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wisfilaesuniiaraugy PID viansuduudsiaaua PID Fagnuduusdasimnsiidl
Uszaumsaieinmianilu plant (ignsuiuuidminmiivefussianuns PID ibudnnu



ann TuiurBnass-Tlaadldauengnisuiuudsrndnausy fingmsuiuusdend il
danuldluuamasnuavgiiovasudnfniuam)

ngmiviussnvesBinaes-tlaadilegandit Hisiniluarasuserivazdaane
Wudauied]

2.1.1 8usn

Witusnilismesuranovauesyes plant sedygradutilavnaviionhsu (nput)
191NN 1INAABY ﬁauam‘lugﬂﬁ 22§ plant WyavuusIUIRUE (ntegrator)
w38Lift dominant complex-conjugate poles fiunansuausadgaaiutlaezaii
7U S-shaped Fauanazui 2.3 Bilaunsne Uil mansuauswiedygraduiulaeuds
(input) \Bugy S-shaped, uanauauauﬁ'ﬂﬁqdaﬂ':utuﬂmijv'uﬁ’uimﬁma'ﬂ 2191910015
yaasaviesndiasmarans (dynamic) 904 plant

&

l_

= —p-} Plant

u(f) 1)

| o W < '
;Uﬁ 2.2 namevaverodggututiulaguiaviiimisgyss Plant

LUNY
Tangent linc ot
inflection point
K =
01 /) ™
—{ L T—

U7 2.3 naneuausadildsguia S

|3 1 4 u L) [y L] -J -
WulAaguda S oeduunmugadnwusisansdnauadididu naseds (delay
time) L uwaza1nid (time constant) T, wausslaasianeds aunsamlélasnis

sndudura (tangent line) Aynaziiou (inflection point) veaduldvgui S uazmldann



msrafuraududula (fangent Une) fuuauwia (time axis) wasdy () = K fuandly
-
Jun 2.3

319t 2.1 mavuusienfinaet-ilaaduunanovauategfue plant (G8usn)

Type of
Controller K, T Ty
T
P —_—
I3 00 0
‘u L
PI 0.9 I 03 0
T
PID 12 Y 2L 05L

Transfer function C(s)/U(s) Ssomussanalafisssuududy 1 (first-order system)
i .4 A :
Pieudrvesdoya transport lag il

C(s) Ke™ (2.1)
U(s) T Ts+1

o " L 4 d
Hinaosuarleaduuniliviviwes K, 7;, wae T, mugmsiuandlunsiei 2.1

-l V1w al e Y. 3 v
dundanalaihmunu PID vfuussmmeitusnvesngiinass-ileaadeslv

i

G.(s)=K, [l+%+']}s) @2

Ge(s)=1.2£(1+i+o.51:s)
I\ "2z
1 2
[Hf)
G.(s)=0.6T~—L2_
5

|
U

Y - < o o . Y w -
wiuseuau PID 34 pole wiladafigaidusiu (origin) wa zero rfugesiin s=~1/L



2.1.2 5¥lams

n-i-J 4’ [ 1 [
WAl wsngamsnezUiual 7 =« kag T, = Ouszl¥nispauquuuudndiu

. . - -l - |- -
(proportional) ifietagudie? (mugui 2.4) Tasmaiiudn X, 9n 0 ldwivingn &, e

@ » - ‘ t o ' . . ¢ '

vhlilduresn (output) Suunitptnsewlies (sustained oscillation) éhuesn (output) a
A t ' 4 (%) 1 - : | 4 L3

fimauniedwieidesdwivar X, lnqfnuudy Bmsiflildminsoiunysegndldla)

- - - W
Failudrdniningn K uasmunansuaussiinienst 2, Saunsamilaeinnimaaes g
| - e nw v - o
U 2.5 dinaei-dlaadlduunihliinwivdmeiieed K, 7, uay 7, mugnsfiuanily
-
RN 2.2

1) w(® o
—-——@—» K, | Plant s

3

gﬂ‘ﬂ 2.4 close loop Y84 UV proportional

o} y

1 1 1 J L
Tl."ﬁ 2.5 NMIUNNDYNATUNIRILAIVIAT P,

4 o !‘: ) iy -] -] 4
A19adl 2.2 msuiuiindinasd-laaduuAnings K, uesseeringn P (35Rasd)

Type of .
Controller K, T; Ty
P 05K, 00 0
1
Pl 045K, 12 Py 0
PID 0.6K, 05F; 0.125F,




L. - “ 1 cnad - L4
dunalaindnugu PID fignuFuudsingiiinassuesnginasi-dlnadlyv

G(s)=K, [1+-%+Tds) @3)

i

G.(s)=0.6K_ (1+ 5 51 +0.125F;,3J

A

or

2
s+—
2]
G.(s)=0.075K, P, *—=2

»
|

Fafusamuey PID Fafl pole wiliiaitgaiTusiu (origin) uae zeros $ituani s = ~4/P_

Junaliin Sruvusiasisndnmanduesssuudrld (wuj transfer function) Sy
iran3al#is root locus iamiArdnTreIeingn K, wararmfysinisuniiegng
nolesfl o wlo 27/, = P, smdrilamnsomlfaingadaves root locus fuunu jo
(hilddindrmaiu root locus leilddauny jo Seilarbignunsoldls)

Sofmiity ngmyuiuusedrvesdinani-dleaad (Lazngnisuuusieduy Minausly
wna1sanee) lasimaniluldlunisuivuds PID pganiseluszuumuaunssuiums
(proceess control system) tlewarnans (dynamics) 989 plant furiusulinsus vaned
Frinanngmauuudsdaindrnduitigadléinivssleniduetiann ngnisuiuusesed
naef-tlaadSuduilutusuianniadiludszgndtunasmans (dynamics) vae plant #
IR fmarans (dynamics) ¥eq plant nrustvsliegnaedfiddinseiniins oy
PENRUUTYUURIUAN PID sifisngnisuiuuivesinaes-llnad)

2.2 ngialudmiunnsaiag root loci

aglumsa$s root loci

3Bues root loci I#AnALTuTne W.R. Evans Tl a.a. 1948 uasldgnianntusndeld
JipsziiareenuuusTuUBENN eI nAag lumsaiis root loci gnasieiulasendy
AW USIEWINN poles Wae zeros 489 G(s)H(s) uas zeros va3auN1RMANYME
AQAINY anirdelfnnsasine root locl war complementary root loci 1wty usedu
A1% plot wuumeuq windy frfeentsmudednazBenlundasqs wwdeseidonts
AT IIMIAIREY



22190 K =0
" K =0 uu root loci fiauysaiasagil poles 181 G(s)H(s) Tnu#t poles Tuitil
321189 poles  infinity 2

fignl vinauns
fIls +z’| 1 (2.9)
|G (s)H, ()] = H—= I
l—ﬂs + pjl

J=

e K Wilnd 0 aunns (2.4) exdisdnlng o wasszamiedunsil s Wnlnd poles
199 G,(s)H,(s) 30 poles vo1 G(s)H(s)HuRa s fdndalnd -2,(i=12,.,n)
qfua:uﬂ’ﬁ'umngﬁmmsn’lﬁlﬁ'ﬁy‘qﬁ’unsrﬁ'uiN root loci Wa¥ complementary root loci
wiednees K unsdifbilddaedomny

fhotie 2.1 finsanaumsnoluil

(s +2)(s+3)+ K(s+1)=0 (2.5)
o K =0 9Invaaaum13eeegil s=0 , s=-2 uag s =-3 mudwy dmsauns

| 1=t £ 1 ~ L) L 1
(2.5) fromeuinlifiduuszans K of (wdnmamIaumsRuansnefsmendiil fse-
vt K egiuiSunin Golden rule) aums (2.5) senanuiiu

2 K(s+l) (2.6)
L GE@HE) =1+ ===
e
_ K(s+1) 2.7
GOHE) = 6+

sudhuitnuesauns 25) dle K = 0 seilu pole vasflaritu G(s)H(s)uaunas
(2.7) 3 2.6 uamada root loci Aieanysalidle X ey 0



splane tJjo

*
1]
”"-
:::

Ul 2.6 90t K = 0V root loci fiauyseldwvanms (2.5)

2229 K=+

1 K = oo Ul root loci fiauysainsogil zeros ve G(s)H(s) Wwidaiu zeros
Tusitisanda poles 9 infinity f

fignl $hadeaums (2.4) dle K 1#lng + o auns (2.4) sudidnidlng 0 Favxauny
fu s Wlna zeros ¥81 G(s)H(s) ufe s fimudhlnd —z,=(j=12,.,n)

dhnt 2.2 Rersanauns (2.5) Snafamils

s(s+2)(s+3)+K(s+1)=0 (2.8)
[ -
miviniie K fisngann aunis (2.8) sznasiiy
K(s+1)=0 (2.9)
- o 1 & -d
aun1s (29) 98fis1n 5 =—198AUIAIEI9IA 5 =-1 U9zl zero voandiil
« 1.t w o ° Y
G(s)H(s) 9w zeros nysn 2 #ail infinity Vaimsnesaures poles War zeros SEMNBY

oA - 4 . . v o n..‘r [ Y]
i i poles 3a zeros 71 infinity samdaludae faiudmivnsdlvosauns (2.8) o
vl
K=1o 9tagv s=-],00 Uag -~



10

Jo

splane

K=
% X% {i}:two * -0

Two other ¥ = 4w

points at infinity

TUA 27 99t K =2 0 1 root lodi Tlauysaldmivanunas (2.8)

2.2.3 S1UULIUNYBY root lod]

JIUIULYUITEN root loci Sewhiududvresdums F(s)=0

figad 99nngde 1 uasngde 2 sxuitulfdngedl K wiafu 0 9xagil pole voe
G(5)H(s) uazqﬂﬁ K=1ow azagjﬁ zeros Y88 G(s)H(s) Fofudle K wisean o fs
o (nslune root loch) avifudamaiuressnaziufuain pole i zero wuramIwn
J1u7uY8e poles sApAYiNTUTIUILYDY Zero AU €1 finite poles U1NNTA finite zeros
ui nadiilosdest zeros agil infinity 8n n—m #1 Yusaeaiy &1 finite zeros 1N
finite poles 9z#osil poles  infinity 8n m—n ftuiy

dmiunsgainsdiens complementary root loci (—o K £0) Avirlaluyiiues

ey
fMnting 2.3 RASWIENNTS
S(s+2)(s+3)+K(s+1)=0
3o (2.11)
K(s+1) _
s{s+2)(s +3)

QEWIUTY 7=3 UaT m=1 FUTUSIUIULTUILEA root lodi Wiy 3 asivaAy
FIUIUTINVREUMST (2.11) iUy

2.2.4 prsuuwInueed root lod
Root loci ﬁauqsnﬁvaawuuﬁti‘lu rational transfer function SaflauUseantaaiioy

w oo - v
ANATAURIBINEURUWNU real Tuseuwu s
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figat mafigaingdeiin root lodi lanyselazaunasfudleifisutuun real T
st s suludeiiiusieegudy wedimmennvesaunsimfissanesdudeiosody
complex conjugate pairs

dwdunsigaiterudmmiufifudesieruiu ewndmnndt poles was/vie
zeros 89 G(s)H(s) amastufuunuitlileuny real Tussuu s ud isnanursnesiieds
wnuil poles uav/m3n zeros 194 G(s)H(s) auastududiuany real tuszunudadou
S lwailawnsl438 linear transformation waz3InunuiFN axis of symmetry.

#anting 2.4 Asanaums

s(s+2)(s+3)+K(s+1)=0 (2.12)
MaEest1eaums (2.12) Mumeuitlildvsznoudie K ovld

K (2.13)

OO e

Root loci iy saiuaeasnts (2.12) uanadsgy 2.8 sxiiiudnilesain poles 184
G(s)H(s) thimnnasiudladioufuundl s = -1 i root loci ftenysaiavaunasiuf
W real UALUAY 5 = -1

e pole-zero configuration w84 G(s)H(s) aummstudlaifivusugeluszuiy s
root loci firanyaaifizmannsfugatiuse Saandddeiretheslul

‘j{D K e

K>0

w0 K K>0 E=0 K< Fo-w
< g
[4]
Axis of
symmetry
K>0
el Ads of |
w+kK b
symmetry' Kew

Ufl 2.8 Root loci dwiuaunis (2.12) wamsfiamsannnasiu
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#nene 2.5 RetsnaumIne Ul

i K (2.14)
G(s)H(s) = s(s+ 25 +i+ (s +i-j)

Root loci flauysaidegy 2.9

o splane o Jjo
N t:
' - -
K ”
1K =0 x
-k, ___K=0 K=0_, x>»=__, &
0
'
} K =0
|
‘3 N

U 2.9 Root loci wesanTs (2.14)

2.2.5 1#fu asymptotes 184 root locl ¥la s 1§wn Infinity
dwiu s AN root loci seddafudu asymptotes "flﬂ:gu
@k

n—-m

6,
dwiu complementary root loci

g, = 2kn

n—-m
Tneft k=0,1,2,...,[n—m|-1
INAHATT

F($)=8"+as" +..+b_s+a +K(s" +bs™" +..+b, 5+b,)=0 (2.15)
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figad fusmsaunts (2.15) momex
s"4+bs" +..+b, s+h,
ui elan

S +as +..+ta, S+a, (2.16)

» =1 +K=0
s"+bs" +..+b, 5+b,

» L] - J
{aguaunis (2.16) Wiedlagaramissmuaz Rarsuiisaneunsl s Sudugs
2 nanusn 9xld

ST+ (a,-b)s" " =-K (2.17)
Wi
s+ B Byem _ (geyuioen (2.18)
s

weu [1+(g —b)/ s uaiursanszarglflagidues binomial expension

Faduaunns (2.18) Jananenu

v 1+ al ‘-'bl A =(_K)u(,,_m) (2.19)
(n—m)s
Yupufiennu fusmansafee 2 meswsnmaisile i
S+ a] _bl = (_K)U(n-M) (220)
n-m

Reluuny s 678 o+ jo waslivmguiniisadinees De Moivre aunns (6-39)
L o :
ansalaulwilasil

o'+ja)+.ﬂ[| KVir-m) I:COSM”"‘J;Sin (2k+1) ”] (2.21)
h—m n—-m n—m

AU 0K K <o Uy

a,—b 0 | K""’"”I[cos 2kn + jsin 2kxw ] (2.22)
n—m

n—m n—-m

o+ jo+
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dmi —0o< K <0 Uay k=0,11,12, ...

Winy real part wae imaginery part Weaeadnagasauniy (2.21) Wviadu 1aslat
dMiU 0K <

o+ a] ""bl O Kll(n—m) cos (2k + 1)7r (223)

n—m n—-m

uae

(2k+ D

@0 KV gin (2.24)
n—m
PINANNT (2.23) warauns (2.24) mervey KV
P (2.25)
V(n-m) @ n—m
A | ioE\ D (e
sSIN——-7 COS————=n
n—m n—m
uay o danu
w0 tan(2k+])” (o.+al_bl) (2.26)
n—m n—m
aun1s (2.26) Wuaumaduassluszuu s waveglugy
o0M(o-0) (2.27)

Taufl M 2 slope veudunsmiaidu asymptote uaz o, \Tugadniuuny o
MnauMs (2.26) uavaums (2.27) wila

M = tan D7 (2.28)
n—m
k=0,1,2,..,jn—m|-1 uay
o =-h (2.29)
n—m

vhusaieatu dwdunsdlues complementary root loci Tuaams (2.22) israelenin

2kw (2.30)
n—m

M =tan
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_a-b
n—m

Il

oy
Toefl £=0,1, 2,...,|n —m| -1
2.2.6 Yadineaadu asymptotes (30 centroid)
n) qadnvandu asymptotes sraguuiny real Tussunu s winiy

%) yAdinvaadu asymptotes szaguulny real 9uilF

o, = X real 984 poles 183 G(s)H(s)- X real v9a zeros ¥09 G(s)H(s) (2.31)

|

figad mshgaidmsud n) dussasdluasan iileeen toot loc Aauyselazdinas
Mudladleuiuunu real Tusswny s #nfud asymptote wssimunu real ATYAIALINY

figui dmiude v) duszorduaunts (2.29) uazaunis (2.30) dusrimuailaidy
G(s)H(s) awaumaudy aums (2.31) anunsodeulmildfd

= Y. finite poles 184 G(s)H(s) - X finite zeros ¥ G(s)H(s) (2.32)
27UV finite poles 183 G(s)H(s) - e finite poles 189 G(s)H(s)

INNGNITHYALA
—gl = HAVINUITINYDN 8" +as" +..+a, s+a, =0
= HaVINYeA finite poles ¥0¢ G(s)H(s) (2.33)
-bl = HAUINMUBIINYEN 5™ +Bs™ " +...+b, 5+, =0
= WAWINYDY finite zeros 193 G(s)H(s) (2.34)

\flas91n poles uaw zeros 181 G(s)H(s) WulAvernaimien complex conjugate
pairs Inaw imaginary flagWnd1adstusasiuagiane Fafumennaaluaunts (2.32)
Jeausounudisdiuiidusnaienes poles uae zeros w81 G(s)H(s) fifinanaudy

uamnﬂ'ﬁaum'i (2.32) Thiaseasldldty root loci way complementary root loci
W312A1 o, 184 root loci WaE complementary root loci v

#8014 6-6 RISUNAUMT

s(s+4)(s% +25+2)+K(s+1) =0 (2.35)
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5 v w [ o af
aunsilasandefvaunisqudnvazesdssuununuleundunill loop transfer
function

K(s+]1) (2.36)
s(s+4)(s% +25+2)

G(s)H(s) =

Pole-zero configuration 18¢ G(s)H(s) uamafazy 2.10 91nngenen 6 ng dmiu
n13a¥1s root loci Aauysaifindiuuda iaslddeyaniieg dmiy root loci uaz
complementary root loci Yeauns (6-54) ﬁaﬁ

1. K=0; 9" K =0 v\ root loci ﬁaugsrﬁazagjﬁ poles 183 G(s)H(s) ﬁ‘uﬁaaq’ﬁ
s=0, s=—4, s=—1+jluayg s=—1+]1

2. K=%0;9n K=+ uuroot lod in‘aumrﬁmejﬁ zeros ¥89 G(s)H(s) thifle
ol s=-1, s=o0, §=00 UaY s=c

3, Wanaums (2.35) \Juaun1sdudu 4 v3s finite poles 109 G()H(s) il 4 #
#aif root lodi fauysafeziisruny 4 wwus

4. root loci fiauysalzanmsiudoifeuiuuny real

5. d iy s AifiRng yuveadu asymptotes dwiu root loci Maysalfivhfiuuny
real zliudsil

Root loci (K 20)

k=0 9°=1—832-=60'
/B0
3

k=2 92=@3l=300°

k=16, =180°

Complementary root loci (K <0)
Oﬂ
k=06,=—=0
N

k=1 91=3—63°—=120°

20° _ 240°

k=26,=

zuiylAdn 1y asymptotes 1899 complementary root loci @unsaasnilalagnng
Aoldu asymptotes ¥91 root loci TWlufimmaamsaiugiu



17

3 v o o
6. 1y asymptotes 3 6 \duazsiniun

2 finite poles 191 G(s)H(s) - X finite zeros v03 G(s)H(s)

R—m

(0-4-14 1-1- )= (-1)
4-1

= == (2.37)

X

gl
=)

Iy

complementary root lod

Ui 2.10 1¥u asymptotes ves root loci ﬁﬁugszﬁ‘um (2.36)

2.2.7 root loci vuunu real
L] “ ) . 1 3 | [ 7]

vudruimmualiuuenu real Tuseurw s 93l root loci Tu dautu fMdwausuiu
8 4 d L] -y ] ﬁ-‘ 8
Naymaves poles Uae zeros ¥ G(s)H(s) My real WBYNNYNUBUDITIUNNII T

1 J - s -l 1 g 3 [ ] & 8

vavduiRsauisuuduaedivingy drdwausiuiu iamunves poles uas zeros
4 J L ol 1 4 ] I‘: 2 ]
du real Saagnrseniioves duiinrsurduilisnubugioedl complementary root

1l 3 o
loci egifiduiy

- ‘ - e oy o » a 1

figay myngningufitetisvofundnmafiansandl
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1. figalaq vuunu real (aundinga s,) Yxves vectors flan91n complex poles
way complex zeros Y99 G(s)H(s) 1éqm s, fudlorufusriisviady o s e
360 0arin) 1awe Fshimfiarsan Fafuseusiyuein poles uax zeros flaguuunu real
winiuihianfnsaudeslideulldmuauns (2.37) uavaums (2.38)

2. 9xilus poles uaw zeros UUWNY real flagniavnvesya s, winfuilaunsoarl
yudlumudoulvresauns (2.37) wazauns (2.38) 18 shadl insrzsaiinsnn poles uag
zeros 403 G(s)H(s) vuunu real ﬁag:maif'wﬁaﬂmqﬂ s, byl 0 sarruane

3. Poles 10 G(s)H(s) wdazfuuuny real ﬁa@maﬂﬂﬁavmqn 5, wxlviyu -180
84911 WAz zeros 489 G(s)H(s) usasdmuuLnu real ﬁ'a;jmqmqﬁmaaqm s, a¢lviyy 180
BIANAND

91nvia 3 dedndraniiuandiiduings s, suifugailaguu root loc 1Aineile
IUINTIAUYDS poles Lay zeros 103 G(s)H(s) ﬁa;jmwﬂﬂaumﬁ;m 5, thudusnad
uazqn s, ssiugaileguu complementary root loci Ieiseilisduausauiues poles
uaz zeros 183 G(s)H(s) flegmavindionsags s, ﬁmﬂuﬁwng Fodreeluilosuands
wiufamaumnifives root loci ftauysaiuusnu reat lussiny s

) ol
2.2.8 yuieenvInLAsyUIEIM
- - - v - -
Jufigenan pole ioyuidam zero 184 root loci annsamlalasnisaanin s,
2 A - ' v & Y ey
Wiugpfiaguu rootloci uae ag lnafiu pole wie zero wuann nuUlTaums

|CEDHs) =25 +2- D [si+ 7,

J=1
=Rk+Dx ; k=0, £1,%2, ...

- Y - - o o
Tunsdived complementary root ladi yuvienanavisyunidmuuannsomlalag
1auns

|G(s,)H(s,) = §|s, +z, —i'(sl +p,)

- (2.38)
=2%kr ; k=0, +1,%2, ..

yuAisanan pole n‘%‘aquﬁrﬁ’ﬂm zero 984 root loci ﬁauqsfﬁﬂaq G(s)H(s)
QruARafawgANTIINEY root loci Ind pole 3o zero 1 dwiunsdives root loci (K 20)
yuweniusrwldlagl¥aunts (2.37) Medratu frrmun pole-zero configuration 194
G(s)H(s) Mlugu 2.12 uasﬁmms'ﬁ%smqnﬁ root loci 88n31N pole ﬁqﬂ =1+ 1 qm‘n‘
ifBImMIszvsuie 6, Fesyiadivuiuuny real Anfusasauudliyn s, Wugaileguy
root loci flsenann pole A —1+ 1 wazeglnd pole fhnn 99 s, Wwhnvdenrdafuauns
(2.37) ufte
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(G5 ) Hs) =~(6, +6, +6, +6,) = (2k+ 1180 (2.39)

splane 1 jw

Complementary
Roct loci
o
: 7 ‘o\. i
X

Rootlod

splane 3 Jo

Ut 2.1 oiautAves root loci vuwNu real

laswnge s, oglndfu pole —1+ /1 1N 3uUBA vectors iarnaan poles Judn 3
Fandaga s, i Somlalasldaunts |G()H (5)=(2k+1)7z K z0aun13 (239) 3¢
naneliy

(135" +6, +90" +26.6") = (2k +1)180° (2.40)
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-l - '3 - -l
UM 2.12 Root loci ﬁamg,'sm'um s(s+3)s* +25+5)+ K =0 uammﬁﬁmimquwaan
- P
9N pole NIBYUNA M zero

fvusld k=0 azla
6, =—431.6°

yioenseznanlii
6,=-71.6°

-l | -
Wals U sayuYey root loci 1980910 pole niouinn zero vea G(s)H(s)

v v . - ) - ol - 14
1#ud2 yuvea complementary root lod igaAgafuariiisaluannyuiimldfigatiueg
wirfiu 180 9ri Tasldaunis (2.38)

2.2.9 ARV root locl Aulny imaginary

AN o uar k ﬁﬁ;m‘fmm root loci AU WAN  imaginary Tuszwiy s fuanusn
wildlaenslé Routh-Hurwitz criterion uenenniitienearld Bode plot ves G(s)H(s) 14
fnfn

dwiunsdiffigadanatsgn A1mes K war @ semnlddeninles3tees Bode
diagram
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fat14 2.6 RITUANNTT
s(s+3)(* +25+2)+K =0 (2.41)

Root loci flanysafustaunis (241) uansiagy 212 ué danfunsdlif root loci
wHnuny imaginary ussuiu s ﬁwc = +1,095rad / sec WaEA1 K, ﬁqmﬁ’mﬁﬁﬁmﬁwﬁu
8.16 Herrivlaiilfarnnsld Routh-Hurwitz criterion
38n13vYM Breakaway (3 Saddle) vy root loci ey ol

7 breakaway wioqe saddle Uu root loci TBsaNMIIAY Yansfiah auﬂ'm‘fu'] il
7N (multiple-order roots) §uU 2.13 (n) uamafiandilifl root lod $1uu 2 urua A
I breakaway uuuny real nduftusnsenaindutulufisniensefudrumuunu real
lunsdiiiqn breakaway aruansiaauntsfidunaiig root Loci fufisinniieusu 2 5

davugy 2.13 (v) Auanafiagn breakaway Bnnadintle

s-plane splane
K=0 K=0 K=o K =eo
= —— it »—b-
Breakaway Breakaway
polint polnt
{(m (v

U 2.13 fat1eve3gn breakaway uwny real Tuseuny s
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qUil 2.14 99 breakaway fiuAmfasangs 4 s1n

Tapvialue99:dl root loci 1NN91 2 Weus Amuiufign breakaway fauandlugy
2.14 Wundiilyn breakaway WvuswansIng1 4 310

U root loci wasasnisuiasyuunilen dueneesiiyn breakaway mnnda 1 ARl
wa¥qA breakaway ﬁmﬁﬁﬂtﬂu%ﬁmmjuumu real auely omesiiu complex conjugate
pair A

2.2.10 g breakaway (Y saddle)

M breakaway Uy root loci Aanysel mldlagnnsvisintes dk /ds=0, ie
dG(s)H(s)/ds =0 Finsdditudoulvdiureayinty dmiudeulviistiunasifivme
Tun19v19n breakaway HurilaTasnsl¥dudssandauniaudnuas F(s)=0 uaz
F(s)=0 wndavindumma

Agay dndouaunis (2.15) eglugy

O(s)+ KP(s)=0 (2.42)

v & K(s"+bs"" +..+b _s+b
faviu auns G()H(s) = (.. L w5+ 8n) qungnuniy
s"+as™ +..+a, s+a,

_KP(s) (2.43)
G(s)H(s) = o)

ffiosanly K wlsedae increment AK, aunns (2.42) asnanesiu
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O(s)+(K + AK)P(s) =0 (244)

msaaesiwesauns (2.49) fo Q(s)+ KP(s)

wwla
_AKPG) g (2.45)
O(s)+ KP(s)
Vi
1+AKF(s) =0 (2.46)
Tawl
1 SN (2.47)
©) = 0@+ xPG)

4 ) ) v - o & o
\Weanndmres F(s) iWurmndudraiiovesannis (2.42) dujunigeleq s=s,
- [} o H ') -4 Lo )
Maglnaundugeiiisingl » #vesann1s (2.42) Faezautiviuge breakaway 194 root
. J k) L 4 1':’ 1
loci Al n wrusmedn F(s) annsevsuseanuaniy

RISEHEED | % (2.48)
ey sy

Tnefl 4, = desil
unuenauns (2.48) asluaunas (2.46) 98la

1 + AICAI 2 0 (249)
w3e (As)
AR (asy™ (2.50)
(As) 4

YT lmit Yvoaieansteeesaunis (2.50) Tasli AKX fidwtwn 0 92la

AK _dK _, (2.51)
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. . ¥ dk VoW o
?qu.amm'nqm breakaway Uu root lod WU d—ﬂwtmn'u 0 WI9INTINTOIAUNTT
s

(2.42) fpsavpadoaiu

1+ KG,(s)H (s) =0 (2.52)
EL)
N S (2.53)
G (s)H,(s)

o dK o .
wariflrnn —- = 0, Aatfusezlann
A%

dG,(9)8,(s) _ (2.59)
ds

sniuindoulvdwiugn breakaway Aidawuatiluaums (2.54) uludeulvitdudy
uwrlivsifsandednlunils o breakaway NN AATABIFDARGDAVANNIT (2.54) u.m'
fesuynimauiilfininaums (2.54) uu‘lmnﬂummmmuqﬂ breakaway Lanely fwaudl
Idanauns (2.54) allugn breakaway inailadmeuiudennfasiuaunis (2.52) #ae

Tawly sanfmeutesmunig (2.54) iaansnsaqUlsed

1. AmeuYDaNn1s (2.54) Hiduen real yaAraziuge breakaway VU root loci
ﬁﬂugmﬁ (-0 (K {x) ﬁqﬁmﬁsuunﬂddwmunu real Tuszuau # 928 root loci
ey toioy

2. fpeuyssaums (2.56) fdiusn complex-conjugate 9siliugs breakaway 16
ﬁwmauﬁ’uaamé’mﬁ’uaumiqmé’nﬁmzﬁauwhﬁ'u arwiliviveuiibidelsiAnmmgaeniy
m3lfauns (2.54) mym breakaway wrnehale vz diilnuautigug 4ee root loci finy
T‘umﬂwanmuwwmqn breakaway 16

#eens 2.7 Rrsnaumssuiuaseieluil

s(s+2)+K(s+4)=0 (2.55)

Tnoe1dungeinag Wenfunisada root loci Aldnananuds gu 2.15 aud root loci
o3 (2.55) 9xifuin root loci Aunnesnainuny real sxfimiaduidurenay (Fus
anninaviguilalasnisuny s Tuaunts (2.55) medwuddou x+ jy udwihmsingy
aunslmi feeldifuaunisvennaueanun) mniﬂmLﬁu'ﬂﬂqﬂ breakaway WaadgaTzag
UuUNU real Tﬂaﬁqﬁwqmaqsumw 0 ua -2 @uBNANTHBEIIIN -4 Uag —o

SUTIMINADWNYBIANNTT (2.55) Aae s(s+2) ezl

4
G ()N (s) = :Zg:- 2)) (2.56)
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O - H (s » v oo
HUAR MNEUNT -‘—i—q%w—l-(—)=0 'i}ﬂ breakaway YEADREDAARDINY

dG()H,(s) _ s(s+2)=2s+A)(s+D) _ (2.57)
ds s (s+2Y
w30
s 485+8=0 (2.58)
awld
5,8, =—1.172,-6.828 (2.59)

A s, uae s, Annlddezliuga breakaway uu root loci lunseiiiyn breakaway
awaguul root loci (K 2 0) vaanagn

s-plane Jjo
K>0

K=0K<0 K>

=de0 K<0 K=0
3 . ¢

K>0

U 2.15 Root loci 184 s(s+2)+ K(s+4)=0
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22,11 minmnm#Al K uu root loci
" ol Y
#daysnd (absolute) 189 K #ign s, 109 vu root loc! 7 auyseimlfunannis

1
Klz————=
| | [Gl (s,)H, (5'1)]

HARAIYBIAITULIIVEN vectors AAINTIN poles
w09 G()H(s) Wihgm s,

~ NAANYBIAIINYIITOY vectors IATININ Zeros
109 G(s)H (s) lUdagn s,

2.3 Kitti’'s Method

231 Insaeivesszuumiuny 2 - DOF

-l W ° [ [V ) af . & W
Wesaaunu PID gminluvszgndldfiu plant Sudugeqid input Wukvutuivla
Fl = - TR ¢ ' Y AR
pARIRLARBURAAIZEIUT (steady state) fiAnUugud winanovaustapgdilaiduly
- v - o v ow
AUNABINTT Farurl PID x (n-2) stage PD cascade controlier Miiaue plant susiy
& -l o
n* Aldaussousviomuanufideinsesil transfer function

1 n-2
G,(s)=K, (1+F-+1;s]1_[(1+7;js)

5 i

K =2 {2.60)
G.(s) =—S"-(s+ zﬂ)(s+zd)l_[(s+zj),
i=1

e K L Way T, 10y Proprotional gain, Integal time wat derivative time
ANENUYEIIATUAN PID, K, uas T, \u Proprotional gain uag derivative time ¥a4
daAruAN PD -Z,,,-Z,, 10y real zero ; (T, 247,);-Z,(j=1,2,...,n-2) Ao real
zero ¥84 (n—2) famum stage PD, K, Aodnsmenauasimuny cascade

JULUUINAIEIYBIRIUAN PID x (n—2) stage PD cascade fignalfili

a-1

G‘(")=%(‘H"'r)lj;[(s+zf)’ (2.61)

dlo ~Z, wot -Z (j=12,...,n—1) g real zero
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Tnsesadheves plant Afsusy #* ﬂaqnwuwa'u'auqmmsm‘iwun‘lﬁlﬂuﬁﬁn 0" wae
ofim 1" uae transfer functions @wnsotienulsiiy

K
-l ’
s(s+p)[1(s+p.) (262

I=1

G, (s)=

o —p, e real pole Aflswmisiilndgerudnnniian (vlla 09 uas p, =0 (viln
1% —p,(i=1,2, ...... ,n—l) W real pole

open loop transfer function ¥8338UV close loop fiD

K, (s+zc)ﬁ(s+zj)
6.(5)G, ()= e 26

s(s+p)[(s+2.)

=]

-
we K, =KK
b g 1 4 ' 1 Ly : 4 o 4 'A o - 4 2 ot J A E 3 a -
faldinaanfeunming pole wilwnagnganiin (origin) uavinduqneginaganuin
R & o0 s = { ) - v pup— @
(origin) Aigav3evigegyadauin (origin) fisnunsnRvrsunldily pole Ailveurdify way
P w - o -Jlul-lv [y
pole ivdadnnu {n-1)fannsenersan Wu pole wliinusydAty zero 184 (s+2z,)
$84 cascade controller 9¥19lun15U3AY root locus WU 5, Wa zero 91U (n-1)
v - v v v s o - B ¥
#1 gnanvedlnaneaiudigveindl pole 917U (n-1) neunRadreldidunisan

v w b -
HANTEVIUTDININLIUL ASUUINNAUNTITA (2.63)

n-1
K, (s+z)[[(s+p +5)
G.(5)G,(s)= i=l 3 (2.64)

s(s+pd)ﬁ(s+p,)

f=1

d . . o 9 -
fa +z,=+(p,+£) (j=L2con=Li=12,..,n-1)unz &, Aednnusiewuming
nauns (2.64) lunsdluse plant 9ila 0 f15lv13 pole 19U —p, = —p, 671U pole
o 1 ] :A - Jd L [ %
5 ufien pole 1A91NUTIM pole Anvquariifivegniisnsunidu pole Afidbssdrdty

2.3.2 NIEVIUMTDDNLUY

3 - | 4 v L] v v :
dunsumsssnuuuiielildnaneuaussdaainusioinmiui
1. §n57n791d28 (), undamped natural frequency (@,) wae s, awsanildain

amsnu:mmwamauaum‘ﬁ’mﬂuaum1 (2.65)

P.0.=100e %t =4/ o, (£2%), (2.65)

‘gd =""g0)" ijmn Vl_gz
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2. 19 umieees s, , pole Kavarauas zero Su(n-1) ves G,(s)G, (s)ande

(2.68) uag (2.65) Wseuw s
3, WHaTIMBRTRA s, 18 open loop pole imuauay zero $1uau (1) v

- - 3 - W ) nl o
G.(5)G, (s) FrwiBmensmiviensdnudeiiey sndumuinaveuuiidnduge
=l o oA & = vV
£(s+z,) Mgdeninnifinieimanuivuetesuiseandeivanns (2.66)

|:4(s+zc)+g:4(sd +p, +s,)}

-1
—{Asd +ZL(s;+ps)+ D Z(s,+p,)

f=}

] (2.66)

= +£(2k+1)7,K =0,1,2,......
4. wishumiaes zero (s+2,) Tnsmsldvnaveam £(s+z,) Favmunldanas-

N3 (2.66)
- o &
5. MIuReRITenY K, 9N s, Inauns

bl 2+ 2)

K. pue . (2.67)
|(sd + zc)|l—i[|(s‘, +p, +c5',)|
fa
6. close loop transfer function f
=1
K [s+ +p +e
Yishy 2\ @ . zc)l;l(s ) (2.68)

= =1 N
X(s) (sz +2ga;ﬂs+w:)n(3+?r +§l)

1=l

d. T . "y A v oo ade \
dlo [J(s+p +6,) Wu close loop pole §rurusimioBadou fegidumis

1=l
n-1 n—l

(lndiu) unu real Auausendng pole T](s+p,)uae zero [ J(s+p,+6) ite 5, Ae
fal i=l

Yinanimiadadouruimdn
- & 3 W 1af & 1 o ®
{94971 close loop pole Yiavupduau (n—1) Fregidumisladiu zero J1uau

L Al ‘ 1 1 [ 13

(n-1) fusawrsouandlfiftulddaduyszanseoandn close loop pole Wudndufy
b J‘ - 1 1 J ] i a) L3

(¢,+8,) FaduswinvuaidnuiniTevunsiaiuddn pole # —p, Lildvndaafy

. |-BL vo o o - Jl 1. W @
naneuanesIafilaTuduilioansin pole marileslimnailifiivesddty uasnanszny
PInmINTuaInInasialdssuu close loop Jeansadszunalsidufudussuusudy 2

J 4 A L 3 Y 18 L] J 1
sruuvis egulsfimauiuduiiiulfdaimaneuauestaagdiliiduidesmseteauyniua
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wW3IEMAIIFN overshoot MiRTuazaNANTUNAITiatn zero vea (s+2,) Aufu Feling
11 forward controller G, (s) anld

7 transfer function 183 G, (5) Aiflaseedremedluguvesisuudmaidudu 1 uae
Saveoiunieitanmzasiannsotounléifuanisded

F4
G,(s)=—= (2.69)
1 (5) 54z,
pole 101 G, (s) wtldlunisindrafunansenuann zero (s+2,) dufe
[(s+n+5)
K,z S+p ts
Y(s) ‘l;l g~ (2.70)
= n-l
R(s) (s* + 20,5+ wf)H(s +p,+85)
=1
AR pole-zero T (2.70) fimevinanaffuasliauns
Y(s) _ K.z, (2.71)

R(s) ™ (.s'2 +260,5+ w,f)

ol ot 0 Iy 1 FL ' Pl ' v

root locus Miltfsesdrfgaroinaudisssuy s ueuas pole duszaguu (na

flu) unu real Aruau d1mndalill open loop pole 38 zero agRudwiloves zero
ol o w O o o o

(s+2,) root locus AiThTvaedrfgevidugunisnan ventudnmiouisaeeniiugund Ju

J 4}’ 1w L] o )
wanUa nieduq YusgAudiuiunariiunuaves close loop pole e zero lu
- 1 -l o o v - 1o ol
G.(5)G, (s) Trumneimasevausiiiiuas overshoot dintiewislsiiiiay ansod

v P o v | [V o~ -
sriulalasmafindvesdnsiveny K, Wgendrdafisanuuuld dseanunesdnswetsd

o w - [ -
s bildsunansvawemisilaeusimenn overshoot amsowilasnnwmeiia root locus
Y Eg 0 ] o
mowiissurianishimliadosamuazanuamuiensiudouuag

2.3.3 uanseviuend Output Disturbance
il output disturbance U31A3) transfer function 910 disturbance 910 output fie

Y(s) _ 1 (2.72)
D(s) 1+G,(s)G,(s)

. - g w2 -l - '
output disturbance finansznuiidAgrenansuauasiian1iziiudy sgnlsfiny
NANSENUYBY output disturbance sxgnf1dantNTmianTEAIAIUAY cascade Tu
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- Y , va w -
feedback Baluniniunansizvuees output disturbance ausnanaslfilednsiveny e
-
K, iwugu

2.3.4 HEdNSYeINTEInnd
v - w v oaoal - .
fntng 2.8 ADAIBENY plant BUAUN 4 YUR O

K

G,(s)= 3
£ (s+D(s+2)*(s+3)

aussoveiigemnilofudygutiuiule Ae
P.O.55%, t,(£2%) < 1sec, e, (1) =0
MnausIousTidBansarls
¢=0.690, @, =5.796 rad/sec, s, =-4% j4.195,
-t 5 i - L J
wsnandaserdmumn sl
Kc! 2
G.(5) = —2(s+2,)(s+2.1*(s+32)
by

nimvunmuuazdumis zero vea (s5+2,)

Z(s+2,)=84.06%, -z =-4.436
minTwes K, uvan s, = 7.29 Fathy

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

G.(9G,(5)= s(s+1)(s+2)*(s+3) ,

4.436

G, (s)=—r230_
)= 4436

U7 2.16 wanafls root locus plot ¥8438UY close loop nameuaupsfutulaiui
souuldansiousiovuaiiweledmivesnuuy X, =729 (P.O. =4%,1, =1sec,e, (¢)= 0)

wazUfuda K, 1Ud 729 (P.O.= 0%, =0.8sec,e, (t)=0) faunanizny output
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. ol o -l o -
disturbance 50% # f =3 sec AauanalunInd 3 dis K, Wudu nanseny output

disturbance anad

U 217 nameuausstutulaves plant ¥ile 0°
#ntha 2.9 fen plant Sudufl 3 vila 1°

K
Gy (s)= s(s+1)(s+4)

- -l » - - >
ma’dui‘:‘ﬂusﬂﬂmﬂ'ﬁl.mlil'umuﬂﬂﬂ
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8.26(s +3.79)(s +13)(s+4.2)
(S*(s+1)(s+4)

’

Gc(8)G,(S) =

3.79
G.(s)=
f(s) s+3.79

5U 2.18 uansfananauaussdgatutulavesssuumun (¥a9 plant ¥dn 1) 7
aussauriifeantsazlddnnvus K, =8.26(P.0.=3.1%,, =0.95sec,e,, (¢) =0) uaz

K, =413(P.0.=0%,t, =1sec,e, (1) =0) fleransznu output disturbance 50% 7 ¢

Eod & )
= 3 sec wardnaludlofiudnsveiy K, wanievuyed output disturbance anad

_ a=Ba
=0 Kgmald

ot
K

Ting [untond)

Uil 2.18 namauausstiniulaves plant wiia 1°

u ' v ) -l - 1

gletne 2,10 Aedethaniiwisiineshiviuey

v - ol < ,

danasalitmedve plant Usuuuddeuly £25% transfer function ¥ 94
G,(5)G, {s) uiedrsfrsuudaiu plant viia 0° Ao (M1s1fimefvasiadenslal

Wasuulas)
_ K (s+4.436)(s +1.2)*(s+3.2) | %
Ge(5)G,(5)= 5(s+1.25)(s +2.5)* (s +3.75) 3(+25%),
Go(8)G,(9) = K, (s +4.436)(s+1.2)*(s +3.2) (25%).

s(s+0.75)(s+1.5)* (s + 2.25)

O W - Kol sy 1 al - - - )
ﬂaﬂﬂuaua@ﬂuuu.lﬂﬂﬂﬁiz'uuwgﬂﬂ’JUﬂuU'ﬂU\ﬂUﬂ|.UENLUUW']T']NW'IE]%L'LJTEJULVIUUﬂ'U
O v «t P - -
NﬂﬂﬂuauaﬁﬂuUulﬂ“ﬁﬂqiLUﬂQLU“ +25% dwiu Kc =729 way 35.45 'ﬂuaﬂ\ﬂuﬂqu] 219

-ﬁ -4 » 1 o E) IJ
uaz mwi 2.20 Wundunalddainaussauslnesiueesssuufmlilidounias
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a=1239

— Parsmging wobenged
s Pumevien <265 chaged
Pommets s «28% giweg v

osr

U 2.19 mameuausstutiulaves plant vl 0* Hhaivfudmnsfiwefussuiv
fwTiined +25%

15 =
e e .08
— Purameing vathonyed

cnes  Putemsters s24% changed
o Pweneize -35% ochagrd t

Qs

N T R Y S ST SN TR TN Y
Teun {orcend)

al - ' ] - . o
UM 2.20 namavuauewes plant ¥iun 0° Alsiviusmniivefuasuiu
Amsdined £25%

2.3.5 unagl

shmums PID x (n—2) stage PD cascade sanuuumsmaiia root locus dmiuse-

vunruAilliy 2-00F Iihuauemmuasinfiiunni forvoswmunuiifseiu
annsadludszgnadu plant Sudugeq Iaghifinsnisuivussrmnsilmemeitlandn
svuumuaulasuannsaertssalfifudutuatiosuasnmusuiy 2 Seaussausd
Foanrvannsaldiulaglifesusuddamuamedn uansuaussiisanida Al overshoot

vevialufliasannsaldiudemsuiuamdanees K, Wunadmnnald Sdundndu
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Mnaunu cascade Bardnranseny output disturbance 1TImTa nadnsnTdradaln

L] 1w L € ar o o - ¢ ol -
wassliuiudianauguantsmirlvdszyndiu plant Alinrniivefidsauuluanidy
+25%

pelsfimarmuny cascade itiannsorlidfy plant Sud 1 uazeslid
AuAY Pl unu

2.4 NTEDALVUTEUUATUANATTADEAILLIMAR

2.4.10173ATIEWTSUY

-l . -l \ P -l
Tuguii 221 ball bearing ¥auia m grunuidmowlndnlrfifszeznie x a1
3 3 .. o o - [ - -l
nivudivadigresdonainuimininieslimitiausunieniwoauivanlifinessgn
" [ ! ] 1 1 J a J 4
ball bearing wisdnssswintusdmdniviuasamsadlindinemitanimsiadouives
. 5 ] o «l + .
ball bearing Yus3pas photo resistor as293UMsIABLLUAMB WML ball bearing fiy
- -J -r -~ LY 4 ] 4
Uinuvsunfivienaatuuiuiinazas Tounduidig993muRuLasies v edyyiaine
. 4 [ d ° 1 y
PIUANNTELA input iWainEFuMLeY ball bearing WaugaTauynauna

Controller Amplifter AR A
SperiBL 2 A
aint
i 3 Coil
_X
Photoresistor . Light Source
1o
Ut 2.21 szUUmUAIM SRRLFMImMED

I - v A

aunswarans (dynamic) awnsaldisuluaunnsiasai
] iy (2.73)

X
e=ri+L % (2.74)
d*x (2.75)
m—-=mg-f



35

Tnedl

£ ussaumusindn

i nsvuarosd

x svEznsEwIimanlvfnazball bearing
¢ fnd

e uwswuluvaaia

r armunuluseain

I arumiieaniluwaaon

m thwinues ball bearing

g AMnsluugg

4 1 13 4 L 1.8
aunrswar1and (dynamic) liuidadu deuiassimsUssygnddhgimageg
+ | 74 4 L b L] (] °
runuiadululd auniswasant (dynamic) Wusgludadusdumdagavineu aunsids
o - - o v v ¢ ‘
dudsasueiinsiddsunngavhaulananasitaunsdudusnnisuaneyniumdiasd
v al o -l - ° -
fnsidsuuasvesgayhaugnunud “0” waznsiasuudasseu gavinugnunuding
[ I3 :‘
“17 faumsiBauduilfe

2Ci, . 2C# (2.76)
h ='x._3°’1 \1 x:o X
(1]
o di _
e, = Ri, +LE;~ 277)
< x5 ) (2.78)
Tned dar '
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- Y '
Ui 2.22 vienlassunsuvesszuumsasedaivin

Laplace transform veanmsil (2.761(2.78) I

E(s)=k[r,(s)—‘ixlcs)] (279)
Xo
E(s) = (R+Ls)(s) (2.80)
ms* X,(s)=-F(s) (2.81)
-
[&417]
k=2C i
X

-] w 1 )
vdenlnesunsatugun 2.22 Aeszuumsasuswimén iaumsnudnwueresssuy
Pruedaldidu

Q(s) = x,Lms* + x,Rms” — ki, Ls — ki,R+G,(s)kx,B = 0. (2.82)
2.4.2 mAtnMTYALYY

-l ¢ v
JUN 2.23 wimdnlwfirgnaironuraiatuin 22 mm sousnuminaiiusu 3600
] - - o o ai [
70U YU (d) =25 mm WaEAUEBYIN () =100m vn*rmmasmauﬁlﬁmgnuammu
-
s18lumnTei 2.4

J “ v
aun1sf (2.82) anntadngulmilsidu

Tnenhen x,Lams® + x,Rms® — ki, Ls — kiR wsaumsii (2.82) i

G, (9)kx,B =0 (2.83)
x,Lms* + x,Rms* — kiyLs — ki,R

Q(s)=1+
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G‘.(S)% (2.84)
o))
s+ s— s+=
mx, meo L

wiuwrsilimesluaums (2.84) 15azlddu

Q(s)=l+[

60990G, () 0 (2.85)
(5+49.5)(s—-49.5)(s+58)

]
WAl

@—“r

jﬂﬁ 2.23 System’s dimension (mm.)

o@s)=1+

N

=38 ~40.8 4.5 Re

wﬁ 2,24 52U root locus (STruenaped)
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4 -~ L7} 1]
#1579 2.4 wslimetdwusruunsasududivan

0.008 m

0.068 kg

280

0.483 H

0.76 A

7.39 x 107> N - m?/A?
1.756 N/A

1.14 x 10° V/m

T ASNI

Gy, MeResan G,(s) Wuimuguuuudnies (Megratdy Shsverenadl)
root locus ¥8eseuufiodiiuandugui 2.24

U 2.24 wamalitudrszuuliamsainviadesmnlalasnisuSusidasnens
inseghadien Subweanisfiasidew root locus lunudaesszuny s Wefesiildszuy
fiaiosnin Tnenasidendmsrvarsilmansay il lead network aursaifuluaa
TrqUsrasn phase-lead controller gnimualidmiv G (s) waliavoinisesnuuy
phase-lead compensation tunTdiivil#lasn1sunud zero vastaymyssaud 0 fe -49.5
uazdlolng -49.5 uuunu real YaeTEIL s YN pole voITYABBUNNAIEYSYIAM 10
Winwaaswmia zero [7] #aiu phase-lead compensator ﬁgmﬁaﬂﬁﬂﬁlfluﬁd

s+40 (2.86)
5 +400

G.(S)=K

" v d
aumsnuanYazedENnis (2.86) 1#iudil

K'(S+40)
2(8)=1 (5+49.5)(S—49.5)(S +58)(S +400)

(2.87)

dle
K'=60990K dlo X #e shstvene

root locus 494 (2.87) dwmiu K'wasusan 00 « Auanddugudl 22.5 luguil 2.25
dwiuszuuiaissdanueieigaie K =1.421x10° vis K =23 fign S, uasdns1vee
gegafie K'=4.702x10° w¥s Kk =77 Ay S, i5idiendninvensszdunatde K =50
MU miuITVUmURuMsassfwimanfuandumni 2.26
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Kr o= 4,702 x 10
3! ﬁ
oo

6
x'e 303 8100,

Ik = 30}

172 K*'= 1.421 K IO.

»ie-o- = -
—400 -58 Y-¢0 1 w3 Re

-49.3

‘uoo

;u-d 2.25 53U root locus (MENITTALTLIMaELUUTIWTY)

HIV.

Zlé kl-ﬂl 415V,

3|E<> ﬂ“‘ g ol

LN
no Ot IJ
Jruren

g

i

a§

Uil 2.26 2uslvihvessuuntsaseduinn
2.4.3 NTDBALUUTEUULAENITNINGADY

Tseairimesqunsaidasnamunuituanduzuil 2.27 Audsavunndumisauma
294 ball bearing iaAta1atuy photoresistor FasuyhlyiiAaussdulnfifssdsuuas
mun1siUAsuLUaUMYes ball bearing Faiiy uwm”u‘lﬂﬁqﬁL\Jé‘uuuﬂmﬁaqnwtﬂu
dyyrtounduiiteniunudiumisuss ball bearing #afu photoresistor #lasioArmid
vosuauuuiveiy vaandfuReRqUa photoresistor LASVEANTHIIUNANTENUTEY
Fygnrsunmueinuasmsuen Tunseenuuussuuil phase-lead compensation wlden
m3lH1993 RC atsinefauamaguil 2.28



1%

rin

A

Ve

R
B
t
Gl r
t
]ﬂ'ﬂ 2.27 SONLUUTNINTDITLUUMIABRAULMEAN (mm)
C
|
|l
A ;
From R1 To
otoresistor amplifier
Phom v, R, % v, S
° =3

pJ'ﬂ 2.28 7395 Lead Compensator

40
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o [] -] -
zﬂﬂ 2.29 38UUN15a8MLVaNYDITN

[ma)

8.8 r

.08 Q.16 Tine [Second)

-l L o
j‘dﬂ 2.30 sTuusouausItuiulaannIsnaass

druilenfigadmiumseenuunilfensidion R, ua B, Weerlidwes v, el Tae
wsefuluues (bias voltage) flinurzaudmiunsiudamesiads (power resistor) 34
nindamefiufessensuualitunoed Welfaruswdwdninidwssanud it
yhwninees ball-bearingfigaviany mavnasvatanfifelivasduiy

U 2.29 Aegumsuansatszuumuas luguil 230 ssuURBUAUBIALARDUT
1Hurerniadaetiuiingu HP 70158 X-¥ Tnsnisuseyndlddygyrdudulasuniu (step
disturbance) Wiussuy dggusunifuveuivaduns (linearized lange) seuvayl
ﬂqﬁl.l.as‘h.ia'm'l'mmur]u'lﬁ nanaassluissmuqudygusunuisenivlfvesszuy
+1.0% mm 91 x,
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2.4.4 apszvumaseiawimén

ssuun1smuaunisasefiimangniigaiihdnisdmivuuudiasdurismeasve
nsrauauuuutioundy fuludsiiivssleniinnlumsinsmseunulasnisldquasal
abaiiaiisutufetinnseenuuumsmunues sudulldiiauigunsaififuaiiounis
naasd UM IRnIUURYALER e wiimsTeRiduvierinaves ball bearing
s W
YIRNNU

2.5 wdnn173 Posicast PID

2.5.1 STE (State Transiion Equation) ¥8438UUSURY 2

Y(s) _ o,
R(s) §'+2%ws+a?

91n CL TF (Control loop Transfer Function) @unn 57

euiin aunsnarnand (dynamic equation) W]

State equation X 0 1 = 0 (2.88)
=l A +
x| | -w 26w, |lx 1§ (1

Output equation o) = [w: 0] [xu ]
X2

feavannsn@ou STSFG ( State Transition Signal Flow Graph) Iiegu 2.31 dleldgnives
Mason 9¥anIalisy transformed STE (State Transition Equation) Twai]

%(t) Px ()

Cqy

U 231 STSFG vatssuumumiouniusufu 2 (second-order)
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o @) 1fs+20m 15 @], 11 (2.89)
x, ()| D —w? sllx, @) D|s
flo D =s*+26w,5+w

o | o M t
Tnevin inverse laplace transform wWafiuaunisi (2.89) axla STE dwiu 21 uas
. : 1
unit step input u(t—t,) AU

1 g !u)sm[ ﬁ(t t)-i-@]

Ny

—W, RUACY /1 5t
|:x1(r):|= }1“52 Sln[ (t -1, )]
HO] |1 -ome ‘°)sm[ \/1—6' - ’o)]

w,V1—-8°

S [ TR

_x_/l-—éz

1 1 ~Bwy (1=tp) o s e
[x;(to)]+ . {—ﬁe 4 sm[w,,Jl 5(t—1,) @‘,]}

L
SO L e ol 5]
w,,gl ~&°

(2.90)

!(t 2t0)

1-82 4 41-82

-
uay <&, =tan
f )

it @, =tan”

v W a . R - -
Output response YaIS8UUDUAY 2 Vi3 unit step function input A9

o(f) = W (f) = %e"’"’"‘“"” sin {w,,Jl —&(t-1,) +125} x,(1,)

+%.=e"’"" 0 sin w, Vi= 8 (¢ 1)} 5, 0,) (2.91)

1-6°
+1+7=1=2e"’""("'°) sin{w,,\/l-cs’ (t—t0)+®} ETH
1-6

&% input 104 step function #iilaeq step fagu 2.32 (n) step usnilestoudritinen
t =0 uarliruInmIUgIves step usnifvindu & 31 & 98Uy max. overshoot ¥84
step response voarlsrituusniiiidwiviunils 81 damping ratio & = 0.2 anaNA1ET
(2.89) axlv
P.O. =53%
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Fah step wanasABlnRRIINGS
k=—t =065
1.53

fu 1787 A max. overshoot veilen
c()=1 uaz J(1)=0
uazudatlon step function 7 @uiiu unit step function) Wlvlussuvilnseaen 1, =1,

Faozimnuldnnaunstl 1, == 1-£* «&lé
a’ﬂ
d i 3.2 (2.92)

! = = =
T w1-8 w1-004 W,

- 1 ers [ 1 ﬁ - o
8UA7 initial state NNAUAT response U84 step WINATIVINA max. overshoot (M0 ©
A
e 1,,,) Seesden
%) =1 uag x,(t,)=0

mngﬂ"n" 233 wazaumsh (2.92) axid

w , {(s+26w,)% (1) + %, (1) + R(s)} (2.93)
52 +20w, +w,

c(s) =

dlounusn x,(1,) =1 x,(t,) =0, R(s):l uwazly partial function vzlé
5

w2 (s +26w?) w?
s 28w, +w.  s(s*+26w, +wl)

w2 (s+26w,) _{1)_ wi(s+26w,)
S +20ws+wt \s) S +20ws5+w

c(s)=

c(s)=

c(s)= %

oy inverse Laplace transform ol
c)y=Lt=t (2.94)

- . - P
qﬁuﬂﬂx‘l‘l'llua‘ﬂau step function u‘iﬂﬂﬁﬂu’lﬁﬂ‘l‘mﬁd 0.65 LasilonaIan fo =tmax

Titlou unit step function WnlU 981 output response (11 steady state viufl (31)#1 2.33
) Fmumntuiliundn posicast control #1 0.JM. Smith Téuuzuibusausn (8]
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h 4

o
o
-

{

Max

;ﬂﬁ 2.32 AN input iy step function asq step

Q)]

A 4

11]'71' 2.33 output response v84 juU 2.32
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UN 3
W } 14 [-]
ﬂ']'ﬁﬁ[‘]ﬂﬂUUﬂ?ﬂ'}Uﬂu PID ﬂqﬂsﬂﬁnﬂ PD 914U (n-2) 1M
WUU Posicast + Feed Forward dmsuszuunisaseuivén

3.1 narii

wm3widanuau PD wsnzaniiezldmunuisuududy 2 iy Limungdmiv
musszUUduAY 3 wisanndn lunisfiegmuauszuududy =3 wie gendn ladinns
Whiaue n1seenuuudIAIuAN PID x (1—2) Stage PD Cascade Controllers Ingpfipiva-
fin root locus lunseuresssuunatwudeliies InswaiivesssuumunFnanadusyuy
2 DOF ( Two Degree of Freedom) ﬁ‘quam'luguﬁ ~ 58]

Uit 3.1 Taseatrsvesszuumuey 2-DOF

Taan13914 zero voeimuauiipanuuuluLuInITeIeI9sEARR sTUUAIUAN
Tnesaionm Faszanaldifuszuusuiu 2 wuunnasgIu 1INHARDUALBITEY output
sodynadutulaviioniae (unit step) vBsTEUURLAY 2 KUWINATEW overshoot geamae
tﬁﬂaq'ﬁ peak time Usn AILYUIA 1+ Mp pouiidyyratudulavasniimice Uiy
Junsdinii (reshaped) {Wuaeadau Tavdauusnidudgygraduiulafiionn 1/(1+Mp) o
van ¢ =0 dwilasaiudygradutiulaffivun Mp/d+Mp) uar Yssiienm t,
Jadeilddny uandugu 3.2

@

Input

df(14d) > %

Transport
Gain Delay

U 3.2 SIMULINK diagram



a7

3.2 Tin1Iesnuuy
Tugudt 3.3 910 [3] exiuldimsesnuvussuumundiogassiuneudel
1 wuudaes
2 BRNUUUMATUAY

J 5 -3
§UN 3.3 TUROUTBINTRBARLLITEUUAUANLULANN DA
3.2.1.huudany

- ° [Y) o 1 |
T 2.23 [4] lihaunspuansusvesssuunsassiiivanainumi 2 Wte
al
# 2.4 aums (2.85) Wugduuy Plant fie

60990G, (s) - (3.1)
(s+49.5)(s-49.5)(s+58)

O@s)=1+

3.2.2 99NLUUMIAIUAY

v o

W plant #illdudu # G(s) ﬂwsgnmuauﬁqﬂﬂau'[mmaa% K(s) { Transfer

v-ﬂw-y

function voalulvulufa

K, 2
G(S) =— n , (3 )
s"(Ls+Y(Ts+1)- (T s+1)
_ 60990 . m=3,N=0.
(s+49.5)(s —49.5)(s + 58)
daushruny PID § Transfer function 1
(s+2zXs+2z,) (3.3)

K.p(s)=K, +£+de=Kp,d
s 5
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# Kp \Ou proportional gain Ki Uy integral gain Kd Wiy derivative gain adrdiy

ﬁ'ausuﬁ'amuau PD {i Transfer function
Kpp(s)=K, +K;5=K ;(s+2,)- (3.4)

open loop transfer function 15U #32AUAN PID x (n—2)stage PD cascade

controller uay plant G(s)

PID Controller ~ (#=-2)PD (3.5)
Kp,d(s+zl)(s+zz)prd(s-!-zpd)---Kn
s:8"(s+p)s+p,)-(s+p,)
nth order Plant

KG(s)=

Pre-assigned (3.6)
K (s+49.6)(s +58.1) (5 + 2,,)60990
5~ (s +49.5)(s +58)(s —49.5)
3rd order plant

KG(s)=

Ingl¥i%e19136AnR (Kitti's Method) Taufiwmuald z, =49.6 waz z, =58.1 vy
' o w o
WA z,, wag K nfieulvusssuiauarues root locus dwialuil

0 KG(s) =22k +1)z, k=0,1,2,-, (3.7
|KG(s)|=1.

i -l -l w - al
F19AEIOIARNITNABINITNABIDDALUY Tﬁﬂﬂnﬂwisqaq'lumaumﬁnauauaﬂ
y ] ' e ] - & o ) fl '
°8"Jﬂguasaqm‘umwuumuqumaé&utu’lruﬂu'qm'uuuu'lmmmuwmuuaﬂﬂﬁﬂqwq
complex - conjugate dominate close loop poles s,, =—C@, * jo,/1-¢? ﬁ'ﬂssu'l'ﬂu
o &
aums (3.20) Al

[ j_&] (3.8)

Percent Overshoot (P.0) ="V / x100% = 5%

-1n(0.02 1—;2)
={.1secs.

¢o, (12%)

Settling Time (¢,) =

- al v P
PNTWATDEARNE (specificattion) YIABINTT msq'lumau percent overshoot (P.O.)
awla damping Ratio



) o
R

e

49

(3.9

wazennanddl {1, (£2%)} varanudndepilunisundamusssund Weudy

v &
AUNTAIU

~—ln(0.02 1-;2)
o, = v =61.373 rad./sec.

»
&

#iay dominant closed - loop poles lﬁwuaf,jﬁ
s, =—42.354 + j44.416.
open loop transfer function laeliiil z,, il s, fip

80.734°  70.48"
(s, +49.6) (s, +58.1)60990

KGw &=
0Z 4 (S4) 5, (s, +49.5)(s, +58)(s, —49.5)
e S

133.639° 80.86° 70.595° 154.194°

KGwoz,,(s) =[3.025+ j9.269|0 71.927

9.75

yumiwes z,, W s, Ao

{arg(zp,) = —arg(KGwozpd(s,)) =0 (s, +2,4),

=108.073".
Juimumnen
r 151.214° 108.073°
0KG(s,) = (s, +49.6)(s, +58.1) (s, + zp,,) 60990,
) 5, (5, +49.5)(s, + 58)(s, —49.5)

439.287°
=151.214° +108.073° — 439.287° = —180",

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)
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P | ' 0 v b ! » v &
we 0 (s, +2,,) N 90 faudly Z,; BYNNOUTIOY 5 Wuaunsiail

Im
tan(n'uEl (54 +zpd))
Gain vesrmuny aansamilFvndeulyreswua (magnitude condition) Al
61.373 44.987 47.091 102.029 (3.16)
_ |s,,| [s, +49.5)js, +58|ls,~49.5] _2.195
|sd +49.6]}s, +58.1]fs, +27.86/60990 1000
45.003 47.125 46.721
v‘faﬁgwu'm open loop transfer function #® ]KG(sd)|
Find Prc-aSSlgnCd Flnd (3.17)
ﬁolgg)[ 5, +49.6]}s, +58.1/f5, +27.86/60990
=1.
|s,|lss +49.5]|s, +58]|s, —49.3]
¥iuan open loop transfer function amnsailenulwmilfiu
K(s+49.6)(s +58.1)(s +2,,)60990 (3.18)

KG(s)=

5(s+49.5)(s + 58)(s —49.5)
K =2.195x107, z,; =27.86.

ol o - - )
\taNaEantuIR overshoot LHBIITINMTY zero (s+2,,) WU open loop transfer

function KG(s) forward controtler ﬁqqmﬁ"ulﬁ'ﬂm

K (s)=z, /(s +2,) (3.19)

5 -l ar L A L. b 4’
yuulagsaviamndanansovsznalasaiviniudussuududiuasanasgudal

Y(s) 2, K(s$27)60990
R(s) | s3zg || s(s—49.5)+K(s+2,,)60990
K60990z,,
s +(K60990 49.5)s +(K60990z,,)
R

84.383 3.73x10°
N 3.73x10°
s +2.0.691-61.0735+3.73x10*
et e -
¢ o, @’

(3.20)
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3 & w < 1 YT
NARARBUALDY output sedgqadudulaulimievessyuuduiv 2 wwunnsgu
maximum overshoot 1u

M, = —0.05, ¢ =0691. (3.21)

(] - IJ -
Maximun overshoot IRBYN peak time SN

t, =——===0.071secs., o, =061.073rad/sec. (3.22)
o J1-¢7?

o ol [z P O a nl' 1
wenslilafunansvausdlaenlill overshoot dygiutudulavuianiliniie
o ‘w y e dY
sgnuFuruslwisiuames luassdiudsil

Posicast =1+ P(s)

1 4 MP AN Mp ~ Mp ey (3.23)
1+M, 1+M, I+M, 1+M,
. x . 9 4 \ T I, R 7 ,

0 L] 0 ]

af w5 .
UNY 3.3 HRANTNITNIaDY

- o b o 1 o o v P! -
JUR 3.4 1iu root loci ¥edsruvasufwinan sstuitsruuAlinilusTaned
" v o v o X aan
wmaedl pole egluspuuswndmusivduszneviatiindeifiuty Ce Tuujiten
o ¢ ,alad 5 ° - - w - ) a
wnWus MFArmn C AvusainReoulucudiv) dwandugui 3.705] wdendiaiugy
° - al Y -
PID x (n—2) stage PD cascade controller §n1i11U1¥ pole 30 integral fiqaruiia
o Jl 1 -Iu - at o v ar ) M
ausni pole Malpsidruunudnnmludasvununisadigun 3.6 annseagliitssuy
a 1 ol J =l
apsiwimanivihiiadesnmdsfmuauesniuuiivenibuy



A 9

D 4

< stable region

unstabie region >

Ui 3.5 seuwmiaiosnm / hiedlsam
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Real Axis

4 a
JUA 3.6 root locus dmiussuumuAl

Iuguﬁ 3.7 nanaudAusIdy QI sTAURENALAdINIU PID x(n1-2) stage PD
cascade controller Tun1sAvny loop fignesnuuuiity wansuauesdufifemdsin
tuFaAuR forward controller 111U 3aufian13219damauA zero 1ndfy pole Yos
nssuIums ssuuioanUsznaliiiusruunasgusuiu 2 Tnensilsil zero uax pole
2 faimiu #in maximum overshoot Tamniidaents WupudnuusepsszULIIRTEY
Sustudl 2 Fuduitiiu dedesaitazesnuuu forward controller ﬁu'ui'fmgﬂgmmi‘lu Posicast
pre-filter $198en15 M ¥y yrosdunmudazsuduasvieanun Guithdufenansudues
dyaauBunmuiu 2 uansadigEen dudigahefonansuaussinmsiistuees
FauaushTveedug 10 afesitesniuy



@
2
£
&=
<

e S e

Time (second)

3 al A 1
Ul 3.7 nameuaussdyanatutulavionie
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unil 4
unaju

sevvitiadessuRuailudd fessuunasefaivdn Tggnidenidussuudl
uraulelny PID x (n—-2) stage PD cascade controller W58 Posicast controller afug)
wilewinfansusouluniseshuvumuniluinentinsl fursuusniunisesnuuus
AIuAY PID x (n—2) stage PD cascade wamnaseautunoud nauﬁwg}amwawﬁ'a
vioanazeyia erearldTumufifesnts usdimiu maximun overshoot dudlailétu
nanouauasiumels Junsufiaed \un1seeniuy forward controller 1ilalilasud
maximun overshoot T¥agnielumnudesns nilsrvumumimindsesnsaussnali
iy ssuuduiuseunmsguinieuilereaniuuiinuau Posicast Tutunougaving



56

AnRnTTUUTENIA
fleulainsuveunsena sans. Haf Aaaseg dmduduunhsulsznud
laile uszlugnue ﬂawﬂﬂaiqmmumsmsaanmmumu PIDx (n—2) Stage PD cascade
controller 9NugINTDIIEINT s AMEAMYBI8719138 1 TEUUAIURUNIMUAAINTD

Ysnamsifidussuududuassnasgu Sandeufiasyseyndshnuey Posicast lalumeu
hegm
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dy 3 dl ¥ o U ¥ dl = } 5 1 Y o ¥ L83 ¥
wnanstluenansnanulidmsunisidnuienisnwvintu ldeuaslvmiluldusslowisunisen
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Posicast PID X (n-2) Stage PD Cascade
Controllers for Magnetically-Levitation System

Panupong Surintramon, Pittaya Pannil, Prapart Ukakimaparn, and Thanit Trisuwannawat

Abstract—When a plant to be controlled is third or higher
o™ order, the PIDx(n-2) stage PD cascade controllers are very
suitable to be applied for control. To verify the advantages of
these controllers, the Magnetically-Levitation plant is then
selected as an example of unstable plant to be stabilized and
controlled. The design technique Is based on placing the
controller zeros. The overall controlled system can be
approximated as a standard second-order system prompt for
designing the Posicast controller to obtain the output response
with no overshoot In the last step.

Index Terms—Magnetic Levitation system, PIDx(n-2) stage
PD controllers, Posicast Contreller

1. INTRODUCTION

Bccause the PID (Proportional-Integral-Derivative)

controller is properly applied to a typical second order
plant only not for any ath order. In order to control a third or
higher nth order plant, the PID*(n-2) stage PD cascade
controller design based on root locus technique is proposed
in Continuous-Time (CT) framework [1]. The original
design technique known as “Kitti’s Method” is aimed to
satisfy the desired specifications without trial and error.
Then, the forward controller is employed to decrease the
undesirable overshoot, the controlled system structure
becomes two-degree of freedom (2-DOF) system as shown
in Fig. 1.

Fig. 1. Structure of the 2-DOF control system.
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By placing the zeros of the designed controller in the way
of Kitii's Method, the overall controlled system is
approximated as a standard second-order system. From the
response to a unit step input, the maximum overshoot
occurred at the first peak time ¢, with the amplitude of [+M,.
If the unit step input is reshaped into two parts. The first
part is the step input with amplitude of 1/(1+M) at = 0.
The second part is a stair with amplitude of M/(1+M,) and
delay caused by the time ¢, (or written by ¢™*") as shown in
Fig. 2 [2].

@ >
input outpest
e
Gain T'g’e‘f;’;"

Fig. 2. SIMULINK diagram.

II. METHODOLOGY

Fig. 3 shows the steps to design digital control systems
[3]). The major steps are plant modeling and controller
design.

Plant
modeling

Coaotrotler
design

Controller Discretization

s-domala | z-domein

Fig. 3. The steps of the digital control system desigh.

A. Plant modeling

In Fig. 4 [4), a ball bearing of mass m is placed
underneath the electromagnet at distance x. The current
flowing into the electromagnetic coil will generate
electromagnetic force to atiract the ball bearing, The net
force between the electromagnetic force and gravitational
force will induce an up or down motion of the ball bearing.
The photoresistor senses the variation of the position of the
ball bearing by the amount of shadow casted on its surface
and feeds back this signal to the control circuit and amplifier
to regulate the input current /. The ball bearing is kept in a
dynamic balance around its equilibrium point.
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Conoter Amglher Becromagnet Xs) = % Lms’ + x,Rms" - k, Ls— (10)
Operating "ir X X ki R+ G,(9)kx,B=0.
Poet Coll
L
Equation (10) can be rearranged as
X
G.(8)kx, B
Photoresistor Light Source =1 £ = 11
As) +&,Lm§+xoRm.sJ-kloLs-— kR 0 (n
Fig. 4. Magnetic levitation control system.
and
The system’s dynamic equations can be obtained as kB
follows. Cor
As)=1+ = (12)
1Y S+ ﬂ s— i [s-&--@)
f= C(;) M m, m, \°T
e= Ri+ L% {2)  Substituting the parameters into (12), yields
d’x 60990G.(s)
m—-=mg-f 3) =1 £ =0, 13
a7 X = 295 (s-49.5) (5 + 50) )
where

f is an electromagnetic force.

4 s a coil current.

x is a distance between electromagnet and ball bearing.
Cis a constant.

e is a voltage across the coil.

R is a coil resistance.

L is a coil inductance.

rris a mass of ball bearing.

g is a gravitational acceleration. Fig. 5. Block diagram.
The linearization equations describing the variations from FRBLE]
NOMENCLATURE

the operating point are obtained by using only the linear
terms from the Talor series expansion, If the variables of the Symbol Quantity

operating point are expressed with subscript “0” and the X 0.008 m
variables at the neighborhood of the operating point are m 0.068 kg
represented with subscript “1,” then linearlized equations are R 80
ac 20& L 0483 H
11:_;0 266, @ i 076 A o
% X C 7.39x10° N-m*/A
di k 1.756 /A
§=Ry+Ll— ) B L14x10 V/m
d!
m=gt==1, ©
B. Controller design
Laplace transform of (4)-(6) yields Let the mh order plant G(s) to be controlled by the
controllers K(s), their transfer function is assumed to be
E(s)=k[£(s)—%xl(s)] m B
K
E(s)=(R+ Ls){(s) ® G(s) = - ,
s X,(9)=~F (9 © T+ DEs D) (T4 (14)
_ 60990 . =3 N=0
where k=20%. (s+49.5Ks—49.5)(s+58)" " T
If the PID controller transfer function i
The block diagram of the magnetic levitation system is controtler er tnction s
shown in Fig. 5. The characteristic equation of the control K (s+2)(s+2)
system can be obtained as follows. Kop(9) = K, + L K,s= K, ~-315% ) (15)
s s
ISBN: 578-988-14047-3-2 IMECS 2017

ISSN: 2078-0958 (Print); ISSN: 2078-0966 (Online)



Proceedings of the International MultiConference of Engineers and Computer Scientists 2017 Vol I,
IMECS 2017, March 15 - 17, 2017, Hong Kong

where K, K, and K, are a proportional gain, an integral  Hence, one of the dominant closed-loop poles is located at
gain, a derivative gain, respectively. Hence, the PD

controller transfer function can be stated as 3¢ = —42.354+ j44.416. (23)
Kpp(8)= K, + K 5= K 4 (s+2,,). (16)  The open-loop transfer function without z,; at s, is
The open-loop transfer function for the PIDx(n-2) stage PD [ KGwode (8,)=

controllers X(s) and the plant G{s) is 80.734 7048

(s, +49.6)(s, +58.1)60990

~2YPD ,
_PID Coptroller ~_(2-2)FD 1775, (5, +49.5)(s, +58)(s, —49.5) @4)
Koa(s+z)(s+2)x K (s+2,)--K, e e e e
KO = B s (D) {13363 g0k6_ 70.395" Isalod
. . L KCwoz ,(s,)=13.025+ j9.269| £71.927",
ath order Plant P L—g.’”—J
or,
The angle from the zero z,, to s, is
Pre-assigned
’_-_A__\
K(s+49.6)(s+58.1 60990 arg(z,) = n —arg( KGwozpd(s,)) = £(s, + z,),
KG(5)= (S )(S+ )(5'1'2"“._,) (18) =) g( Zpd d ) 'd pd (25)
5:(5+49.5)(s+58)(s—49.5) =108.073".
3rd order plant
Now, it is implied that
By using Kitti’'s Method, 2 =49.6 and z =58.1 are first
i 3 151.214° 108.07¥
assigned, then find only z,, and K from the following root p £ Ao
locus angle and magnitude conditions. £KG(s)) = (53 +49.6)(s, +38.1) (s + 2,4 )60990,
) . s, (5, +49.5)(s, + 58)(s, —49.5) ' (26)
£KG(s) = +(2k+Da, k=0,1,2,-, 439.287"
(19)
|KG(s) =1. f =151.214° +108.073" - 439.287" = ~180'.

The desired specifications to be designed are usually g .. £(s, +z,,) is greater than 907, so the zero z, is
N . . ] d o 3 od

specified in terms of transient and steady state response \ d : )

characteristics of a control system to a unit-step inpu, ~ oc8tedat the right hand side of s, as

exhibited by a pair of complex-conjugate dominant closed-

loop poles s, =={w, + jw,1-¢? as follows. e |Re(sd)|— |Im(sd )I =27.86. @n
tan(fr-é(s, + z“,))
Percent Overshoot (P.0) = e[ﬁ] «100% = 5% The .cx.mtroller gain K can be. found from the magnitude
Q0) condition of the root locus technique as follows.
_ ~In{0.021-¢7)
Settling Time (£,) = Y = 0-lsoe/cs- 61.373 44,987 47.091 102,029
s (£2%) [s] [sa+a98fs, +58[s, 495 _2.195 a8)
s, +49.6]|s, +58.1|[s, +27.86/60990 1000
From the given desired specification in term of the l‘q_!ILJl;_l
Percent Overshoot { £.02), the damping ratio is 45003 47125 46721

Hence, the magnitude of the open-loop transfer function

ool [ L om0 et

,—Fmd—\ Pre-assigned Find

and from the given Setling Time {£,(12%)}, then the [%%)[sﬁzxg.eﬂsd+58.1][s,+27.86]60990

undamped natural frequency is =1, 29
Y [sol[s, +49.3], +58]5, ~49.9 @)
~In{0.021-¢?
o = n( 3 ) = 61.373 rad Jsec. (22) Finally, the open-loop transfer function can be expressed as
! {t, follows.
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K(s+498)(SF581)(s+2,,)60990
S(s+4973 ) SPE8 (s~ 49.5)

K=2.195x10", z,, =27.86.

KG(s)=

(30)

To decrease the overshoot caused by adding the zero
(s+2z,) to the open-loop transfer function KG(s), the

following forward controller is introduced.

K ()= 2,4 [(s+2,) (31)

The overall system is then approximated as if it is a standard
second-order system as follows.

Ys) | 2w K( s34, 60990
Ris) | spzy || s(s-49.5)+ K(s+2,4)60990
. K60990z,
5" +(K60990~49.5) s +(K60990z,, )
84.383 3.73x10°
3.73x10°

3 +2-0.29;-61.073 S+3T3XI0

@ a)z

o

(32

n

From the response to a unit step input of a standard second
order system, the maximum overshoot is

M, =< 2005, ¢=060l (33)
This maximum overshoot is occurred at the peak time,
t, = — =007l secs,, @,=61.073rad/sec.  (34)
2
@1-¢

In order to achieve the response with no overshaot, the unit
step input will be rescaled by the factor (1+M,) in two

parts as follows.

Posicast = 1+ As)

M M M
1 - Rl P S Y L (35)
1+M, 1+M 1+MP 1+MF
e L Nl
2] )] e

Oi. SIMULATION RESULTS

Fig. 6 shows the root loci of the magnetic levitation
system. It is evidently seen that it is unstable system in
nature, because there is a real pole in the right half plane
corresponds to an exponentially increasing component Ce®
in the homogeneous response, (where the constant C is
determined from the given set of initial conditions) as shown
in Fig. 7 [5]. After the PIDx(n-2) stage PD cascade
controllers are applied, the pole from the integral term at the
origin then can brings the unstable pole across imaginary
axis toward the left half plane as shown in Fig. 8. It can be
concluded that the magnetic levitation system is stabilizable
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by the designed controllers with excellence. In Fig. 9, the
unit step response in red solid line is for the PIDx%(1-2) stage
PD cascade controllers in the control loop at the designed
value only, The response in green solid line is for after the
forward controller is introduced. From placing the controller
zeros close to the poles of the plant, the overall system can
be then approximated as a standard second-order system
with no zero and two poles only. Then, the maximum
overshoot is obtained within desired value. Once, the
properties of the second order system are known, it is easy to
design the feedforward controller, which is a Posicast pre-
filter for shaping the reference input using either two or
three steps. The blue solid line is a response to a two-step
input shown by white dashed line. The last magenta dashed
line is the response by increasing the controller gain to ten
times of the designed value.

L4}
Rexal Axis

Fig. 6. Root loci for Magnetic Levitation system.
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x
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Fig. 7. Stable/ Unstable region.

Fig. 8. Root loci for the controlled systern.
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B et

Fig. 9. Unit step responses.

IV, CONCLUSION

An unstable, third-order magnetic levitation plant has
been selected as an interesting maglev plant to be controlled
by the proposed PIDx(n-2) stage PD cascade controllers
with incorporating Posicast controller. It seems to be that
there are three steps to design the controllers in this paper,
The first step is the design of the PIDx(n»-2) stage PD
cascade controllers. After finish this step, the settling time
may be satisfied, but may not for the maximum overshoot.
The second step is the design of the forward controller to
achieve the maximum overshoot within desired value. Then
the overall controlled system is approximated as a standard
second-order system that prompts to design the Posicast
controller in the last step.
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