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THANARAT AUNSIRI : SERVO SYSTEM USING POLE-PLACEMENT
WITH STATE OBSERVER FOR MAGNETIC LEVITATION BALL
CONTROL SYSTEM. THESIS ADVISOR : ASST. PROF. JIRAPHON

SRISERTPOL, Ph.D., 139 PP.

MAGNETIC LEVITATION SYSTEM / LINEARIZATION / PD CONTROLLER /

SERVO SYSTEM / OBSERVER

The magnetic levitation ball control system is used to levitate the magnetic
ball in the air using the electromagnetic force, the system is non-linear and unstable.
Nowadays, this system is applied to use in the industrial and mass transit sectors such
as magnetic bearings, magnetic levitation trains, and wind turbines, especially the
vertical wind turbines which have been developing to increase the electricity

production. There is the study of various control systems to maintain the system
stability and be able to control such system effectively. The widely popular controller

is the PD-controller or the phase lead compensator. However the performance of this
controller is inefficient. This research presents the servo system using pole-placement
with a state observer and one integrator for magnetic levitation ball control system,
mathematical model of system, making linearization, and the design of servo
feedback control with state observer. The results of the simulation and experiment of
the servo system using pole-placement with the state observer show the improvement

of transient dynamics and the constant state which has wider control range at 43.37%.
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Y] CZ (3 2

9
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nazdrfiviuald x(0)=x, 19wTeu 15 udy (iitial Condition) nagd1aundauns

aouduesIntgluDL

x(t)=e"x, (2.23)
15192 18

X(t)=2e"%, = AX(t) = Ae*'x, (2.24)

= = n Yo A
‘ﬁ)’ﬁlﬁﬁ”lﬂ”liﬂ!fl]ﬂuiﬁuqﬂﬂﬂﬁhﬂﬁ‘ﬂ (2.25)

(A1 =A)x, =0 (2.25)
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A due9
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(State - Variable Feedback)

y X

luradeliagna1nDITMIeenULUIZVUAIUANYDIUUUTIABINM S UR
o a 4 { 1 a A

WIenuuTIaeInNAdiamdasueeszuDNReueglugluulSglame nseenuuuIzUY
dy = 1 o Y o Aq v
AANHEEENNIzVUMUUUEULNTaTaglsdlsmaa mseenuuuszuUAILRNN LY

[ A A 1 a = ?zl.l o 1 g’; 1 A 3’,
Auszuun@sueglugluuniSgiamativunounliled 3 Guaeu na1fie Tuaeuusnz19y
auudiusiamisadamdnlsaaavesszuu ldnnduda Idisiimseenuuuszuunluny

o 9 (% @ A @ ﬂjdy ' I a Y o [
TﬂfJ@Wﬁflsllﬂyaﬂlﬂﬂﬁﬂl!ﬂﬁﬁlﬁﬂnﬂﬂjﬂlf)\?ﬁﬁﬂﬂﬂﬁ’lﬂ’lﬁﬂ']ﬂulﬂu ualuanuiuaswardmsy

H Y
AA v [ Y

a 9 1 [ 1 W Y A
szuuniouauge q dulasnaudnsie: liawnsodamaudsaea ldnndinn vselums

a oA @ ' ' ' o 4 @ {
UH1ia mstadmannaaneinszdoudonlldiieaoudinganugilnsainsiaia (Sensor) A0
Y

' 9 9 H s H
Ay A ludunoun 2 ﬁ@ﬂlu@]E]‘LWI‘HQ\W']ﬂlj'I?Jf]ﬂLL‘]J“]Ji&“]J‘]Jﬂ’J“UﬂiJi]'IﬂﬁZJNG@'Iu

)

)

1 @ 1

o 4 ' < a ] o 9
mmmnnsm@mmuﬂsmmnﬂmm"lﬂ LLM“LJMWHJ‘IJ%Nm'lummsam”lﬂnﬂmm
Y )
A9 1519z a5 19l ST A man (State Estimator) nIoAIFUNA (Observer) Winlseuna

1 ;:; 1 (% A () [ 9 % 1 A (R
mﬁmwm”lnmmsamma”lmmmimllﬂ MsoonuUUAIUsZINUMTInAYToAITUNA

Y
Y

al/ 4 ' o v o v 9 o a
uuﬁﬂﬁﬂ’li@@ﬂuﬂﬂlﬁ@ﬂiz11Wfl\lﬂ'lﬂﬁﬁl@l@]iwuﬁﬂﬂnﬂ@]ﬂi@ﬂ@'lﬁﬂ"]]@lluaﬁ'iUuﬂJu'lmﬂuV!ﬁL!ﬁg

v
[ =

o ' 1 1 v o <3 [
ﬁ'ﬂJuﬂJu'lmLﬂWTZﬁWWWI'Jﬂulﬁ ‘gﬁlﬁﬁl%3GfJﬂ'J']ﬂTﬁ‘IJﬁgMWﬂ!ﬂWﬁmﬁﬁ%@@]’Jﬁ\iLﬂﬂ HUUUDUAD
(Full - Order State Estimator, Full - Order Observer) N991519199200NUUUAIUTTIIUAI AN

d’ 1 Y d' [ 1 9y A 1 Y o 1 gl.: é =1 1 1
L‘waﬂizmmmﬁmmawwm%m”lm”l@ma”laJ”lmﬂwnuu G]NLi'ﬁ]$L§8ﬂ31ﬂ15ﬂ§$1ﬂmﬂ1ﬁm¢]
Y
NIDAITUNA HUVAAOUA (Reduce - Order State Estimator, Reduce - Order Observer) YUHNOU
~ A H A o W o o ' A v o A o Y
N3NAD Gllu@l’f]u%u’l@l’)ﬂi]ﬂﬂllﬂ’UG]T]J5$3J'lﬂ!ﬂ'lﬁl@]@]ﬂi@@]’Jt’fﬂlﬂ@]i%ﬂﬂlW@u’lqﬂi“ﬁiu
1 U d' dﬂl ady U U
ﬂ?ﬁﬂﬁﬂﬂﬂi%ﬂ‘ﬂﬁ@qﬂ ﬂ\‘lllﬁﬂ\‘liugﬂﬂ 2.6 TﬂEJLL!'l’)“Vi15118(11!{1]3LLﬁﬂQ?‘ﬁﬂTi@@ﬂLl‘Uﬂ@]')ﬁﬁLﬂ@

3 o W v 2
UUUAUDUADINTUU

u(t) Magnetic y(®)
| . .
Levitation

—» Observer

K le— %) Y@

511 2.6 giamuaasszvuaugundouiudlszinaumananseardunasz U



26

A y v A PR N P}
1IONNANINIVNAUU Lj’lﬁ‘?ﬂllﬂ]1ﬂ’li'E]E]ﬂull1]531]1|ﬂ]1]ﬂ1|u1|u3ﬂﬂﬂ1ﬂﬂi%

Y
ﬂﬁllﬂﬁ’fﬂ@]@] (State Variable Feedback) ﬁﬂgﬁﬂgﬁjﬂﬂu 297U ‘ﬁﬂ ﬁﬂl&ﬂl@ﬁﬂ?ﬂ?ﬂﬂu Uagalu

V09921 52INUMAAANI DA ITUNATL UV LB

' 2 o Y

NOUEVINMIODNIDUTZUUAIUANAI8ITMITounauveiulsdian 15192

1 = vaA o w A [ I 9 o A AA 1

winandeguaviandidgnernuanwiullidlumseenuuudiniugy wsenSenin
I o 1

A1uAUAN 18 (Controllability) nazad1nilull 1dlunisaddlsenumananso

v o 9

d' [ 9 % A [ 9 e é d.dy 1 =\
ﬂ’)ﬁ'\‘ilﬂ@]‘ﬂ?ﬂﬂl@ﬂgaﬁm@ﬂ'Jﬂulﬂ‘UNﬂ'Jﬁﬁﬂﬂ’J'liJﬁ\‘llﬂﬂllﬂ (Observability) 53 M NUILNATUWY
Ao ' o Y o 3 Y Y
n3uilu Tagnouszesnuuudiniuan ldissuiludesasrnaeuanuniuguldvesszuu
= [ 9 (= 9 < 1 @ 9 ax dy o

lgnouU ﬂTﬁ3‘]JTJVIJJNﬂ’J'liJﬂ’J“]JﬂiJulﬂlﬁ'lﬂulllﬁ"m'lﬁﬂ@ﬂﬂllﬂﬂ@l’)ﬂ’)ﬂﬂuﬂ’)ﬂﬂ‘ﬁﬂWﬁu Turiues
Laﬂ?ﬁﬂfi'ﬁ]l!ﬁﬁ'ﬁﬁ’E]E]ﬂll,‘]J‘]Jﬁ’J‘]JigiJWmﬂwﬁ'mﬁWgﬂﬁﬁﬁlx‘lmﬁliﬂgfﬂﬁﬁﬁ')i]’ﬁ'ﬁ]llfi@u'j'lﬁ$ﬂll

= [ Y A [ | = [
Hanuduna lanse luru@eny

A a a A v = a
mﬂizmmwﬂuﬂlugﬂuuuﬂﬁgmammmmmﬁ‘w (2.13) seuvvzlinnuausolums

9 9
v v A A ' o v o

FY a a 4 a o 1 Y =)
‘ﬂ’)llﬂllhlﬂiﬂﬂWﬁ]’liﬂ!’ﬁ]’lﬂliJ'ﬂﬁﬂcﬁ A uaziuning B TICANNUAUTUUAAIU AD AIAIAUTU

a 4 % ) 1
(Rank) ﬂjmmmﬂmmmmmﬂﬁ' (Controllability Matrix) ¥/ Hua71

AB
Controllability matrix = 8 =

a 4 9 gJJ 9 = " o A A (- A Y
w3 ngANUAILRY 1AMz ARIliAIMINY N e N AvMOUAUYDITTUUNABINITAIUAY
' % Yy A . ¥ ! =2 A A
Tudiuvesnnudana la 138 Observability Wy na1ddeszuuneulu
a o { =~ o a { a 4
g giaeadsaumsi (2.10) uaz (2.11) szuvzlinnuduna 1a laswosaniwns na

a 4 a a2 4 [ A e . 2 o 1
A uaziunsny C TﬂfJﬂ”I'iWmﬁﬂ!”ll,iJ‘VISﬂ“]fﬂ’NiJﬁQLﬂ@“lﬂ (Observability Matrix) 5IN1HUAIN

Observability matrix = ¢ = [CT A'CT ... (AT)”’1CT]

o [

< 4 Vo o & a 4 @ [
i%‘U‘Uﬁlﬂ il i]zﬁﬂmﬁnmlmmmmﬁ"lﬁjﬂﬂmﬁa ﬂWa’]ﬂﬂ%uﬂJ@ﬁlNﬂiﬂ‘ﬂfﬂ'J']Nﬁ\ilﬂﬁklﬁj!,ﬂWﬂU n

4 Y] [ a o
(Rank[$]=n) e n Ao SUAVVDITTUUHIBVBUNNTNG A



27

H] i g H] a v 1 1 o @ A
ﬂluﬁ@ul!ﬁﬂﬁlﬂum‘L!G]'E]‘L!ﬂ'li'ﬁ]@ﬂLHJ'LlLiﬁ]gﬁﬂll@]“lf']ﬂﬁ'l']ﬂf]u']'lﬂ1ﬁﬂﬂu1/‘!ﬁ

a v a s {
$1484 (Command Reference)ﬁﬂuﬂuﬁuﬂ (r=0) HagNUeIN1IAIUAY (Control Law)ﬁ

AMUUAN
X
X
u=-KX=-[k k, .. k] (2.27)
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waz (2.32) 32 lddaaunisn (2.33)

O] [ A 0]x®] [B
Li(t)}[—c O}La)}{o}”e“) (2.33)
Mruald

X(t) ~ X(0) = X, (),
E(t) - £(0) = £, (1),
U(t) - u(e0) =, (1)



30

de o, (t) =—Kx, () +k & (1) (2.34)
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a a Y Ao lds! o A 9 Yo o
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Uszmamdulsamaavosszuudoulugiuuiligiiman ladeaunsi (2.37)

X=Ax+Bu (2.37)
y =Cx (2.38)
A a2 4
1) A = UNINFAAAUBITZUY [n x n]
B = WNINFOUNAVOITLUY [nx 1]
C = WNINFOMNAYDITZUY [1 x n]
X = SAANNADSY0ITTU [nx 1]

a

u = BaUNAUDNISTUY [1x1]

y = 101MWAe95¥uY [1x1]
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mmmmmizuuwamamw%uuuﬁ’wammmﬁmmm%’mmizuu‘ﬁﬁ’mmmzﬁmﬁ

muauiialuudannsi 2.39)
%= A%+ Bu+ L[y—CX] (2.39)

A a2 o o v o
4o L = tunIngoasnvensuoaaIqana [nx1]

% = maulsanavesdidena [nx 1]
tmmiﬁ 2.37) auﬁaaaumaﬁ (2.39) uamﬁaﬁumi'ﬁ (2.40)
X—X = AX+ Bu—{A%+Bu + L[y —C&]} (2.40)
iTﬂgﬂmeﬁi]z”lﬁ)@Tmmmiﬁ (2.41)
X— % =[A—LC](x—X) (2.41)
aumsii 2.41) annsamen 1diy

é=[A-LCle (2.42)
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F1TUAIDNT1VE18UDIAIFANA (Observer Gain) HaEUATNI51A8INUNITIABDAAN
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C 0
CA 0
L=g¢(A)]|. : (2.43)
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qA) ="+ A"+t At a, (2.44)

q(A)=A"+a A" +...+a, A+al (2.45)
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e L - ANNA3 NFOATIVEBVDIAITAUAA [n x 1]
ut) = ADUNAVDITZU [1 x 1]
y(t) = ANDMNAVDITZUY [1 x 1]
A 1 s v W
yit) = AUDINWAVDIAITUNA [1 x 1]
X(t) = manlsanavesalduna [nx 1]

Tumssonuuudrdunaie lFaudesiinsmiaiainls lussuuvesdrdunada
[ J H [ Y]
18u9nnsseyenanyaiuesszUY (System Identification) NABINTUTTIIAAIA I TAIAR
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=
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ponuuUIL 19 InavesirdunaoguuLNUs e (Real Axis) titoNazii l)vhimswimigasivens

v o @ Y ! A a J o CZ v o

yosardunamimsiawsasaglld eglugduuunGeningluuuiygavesdrduna
Y y > = 2 o

1a damaldiniseonuvualniuguiiniiudzalinuiniu lagaiuisnldgasveq
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4 1 T W v o
UaNINv9 uu‘]J"JfJGl,‘Llﬂ'lfl'W'lﬂ'l'ﬁ]ﬂﬁ'lﬂlﬂ'lﬂﬂlﬁ]\?@]')ﬁ\uﬂﬁllg{

2.6  msmI¥iihu¥ady (Linearization)
Tumsaruusiasanadamans liunszuy Taena ldaznuinluszuuaia o

a 9

A < 7 A s v X A ) s Y \
anulusssua uilnsznsginsainuywdaievwine lsdse Jevivuainulvgaiuua
A o wa A 1 3 a Y g’; 2 o Y I a Y =2 A Ao w
Nanwazantan lidhudadunedu msvi liithudadu 3edivnomadaglumsdszana
(=Y ~ a I a 4 o 1
aum s 1By (Nonlinear Equation) 14 1umsesueszuy Ididluaumsidadu e lig
d 1 Y @ ] ] 9 4 4 .
msmileanduniteTou ldodrunuizan end1001usu M3 1¥ounsumMeiaos (Taylor Series)
o < a . . . . I o 1 a
msliiludaduTaeivosar Talieu (Jacobian Linearization) 1111dY sndIngramaiinnis
o I a J 4 . Jd o 1A !
mlditludadudrenisnszageynsumdians (Taylor Series) 191 T unudendu ligadudn

9 9
wulugumsauaw ﬂ”liﬂ§$ﬁ]”lfluuﬁ"lmuﬂ”lﬁIﬂﬂi@ﬂﬂﬂﬂ{]ﬂﬂﬁuﬂl@ﬁigﬂﬂ
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o Y a Y 1% d d
2.6.1 ﬂ]5‘Ylﬂ?‘i!‘lh»!!‘lfx‘i!%T‘L!ﬂ?ﬂﬂ15ﬂ‘§$%1ﬂ®1§!ﬂﬁuﬂ’lﬂ!ai’)5
ad J v 1A Yy X J @ A A
ﬁumuﬂmﬁvu"lmmmumLﬂumgmumJmﬁmﬁmaaummﬁwumma

mldsaunmsn (2.46)

y(®) = g(x(1) (2.46)

Tagnlasdu g(x(t)) dulandunsaasnnuduiuissninemaunls yt) wazdauls

o

X(t) Fannudmiusasnanonszuandldasuduldaluzii 2.10 Falidnvaraumsiludlu

1

10

0 10 20 30 40 X, 50 60 70 80 90 100

H 1 1 1 a3 a { o a
1 2.10 msdszanuanduassvesszuui lidhudadu a ganszuuhaulng

U

A 9 A o a2 . . =
910317 2.10 919aNTzUVMNNIUINGA (Normal Operating Point) A9 X, 31031/

< Y19 Y A v o v o A VA
%zmu"l,@m L’duiﬂﬂ‘ﬂllﬁ@\iﬂ’ﬂll’dllWu‘ﬁigﬂ’ﬂﬂﬁﬁllﬂi X(t) uagmuﬂi y(t) UANUADIUBD
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d' d' o ady [ 3/ o 14 Y a ] Y v o a
mmmzuummuﬂﬂ@u ANUU INDUNTUINYLADT ﬁ]%vlﬂ’ﬂ vsnalurilnanuyarmaulnag

Q

@ 4 = Yo =
ﬁnmsauﬂiummaasmmmmau"lﬂmﬁmmﬁn (2.47)

d
y=g<x)=g(xo)+d—§|x-xo (X—%)+

2 ERVAY:
d’g, (x=%)" |

e e, T (2.47)

Y 4 v W

=L/ ' Aa ' &
0171 (X—XO) UATHDY mmmmﬂixmmmﬁumﬂﬂﬂamaﬂWﬂuﬂmuﬂuqqmmuﬂu
P

S ¥ ' = 1o A Y o ~
?fllmﬁ@lgﬂﬁJmmf}illﬂiﬂﬂlluqmyLﬁﬂﬂﬁmuuufﬂﬂiﬂﬂﬁmgﬂﬂm ANUU INFUNITN (2.47)

W ldFaaumsi (2.48)
dg
y=9(x)=09(x)+ ™ leex, (X=Xo) (2.48)

o v o o AN o ' @ 4 4
Glumum@mﬂu AMSUTZVUNNA AU 5HINNIT 1 A2 Li1f’f13Jﬁm%ﬁluﬁllﬂﬁﬂigﬂillmﬂm@i

Taaaaunsn (2.49)

Y =0g(X, X000 X,) (2.49)

J J AN o v A~ [
TUNIDUNTUINYLADIVDITANNITNY ’J!,!,‘]Jiwmim’;mﬁumiﬂ (2.37) ﬁ’lll’liﬂl%ﬂuhlﬁ}ﬂﬁﬁﬂﬂ']i

7 (2.50)
0 0
y= g(XLo’ Xy 01000 Xn,o) +£ |x:x0 (% _X1,o) "‘&gz |><:><0 (%, _Xz,o)
0
+§g ey (Xo = X00) + vy (2.50)

Taeasmsasnanamsour i 1Fdszanaaumsnlidludadu 19 5has
9 Y ] Aa oA & 1 g‘z a J Aa oA < 1
iduldlurieszezmsdifauszeznilaniiu minmnunnszezlfiaaunee luaunse

sz liilusadula
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2.6.2 n15ﬁ11ﬁnﬂm%mé’fu€iw?§ Jacobian Linearization

ax o

o I a a . . . . I < a
331 Fadudr183% Jacobian Linearization 11uas 13w 1idlwaadu
~ LY a v JAY o [ A A A
MmznuanyuzvesaumMFeyiusndesnsdaglluanvuzlSgiimen vielugthum
A JAaa @ Y] o '3 s 9 Y, o Y3
$ng Alivatedauis Aremsdszgnamanszaeveseynsumdaesitiun 1 lunsildiu

a a a v A 13 a [ {
wadu guud liaumsdeywusn ludhadadudsaunmsn .51

x(t) = f(x(t),u(t)) (2.51)
o £ AeWeddula o uaz f(X,0) =0 awudld x Wuyadfidau ez T dudune a
MmO uazitie N5 aMIEUAUMTINNUYEITZUD 1INAUTNAY X(t,) = X uaz

mslaouna u(t) =0 dwsuina t>t, dawald x(t) =X

Y A Y _ a — v { —

(313 LINAUTEUY X(L,) =X ﬁ"gﬂauw@ ut) =0 a91uzv0952UUIZEIAIN X(t) =X
1Al A a 49! < Y 2 9y — — [ (3

aaeAnal t ualasnnatuantesasuisudauesnlilan X uaz 0 Taosidivuadiuds

ANV YAV UVDIANUUANANIAITUNITN (2.52) uaz (2.53)
ox(t) =x(t)-X (2.52)

ou(t)=u(t)-u (2.53)

9 ]
[ Y

Qumﬁmmuﬁumiﬁ (2.52) uag (2.53) m“luﬁmmi‘ﬁ (2.51) Li?i]zhlﬁ}ﬁumi‘ﬁ (2.54)
Sx(t) = f (X +Sx(t),T +5u(t)) (2.54)

[ I o 4 4 4 o 1% 1 < a a
da llidlumsiheynsumdiaesn linsznamomaumsasnanldiludaduanisvesns

[

o Yy a Y J J @ A @ ' & ' = @
“I/nclﬁl,ﬂuﬁlﬂl,ﬁuiﬂEllea!ﬂﬂJLﬂEJlﬁ’t]i Iﬂﬂﬂ?iﬁﬂl‘ﬂ@ll‘ﬂll uﬂunmmmmaaﬂ”lﬂmumEnﬂu

Sx(t) = f(Y,U)+i | 5x(t)+q|x _ou(t) (2.55)
X ou

=X
u u=a
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ua f(X,0)=0 aguu

. of of
oxX(t)~—|,_. ox(t)+—|,_. ou(t 2.56
® ax|jj ()+au|x ® (2.56)

=X
u u=u

° 1 a YA I a 8 o o
ensohauns 2.56) Tl lsdsznamaumsdeyius hiwsaduld naziiodam

Y
v

Tuaumslsgliama szldnyazaall

Sx(t) = ASx(t) + Bsu(t) (2.57)
A a 7 I a 4 a 4 < a Ja
WRINI NG A ITINNTNFUBITLUY HaZNING B 11 umnIngoumne

= a > a K . 5
2.7 IMUANDANDINY (Genetic Algorithm)
= a o a R . . I a Y a s
IUUANDANDINY (Genetic Algorithm, GA) 1Jumatiamsaumn ety lscangn
a A a = I an Y o A A o @
nyalszansmmmaiaviaaziudismsauimaeunminzauiga Tassumsimuin
@ v A a o o I a o a R 2 d
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[

a J e
Tasduning A B,C uaz D aail

0 1 0 [
1 0
A= 3g(gm|:f)3 0 _@ ’ B=|0
(ku, ) e 1
0 o -R L
L L |
C,=[t 0 0]
2¢c,gmR
C,=|-=22"Z 0 ¢,|,D=[0
2 { K, CZ} [0]

a 4 I a J I a 4
INTNY Cl NS N aaINanInoUaUoIved IuAase Uy uas C2 wWuunsndg

1Y 1 [ :
ﬁummiﬂimmjmgfmammmaﬂéﬁa"lﬁ'mﬂwm%ﬁ(

LY J v Y v < lll
3.5 MIFTYBNANHUVIITSUUANUdAABEAILIGTHINUNITIAN ‘I/\I‘I?\h
a a a 4 o a3 !
ﬂluﬂiﬂﬂmﬂﬁ’lﬁ’lﬂiii\lig‘ﬂﬂﬂ’J‘Uﬂll ﬂTS?LﬂﬁTgﬁlmgfﬂi@’ﬂﬂll’ﬂUi%UUQTLﬂuﬁﬁ]Zﬁ)@Q

[ o a 4 o
@TﬁfJLL‘UU%Tﬁﬂﬁﬂ?ﬂﬂﬂ!ﬁﬁ?ﬁﬂiﬂ]@ﬂﬂigﬂ’luﬂTiﬂTﬂi@%}ﬂTiﬂﬂUﬂNLﬁN@ ﬂ”lif,’f%}N!L‘]J‘]ﬁNﬁ@\WIN

a 4 o o [ 4 a o A g’/ ' v aAa s
ﬂm@lﬁTﬁﬁiﬂJ@ﬁﬁZUUTﬂﬂﬂ’ﬂﬂ%$@1ﬁﬂﬂ’J”IiJ?fiJW‘l!‘ﬁV]”Nﬂm@]ﬂ”lﬁﬁiﬂ@NﬂQﬂuﬁﬁﬂ‘l/\lﬁﬂﬁ
{ { o a 4 g}/ a a [
ﬁu;@mmmnuuﬁﬁu% TﬂEJLHJ‘U’ﬂTa’e)ﬂ‘ﬂiﬁﬂﬂ!@ﬂ?ﬁ@]ﬁl&ﬂﬁ]%ﬂ‘ﬁﬂ?ﬂ?‘lﬂﬁﬂiiuVITQWﬁ’JG]GU’EN

R a Jd { o a ara 4

TSUVTIUTNATNWITTIUABDTA N ﬁﬂiWﬂaiuLlUUﬂWﬁ@ﬁﬂgf]‘ﬁUWﬂﬂﬁWNWNWHﬂWGV\IﬁﬂﬁﬂJ@QE%U°U

1 < @ 1 A A ] ' a J
@EJ'I\?U]J‘iﬂGI'IiJ LL‘L!'J‘I/H\‘]@\‘]ﬂﬁ1'J’E]'li]ﬂi$ﬁﬂﬂiyW'IEI,Uﬂif,l!ﬂhliJVIi1Uﬂ1W1i13Jm@iGU@Q§$UU T@‘(’J

o [ a 14 v A o o
!,i'lﬁ'lll'liﬂ1/]'Iﬂ'liW'Iﬂ'lW'li'lllL@]’E]iGU’E]\‘]ig‘]JTJVI&%JI@ﬂﬂWﬁﬂﬂ%ﬂWiizu!@ﬂﬁﬂHmi$Uﬂ (System
X g ° 4 a s ° a s
Identification) “?\H‘]Juﬂi$ﬂ'3uﬂ']iﬂ1u3mlﬁ@1’7']1/\”5111m’i]i"ll’ENLL’]JU?]'IQ?N‘V]'Nﬂmﬁﬁ'lﬁﬁi(’ll’é)ﬂ
o A [ { v A 4

i$‘1J°1JWﬁﬁﬁﬁﬁuﬁlﬁﬂ@ﬂ@'lﬁﬂ"ﬁ}ﬂyaLﬁﬂ?ﬂﬂﬂﬂﬂ@ll!ﬁ%L’E]'W]“I/!ﬁ"u@Qi%ﬂﬂﬂ']ﬂﬂ'liﬂﬂﬁﬁ)ﬂl!ﬁgﬂ'lﬁ

@ ] 4 o R o a J [ {
A3IVIADYNWNUNNICTY Lﬁ’f]?ﬂu'Jm‘l’i']ﬂ1§]'3llﬂi"ll@\‘illﬂﬂ%'lﬁ@\ﬁ/n\?ﬂﬂ‘lﬁﬁWﬁﬁillﬂﬂQﬂﬁgﬂﬁ 33



54

N yaginsainaass
SYYZNTZIN g o X
o - Controller P STUURNUDALUIKANADYAD >
RGN - .
Y foaumuinian vl

Wandusaguszaad

a a @ a2
C IUUANDANDINY

LLUU%WaﬂQﬂNﬂfﬁﬂﬁ1ﬁﬁ§‘U®\i

x>

\

> 32UVYNUOANDEA
v 1=
Meauuusiman o

K}

A o o o Y I
;l"]J‘I/] 3.3 Llﬁ@\?ﬂ'ﬁig‘]_JLE]ﬂﬁf‘l‘HﬂﬂJ@\ﬁg‘]J‘]JQﬂ‘]J’E]ﬁaﬂﬂﬁﬂﬂﬂﬂﬁu'muufﬂﬁﬂleﬁ'l

J

Tae s ya1lszanyg
Py = a o AR d ax 9 a s Aa A an
MInurUINLANdanesnuuITMIAuMalyanlssavgnilssansands
& Y o = a [ v ~ a o a KL I
nila TaglgrannsAa@eniuu5ITNINA HaznanmINeaenug Iagdunandanas nuilu
o 1 & A U Y Yo [ PR as < U o a
mamurmegnilaiawsanan lanldsumssaliiluisuilalunquaussmsdiuiands
a o : v 3 ! o a a o o ]
Fannms Falagiuduneensuludsz@nsnm vaziimaih ldszgnaldediandraunalu
v ' = ) aq v o 4 o
Msunyrninsmauuiznga lagtvoyan 1o lun13se1yenanyalvedssUUgnN1Uoaaga
9 ] <3 aw dy 9 v Y a 1 ] I =
areaunuiman I luauidetieg ldszeznszias 19895z nasgnuoanimanauia
d Y 1 <3 I a { A 4
ginsaladaunuimandudunavedszuy uagludaIuMIABUAUBINI BB INNAVDY
¥ = Y vl = s Y T3 R o gy
sruutuaziluszeznszinvesgnueaulmanyudegnsala eauuutiniandeialanin
a o 1 <3 ] o J
NMINAADIIIY TAgIzezNIsNszIaTenINgnuoaianszegluglvenseanliianasou
A 9 v ' A o
Hall Effect Sensor fiaunsalgaunisusau liihanasen Hall Effect Sensor tiaviimsuilag
] @ Y3 o Y =R ] a 14 @
amseauliiduszezminszda’ld ¥ealumsdszuasimnsiineivesszuugnuoanosdn
[ I~4 o =~ ] a 2 . 4 {
awauiman i Thhaumsundeueglugivosaunsdadiay (Numerical) oz
' a 4 G4 v 9 v <
ansodszanammsilinesvosgaginisiszuugnueaassaIntsaumman TWh
A v Y 1 < I Ao ~ (=
ieaInszuugnueaasealfleduuman I uduszuunlanyuesn il
= o [ g‘/ = 1 ) % (% a 9
desnmlumsiiay auiuszuudddansomauludnvagszuunatanuuiuilald

= 9 = o o A v A o Y = = o
i%‘U‘UiNG]’ENlIﬂ?iﬂ?@l?ﬂ?ﬂﬂhﬂ‘iﬂﬁ’)%ﬂl%ﬂl‘wf]“l/ﬂﬁlﬁiz‘ljﬂlllﬁﬂEJiﬂ1WGlllﬂ1TﬂN1u



' £4
NINTUNIIN (3.19) 1Az (3.20) i]z"lﬁ'ﬁumaﬂ?guﬁmmmazumﬂumu

[

55

X1 =X, (3.21)
(gmR)
3g(gmR)s3 gR
12 = 1 1T Xis (3.22)
(ku, )3 e
X 5= R X 5+ - u (3.23)
1,3 L 1,3 L | .
Tasfloinauesszuy
2c,gmR
v=—ix,l+c2x,3+ve (3.24)
ku, ’
A
(148991 v, =V -V,
dunlshidesmsdszinamdmsumssgyendnuaiuaasluased 3.1
M13197 3.1 Mnuadulsdviumsszyendnyal
wiines R K L c c, u, v,
fuils X (1) X(2) X(@3) X(4) | X X (6) X(7)

= v J o o ' w v A A o yy 91 a 7 A
G]Nﬁl,uﬂ’li§$ulff]ﬂaﬂHmﬁ’lWiUﬂ’lﬁﬂllﬂiﬁ’l\?ﬂ I,W@‘Vli]$1/]’lclﬁul@ﬂ’l"ll’f]\iw'li'llllﬁﬂiﬂ

Y = ) I 9 @ 1 = 7
N PV RbAS Y] ﬁ]$¢]’f]\‘]3Jﬂ'l‘iﬂ'lﬁu@GUf]UL"UGlﬂ'ﬂlllﬂuhlﬂulﬂellﬂﬂﬁjuﬂiﬁ'lﬂ ] FPIVDULVALWDTUUISHN

AMUUANNANHULNNMINTNUOITEUY

Aa P ' 1 4 v
Glalj’f]yﬁGU’fNW'li'liJl@]’f]i‘ﬁﬂi'l‘ﬂﬂ'lcluﬂ'liﬂi$l|'lﬂ!ﬂ'l"ll@Qﬂj@Qﬂﬂiﬂ!izﬂﬂgﬂﬂ@ﬁﬁﬂﬂﬁﬂ

1 I~ (Y] {
Soauuiman Iiaensan 3.2




56

= D) 7 o Y = ~ '
AT 1NN 3.2 ﬂlﬂﬂg‘aﬂlﬂﬂijﬂqﬂﬂimgﬂ‘]J@aa@EJG]’J@]’JEJ?(HT?JLL?JMQﬂleﬂ'l‘V]‘VliﬁJﬂ1

a 14 1 ]
Uszian URERIVLE Gh N1y
H @ ] <} [
Uningnuoauuman m 41.3 AU
A1OATIVIIBVDIAINIVAN ki 24.7202 -
ADATIVIIBVDIAINIVAN K1 -500.0005 -
AONTIVIBVDIAINIVAN K -12.4652 -
AN IIVEIIVDIAINIVAY Ks 0.0664 -
I2UNITIATNADVDIGNUDA X1e 0.02 s
= 7|
nIzUENANIZANAD X3e 1.05 ol
useau i o vaanamiionim )
Ue 1.79 Ty
anzauga

Y
vouwaaiu 1 Idvesmdndsunsrianaasaaas lii

A 1 Y A 1 d o Aa 1 < =
R a9 mmmmumummwa’mmagmﬂuqﬂﬂimﬂnuﬂﬁmmmmaﬂ]lvdﬂw BN

& Y 1 ) a0 g 4 ¥ 3 o o '
T@fm’J”liJ1,m’;mmmmummzmuﬂummﬁuE) uaznﬁminﬂsucvmmuugﬂumm‘lvxlﬂmmq

P ' A 9 A =~
9 ﬁ]\1ubJﬂ'Jfl'Mﬂ1ﬂ31n@1uﬂ1uﬂﬂ1ﬂﬂu&ﬂuqﬂ

A 1 A o ~ 1 do A [l < & 1
L fo mmmmuEn‘lmlmmﬂmﬂ%@gmﬂuqﬂﬂimmm&a’dmmmmaﬂ'lvxlf’\h UINA N

A ° & ] ~ 1 1 a
ﬂl@ﬁﬂ'ﬂulﬁufJ'Ju'IGUi’)QGIJﬂa'JﬂIﬂﬂﬂﬁqﬂllﬁﬁﬂzuﬂ1qmlﬂu 1H

I 1 - 4 Y] o = 1 A S ¥
¢, 1oz c, Humniivesglniaing19iaszeznizdn FEWT0AINITINMDS 1AD1N
= 1 4' d' ] 1 a 4 4 = d'
Aile ualpsnnieszeziaiiull Awisiweivesglnsaionvzinmsnldeunilas e

° J 4 @
1M 1FU 1@ NTaMrUaveLAYeIMIAUNT IAnndleusginisingania

HoNns WU UIUATD IR T VAN EINITOTE YAV LIUALA 1T 19 1B ULYA
k) H ) v
mianiunnsuani 1 ldluTdsunsuduuansanes nuiis 19 1 sunsuimsmaidaualsi

MINZEY 4 IR UATIUIVAAIL 9] LEAAIAIT19N 3.3



57

d‘ 1 3 =~ a 3 a R
A15199 3.3 veurwavesmaauds luTsunsuduuansanesnu

wiines Ay Maga AMgaga
R X(1) 1 2
k X2) 0.000001 0.000005
L X3) 0.01 0.03
¢ X(4) 0.0001 0.0005
c, X(5) 0 0.5
u, X(6) 1 2
v, X(7) 2 4

ya < 1 v Y a [l 3 =
Gl‘L!ﬂﬁ"V]ﬂﬁ@\‘li]%GlW@uw‘@ﬂlﬂﬁigﬂﬂlﬂ‘lf!ﬂiizﬂgﬂigﬂﬂﬂNﬂ\iﬂ]ﬂ\iﬁﬂﬂ@ﬁlllﬂ’ﬁaﬂﬂ\?

U
S

oA ] < . @ I A 4 {
gunsaifudiaauuiman i Faladnsazvesdoyailunuuiuiule efaz 1 ldwanis

ApUAURIYRITTUVRNANIHa et TuSeeveImsnlasunilassvezieseningnuea

=

[l < = do Aa 1 < @ [ Y o < 9 =
Lllﬂwaﬂfl]uﬂQQﬂﬂimﬂ’lluﬂﬁu']ullulﬂaﬂhlwﬂ'] aﬂymgﬁmuiy"]mﬂ]lﬂﬂ1ﬂ15lﬂum@yjallﬁﬂ\igﬂm

a

4 I 1 ] ] I Jd o
34 LLﬁZL'E]'I‘I/]‘V!G‘Iﬂl@\“lig‘]JULﬂUﬂ'laU’ENﬁgﬂg?ﬂ\“lell@\“lgﬂﬂ'ﬁ]ﬁlli\llﬁﬁﬂﬂuﬁQQﬂﬂﬁﬂ!ﬂuuﬂ

[ a =

I [ A o Y a A o o oA @
ﬁuTmLm‘Hﬁﬂ1Wﬂ1%3@1ﬂ%1ﬂﬂ1iﬂﬂaﬁ]\‘lﬁ]§Q WNANHUSTUUIUBUAIINVFAYUIUDUNAY

o9 q

Y Aa

I Y A A o 3 a o Y] 2
1Wus2e201994 mmmﬂaﬂymzf’umiz‘umztﬂums@mmmﬁﬂjuﬂjuwmmuﬁtymwmmmwuﬂu

1 J ' I~ = do A ' <] Y
ﬂ']Sﬂ'J‘Uf’ingﬂgW1\15$W'J"NQﬂ‘]J@aLlll!fl’iaﬂ{l]uﬂﬂq‘ﬂﬂﬁmﬂuuﬂﬁu’]ullulﬁﬁﬂ]lw%‘flﬁNwaﬂ'ﬁ
Ay A 9 Ay ¥ o 9 = T W
ADUAUDIANIUNADINIT LLﬁLuﬂQﬂTﬂs\Jﬂﬂgﬁ‘ﬂulﬂﬁnﬂﬂ’]ﬁrﬂﬂa@\‘i ANHUSUDIVDYANNITLUNINATY
4 [ @ @ ] < { [ 1

Lﬁi’)\ﬁnﬂﬁﬂ]uﬂ]u']mﬁﬂﬂﬁu L!ﬁgﬁﬂﬂmgﬂ'ﬁﬁ@ﬂﬁ?ﬂl@\‘lgﬂﬂﬂﬁlllllﬁﬁﬂﬁﬁﬁﬂﬂmgﬂ'ﬁllﬂﬁxﬁlﬂﬁgﬂ
< 2 T = Yy sy v = 4 o o A
Uﬂa!ﬂuuﬂﬂa’]iiﬂuﬂ ﬂﬂﬁQWa1Wm@HﬁVI1@@1%“ﬂ31uﬂﬁ1@£ﬂﬁﬂu Tﬂﬂﬁﬂﬂmgﬂlﬂﬂﬁmﬂg']mﬂ

lAudasnagdi 3.5



58

Voltage (V)

Voltage Reference
Displacement (Voltage) Reference
3.8
3.75
3.7
3.65
0 2 4 6 8 10 12 14 16 18 20
Time (sec)

51/ 3.4 namamsnszdavesgnuoauiman lugdveauseau il

Voltage(V)

3.85 :

3.75

3.65

3.6
0

Time(s)

]

i1

=
N

o [l 3 Ay Y [
3.5 Llﬁﬂﬂﬂ1§ﬂigﬂﬂﬂlﬂﬂgﬂ‘]Ji’JaLLllLﬁaﬂVIhlﬂﬁl']ﬂﬂ"liVlﬂﬁﬂﬂiugﬂmﬂﬂlliﬂﬂullWﬂW



59

1T W 1 U a o a KR Y1 oo
HanNINAaInIAIAILYIAg 9 o952 lnalsaumuansanes nu nlﬂﬂW]’JLLﬂiLLﬁﬂQ

@ { @ 1 ] 3 o d o a ] <
ﬂ\Wﬂﬁ'N‘ﬁ 34 L!a$Naﬂ1§ﬂigﬁlﬂig‘Vi'ﬂﬂgﬂ‘]J@alLllL‘Viaﬂﬂ‘]JQﬂﬂﬁﬂ!ﬂ“uﬂﬁu’llllllll’ﬂaﬂ"ﬂ@ﬂ

o Ay ¥ v o 1w [ A
58‘1_]U"lﬂﬁ‘]'ﬁ]\‘l‘]ﬂ]‘lﬂi}1ﬂﬂ'l§5$‘].qllﬁ]ﬂﬁﬂ']elil!ﬁ'lﬂ?@]ﬁllﬂillﬁﬂﬂﬂﬂgﬂ% 3.6

d‘ ' 1 ada a [ a R
A15197 3.4 aaImaudsang 9 V0452 UU 1R8I FIUIUANO AN TN

WN0S auals Amaauils
R X(1) 1.4908
k X2) 3.94x10"°
L X(3) 0.01533
¢, X(4) 3.86x10"
¢ X(5) 0.3472
u, X(6) 1.4428
v, X(7) 2.7564
3.85 T E T T T T T

i 1 == === Estimation

‘ ‘ Experiment
3.8 L Mmﬂﬂﬂ

| )

375 s AAAAAA
< 3 WW IAYAC AR
PO
g |
S 4 MAR AL

i Cavavaraiaray
i
]
1

3.65 :
]
]
1
1
;

3'60 4 6 8 10 12 14 16 18 20

Time (s)

A = J Ay Y ' a
5UN 3.6 mewammﬁﬂ‘umﬂmzm"mmw”lﬂmﬂmsmamuazmmaﬂ

Y

~ k) @ 4
‘VlllﬂﬁﬂﬂﬂTiiguli’JﬂﬁﬂHﬂ!




60

A ° 1 a o 9 [ d v ~ 9 a 4
Lll’E]‘VHﬂ1ill,1/luﬂ1‘w1§'lllm@5Vlllﬂﬁl"lﬂﬂ1§5$umﬂﬁﬂ‘]elmGNG]'I?W\‘]'V] 4.4 ilzllﬂlil‘ﬂﬁﬂ"lf

A, B, C uaz D aail

0 1 0 0
A=[1.394x10° 0 -10.1364|, B=| 0

0 0 -97.2472 65.232
C,=[1 0 0]

C,=[-82.026 0 0.3472]

' A 4 an v J Y aa

inﬂNamiﬂiz1|Wmm‘WﬁmmaiﬂlaQi&“‘uuiﬂﬂ’gﬁmiizumﬂaﬂymﬂ’w’m

a Jd o Y o a 4 Y 1 { o

Yyalseasg Mmlvaunsadszmannusasimuasiamanivesszuuld lasnounozii
° a @ Ay v P} & A A = wa

LL'LI'LIi]'lﬁ@QWTQﬂmGlﬁ1ﬁGlﬁﬂlﬂ\‘ﬁ$'ﬂ'ﬂ1ﬂ1ﬂN1Ul‘]JSLGIN'IHUHﬂ'JﬁﬂﬂgMﬂTﬁﬁﬂHTﬂmﬁMﬂﬁﬂJ@ﬂﬁgﬂﬂ

~ a A o = wa d A 9 o
%ﬁuiﬂlﬁﬂﬂ@u lW@u'lwaﬂ’liﬁﬂHWﬂmﬁNUﬁlﬂullu’)(Vl’NGluﬂ'ﬁ!aaﬂiqﬂ’lumjﬂj‘llﬂllell@\?igllu

a1/
A a d v 1 a
LIJE]W%TimTﬁ\‘]ﬂ‘HuﬂWiﬂTﬂIfJuﬂlﬂﬁ%UUlﬂﬂ

22.6486s” +2.2667 x10*
Gopenloop (S): 3 2 3 5
§°+97.2472s5° -1.3939x10°s —-1.3555%x10

(3.25)

H0YINTATINADUNY I WONITUITUNTANYULIRNE (Characteristic Equation) Y8358V

21ila

s° +97.2472s” —1.3939x10°s —1.3555x10° =0 (3.26)

WU WA (Pole) VOITLVUTAUNIAY -97.2476, -37.3343 Az 37.3343 aziiu lanszuul

TnantieiiognuNToveanuIuanm asgi 3.7



61

Root Locus
40 o T T L
0.945 0.9 0.82 0.66 0.4
0.974
30 - Q .
\
20 1.0.99 “ i
\
10 1 0:997 | |
0 ‘
B4
> 0 140 120 100 80 60 40 20 | \ |
g \
(@]
g |
£
10 70,997 | il
|
-20 ~0.99 | l
|
.30 - (g -
0.974
0.945 0.9 0.82 0.66 0.4
_ 0 L r r [ I
-150 -100 -50 0 50
Real Axis

d' o ' IS a
5U% 3.7 uaagurumna LU Inauaz s 15ve95euuiila

QU

]
A A

A < A v A ' A a A A&
i]'lﬂ;s:ﬂ‘ﬂ 3.7 Lﬂu‘ﬂ‘ﬂ‘iW1Jﬂuﬂ’NlllE]3JTWﬁ@QW1\1ﬂlﬁ?ﬂ@%@ﬁllﬂuﬂuﬁﬂWW Wi'é)iJﬂ'lHJ‘Ll

g).z U o Y g’; = v g’; v 9
YINUU fazmNawﬂmzuuuummﬁammw (Unstable) A1 U ITUUYHUDAADYIAINILY

=} Y =\ = A

] < o @ < (% A
ﬁu’]NLLNLwaﬂulwﬂ']ﬂ']lﬂuVlﬂgﬁ’ﬂ\i1]53Uﬂﬂjﬂﬂucﬁ\‘lnaﬂHmZLﬂUﬂ’ﬁﬂjﬂﬂﬂl!ﬂﬂﬂﬂ“ﬂaﬂw\lﬂ

AIUAUMIMAUVIsTU LRI UM

Jd o ' 1 D o < 2 Ao
%1ﬂﬁﬁﬂﬂ5Uﬂ1iﬂ1ﬂTﬂu%ﬂdi$UU W‘]J’JﬁZ“]J‘]JiJﬁﬂHmZL‘]JUiﬁJU Type - 0 YIUANHUL

[

H Y
VOINANITADLAUDIVDITEUUNY nymzmmauwmmmuuu% ﬁfl WNANITADUAUDIITUA

v
a 9

a A o & A Y o 9 2 @
ﬂj’]NWﬂwa’]ﬂﬂﬁﬂ']jgﬁﬂJﬂa @Quuﬂ'ﬁlaﬂﬂi%ﬁjﬂjﬂﬂﬂiwlwu'lgﬁNﬂQlﬂuﬁQﬁ’]ﬂﬂJ

3.6 ag
o a J vy a o a =
ﬂ13W1LLU1J’1]TﬁfN‘VI'NﬂmG]f”f’]ﬂﬁi"ll'ENigﬂﬂﬁTN'liﬂWWhlﬂ%'lﬂﬂTi?mi'lgﬁclul,‘lﬁﬂﬂ‘]ﬂa
Y o

Ay 0 A4 A = Yy A g9 & & Y,
UIDAWYLUUIIADINIAYUNITANHINULAND !W@bl‘ﬁllﬂL!TJ‘]JQ]”I'G‘I@QWU;@’]H%@Q?%‘UU “]NI?"ISQ?T?”N

v Y 1 I gz I o A 1 a a 9 1
ﬂlmizmJQﬂuaaaaﬂmmﬂammmmaﬂumﬂuaﬂymzszuum"lmﬂuwmmu u,azllmJ



62

2 2 9 o~ o Y o q YR A Yy A o o
weInIn Wdeslnsdsulgeszuudemai lnidlugaduivomusaiinisesnuuuag
[ o 1 [] [ a 4 1 [ ?zl.l 4
avuuaz 1Faulugsveuamsiau wun ldamnsadamiimesuiala aaiuie
o ' Y o == ya ' a J o Y ad
i llgmsadruuiiaewwesszuy 39l msdszanammimesvouuusias o35
a J . . v A 4 [ 1%
Yaya1l5zAng (Genetic Algorithm) #2813 IADUNALAZIONAVEITZUD LagsmIdagallu
sUuUDTY/Av0IN15AIUAN (Controllable Canonical Form) 1ivo1i1'1d14n1seonunusz

(3

MuguuazaIFunaae 11



UNN 4

NIVINUVUIZVUAIVAN HAZAITANATDIUL

o a J o ] <3 o
%WﬂL!‘UU%Wﬁﬂ\i‘l’ﬂ\‘]ﬂmﬁﬁWﬁ@lﬁﬂlﬂ\ﬁzUUQﬂ“lJ’é]aath’Jﬁ’Jﬁj’JfJﬁ'uWML!NLWaﬂlIWWW NI13IA

D A = U a J = '
gﬂﬂlﬂﬂﬁuﬂWﬁﬂigNﬁlﬂﬁﬂl@ﬂiz°]J‘1J FIUDINTHIATWITIULIAD TN ) ﬂl@ﬂﬁ%ﬂﬂ%\iﬂaTJul’ﬂu
d' Ay dy Y =3 a Y 1 Ly o
N 3 e luuniluaaimsvagdunvannsligiamavesszun ey lugduuniyaa

o A o Y s Y  ax ' o
mﬂﬂﬁlﬂﬂﬂﬂﬂ!Wﬂquﬂi%iuﬂ13@@ﬂLLUU§$UUﬂ’JUﬁ]3JLW@?I’J@’JfJ’J‘ﬁﬂWi’JNTWﬁﬁ??Jﬂ‘Uﬂ’J

) A a a o A @ [
FUNATDIUSLUASINUDUNLNTA 1 ﬂ?lﬁ@i%}ﬁluﬂ1ﬁﬂjﬂﬂuﬁgﬂugﬂﬂﬂaa@ﬂ@jﬁ)’lﬂﬁu'lllllulﬁaﬂ

Tl

% = U WA\ >
41 osdagduuvanmsiEgiimaalugduuniiygfvesiiniugy
lumsihaumsidsgiidmavesszuuie 1l 1dlumsesnunuszuuniugunions
[ g).l o [ a g ] Y d' Y 1
dunaiin semnsaiinistaglaumsiSglaeavesszuuauinIngld meldazaindents
o 9 a § Y [ A A = a, @

14 TaamatiatlFlumsdaglaumsisgimaalnuiiva1eds Tasnmsvagluuuauns
a A o [ o Y o CZ @ 4
Pigiimaadimiumsi ) Ideenuuuszuvairvgy Aegluuniiygavesdiningu e
o ya ]
nlgnnsanszuuln

Y
%

v d' = [ a Y 1 Y v (Y
uaiiosnngumsdaglaumsifsgiamalvegluziunuinygavesdrniuguiu

9

(33

Y o Y U a 1 o o 1 N
ﬂ%@l@ﬁﬂ1ﬂ1§ﬁ1ﬁ\1ﬂ6}5uﬂ15ﬂTEJIE]‘H"U'(’)Q§$U1JL“JJﬂﬂf]‘L! I@ﬂﬁﬂﬂ%uﬂWiﬂWﬂI@uﬂl@Qi&ﬂﬂlﬂﬂuu
Y o a I Ao qUd a g Y & '
’(,’fnJ'l‘ii‘IW'lulﬂinﬂL!UUinﬁf]\i‘l/]%iﬂmﬁﬁ'l’ﬁﬁi"ll@\ﬁg’]J’]Jﬂﬂflﬂlﬂuﬁﬁlﬁulm')%ﬁ@giugﬂl!’ﬂ’ﬂ

Y
vosaumsiSgiiaen TasannsonilandunisaeTouvesszuuidla ldail

22.6486s” +2.2667 x10*

G 8) = 4.1
°”e”'°°"( ) s®+97.2472s* —1.3939x10%s —1.3555x10° &0

A v o QUG a 9 Y g 3 = Y
mmmﬂﬁz‘u‘uwamﬂm‘ﬂuwamuua:l mamwmﬂu V, Bl Y, =V-V, 131909N1T V

]

A o

: 3 1 o ' I v
Fuiluawseaullihanason Hall Effect Sensor tioriunldiluszeznszinvesgnuea

] < 4 [ [ v & [ {
wiianie 1 lumsdounduldnussuy auiu v=y, +v, aegilii 4.1



64

Ve

UI(S) V|(S) V(S)
—»  G(s)

A . S Ay
gﬂ‘ﬂ 4.1 a3 Block Diagram VDU TINWANABDINTG

9
[ Y

U A 9 3
ANUU mJmiﬂ1EJTfJuﬂJ@Qi$1J‘U1/ILiWImmiﬂzlﬂu

V(s _ Ve
m =G(s)+ 0,.6) (4.2)

22.6486s* +2.2667 x10*

apentoop (S) = asluaumsi 4.2)
pnto () s% 4+ 97.2472s% —1.3939x10%s —1.3555x10°

unuam G

V(s) 22.6486s° + 2.2667 x 10" v
= +

U (s) s +97.2472s" —1.3939x10°s —1.3555x10° U (s)

e

V(s) (22.6486s" +2.2667 x10")U () +V. (s’ +97.2472s" —(1.3939 x10")s —1.3555x10°)

U (s) (s" +97.2472s" —1.3939 x10°s —1.3555x10°)U (s)
V(s) 22.6486s'U (s)+2.2667x10°U (s)+V s’ +97.2472vs" - (1.3939x10°)v s —1.3555x 10°V,
U (s) (s" +97.24725" —1.3939x10"s —1.3555 % 10°)U, (s)
v s 97.2472v s v . S v
= |5 +(22.6486 + 2)s’ —(1.3939%10")| —— |5+ (2.2667 x10' —1.3555x10 )
V(s) U (s) U (s) U (s) U, (s)
U, (s) (s’ +97.2472s" —1.3939x10°s —1.3555 x 10°)

[

' P v v
domeudulszanssuanmsn 2.17) luuni 2 2214

b, = e 43)

Vv,
= 22.6486+97.2472| —* 4.4)
§ (Ul (S)J



65

b, = ~1.3939x10° (V—] @.5)
U, (s)
b, = 2.2667 x10° ~1.3555x10°| —& 4.6)
U, (s)
a, =97.2472 4.7)
a, =—1.3939x10° (4.8)
a, = —1.3555x10° 4.9)

d' o 3 = a Y 1 o B2 (Z
wemstagdaumsisgiamaliogluzinuuiygavesdinivgy Tasnsunu

A laaa i luaunsi 2.18) nag (2.19) feglugiuuiniygavesdiniugy 1z 1d

]

0 1 0 0
X = 0 0 1 X +| 0 |y, (4.10)
1.3555x10° 1.3939x10° -97.2472 1

v=[22667x10° 0 22.6486 X, +2.7564 (4.11)

TagazihaunsSgiiamangninegluzinuniyaavesaanruguiirld 1 lums

o J v o

PONUUUAIAILANTA AInIUgUrDS Iuazdadunaas 11

42 MMUYNNA

a

I ) v
duitlesninmsesnuuuainiugylugadienuuauay aanruguiienlddmsunms

(Z

@ ] < @
aammmzu‘umuqmzuugﬂuaaaaﬂmﬁlmﬂmmmmaﬂﬁammuqnﬁa TT%E] AYALYE

o

a 9 d’ % aaA A o 9y =) = d’ddﬂ
Hal v L'LJ’E']Q%1ﬂ§l’Jﬂ’JUﬂNWﬂNﬂmﬁuﬂﬁﬁluﬂ1iﬂ1cl?ii$1J1J3JL’c’fﬂEliﬂﬂN‘VW]GU'H Tag

q

R

a9

9 o Y o % as " W a Q( % ~A 9
m’)i]flulﬂ‘vnﬂﬁ’é]’é)ﬂLL‘lJ‘]JGI’Jﬂ’JUﬂiJW@ﬂ’JEJ’J‘ﬁﬂﬁﬂiziﬂﬂm%ﬂlﬂi%ﬁﬂ‘ﬁﬂlﬂﬂﬁ’m’)ﬂﬂuv‘lﬂiﬂﬂi%



66
= .. . LY . . A o 1 o a £
75 Response Optimization @20 711/51n58 MATLAB/Simulink tNefmuImIadulszansved
amuguiianinzan TaehvuadnyuzveImsaouduoIluzan Ao Myiuadayau

4 J T Aa [ ra 1 a
iy ldianiswanuvesdynaliumu 10%, Rise Time Wooni14 3u1H uaz Settling
. 9 1 a AR Y o A 9o . . &

Time 108071 5 W19 FaGoMruAnaI1laz 15Mriua Signal Constrain TuT1sunsuasueaag

Tus17 4.2 d1415035m5 19911 Response Optimization Iataas13lu manuan v

Proporticnal

N &

Sum1 Scopet
Magnetic Levitasion System

Displacement ref.

0.01s+1
Band-limited
Derivative

Derivative

Signal Constraint

3

d‘ ) 9 1w a Q( A
3'1J°I/I 4.2 L!Nuﬂ”IWL!‘U‘Uﬁﬂa’fNﬂ']'iGlG]fT‘]JiLLﬂﬁJWTﬂ']ﬁiJ’]Jizﬁ‘lfl‘ﬁﬂ’lﬂ’JUﬂMWﬂ

(N ] <
maﬂszuugfmeaaeammaﬁumuumad’lﬂ#’h

1 o o Y

' H H H
mdulszansanuguiian IKanmsmmIEnzauigaueLUTIne9019896INa1I Ao
K, =10 uaz K; =0.2
A A Y S ' ) A
vsoamsomouleglugllensumsneTouladsaumsi (4.12)

~ 0.3s+10

G (8)=———
(5) 0.01s+1

(4.12)

[ [ @ ' < @
Iﬂﬂﬁaﬂ]&lﬂ!gllwuﬂ']WGU@\iﬂ'liﬂ1\1']u"1]’E]Q§$‘]J‘]JQﬂﬂﬂaa@ﬂﬂ?ﬁ?ﬂﬁuWNLLMLﬁaﬂUlV\Iﬂ'Iﬁ'JEIﬂ'J

(I

A ti'
AIUAUNAAI1N 4.3



67

PD-Controller

reference e 035410 u displacement
>

> —— +——»{ Magnetic Levitation
0.01s+1

-d' o U A
E‘JJ‘V] 4.3 UHUNNNTNIIUYDIAIAIUAUNA

d a VU U U
4.3 ‘53TJUﬂ’J‘]Jf’!N!"UE)‘JI’J(’%II’JEI’J’%ﬂ153131Wﬂ%3uﬂﬂﬂﬁﬁﬂlﬂﬂﬁﬂ1u$

(Servo System Using Pole-Placement with State Observer)
@ Y v W Y A
msoenuuudInugy Iasldismstoundudulsdan msadansemsnadonns
[ 9
e edInIUguNiINIsoenuUUNITUIZABITENOUMeToya NN Ty IUVEIAIAN
4 1 ' [ @ [ 4
NNABS VBITTUUNNAFITIUNINUAINTIAToyanInd I sTaansodygIudaannnes
] v 1w 13 1 J
nnauiluly1den dadluueszuuazaunsodamaulsaaa lduanenrzdeadear ldae
[ =KX A o @ 1T W A v @ 9 A
galumsia msmuguiaimaduerdnlsznaaidilsman viediduna wleaume
Uszmnamdnilsamavesszuunaginmsniuay 35msnlslumsesnuuudrdunaive 1
1w Y Y g K2 A o W 1
aunsodszuaamanlsmanvesszunldedigndes nazsiaiitelinnudinyaenis
AVANIZVLDENUIN
A A a 9 Al o lé’ % ~ Y Yo o
donnsanszuuFadunanunlsvesszuy livununm Adesmsez ldmdunaaniug
lumsiszanumdulssnavesszuutaginnsesnuuuainiuauie 1iszuuiiigtosnim

v
o =2

o @ J a 2 A a a o ) @
Tagldanuauuuuioundudless uuiwes lytianilsdiid0uinniaguninzaudmiy

[ a

A g a 4 o v o = = =3 A
53Uﬂﬂlﬂu%uﬂﬁuﬂ HAgNMNIToNUUUUUAITING BIVTUDAND ‘Vll]ﬂ\iqﬁlﬂ‘ﬂ 4.4

Magnetic Levitation

\

» Observer |-




68

(J

@ @ 14 a J [ o :
Iﬂﬂ‘l’iaﬂﬂﬁﬂﬂﬂLLUUﬂ’Jﬂ’JUﬂ?JL“Ii@iI’Jﬁ’JEJ’J%ﬂ'lﬁ’JNIWﬁ3’]3Jﬂﬂﬂ’3ﬁ'ﬂlﬂﬂﬁﬂ'lu$ ‘%\‘]

[

I o @ o (% @
LﬂuaﬂHﬂ!ﬁﬂl@QﬂjﬂjﬂﬂﬂJL!UUﬂﬂuﬂaﬂﬂlﬂﬂﬁﬂllﬂﬁﬁlﬂﬂ UHANNITONLUUAY

Zhe

D-

1. mseonuuudrIdunaaniue lumsdszunamdadsamaie l9d115un1s

Hounauvesdiniugu

Y] 4 9 ay
2. ﬂTi’é]’é]ﬂLLUUﬁ?ﬂ?UﬂNL%@iI’Jﬂ’Jﬂ’J‘ﬁﬂTi’JNIWQ

d a

431  M30ONLULIZULAILAMADI)IAEIENM TN WA
o o I I A k:
ludrduusnilumsesnuuuszuuniuguees 194289501519 Ina - &9

o a o o a Y] 1 Y] 9 @ 9 o
‘I/]'lfﬂi')i]ﬂﬁ]g1/]'lﬂ15ﬁ3J3JS?V]'J'IIJTﬁ'lll'lii]’)ﬂﬂ'l@]’)l,l,ﬂﬁﬁl@]@lﬂlﬁ]\?ﬁgﬂﬂllﬂnﬂ@]'JLLa’J‘VHﬂ’Iﬁ

£2€

v 9 o o A q U 9 Yo
@@ﬂLlﬂﬂﬁzﬂﬂﬂﬂﬂﬂﬂjﬂﬂﬂqﬁﬂm@y’am@ﬁ@]?llﬂﬁﬁlﬁ@]nﬂ@]'JLW'ﬂGLGD'“luﬂ’liﬂ’ﬂuﬂaﬂﬂlﬁﬂﬂﬁgﬂﬂ
NIT00NULUUITUUAIVUAY %Tﬂﬁuﬂqﬁﬂl@\iﬁgﬂﬂgﬂﬂﬂaa@‘(’Jﬁljﬁ)ﬂﬂ

] < 2 o (% o CZ @ @ A A
ﬁ'lﬂllllllﬂ’i'dﬂHlWWT‘ﬂfﬂﬂTﬂTﬁ%ﬂgﬂLLUU‘]JﬂJuﬂJ@]‘lJ@\WYJﬂ'J‘UﬂlJﬂ\iﬁiJﬂWi“V] (4.10) uag (4.11) A9

0 1 0 0
X = 0 0 1 X +| 0 [y,
1.3555x10° 1.3939x10° -97.2472 1

v=[22667x10° 0 22.6486 X, +2.7564

I~ P I ) ¢
ANTUNITN (2.30) Tuynn 2 wﬂuﬁumsmmusumszuumuqmmaih Hag

o J @ o ] <3 o &
humlszgnaldnuszuugnueaaseaidreauuusiman v ag ldaunsasil

X, = Ax, + By,
v=Cx +V,
u, =-Kx+k,& (4.13)
E=r-v
e X, fio awanamesveszULiouN U AR
U, Av dyauAILNY

[ J
9 AN NAVDITLUY

<
)3



69

o ToyaNdvonuIINBUNNTA

a Yy Aa

? TUYIUDUNAD 1D

2 2D

ES § 2 A ¢ {
AMNUU Lﬁ@“l/l'Iﬂ15ﬁlfJ°l«lﬁ1Jﬂ15ﬁ3UUWﬁﬁWﬁ@I3@']3J'J%ﬂ15f)@ﬂLLUUﬁ%UUﬂ?UﬂNL%@ﬁT’NﬂNﬁ

1 d‘ 9 [ dy
ﬂawaqﬂuuww 2 %x”lﬂﬁumiﬁmmmﬁwumu

SH T ke ) e
| |-Cc ollew ] |o 1| |2.7564

e u, (t) = —Kx, (t) +k, &(t)

NFUNTN (2.36) Juunh 2 15M510N

- [A 0] . [B
A= ,B= (4.15)
e o) 5o

a d o < 2 .
uazlmIngoavensvesszuunuguily K =[K 1 =k ]

[

4 1 . a < A « y (3 <
Wounumluaunsi 4.14) w2 ldwning A uaz B rieldmsesnuuudiniuguasil

0 1 0

0 0 1
1.3555x10° 1393.9 -97.2472
~2.2667 x10* 0 —22.6486

A=

o O O

0

0 R
oy B=

0

0

a wa <
mseonuuuszuunluaule q desiarsanguantianniull1dluns
(% A Aa ' 9, . a2 4 Y
PONUDUAIAILAN HIBNHENI “A2NAIUAN 14~ (Controllability) 91NNI nFANAIAN 1A

Y
(%

=
U

Controllability matrix = 8 = [L% AB A’B Azl_ﬂ



70

rank(p) =4

a 4 4 o ' o w g’/ T 1 o W g’.l
nnwnsnganuauge (4) 18 Werinsas19ae U@ IaUsY (Rank) WUNASIRUFUVD
1 v 9 Y
52UVNADIMIAIUANTA NN 4 FIUAUNINDOUAVUDITLUD AIUU T2UVUTINITD

@ Y as 9 a Y
PONUDUAINILANAIBITNMTBONIUDTZUDAIDANAIDaNM IS plidiaala
a13neenuuuIzuUAUaY 14 IagoenuuuINAININDEITUIIA LazAT

Y
DAIIAIUANNUNUIL 74T
S, =—¢m, T @yl e @, = J1-¢?

szuulinnudsIsumAedn 55.02rad/s w1la laensfSeufieunuaisa

= [ a ‘Q( = o Y d‘ Aa o (% A d‘
WasgIueudulsz@ns ITAE 3amvualianudsssumadimiunseenuuuiaig
60rad/s 1azABAIITIUANUHUNTIUTUNTOONUULIZVUAIVAN AINNIATFIUAINALT

{1 o J ] 1A o & Y
i]gLﬁ@ﬂ'ﬂ’ﬁ]ﬂll'ﬂ'ﬂ“ﬁﬂ18@]51@"314?‘1’)13JWH’)\16§1/11J533J1£11 0.7 muu%ﬂﬂwammazuumuau

5,, = —42 +42.8486i

%

A ) vood < A
lu@\‘i{lnﬂsgllllgﬂU@aa@ﬂ@]')ﬂ')ﬂﬁuqulluﬁ’iﬁﬂ1WW1lﬂu5$UUVIN@u@U 3Ry
1

9 [

A o 9 s ' Yo o A g =2 Y A
Lll'l’)‘l’l'lﬂ'lﬁﬂlslﬁg‘ﬂ‘ﬂﬂﬁﬂﬂilL"’]f'ﬂii’) ﬁﬂWﬁiﬁﬂuﬂUﬂlﬂ\‘ﬁgUULWNLﬂu 4 WAIY INAFINTUNIT

PONULLTZULAILAN 4 A1 3IMvualH Inaiiaeliar Ny

S;, =—15

= o Y v dy
MTNVIUTUNTAUANYUSIRNIE (Characteristic Equation) (R

s* +114s° + (6.345x10%)s® + (1.269x10%)s +8.1x10° = 0 (4.16)

a d o 4 o’ @
AWNTDHUUNT NFOATIVE18VB9TVLAILAUEDS 17 (K ) Tdninndnnisues

9

v I a < o A1 W
UOALADITNUA (Ackermann’s Formula) LlJ‘VIiﬂcﬁ@ﬁiWGUEJ']EJBIJ@\?i%UUﬂ'JUﬂNNﬂ']ﬂQﬁ



K:[2.6245x105 6.9296x10° 16.7528 —35.7348]

Tagy

K, =2.6245x10°
K, =6.9296x10°
K, =16.7528
K, =35.7348

[

= ) X
NTUNIIN (4.5) ﬂgulﬂﬁilﬂ1§sl]@ﬁﬁgﬂﬂ JU

71

R TN S o S S P R
] |-c oflew | |o )| 1] | 2.7564

Ad' o ' Y
memmitmumaﬂﬂuﬁumiammmszumﬂﬂ

X=X,
X2 = X3
X 5 = (1.355x10°)x,, +(1,393.9), , —97.2472x,,
~(2.6245%10°)x, , - (6.9296x10%)x, , —16.7528x, , + 35.7348¢&

& =r-(2.2667x10%)x,, — 22.6486X, , — 2.7564

{ o @ <] @ !
SEUVAILAUIEDS 1NN TenuUUIT AN Mz IDNUM LA fa51N 4.5



72

Magnetic Levitation >

X

A o 4 L
qﬁjﬂ‘ﬂ 4.5 LlNuﬂTWﬂ15‘V]'NTLl‘U'E]\15$TJU!Gﬁﬂiiﬁﬂlmgqﬂﬂﬁﬁﬁ\‘llﬂﬁﬁgﬂﬂ

031U 4.5 auuanmsminuvedszuuauguiaulagnisiinidauls
] o A [ < 9 [ I
ﬂ@uﬂaﬂu'ﬁ]']ﬂwa'lu@ (Plant) Wﬁ@ﬁgﬂﬂgﬂll@aLllln’iaﬂa@ﬂﬂ?ﬂﬁu']lllllllﬂaﬂhl‘l/\lﬁ']Iﬂﬂmi\i
: o f < [ o t4 o
G?Qaﬂi&lmgﬂ]@\iﬁgﬂﬂﬁlﬂuaﬂHmgisll@Qﬂ’lii]']a@Qﬁﬂ']uﬂ'limﬂ'lﬁﬂ'lﬁ']um@\?ﬁgﬂﬂﬂjﬂﬂu

{ 1 9 Y T W 4 1 Y
mﬂﬁﬂansl,uﬁuNG}umaﬂjumﬂmﬂlmﬁmm’mmai (State Vector) GU@Q?ZUUIﬂﬂa'JuiJ'lﬂLLa'Jﬂ'Iﬁ

v 9 4 1

@ A @ < 9y o & A o
jﬂﬂlaya%’]ﬂﬁgllﬂjﬁlg’]ﬁﬁﬁ@ﬁfyiy’]mﬁlﬁmljﬂlﬁaﬁﬂﬂﬂ’llﬂu]‘lﬂllﬂﬂ’]ﬂ ANUHULNDNINIT

q

=X 9

poNUUDTTDUAILANTHAToundUAIeA I sAIAATIRplin1seRNUU IR ST AR
v W 4 (Y] @ g’/ @ ] a3
nsomdunaaauziie 1 lunsdszanamainlsamavosszuy daiuliniivesa ldeziilu

v W o [ 1 o ) o o 4
ﬂ'l'i@@ﬂllﬂﬂﬁﬁﬁﬁlﬂﬁﬁﬂ']ugﬁWWﬁUGL‘%}Gluﬂ?ﬁﬂﬁgﬂ']ﬂ!ﬂT@'JL!ﬂﬁﬁlﬁﬁﬁ"lﬁﬁﬂ@]')ﬂ')ﬂﬂlll“]i@ii?

Y o v d
4.3.2 ﬂ‘l‘iﬂﬂﬂ!!ﬂﬂﬂ?ﬁ\‘]!ﬂﬂﬁflﬁf!gﬁ‘l‘i”i‘iﬂﬁ%ﬂﬂﬂ?ﬂﬁ]“!“ﬁﬂii?

4 (%

Iy R I a o
‘igﬂﬂlcﬁﬁiiﬂlcﬂﬂlﬂuaﬂ]&lmg611@053Uﬂﬂﬂﬂﬂhﬁﬁuﬂﬂ@‘Nﬂaﬂﬂ?ﬂﬁjllﬂ5’(1'!{5]{5]
a oA 1w @ ] 3 A o kS
GI,L!‘VI1\1’]JQUGIWU'J'IGI'JL!“]JEZTWWI"U@QEZUUQﬂﬂ@ﬁﬁﬂﬂﬁ?ﬁ?ﬂﬁu1huﬂlﬂﬁﬂﬂﬂ1ﬂ1§ﬁﬂ‘l&l1uu

Y
1 o 1 Y% o & T W
Tuansadtaa ldlasase asiudmnsutluszdeslszanamalsanavosszuu Tas 14

3

Mdunaaniug szuudeddiguantialumsdunald szuviaunsodsznumaulsaan
9 v
TaiuAeINIIuAIBUNA LAZIBINNAVDITEVUDEIITDEM AT TAeNANNITHINIUYD I

FUnAIz1AIANULANANTEHIIUD N NAYDITTULARRIM T szInumd Il Taan tay

wwuANnfIFunaNlszuanaruAeATIveIeYeIRIFUNAieINTaAAIAINAANATA

[

9 Y
FTUINIZVUNIT09 IWUIei

Y v A
Y

Yo o v o 3 A o ==
ilEJLaﬂﬂiﬂf@?ﬁﬂlﬂﬁl!ﬂﬂ@uﬂﬂmu Iﬂﬂi%‘ﬂﬂ‘ﬂ‘ﬂ”lﬂ"liﬂﬂkﬂ
aa I @ a J A Y 1 3 =
1]@1!1/!@]L‘]Juuiﬁﬂuhh‘lﬂ"lﬂ"lﬂﬁg‘]_lﬂﬂﬂ‘ﬂﬂll HAsUIRIMAANDNITNISIAVDIGNUD ALY AN Y

o Y Jd o o (3 Aa = ?1}/ o A
ﬁ"lll"liﬂ'Jﬂllﬂil"lﬂl‘ﬁ)'ul%'@'iilﬂﬂ”liﬂigﬁlﬂ Tagawdsamannasanineriva 3 auds Ao N3



73

o < 1 &l J dy J = @
NITIN AIULI uaxmmm‘lﬂﬂwmmmm Tagtenm luaiutiogna1nnIn150enLuUA 2

o v v 3 ) @
ﬁﬂlﬂ@]ﬁzuuuuu@uﬂ‘Ulﬂilﬁ']ﬁﬁﬂ53U1Jﬂjﬂﬂul“ﬁagijf’?ljjﬂﬁ%ﬂ']j'J'NIWQ

A A A A, /9 Yo A
NTUNIIN (2.37) 1ag (2.38) ﬂﬂa131UUﬂﬂ 2 LiJ’E)U']ﬁJ']‘]Jﬁ%Qﬂ@GlGD'ﬂ‘Uﬁg‘UU‘VI

9 v W t:' 9 =1 [ t:'
A9ANTONUVY AIFUNAVDITLVUNABINTINFUNDUAITUMIN (4.18) L1aE (4.19)
X = AX +Bu, + K, (v-V) (4.18)
V=CX+V, (4.19)
d‘ nxld (% v W
130 K Ao 9n31v818v03aa1na
™ Ao @mlsamaaueadrdune

v fle lmyevesdadang

TagNons1veeazoglugll

[

o o - 2
aumsvesdrdunalugiuuuvenlsgimmaai

0 1 0 0 K,,
X, = 0 0 1 |%+|0|u+| K, |{e} (4.20)
1.3555x10° 1.3939x10° -97.2472 1 Kes

\7=[2.2667><104 0 22.6486]>2|+2.7564 4.21)

<

o e=v—



74

dodmualdmiifidadnual  fe Adaudsvesdadunaiil§uainms
Uszanaaninsyuugnueaassdadeauuuiman i uag e Ao AuAanainves
nseeu lannson Hall Effect Sensor ¥993z U azdIduna Iaon1si1aoan1sviiau
vourdunalunsd i Lifdssuniunnmenendunsumussyumshauvesszuums

o Lﬂ' v @ LY 9 1 = a A
1093 LW@@I’Jﬁﬂlﬂﬁ%3?ﬂiﬂﬁﬂﬂizu1mﬂ1ﬁ’]i!ﬂﬁﬁmﬂqﬂﬂfJ1\‘13J‘]Ji$ﬁ1/I‘ﬁﬂ"IW

nIseenLuUAITUNaa Iusd T Ulss 1A s aMAveITL UL

10 9 dosinsanauautialumsduna ldvesszuy Tasiinsannnumindganudunald
Observability matrix=9=[C" A'C" (A")*C" |
rank(9) =3

Y
1 " o w 9 s L ] [ v o a 4
WUNABIAUFY (Rank) DAY 3 HAZTAMNINUOUALUDITSVUNIDIUNIAY A UYDITLUL
'9} [ =\ A % g’/ o 1 I} v o
Ndesmsdunaszuvaziinuaniannudunald anuuihmsmaoasveleussdrdauna
o 9. 1 1 o [ ] %
Tasmnualdiar Inaninnmseenuuud MUz UUAIIAY 5 - 10 11 Tagazl Tnaveddd

Funaogi
., =—210:+42.8486i

v
v U %

y { @ ~ a -4 1w v ¥ v o =
Lﬁﬂi%ﬂﬂﬁﬁlﬂﬂﬂﬁﬁﬂmﬁh UAVUDUUNTONY A (N1NY 3muu1wammmmmmmwm 3

[

! [J Y (3 d' (R a1 dy
1} ﬂ'lW’LJ@GI,WTWﬁGI'J‘I/'IET'IIIGU’ENGI'JE‘NLﬂGIlIﬂ1 U
s, =200
t’fﬁﬂiﬂﬁlEluﬁiJﬂﬁﬂmf%]‘Hm%mWW (Characteristic Equation) Idasaumsn (4.22)

s° +620s” +(1.2994x10°)s +9.1872x10" =0 (4.22)



75

a o o v o @ v I a 4
TIWITONUNNTNFDATIVIIYVDIAITINA ( Ke) llﬁlsmﬂﬁaﬂﬂ'li"’llﬂ\ul@ﬂlﬂﬂﬁﬂuﬂ Taensnd

[

Y
AT 1VIIIAITUNALAIAIL

T

Ke=[0.007 1.7404 16.0728]

9 v @ A
a2 ldaumsveadiduna Ao

0 1 0 0 0.007
X = 0 0 1 (% +|0|u +| 1.7404 |{e} (4.23)
1.3555x10° 1.3939x10° -97.2472 1 16.0728

V=[2.2667x10" 0 22.6486 % +2.7564 (4.24)

d A U U U
433 SzUUAILANIESIIAIBIBTMININATINAVMITFUNATIUE

P v 9 A o
9INN1T00NUUVIZUVAIVANIFDS 12 TuideR 43.1 Lazn1soonuuUa?

o v 9 ~ g’; 9 I o w o v @ Y
dunadoiuzluiiden 432 lurunougamedlumsihainuaunuardunaszuuunld
o ' [ d' X d‘ ] 1w J Y A
Wauswnuie 15 lumsaruanszuui liawisadszanumaunlsamalunaazainald 1

ANYUZIaNe3I NUMINNIUYOITE VAR 4.6

Reference S — e }

Displacement (v)

» Magnetic Levitation

u Y

Ke la— g"’ )
Observer L»

X | \

A

{ o 4 1 v v o
g‘ﬂﬁ 4.6 LLN‘LAﬂTWﬂ"ITVIN11!5116\1531J1Jﬂ31JQ3JL“]i’t’)ﬁI’J@S{’JEJ%%ﬂﬁ’JNIWﬁS’JNﬂUﬁ’JﬁQLﬂ@E‘Tiﬂug



76

(3

4 o @ ' [ o v v 3 1 @
Lﬁ@W1ﬂ1515195j\1'luﬂ'lﬂ'lUﬂu3'J?JﬂUﬂ']ﬁ\?LﬂﬂlLUU@uﬂﬂlﬁuﬁﬂwaﬁlﬁjﬁgﬂﬂﬂjﬂﬂugﬂﬂﬂaa@ﬂﬂj

[

[ <3 g
Meoanuuiman Iiheeiaumsaail

X1=X,

X2 = X3

X 3= (1.355><105)XI 1 +(1,393.9)x, , —97.2472x, , (4.25)
—(2.6245><105))A(I 1= (6.9296><1O3))A(|12 —16.7528%, , +35.7348¢

E=r-v

Tag v =(2.2667x10%)x,, +22.6486%, , +2.7564

LAZENNITVDIAITIUNA

%, =% ,+0.007e

A

X , =X 5 +1.7404¢

2 (4.26)
% 5 = (1.355%10%)%, , +(1,393.9)%, , —97.2472%, , +u, +16.0728e
V= (2.2667x10%)%, , +22.6486%, , +2.7564
Lﬁ@
U (t) = —K% (1) +k, &(t) (4.27)

g’; I 0o w == o 4 9 as 1 v W
mﬂungﬂumsmmmmum Llﬁ$ﬁﬁﬂ?ﬂﬂﬂl“ﬁ@iiﬁﬂ?ﬂ’l‘ﬁﬂ”li’JNTWﬁ'i’JiJﬂ‘U@'J

Y o 4
ﬁﬁlﬂﬁﬁﬂ?ﬂ%qﬂj‘%}{luﬂTEﬂ'}UﬂﬁJNﬁﬂ13%1ﬁ@ﬁﬁﬂ?ﬂﬂ1§ﬂ!!kﬁ$ﬂﬂﬁ@ﬂﬂ']ﬁﬂ’J‘UﬂiJizﬂ‘UQﬂ‘].lf’)ﬁ

Y] ] <3 % 1 Y]
aoedmsauuimandle T15unsy MATLAB/Simulink &49zna1nasluunda 'l

44  ay
o Y T 3 Aa o 9 & Ay
%1ﬂi$°ﬂ°ﬂ@'ﬂUfJﬁﬁfJEJGI’J@’JEJ’GTHHJLHJL‘Vi’dﬂﬂuﬂ’ﬂu“ﬁ’ﬂ“ﬁﬂuﬂl@di%’ﬂﬂ lﬂui%’ﬂ’ﬂ‘ﬂulu
4 a g I X o & Y A o A D) )
!,TIJ‘L!L“INL’(?{’L! uaﬂnmaaﬂimw G]N%H“]J'HGIleIfﬂif]f]ﬂL!UUG]’Jﬂ’JTJﬂiJLWE]GlGHﬂ’JUﬂiJi%ﬂ’ﬂﬁlﬂ

o Y v =~ a A = A A A 9 1 <
mmmmqm‘lmmmﬂiz’dmmw G]NLiJEJWﬁ]1im1ﬂmﬂiJ1JG]GUfNi$UUL!ﬁ’JW‘U’Ni%‘U‘ULﬂu



77

9 ] H H 1
52U Type - 0 AdUUTIRdIAYAoMIIRONAINIUANIMINZ Y TasaaruauluIZaNny

Y A

A o A 2 2 I~ A ] Aa ~
J2UVADAIAIUANNAINA IR ¥ UAYDITLULINNA MU Type - 1 tioAAAIANUAANAIAN
Y
Aa o o % 4 A, [ [ (Y]
anngauaa uItell ldiuauensesnuuudInIuANES 1982075013219 TNaI WA D2
Y] A a a Y v o [ <3 o [ %
dunaaouziaziudunnga 1 @1 Fdmuguilansaziludnivguuuuioundudlosa
v A ' v 1w ) 9 v & o g Yy
wilseae uaiiosanszuu luansatamalsamanavuala lasase aaiusniluded
Yo o d‘ LY 3/ d‘ Y [
m3lFardunaaouziielszunamanlsamananuavesszuume 1 unsioundy uag
%] 4 9 Aas 1 v o @ I Y AA o o
ANV 1997895113 TNasTmnudIdunadoiue Hludauguilanyasmsmau
[ A @ . a Y a Aa a a SR [ ~
A18MIAAM TN (Tracking) BUNADWBINUYTLANTM M FuTludraruguiltnanzay
o @ A 9 I = 9 A o
dmsumsesnuuume l¥aruguinivianass 1HIHANTABUAUDIAINABINIT  IWBWINIT
Y ]
nFeuieulseansnwmsihaunudniuguaieauauiienlddmsuszuugnueancsda

9 4[ 1 % =) Q( % ady
ﬁammmuﬁ?} G]f\?‘ﬂ'lﬂ1ﬁllﬂi$ﬁ"]/l‘ﬁﬂl@\i@]’)ﬂﬁ]ﬂﬂlﬁﬂﬂ’)‘ﬁﬂ1i Response Optimization



=
unns
ﬂ15§31ﬁ9¢]ﬁﬂ11«!ﬂ1§ﬂi HAZHANIINAADINITNINU

v Y ] S
maaszuugnuaaaaﬂmmﬂaumuuman"lﬂ%

o @ ] <] Z o a3 ]
mﬁmmumﬁmqmmmﬁwugﬂ‘uaaaeamﬁwf{mmmmaﬂuu ﬁmmmrﬂuemﬂ
A 9 o A A 1 a3 a 9 A A [] <
mﬂmmmmwummu‘lmﬁlumﬁmmu LLV&’Nﬁ]']ﬂﬂ’NiJlliJL‘lJLlL‘NLﬁuVILﬂﬂ%WﬂﬁU']iJLLiJLﬂﬁﬂ
I o 9 Y a = = [ 1 Y g‘; A ~ = g’;
Lﬂuﬁﬁﬂig@uﬂlﬁlﬂmﬁ\‘]ﬂ\iﬁiﬂwﬁﬂgﬂﬂﬂﬁ ﬁ\‘lNﬁﬁlﬁfﬂiﬂﬁﬂﬂhgﬂ‘]JE]’d‘L!HiJ%’N“VILLﬂ‘U BN
= 9 v & X , 1 A = A
ﬂl?ﬂlﬁﬂﬂiﬂTW{luﬂ'l'iﬂ’J‘]JﬂiJulﬂx‘]']fJ ANUU Luﬂﬁﬂi‘!ﬁﬂuuﬂg’E)‘E‘UTEJ‘E]\‘]ﬂSZU’JHﬂTiLL’dg’J‘ﬁﬂTﬁ
o o A E o ' Y I Y
ﬂTVi‘LlWII’f)‘]JLGUGIﬂ1§ﬂ1ﬂ1ﬂlW@1“B1Hﬂ1§ﬂ’]UﬂMgﬂﬂ@ﬁﬁ]?ﬂﬂﬂlfﬁuﬂﬁuﬂaiﬁlﬂullﬂﬁnhﬂﬂﬂﬂﬁ
a g’; o A A = S @ a R A 9
Tﬂmmmmmﬂmqﬂﬂsmuazmsmuamﬁmam i?llﬂ\iﬂTﬂéUfJ‘L!@aﬂ’f)i‘VIiJLW@GLGHGLuﬂ'IS
Au9Y 1azgUnTalloNaoIznINABURUADS A LUYANARDY TIUDIUAAIHANITIIA0T
4 % == o 14 9 Aax 1 [
ﬁ'ﬂTuﬂTimLL’d%Naﬂﬁ1/]ﬂﬁ@\‘1511fN@]’Jﬂ’J‘UﬂiJWﬂﬂﬂﬂ?ﬂ’)ﬁﬂﬂl%ﬂii’)ﬂ%ﬂ?‘ﬁfﬂﬁ’JNIWZﬁTMﬂ‘U
v ] 9
AITUNATDIULUASINUAIDUNINTA | A7 Lﬁ’ﬂ!ﬁ}_r%fJ”]_ILﬁﬂﬂﬂﬁzﬁﬂ‘ﬁﬂWWﬂl@Qﬂ’Jﬂ’JUﬂM‘ﬂ\i 2 WYy

IS = v dy
I@ﬂﬂ\l518ﬁ$mﬂﬂ@\1u

51  1n309oNAaazMIAANg

X yno o v

Tunmsneassligiteiiinisnaassdiensilioudanss nuvesdniugualelisunsy

U

9 ]
MATLAB/SimulinkUHﬂ@JJW’JWI@g mﬂuuﬁwmﬂ%maﬁtytywmmamugmzmn

@ [

A o 1 Y { ) o [ @
aouiunestudniiluvaatamiloni uazsudaanutoundunneuegesianisnizia
9 -, =2 g s ad A Jaa Y A g
INANUVNTUINLNLIHANAI8 RAPCON Board ¥t uvesastannsondnuvidiniu
S A 1 A ¢ v s '
ginsalyenToesznIenouNIAeInUUNTalNAADINIUE 1Y Serial Crossover Cable
@ a 14 . 4 1 [
14/69 PCI Serial Card ¥®3AONHNILABD5 H9 RAPCON Board 9¢ 1Fouaony 1Usunsu
[l a I 14 {
MATLAB/Simulink 1u@711&54 Real - Time Windows Target Lﬂuuaiﬂﬁmmmmuammu
[l H Y
Real Time H90A110@ 10150 1UN155D - dedyauiiianyae N Digital Signal 1ag Analog

9 [
Signal Taslun13naaeatiy 9¢l Power Amplifier titod o Il 1nseiansa1¥iun RAPCON

'
A o

@ 4 o ' @ { o o v @ a
Board L!ﬁ$G]'J“]J@iﬂ%%“l/l'lﬂ'li’i]'lflﬂi$ll,ﬁulﬂfl\‘]"ll@ﬁ?@lﬂﬁEJ'JH'IGI'IiJﬂ'Iﬁ\?Glu@ﬂﬂ@iﬁM NnInNIg

S 4 ] Jd o
@Wen131uTsun51 MATLAB/Simulink 9101 00N U080 UUOINA IHUIHDT TANIT



79

o =X 1 1 1 v o 2 & [ 1 1 [
nsziagaegluglvesmanuadnd Fuiludyaauuy Analog 9zgndsse 1169 RAPCON
Board tiodsae 1iszuranadilisunsunrugumsinauae 11

2 vq v A ¥ A o o X a o .
Minaaodtl 1d141a599dULBUNTINITIAEDIINNI19UT ¥ N Zeltom Education and
. = & 7o o & A 3 v o A A
Industrial Control Systems FuTuginsalidusaneanuazaInidaE 1umMsIai1aTo9lo
Fmsumanaans lagdlsznovlide
4 1 <3 1 ] <3 Y
1. gunsaladwaumimannionunuie uazgnuoaultiann1IINIINANAY
Y v
UMD 41.3 PTY HaAIAegla 5.1
I'4 o o 9 [ Y rd
2. UBFANILANMIIINIY (RAPCON Board) ouatlimeidmivaie lidguesa uaz
1 Y Y
PCI Serial Card 1ea30331% 5.2 YunaunsaaniaduandluaianuIn 3.
3. U3 IANIINTZa9 (Hall Effect Sensor)
a 4 a ua
4. pouNuApINSoNTzUVURUANT Windows 7 32 Bit uag 1151055 MATLAB

v2009a Tal510a2198AA19 9 Y99 RAPCON Platform 4015197 5.1

€an
=
=

[l 3 1 ' <]
5.1 qﬂﬂsﬂfﬁ%’iﬁﬁmmmmaﬂw%'ammmw HAZYNUBALNINAND I



80

A 14 ) [ dy 4 A 1 1 .
3‘]]1/1 5.2 U957 RAPCON, auatwosdmsulWidevesa euaoruaey Serial Crossover

191 PCI Serial Card Y93n0NNIADS

A1519% 5.1 UAAIT18021DAAT ) Y09 RAPCON Board (RAPCON Real - Time Rapid Control

Prototyping Platform for MATLAB/Simulink)

Meaning
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6-15(0.15)

VDC (A)

Analog Input A0 - A7 Analog 12 Bit
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Digital Input DO_dO0 - DO_dO Digital
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Upper, Lower Limit and Operating Point of PD-Controller
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angianeauiian 1 fruas Sampling 117U 0.01 sec

O
& m @ Eﬁ % Stack:| Base @ Select data to plot -
Name = Value Min Max

v <2001 doubles 0 19462

Ea vreference <2501:1 double> 37000 33000

= 9
319 .1 Yeyaminaaealy Work Space

2. NUWAIES “GATOOL” adlunii a9 “Command line” ¥0411/51n53 MATLAB 9%

U51nguhaves GATOOL aandaslugii n.2

File  Help
Problem Setup and Results Options
oy El Papulation -
Solver: | ga - Genetic Algorithm -

Population type: | Double Vector

Population size: @ Use default: 20

©) Specify: =
Comstraints Creation function: | Use constraint dependent default
L qualitie A: b B
Linear equalities: Peq: beg: Initial population: ©) Use default: []
Bounds Lower: Upper: O Specify:
MNonlinear cons traint function: Initial scores: @ Use default: [1
Run solver and view results ©) Specify:
Use random states fram previous run Initial range: © Use default: [0;1]

Pause Stop © Specify:
Current t iteration: Clear Results [ Fitness scaling

Sealing function: | Rank

=l Selection

aw

- - Selection function: | Stochastic uniform
Final point:

El Reproduction

< n v

317 n.2 e GATOOL
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ApansH aanaalugdi n3

Problem Setup and Results

Solver: | ga - Genetic Algorithm x|
Problem
Fitness function: @iden_euler_2

Mumber of variables: |7

A ¥ 1w s o @
qﬁjﬂ‘ﬂ n.3 ﬂ'ﬁ@]\‘]ﬂ']'aﬁf!ﬂﬁgﬁ\?ﬂllagﬂqugu@gllﬂi

6. MruamveLAYeIdls auaalugiin n4

Constraints:
Linear inequalities: A b:
Linear equalities: Aeg: beq:

Bounds: le—ﬁ le-21e-4012] 5e—5 2e-25e-40524]

Meanlinear constraint function:

A ° ' o A vy Y
qﬁlﬂ‘ﬂ n.4 NIMHUANIVOLLUAVDIA YT NABINITAUY

7. mM31a91uaul 524103 (Population Size) Tae 117 Option => Population T/51n5%
o v & o . Y 1o ) R A
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Population Size => Specify Lgﬁaiguﬁm’gu Llﬂﬂﬂﬁﬁgﬂ n.5
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I Population ]
Population type: Double Vector v:
Population size: () Use default: 20

e
Creation function: Use constraint dependent default -

Initial population: @ Use default: []

©) Specify:

717 .5 msmruastiauazvinaveatiuvilszing

° as o A 4 . =~ . . IS
8. MINMHUUAITNITAALADNTIINUT (Selecuon)Tﬂa"lﬂ‘w Option => Selection ¥
as A = an ] an o o o aa g
a‘ﬁmiu,a’aﬂﬂiz%migﬂwmuuwmmm%u ITN159A0UAY (Rank) 2541
. an o Y as Y [ an 1
gﬂuuu (Uniform) 159AN15UU9UY (Tournament) 15Y0319003LaN (Roulette) LA ITNITFN

iuATEUINT A (Stochastic universal) 11AAIAIFN 1.6

[=] Selection
Selection function: | Stochastic uniform il A
Stochastic uniform
Remainder
Uniform
Roulette
Reproduction | Tournament l
Mutation Custom

gﬂﬁ 1.6 LHUNTNLLEAINITIADN Selection
9. mstmuATIILTeLYBINIAUIIEzTuamauRaamasuii 14 Tag 1
i Option => Stopping criteria => Generations Wofmuasiausey svuagianarlumsiy
Ta@ Option => Stopping criteria => Time limit ﬁ’muﬂfﬁ’mmsauﬁﬁﬁmamﬁuauuﬁmqﬂ
maulag Option => Stopping criteria => Stall Generations ﬁWﬁuﬂﬂ'TﬂﬂNﬂmmﬂﬁ'ﬂuﬂlﬂﬁ

Mnoulay Option => Stopping criteria => Function tolerance LI&f ﬂﬁﬁﬂgﬂﬁ n.7



[=I Stopping criteria

Generations:

Time limit:
() Specify:
Fitness limit: @ Use default: -Inf
) Specify:

Stall generations:

Stall time lirit:

Function tolerance: Use default: 1e-6

Monlinear constraint tolerance: @ Use default: 1e-6

~ Specify:

N n.7 mimwummu"lmmmﬂﬁuiﬂumimﬂmiﬂum

3 Y ' 9 @ {
10. MUUANHIATWLTAINATEUINNITAUT muﬁ@ﬂugﬂﬁ .8

[ =l Plot functions
Plot interval: -‘17 . N __
Best fitness [¥] Best individual Distance
[T] Expectation || Genealogy [7] Range
[T Score diversity [ Scores [ Selection
[7] Stopping [T] Max constraint
[ Custom function:
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v.  isunsumaszyenanbavesginsagnuaasimanaoadia

aaanuuivian Invh

function f=iden euler 2 (X)

clc

0 0000000000000 00000000000
T35 056 SLep Slze F53555555055
h=0.01;
2990990090009900900909909990099009
OO0OO0OO0OO0OOO0DOOODOOODODOOODOOODODOOODOOODOOODO

%Control Feedback Gain
K1=-500.0005;
K2=-12.4652;
K3=0.0664;
Ki=24.7202;

Simuald

sm fem (wa)

%$X (1) @R (resistance)
$X(2) dAnk (electromagnetic constant)
$X(3) e L (ﬂ"ma'mmﬁmﬁwaﬂmn'm)
%X (4) fecl (MmmiiHall effect sensor)
$X(5) fec2 (mmiiHall effect sensor)

%X (6) deue (mVoltage ﬁﬁ'flﬁ’gimaaaﬂamamazmﬁq)
%X (7) deve (mVoltage amasenhall effect sensor wanzam

m=41.3*10"-3;

g=9.81;
x1(1)=0;
x2 (1)=0;
x3(1)=0;

X
S
—

Il
o
N
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sum _error=0;

$input
load vreference
Soutput

load v

for 1=1:1:2001
x1 (i+1)=x1(1i)+h*x2(1);

x2 (1+1)=x2(
(6

=x2 (1) +h* (((3*g* (g*m*X (1)) " (1/3)) /(X (2)*X(6)) " (1/3))*x1 (1)~
(g*X (1) /X (6)

) * 3(i));

x3(1+1)=x3 (1) +h* ((=X (1) /X (3)) *x3 (1) +(1/X(3)) * (Ki*x4 (1) -
K1*x1(1)-K2*x2(1)-K3*x3(1)));

y(1)=((=2*X(4) *g*m*X (1)) /(X (2) *X(6) ) ) *x1 (1) +X (5) *x3 (1) +X(7) ;

x4 (i+1)=x4 (1) +h* (vreference (i)-y (1))

sum_error=sum_error+ (y(i)-v(i))"2;

end

f=sqgrt (sum_error/2001) ;

return
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1. 35151451053 Simulation Response Optimization

1. afunusiaesvesscunTaeld Simulink Taofvuadaualsuaz s uduaesda

uilsiideams W Tusunsussinaiiilddmsnevauesidigaamvouuaiisimua

Y
2. AR muammm SlgnalConstralnt‘I/]GHLLWL!\‘FIJE]QﬁﬂJﬂHmVIG]E]\‘IﬂﬁiJ\‘Iﬂ‘]JGl,‘Ll

MU
Y
LL‘LI‘LHHE]?N‘V]?( 1931 Tawdn Signal Constraint Block ﬂzagiu Simulink Library ‘VI‘]fE]’ﬂ Simulink

Response Optimization

£

Scope1

Sum1

Displacement ref
Msgnetic Levitaion System

Dervative  gondlimited

Derivative

A4

Signal Constraint

31U L1 uwuamuuuaealulysunsy MATLAB Tudiuved Simulink

3. Double - Click 11917 Signal Constraint Block LA Signal Constaint Window

)| Block Parameters: Signal Constraint = =
File Edit Plots Goals Optimization Help
=
SHe | AR | ==
Input to Cptimized_PID/Signal Constraint
. 128 FREREEEEEE IR '
1
1k
0g ke
L0 f
£
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4. MvuagluuumsaeuaueIveIdy 1w Output NABINIS TaodqaImIzgn
ﬁﬂﬁﬂiﬁﬂiﬂﬂﬂl@ﬂﬁlﬁ iﬂﬂﬂﬁlﬁ’ﬂﬂﬁmu Goals -> Desired Response... -> Specify Step

9y
v QIq 1
Response Characteristics 910110 laa1a199 Idmudeans

)] Desired Response = =

() Specify reference signal

— Step response specs

Initial value: ] Final value: 1
Step time: 0
Fize time: 3 % Rize: a0
Settling time: |5 o Settling: 5
% Cwershoot: 10 % Undershoot: |2
OK Cancel Help Apply

3U7N 4.3 unuMIMLAAY Edit Desired Response

5. 1latw Y Tuned Parameters Dialog Box 910N 174 aen Optimization -> Tuned
g}/ a o
Parameters 1UH11199U04 Signal Constraint Window 310UU Click 1A9ANT A0S NABINT

151049
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Select workspace variables;
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2.1 YoyamumAlnves RABCON Board

1. INTRODUCTION

The RAPCON platform offers a seamless interface between physical plants and Matlab/Simulink for im-
plementation of hardware-in-the-loop real-time control systems. It is fully integrated into Matlab/Simulink
and has a broad range of inputs and outputs. The platform is a complete and low-cost real-time control
system development package for both educational and industrial applications.

The RAPCON platform consists of the real-time control board (hardware) and the associated Matlab
interface (software). The hardware of the RAPCON platform has 8 x 12 bit analog inputs, 2 X 16 bit
capture inputs, 2 X 16 bit encoder inputs, 1 X 8 bit digital input, 2 x 12 bit analog outputs, 2 X 16 bit
frequency outputs, 2x 16 bit pulse outputs and 1 x 8 bit digital output. The board also contains 2 H-bridges
with 5 A capability to drive external heavy loads. Some inputs and outputs are multiplexed to simplify
the hardware. The board is interfaced to the host computer that runs Matlab through a serial port. The
software of the RAPCON platform is fully integrated into Matlab/Simulink/Real-Time Windows Target
and comes with Simulink library blocks associated with each hardware input and output. The library
contains Analog Input Block, Capture Input Block, Encoder Input Block, Digital Input Block, Analog
Output Block, Frequency Output Block, Digital Output Block and Pulse Output Block. The platform
achieves real-time operation with sampling rates up to 15.2 kHz.

The RAPCON platform has been developed to extend and optimize the real-time operation of Matlab,
Simulink and Real-Time Windows Target. The developed platform is uniquely integrated into Matlab to
achieve real-time operation in Matlab under Windows. The salient features of the RAPCON platform
make it ideal for implementation of hardware-in-the-loop real-time control systems in both educational

and industrial applications.

1.1. Specifications

o Power supply: 6 — 15 V, minimum 0.15 A, regulated

o Interface: 460800 baud, 8 bit data, no parity, 1 stop bit

¢ Analog inputs: A0—-A7, 0 — 5 V analog, 12 bit resolution
o Capture inputs: C0-C1, 0 — 5 V digital, 16 bit resolution
« Digital inputs: D0_d0-D0_d7, 0 — 5 V digital, 8 lines

o Encoder inputs: EO-E1, 0 — 5 V digital, 16 bit resolution

« Frequency outputs: FO-F1, 0 — 5 V digital, 16 bit resolution
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¢ Analog outputs: BO-B1, 0 — 5 V analog, 12 bit resolution

« Digital outputs: GO_g0-G0_g7, 0 — 5 V digital, 8 lines

o Pulse outputs: HO-H1, 0 — 5 V digital, 16 bit resolution

« Filtered pulse outputs: LO-L1, 0 — 5 V analog

o H-bridge outputs: PO-P1, 0—(supply voltage) V digital, 5 A

o Voltage regulator output: VDD, 5 V, 0.25 A, regulated power supply
e Ground: GND, 0 V

« Sampling rate: up to 15.2 kHz

1.2. Requirements

e PC with Windows XP or later and an expansion slot for a serial card

o Serial crossover (null modem) cable

« Matlab R2007b or later with Simulink, Real-Time Workshop and Real-Time Windows Target
e RAPCON hardware (real-time control board) 1.5 or later

e RAPCON software 1.5 or later

« Power supply (regulated, 6 — 15 V and at least 0.15 A without any load)

1.3. Absolute Maximum Ratings

« Power supply voltage: minimum 3 V, maximum 16 V

« Each analog, digital, capture and encoder input: minimum —0.3 V, maximum +5.3 V

« Each analog, digital, frequency and pulse output: minimum —25 mA, maximum +25 mA

e Each filtered pulse output: minimum —25 mA, maximum +25 mA

o Each H-bridge output: minimum —5 A, maximum +5 A

« Total current from/into all inputs and outputs (except power supply, voltage regulator and H-bridges):
minimum —200 mA, maximum +200 mA

« Voltage regulator output: maximum 0.5 A (total)

¢ Operating ambient temperature: minimum 10 °C, maximum 50 °C
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2. HARDWARE

The real-time control board is based on a dsPIC30F2012 digital signal controller. It has a total number
of 8 X 16 bit inputs and 8 x 16 bit outputs capability. The inputs and outputs can be selected among the
inputs and outputs listed above. The board is interfaced to the main computer that runs Matlab through
a serial port. Two pulse-width modulation driven H-bridges with 5 A drive capability are included on
the board to drive external actuators or loads. The functional block diagram of the board is shown in
Figure 1, where AQ—A7 are the analog inputs, BO-B1 are the analog outputs, CO-C1 are the capture
inputs, DO_d0-D0_d7 are the digital inputs, EO—E1 are the encoder inputs, FO-F1 are the frequency
outputs, GO_g0—-G0_g7 are the digital outputs and HO-H1 are the pulse outputs; ADC represents the
analog-to-digital converter, DAC represents the digital-to-analog converter, ICM represents the input-
capture module, OCM represents the output-compare module, DIP represents the digital-input port, DOP
represents the digital-output port, QEM represents the quadrature-encoder module and PWM represents
the pulse-width modulator; FLs are the lowpass filters with outputs LO-L1 and HBs are the H-bridges
with outputs PO-P1; and pC is the central microcontroller, UART is the universal-asynchronous-receiver-

transmitter unit and PC is the host computer.

PC
A0 UART
: | ADC plaly i)
Co — — F0
C1 — ICM i i OCM - F1
nC
D0-d0 —] -~ G0_g0
: | pIP Ny " L{ pop :
D0_d7 — J“ —|‘ -+ GO.g7
E0 — Ll Ho
__,| QEM PWM
E1l r—l—> H1

Figure 1. Functional block diagram of the board.

The layout of the board is shown in Figure 2. The inputs and outputs are connected to the board
through standard pin header type connectors. The pins of all connectors are clearly indicated on the
board for convenience. Access to the on-board 5 V, 0.25 A voltage regulator output is also provided for

external light power supply requirements.
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Servo System using Pole-Placement with State Observer
for Magnetic Levitation System

Aunsiri T.', Numanoy N.” , Hemsuwan W. and Srisertpol J.*

System & Control Engineering Laboratory,

School of Mechanical Engineering, Institute of Engineering,
Suranaree University of Technology, Nakhon Ratchasima, Thailand, 30000
E-mail: foolsoul@live.com' , nitisak@sut.ac. th® .
withun@sut.ac.th®, jiraphon@sut.ac. th’

Abstract. The electromagnetic levitation system is nonlinear system. The force
applied by the electromagnet on the levitating magnet can be approximated as
nonlinear model. The conventional controller with linearization of nonlinear
systems design is presented not high control performance enough. This paper is
demonstrated design of servo system using pole-placement with state observer
for the magnetic levitation system from the equilibrium point. In additions, the-
se closed-loop poles correspond to the desired closed-loop poles in the pole-
placement approach and state observer estimate unmeasurable state variables.
Finally, the simulation and experimental results can be shown effective control
objective.

Keywords: Servo system, Observer, Magnetic levitation ball

1 Introduction

Magnetic levitation techniques have been widely used in various fields, such as
high-speed trains, wind tunnel levitation for eliminating mechanical friction, magnetic
bearings, decreasing maintainable cost and achieving high-precision positioning.
However, it is difficult to build an accurate mathematical model for the magnetic
levitation system. Because of the magnetic levitation systems are unstable and
nonlinear dynamical systems.

In recent years, a lot of works have been reported in the literature for controlling
magnetic levitation systems. The feedback linearization technique has been used to
design controller for magnetic levitation system [3, 6]. The input-output, input state,
and exact linearization techniques have been used to develop nonlinear controllers [1-
2]. [7] Using Pole-Placement, Lead Compensator and PID Controller. The
mathematical modeling and linearization, system design and control and observation
using linear state feedback in the equilibrium point [4].

This paper is presented as follows. A mathematical model of the magnetic levita-
tion system is shown in the part two. The third part demonstrates a design of servo
system using pole-placement with state observer. The fourth part contains experi-

adfa, p. 1, 2011.
© Springer-Verlag Berlin Heidelberg 2011
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mental and simulation results. The magnetic levitation system with the proposed con-
trol algorithm is implemented.

2 Mathematical Discription

The motion of the permanent magnet ball in the magnetic field is expressed as

md;fz—F(u,y)+mg (1)
dt

Where y is the vertical position of the levitating magnetic measured from the bottom
of electromagnet, m is mass of the permanent magnet ball, g is the acceleration due to
gravity, and F(u,y) = ki/ y' is the force on the levitating magnet generated by the

electromagnetic, & is a constant that depends on the geometry of the electromagnetic
strength, Moreover, if follows from the Kirchhoff’s voltage law and the voltage across
the hall-effect sensor induced by the levitating magnet and the electromagnet, which

are a function of constants that depend on the hall-effect sensor ¢, ¢, and c,
respectively, can be approximated as (2)

) di 1 .
u=Ri+L—, v=c¢,+c —5+i (2)
dt yvoo

Where R, L are the resistance and inductance of the coil, i is the current through
& . T . a7
the electromagnetic. Letting x=[x, x, x| =[y ¥ i] are the state of the
system, z is the controller output, v is the measured output and # is the control
input, can be written as
. . i R 1
XN=x,%=g-k—, {,=——x,+—uand z = x, (3)
. mx; I L

In modeling system, we see that nearly all systems are nonlinear, in that the
differential equations governing the evolution of the system variable are nonlinear.
However, most of theory we have developed has centered on linear systems. In this
section we develop what is called a Jacobian linearization of a nonlinear system,
about a specific operating point, called an equilibrium point.

X, = Ax, + By, @)
v =Cx, +v,

T . . . .
Where x, =[x, —x, x,—x, x—x,]| is linearization of state vector. u, =u—u,

e

is linearization of control input and v, =v—v, is linearization of measured output.

The matrices A””, B"" and C"" determine the relationships between the state, input
and output variable, respectively. The equilibrium point of the system (my =0) is
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Y/
ku, )3 ,
xlﬂ = lle 5 x’c = O and ng = lt_e

gmR - 3 R

Where u, is the required equilibrium electromagnet voltage, x,, =y

e

3 Design of servo system using pole-placement with state
observer

For brevity, we do not repeat the details of servo system and state observer theory in
this paper. The magnetic levitation system is the type-0 plant, the basic principle of
the design of a type-1 servo system is to insert an integrator in the feedforward path
the error comparator and the plant, as show in Fig.1.

Using the observation [5], the observation of the system, can be represented as

Il

Il

Ax+Bu, + K, (v, — V) )
Cx

<> >

anxl

K} is matrix gain of the observer, £ is state of the observer variables. In order to
design a feedback control servo type-1 with the following observation as

u, =—Kx+k¢

. (6)

E=r—vy,=r—=Cx

-

£ is signal at the output of integrals, r is input reference. Given order of new system

(n+1) vector error is e(t) = [.x, ®—x(0) £@)-¢ (oo)]T = (n+1)vector

é=Ae+Bu,

. [A 0] [B] . g ,
Where.A=|: },B=|:0:| withas u, =—Ke, K=[K } —k,]

»| Magnetic Levitation >

Observer

Fig. 1. Schematic of servo system using pole-placement with state observer
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4 Experimental and simulation results

In this section, the comparison between simulations and experiments are provided to
illustrate the effectiveness of the servo system for position control with PD controller
[7].Using the linearized model of the magnetic levitation system desired, design a
controller to suspend the magnet 12.57 mm.(v, = 3.87 Volt) away from the electro-

magnet and other parameter show that in Table 1. Connect the electromagnet and hall-
effect sensor to the RABCON Board [8].

Table 1. Parameter of the magnetic levitation system

Description Parameters Value (unir)
Mass of Ball m 413010 * kg
Resistance R 1L.71Q
Inductive 5 15.10x10° H
Initial current s 1.05 A
Electromagnetic constant k 310210 ° kgm®/s*/A

The eigenvalues of the A matrix are the values of s where det(s/ —A)=0, It is
found to have a pole of open loop at —113.245, -31.3215 and 31.3215 which is
positive resulting in system instability, When the parameters in Table I into (3). One
of the poles in the right-haft plane and matric form dynamic linearization method in
equilibrium point as

0 1 0 0
X = 0 0 1 x,+| 0|y,
1.675x10° 1.4709x10° —-113.245 1

v=[3.5667x10° 0 20.5298]x, +v,

Considering the system Rank( ¢ ) = 3 therefore, this system is observability. The
design consists matrix gain of the observer K. =[K, K, K] and finding that the
gain of the observer. We will design a selection 10 of natural frequency of the

system, have pole of observer at s, =-219.1+44.7053i and s, =-200 solving

matrix gain of the observation as, [s — A+ K,C| =0
K, =[0.0068 1.3448 13.7985]

Next step to verify the ability control the system, It is a new system rank(f) =4, so
this system have the ability to control the design matrix gain of the controller
K=[k k &

A —k,]. We will design a selection dominant poles are located at




137

5, =—43.82+44.7053i . Place the third and fourth poles at s, =—15 solving matrix

gain of the controller is |SI —A+BK|=0

k:[3.0385x10r‘ 7.7363x10°  4.395 24.7209]

In the following, we will illustrate the Simulink and experimental results. Using the
structures illustrated in Fig.1, we assume the measured signal is generated with a
uniform reference signal with amplitude between 13.10 and 13.65 mm. at time range
0-14 sec. As assume the sampling time is 1/2000 sec. For comparison purpose, a
display the response impulsive reference using servo controller based on observer,
show in Fig. 2 and display of PD controller to control magnetic levitation ball system,
show in Fig. 3(a), respectively. These results strongly suggest the servo controller is
capable suppressing more the effect of the overshoot and reducing steady-state error.
The command controller signal displayed in Fig. 3(b), the good output control
response demonstrates its effectiveness of the servo system, show that in Table 2.
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Fig. 2. Response of servo system with state observer

Table 2. Experimental result (%)

Description PD Controller ~ Serve System with
State Observer
Steady error 4.396 0.183
Over shoot 10.88 -
Allowable tolerance @steady state + 1% 895 0.404

S CONCLUSTION

In this study, we have demonstrated that the proposed servo system with state
observer is efficient when used in motion control in which the displacement, velocity
and current control are usually needs as feedback signals from observer of the
magnetic levitation ball system. By comparison with the conventional PD controller,
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its simple structure means less effort to be made in the implementation of the
controller. This is very interesting for a practical design of a feedback control system.
Experimental result indicate the state feedback control scheme can results in a closed
loop system with good tracking performance as well as good robust property against
impulsive referent.
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Fig. 3. Response of PD controller (a) and Output response (b)
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