 0 0 0 0 0

1 2.506 0 0 0 0.001 0 0 0

2 -6.868946 2.506 0 0 0.001 0.001 0.001 0.001
3 11.28582 -6.868946 2.506 0 0.001 0.001 0.001 0.001
4 -15.6474 11.28582 -6.868946 2.506 0.001 0.001 0.001 0.001
5 20.06569 -15.6474 11.28582 -6.868946 0.001 0.001 0.001 0.001

Time (second)

JUN 3.13 maneuauesasiimuanInlawuunaildsaiiesiieanuuuly
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amvualy Sampling Time = 1/5 sec/samples, Final Value = 1/1000 uag

ANNTITNBTIINANS19T 3.2 AglnanauauaveaimuALLUUnaT Wraaoanwuull

MaguNl 3.13 Jamanevaussvesniuanlawansliviuinssuudalifiadosnm

11N1591889NANDVAUDIVDIRIAIUANIUAMIELUTUNTU MATLAB lasiivunly

a

Sampling Time = 1/500 sec/samples waz Final Value =1 wiﬁﬂﬁaﬂlmﬁmmimﬁqgﬂ

3.14 LLazwamauauaﬂﬁﬁquﬁ 3.15

23.2.74122+2 503522-0.7619557 ’EI
z3+22.7-1

Scopel

Discrete
Transfer Fen?

sUfl 3.14 SIMULINK Diagram vessienugsnslanuunanlideiios

Amplitude

Time (second)

3U# 3.15 waneuausvewnaiuanUaLuunaliseliesneeniuull

9n3UN 3.14 axlinanouauewiaguil 3.15 aznuliindessuuiidanuianain

mmuaNazinIsUsuiuazilinanauaueadulunue Final Value = 1 filarwualy

WAL wazlandlmiunadesAINUDIsTUY
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JUN 3.16 shetgaudentneziniy OCF Tussuu z veeszuududuges

feganmsesnLuuiimuAlaInuasnlaesunsy OCF vedssuusuduaadly

JUN 3.16 anansadeulanadl

//

1%
Yo A

10
20
30
40
50
60
70
80
90

read difference equation parameters and initialize variables;
set FLAG = 0;

select sample period, start clock;

if (FLAG == 1) print (“sampling period too short”) and exit;
while (FLAG == 0) wait;

u = adc_in();
y = x1 + b0*u;
dac_out(y);

x1 =x2 + bl*u + al*y,

100 x2 = b2*u + a2%y;

130 goto 40;

//

40
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Root Locl of the controlled system inz-Plane
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ABSTRACT. This paper aims to present a discrete-time controller design for a
two-degree-of-freedom (2-DOF) control system connected with Posicast function to
stabilize an unstable third-order or higher-order plant. The continuous-time controllers
used in the 2-DOF control system, the proportional-integral-derivative (PID)x(n-2) stage
proportional-derivative (PD) cascade controllers and the forward controller, are
designed by using the Kitti’s method. The Posicast function is used to eliminate an
overshoot in step response. Based on the continuous-time controllers designed in the
s-domain, the discrete-time controllers with closed-form expression in the z-domain are
then calculated by using the bilinear transformation. The magnetic levitation system is
employed as an illustrative case study of the unstable plant to be controlled. By
comparing the discrete-time system with the continuous-time system, the effectiveness of
the proposed discrete-time controller design is verified by MATLAB simulation results.
Keywords: PIDx(n-2) stage PD cascade controllers, forward controller, Posicast, 2-DOF,
Unstable system, Discrete time, Kitti’s method, Bilinear transformation

1. Introduction. In order to effectively control an n-order plant, a technique to design the
proportional-integral-derivative (PID) and (n-2) stage proportional-derivative (PD)
controllers in cascade connection has been presented [1]. This proposed technique, later
referred to as ‘Kitti’s method’, is based on root locus approach to determine controller zero
locations for approximating the overall system to be second-order system as well as for
satisfying both transient and steady state responses. The structure of a two-degree-
of-freedom (2-DOF) control system combining the forward controller and the PIDx(n-2)
stage PD cascade controllers together to reduce the amount of overshoot in transient
response has been also introduced [1-2]. Therefore, the proposed PIDx(n-2) stage PD
cascade controllers can be utilized instead of a classical PID controller without depending
upon any tuning methods. For achieving these cascade controllers in digital form, the
design techniques based on the Kitti’'s method have been suggested [3-5]. With
discrete-time controller design techniques proposed in [3-4], the continuous-time control
system is initially determined in the s-domain. The structure of discrete-time cascade
controllers then can be calculated by using the zero-order hold (ZOH) [3] or the bilinear
transformation (so called Tustin’s method) [4] for discretization. There are four unknown
parameters to be defined when designing the discrete-time cascade controllers. The Kitti’s
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method is applied in the z-domain for determining the controller zero locations and solving
other unknown parameters to complete the digital controller design. However, especially
for too short sampling time (or too high sampling rate), it is quite difficult to determine the
controller zero locations in the z-domain. With the ZOH and bilinear transformation
methods used in [3] and [4], respectively, using bilinear transformation provides the better
step-response characteristic than using the ZOH at the same sampling time. In order to
reduce the complexity in discrete-time controller design, an easier technique based on the
Kitti’s method for determining the controller zero locations in the s-domain has been
presented [5]. Based on the continuous-time cascade controllers designed in the s-domain,
the discrete-time cascade controllers expressed by closed-form formulas can be obtained by
using the bilinear transformation for discretization. There are only two unknown controller
parameters to be solved in z-domain. Recently, an application of Posicast function to the
2-DOF control system for nonlinear unstable plant like a magnetic levitation system has
been introduced [6]. This proposed technique is a combined approach of the Posicast
function, the forward controller, and the PIDx(n-2) stage PD cascade controllers to stabilize
the nonlinear dynamic system with no overshoot. The forward controller is used to provide
the target overshoot in step responses, and the Posicast function is utilized to eliminate the
overshoot. Thus, the system transient response that contains no overshoot can be obtained.
In order to be more useful, the aim of this paper is to present a digital controller design
method to achieve a discrete-time version of the existing continuous-time Posicast
PIDx(n-2) stage PD cascade controllers proposed in [6]. The performance of the proposed
design technique was studied through the MATLAB simulation results.

The rest of the paper is structured as follows. Section 2 explains the proposed
discrete-time controller design for controlling the magnetic levitation system [7], which is
an example of unstable nonlinear plant. Section 3 shows the simulation results to
demonstrate the effectiveness of the proposed technigue. Section 4 concludes this article
with future work.

2. Proposed Controller Design. Generally, there are three concepts for designing digital
controller as depicted in Figure 1; discrete design concept shown in route (1), sampled-data
design concept shown in route (2), and digital redesign concept shown in route (3) [8]. The
proposed controller design is based on the indirect digital redesign concept by extending
the continuous-time design procedures to the case of discrete-time design procedures. The
details of the proposed controller design can be explained as follows.

Continuous
Plant

Design

Continuous

Controller

Discretization

N

N\ _Sampled-Data

~ Design
)
Sa

Discretization

Digital
Plant

Discrete
Design

)

Digital
Controller

FIGURE 1. Three concepts for designing digital controller [8].
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FIGURE 2. Magnetic levitation control system [7].

controller amplifier

operating
point

TABLE 1. Measured parameters of the magnetic levitation system in Figure 2 [7].

Parameter Description Measured Value
X0 Distance between electromagnet and ball bearing | 0.008 m
of the operating point
io Coil current of the operating point 0.76 A
m Mass of ball bearing 0.068 kg
R Coil resistance 28 Q
L Coil inductance 0.483H
C Constant 7.39x107° N.m?/A?
B Constant 1.14x10% V/m
Kk Specified parameter in (2) 1.756 N/A

2.1 Continuous plant under control [7]. The magnetic levitation system shown in Figure
2 is used as the unstable nonlinear plant to be controlled in this paper. The characteristic
equation of this control system including the transfer functions of the controller and plant,
K(s) and G(s), respectively, in the s-domain can be written as

F(s) =1+ G(s)K(s) = x,Lms> +x,Rms® —ki,Ls —ki,R + K (s)kx,B =0. (1)
where k=2C % (2)
0

From (1), it can also be stated as

kB
K(s)kx,B K(s) mL

. T —=1+ - -
x,Lms® + x,Rms? —ki,Ls — ki,R o | Ko |[ o [Ki (S+R]
mx, mx, L

Substituting the parameters given in Table 1 into (1), it can be approximately given by

~ K (5)60990 ~ ~
Fs) =1+ (s+49.5)(s—49.5)(s+58) =1rKE)G(E) =0 )

F(s)=1+ =0.(3)

2.2 Continuous-time controller design [6]. Figure 3 shows the 2-DOF control system
including the forward controller Ks(s), the cascaded PIDx(n-2) stage PD controller K(s),
and the plant G(s). From (4), it is seen that the plant under control is the third-order process,
so the plant transfer function can be rewritten in general form as



800

D(s) _ @—’@
R_(S)> K. () X(s)+ . KE) 5 + +_Y(>S) input Q output
T
i Transport
Gain Delay
FIGURE 3. 2-DOF control system [6]. FIGURE 4. SIMULINK diagram [9].
G(s) K 60990 n=3,N=0. (5)

TS+ D(Ts+D (Ts+D)  (5+495)(s—495)(5+58)

From the desired specifications for unit step input in term of the percent overshoot (P.O.) <
5% and the settling time (t;) < 0.1 sec, then one of the dominant closed-loop poles at
sy =—42.354+ J44.416 is obtained [6]. Based on the Kitti’s method, the open-loop

transfer function is

PID Controller (n-2)PD Pre-assigned
KG(s) = Koig (8 +2)(s+2,)xK 4 (s+2,) K, K (s+49.6)(s +58.1) (s +z,,)60990 ©)
~ sesM(sHp)(sHp,) o (s+p,)  s-(s+49.5)(s+58)(s-49.5)
nth order Plant 3rd order plant

The angle and location of the zero of (s + zpg) can be determined from the root locus angle
condition, which are
£(s+2,,)=108.073, -z, =-27.86. (7

The controller gain at sq, K = 2.195x107%, is determined from the root locus magnitude
condition. Hence, the closed-loop transfer function can be approximately expressed as
Y (s) K(s+ 7288 )60990

X(s)  s(s—49.5)+K(s+2,,)60990
To minimize the overshoot caused by adding the zero of (s + zpq) to the open-loop transfer
function KG(s), the following forward controller is employed.
Kf(s):zpd/(s+zpd) 9)
The overall control system then can be approximated as a standard second-order system,
which is

Y(s) NL 7., J[ K (57560990 3.73x10°

R(s) spz0 || s(5-49.5)+K(s+2,,)60990 T §%+2-0.691-61.0735+3.73x10°

§ ), [ON
From the unit-step input response of the standard second-order system, the maximum
overshoot My is dependent on the damping ratio ¢ only, which can be stated as

(8)

(10)

M, =e ¥ 0,05, ¢=0691. (11)
The maximum overshoot can be occurred at the first peak time, which is
t) =7Z'/a)n 1-¢? =0.071secs., «, =61.073 rad/sec. (12)

To eliminate the overshoot in transient response, the Posicast function is used to rescale the
unit-step input R(s) before applying to the forward controller Ks(s) (see Figure 3). The input
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R(s) is rescaled by the factor (1 + Mp) in two parts as follows:
Posicast =1+ P(s)

1 My s M My s

+—FP g =1-—PF 4 P v, (13)
1+Mp 1+Mp 1+Mp 1+Mp
—
(1) e (1) e

From (13), the Posicast function can be simulated by the SIMULINK diagram as shown in
Figure 4 [9], where d = Mp and e™"*° = transport delay are defined.

2.3 Discrete-time controller design. The transfer function of the PIDx(n-2) stage PD
cascade controllers, K(s), still is not proper to be converted from continuous time into
discrete time by using ‘c2dm’ MATLAB command, because the number of zeros in the
numerator is greater than the number poles in the denominator. Based on the discrete-time
controller design proposed in [5], the transfer function K(s) can be rewritten in polynomial
form for ease of discretization by using bilinear transformation as
K(s+zl)(s+zz)(s+zpd), SRS 6,8° 4,52 4GS +C, |

S S (14)
¢ =K(zz,+72,+2,2,), ¢,=K(z,+2,+7,), ¢ =K.

K(s) =

Cf= Kzlzzzpd,
The bilinear transformation can be defined as

2(z-1
SZ?(ZTJ' (19)

where T denotes the sampling time (sec/samples). By transforming the continuous-time
coefficients into discrete-time coefficients, then the discrete-time controller with
closed-form expression can be given by

d, 2Ty G INT (o8 yf ¢

K(Z)=d323+d222+dlz+d0 d, A 1/ 2T 3T 4T -24]||c, (16)
(z+D)(z+1)(z=1) ' |d | 2T?| =212 31° -4T 24|lc,|
d, _2T? T3 4T -8||¢

At the sampling time of T = 1/500 sec/samples, the continuous-time controller K(s) and the
discretized controller K(z) can be, respectively, expressed in

K(s+2,)(S+2,)(S+2,4) _ 2.195x10°°(s +49.6)(s +58.1)(s + 27.86)

K(s)=
: 0.905 0.89 0.946 S (17
K (2) = 2.506x10° (2=0:909)(2 ~0-89)(2=0.946)
(z-1)(z+2)
From the plant transfer function in (5), the discretized plant is
3
G(2) =5.779x10°° (2+1) . (18)
(z—0.906)(z-1.104)(z—0.89)
Then, the open-loop transfer function can be approximately given by
KG(z) ~ 0.145(z —0.946)(z +1). (19)

(z-1(z-1.104)
The closed-loop transfer function can be approximately expressed by
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Y(z) _ 0.145(z -0.946)(z +1) _ 0.145(z -0.946)(z +1) (20)
X(z) (z-1)(z-1.104)+0.145(z —0.946)(z+1) 1.145z° —2.096170z +0.966830 '
The transfer function of the forward controller is
0.027(z +1
K(z)= # (21)
(z—0.946)

From (20) and (21), the transfer function of the overall 2-DOF control system can be
approximately given by

Y(z) _ 3.915x107°(z +1)°

R(z) 1.1457°—2.096170z+0.966830
To prove that (22) is the standard second-order system, discretizing the standard
second-order transfer function can be stated as

(22)

w; oiT?(2+1)°
G(s)=— . == G6(2) =—= ), , (23)
S*+24w,S + w, o, + a7+ a,

By comparing (22) with (23), the constant coefficients are a» = 4.352, o1 = —7.97, and oo =
3.687. It is confirmed that the proposed design technique using the Kitti’s method can
approximate the studied system by the second-order system.

3. Simulation Results. The effectiveness of the proposed discrete-time controller design
for controlling unstable plant was studied through the MATLAB simulation results. Figures
5(a) and 6(a) show the root loci plots of the studied magnetic levitation system without any
control in the s-plane and z-plane, respectively. It is evident that the uncontrolled system is
unstable, because one real pole is in the right half of the s-plane, and one pole is located
outside the unit circle in the z-plane. Figures 5(b) and 6(b) display the root loci plots of the
controlled magnetic levitation system by using the continuous-time Posicast PIDx(n-2)
stage PD cascade controllers proposed in [6] and by utilizing the discrete-time Posicast
PIDx(n-2) stage PD cascade controllers proposed in this paper, respectively. It is seen that
the pole from the integral term at the origin can bring the unstable pole to move across the
imaginary axis towards the left half of the s-plane. Figures 7(a) and 7(b) illustrate the unit

Root Loci of the Plant Root Loci of the controlled system
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FIGURE 5. Root loci plots for the uncontrolled and controlled systems in s-plane.
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step responses of the continuous-time system controlled by the controllers proposed in [6]
and the discrete-time system controlled by the controllers proposed in this paper,
respectively. The blue solid line, magenta solid line, and green dashed line represent the
responses of the studied plant controlled by the PIDx(n-2) stage PD cascade controllers
only, by the forward controller in combination with the PIDx(n-2) stage PD cascade
controllers, and by the forward controller in combination with the cascade controllers with
increasing the controller gain to ten times of the designed value, respectively. The black
dashed line shows the Posicast command for splitting the step input into two parts, and the
orange solid line represents the response of the studied plant controlled by all controllers
used in connection with the Posicast function. It is shown that the discrete-time system
yields the same desired control performance as the continuous-time system. In addition, as
shown in the magenta solid and green dashed line graphs on both Figures 7(a) and 7(b), it
appears that the forward controller can reduce the overshoot and the Posicast function can
provide no overshoot in the response to the step input.

Root Loci of the plant in z-Plane Root Loci of the controlled system inz-Plane
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FIGURE 6. Root loci plots for the uncontrolled and controlled systems in z-plane.
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FIGURE 7. Unit step responses of the studied control systems.
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4. Conclusions. The digital controller design technique by extending the continuous-time
controller design previously proposed in [6] for the 2-DOF control system connected with
the Posicast function has been presented. The procedures of the proposed design method for
controlling the unstable third-order magnetic levitation plant in the case study have been
described. The performance of the discrete-time Posicast PIDx(n-2) stage PD cascade
controllers designed by the proposed technique has been confirmed by comparing their
MATLAB simulation results with those of the continuous-time controllers. An evaluation
of effects of different sampling time periods on the discrete-time controller performance is
the future research of this paper.
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