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ABSTRACT

The record data areal density of hard disk drive has been continuously
increased. This reduces the width of the data track. The fast response and high
precision positioning of the hard disk drive read/write head is important. Thus, the main
objective of this research is to design a controller system of the read/write head
positioning system. The dual feedback loop is used in the dual-stage positioning system
to control a primary voice coil motor and a secondary piezoelectric actuator. The
frequency of the validated finite element model is adopted for the system identification,
yielding the transfer function to design a controller. In this research, the voice coil motor
is controlled by a fuzzy-PID controller, which is developed from a PID controller. The
piezoelectric actuator is controlled by a switching function with a static gain. The fuzzy-
PID controller results have shown the step response overshoot of 4.13% and the
position error signal testing 30, of 0.0018 um . Consequently, the designed controller
system can improve the response of the read/write head positioning system. In addition,
the finite element model and method can be used to design and develop a new

controller if the dual-stage positioning system would be changed in the future.
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fdasmsldagnimasiazuang Lﬁadﬁnﬂmsﬁ@umNamﬁmsﬁﬁuﬁuﬁﬂﬁagaﬁﬁaams
mm'«gmﬂﬁu dnnlifienuwinilunadrfisdaya v lfiFsnailunisinuen
"’afumsﬁ'wmnuumquﬁwﬁazlmuthLmﬂ,waaﬁaémaﬁ@@aﬂﬂﬁﬁﬁﬁaﬁwLmu',a

v

v ] 1 o AI v v v J v {
?lﬂ&lﬂvl,ﬂﬂil’l\ﬁ’)@l,%?] BLRCEU TN LLRSRINIIDLNULRILLLIAIY a;&aslmmﬂmuvl,@ Wasanianu

]

=}

\ehd mluﬁmumzmmimaauﬁga 'fﬁaLﬂumnﬁum’mmmmlumsﬁ'm’mmaa

& a & a & A o @ ad £ ac &
aﬁ@@ammmaummasl,wmaasummmaomimﬂIuIMwgamﬂuamm Twanuiaas
Lﬂumiaammmzuumqul"ﬁwa@]auauadL%ammﬁmaumm‘haaa"l,wvlmﬁa§L3J%@Tﬁ"l,@i”
v s é 1 v et {
ATIIROLANYNABINUNMINARBINIAANUULTZLLAILA FerrelwaIu1InUTuLlasw

wyasanuuutzuulnilaidadsuilaouwduawluiuusiaad W ludafiune

1.2 TagilszasA2a99u3dY

=

Lﬁﬂﬂﬂﬁ:ﬂﬂ?iﬂ’lﬂﬂ&l@]’mﬂudﬂ’l E]’]%El’]'i(ﬂ(ﬂﬁﬂ LLUU&E]G“U%@I E]‘LL‘Y]LW&JT]’]‘S

v v v tg/ d
L?l?ﬁd“llﬂ&lavlﬂ T Tulan UUﬂUﬂWiﬂ’)‘UﬂﬂJLL‘UU"Du@I auLaL

U



1.3 VO ULYAVDIINHIVY

1) ldunudraaimeWludiefunduasgamdmiolodidnninundnm
SnEIEMITREzanYe 9Tz UL

2) ai’wLLum‘i’maamimaJQm‘i’]LLmeadmﬁ"sémaﬁ@aaﬂmmi
muqmmmﬁ'}ﬁaLLuuaaaiT'mau (dual-stage control) Lﬁamstﬁwﬁa‘*ﬁagavlﬁaﬂwLL&iu{h
Taglddrnuwialadianninlumituindon

3) STUURNAUILEI9: 6090 overshoot  @an1smaLARAITAS step
response %asnin 5% madiw:ﬁﬁdmadLL@iazLLu’Jﬁ'a%la (Chen and Lee, 2006)

4) sruvfinamwuiazddnanmInauaues 3G MMMINATDUA WA
anaLARan 1aunin 10% VBIANUAUILUULWITBYR (tracks per inch, TPI) (Chen and
Lee, 2006)

1.4 s laminaininozlasy

tal 1 o v o 1 v a U Ui J
1) mmmqum'mLmumlumsmﬁammemayaLLa:mmmuvl,@ﬁmu
2) mmmmuqwmﬁuauﬁauluq@ﬁaEhu"l,ﬁﬁﬂd’m’]imuqmmu

AUADLAED



UNN 2

NY 1)

mu%’%'fﬂf:vlﬁﬁ']msﬁﬂmmimquﬁ";éwuuuuaaaifummﬁmmm‘ham
vl,wvl,miaﬁqu@TLﬁalﬁﬁ"szhuaﬁ@aaﬁﬁmwm.l,sjumLLazL“iTwﬁa"ﬁa%Javl,@Tasm‘nm%’; AN
ﬁLﬁ‘miaoﬂi:ﬂawﬁsmsﬁﬂma?:uumuauLmuaaaﬂgu@au IMALANIIAILANNIT
LR aufivadRaen MyIadszANTNINI8INIAILANIIE MITATZARAALFUEILTY
ﬂ’nmﬁl (frequency response analysis) LRZNNTRILENAN WAV BITEUL (system

identification) lannuszanasyuaziiaualuuni

21 m‘smuquﬁaEi'muuuaaaifumau

mimuquﬁuéwuaﬁmaaﬁlumu%%’nﬁﬁnwﬁwmmmuaaa%u@au
Usznaumearinegw 2 a2 fe Nalaaiuaalalied (voice coil motor, VCM) Lazad
nuiolodidannin saineivaaiaioadudivhaudaunil (primary stage actuator)
LLa:ﬁaﬁmuLﬁUIGIiSLﬁﬂw%mﬂué’aﬁwmnasgﬁ (second stage actuator) NIAILAW
FURUIBITI B UL LRI A W TN T UNATRITEBE NI A uTiu s UL A et

g3 Idann laainyaztdyan1Iinawa st

2.1.1 NDLADSVARIALALY
valaasuaaaldssnbrluasadan lasinwusla 2 Uszian (Mamun et
al., 2006) Aa WULLTILFW (linear VCM) UAWULNYH (rotary VCM) anmmensiafaui
maaé’aﬁwmﬁeaamuugﬂLLamlugﬂﬁ 2-1 muﬁ’%’mﬁl‘*ﬁwal,ma%wm@Lﬁmuuumqm
& a o A A . \ o
yalaasuaalatdainanwlainszus Wil coil  current, 1) nariuvaaianslé

ﬁu’]&JLL&imaﬂﬁQﬂLﬁﬁ&l’)ﬁ’]ﬁ]’mLL&jmaﬂﬂT}i é’mam‘lugﬂﬁ 2-2



Moveingnt of slider

(a) Rotary actuator (b) Linear actuator

UM 2-1 ANBIENILAREWNYEIRIE YU (Mamun et al., 2006)

Pivot
Part of

actuator
arm

coil

U7 2-2 mafaussdiavenaineiuaalalFes (Mamun et al., 2006)

{ a &/ { 1 v A a
W39 (force, Fyey) Tifialunvasiasinaliifialuudda (torque, T,)
. % ] =3 a A A A a J g g 1 d'&/ I
JAUTAWYL (pivot) mmmdm@msmaauﬂ@mndmﬂ@mmﬂua@mu‘mua;Jmfu
NTUR AN a1 B89 ﬁﬂﬁmmmmuqmwaﬁLﬁmvl,@i”mnﬂ"nﬂ%'ml,auwag@
. & . 9 a o AL o o
(amplitude) Wz (polarity) vaInszUd WA luuudDatdunessundununszua N

Twarusasaduldasaunsn 2.1) lasht K, fa desnluwudde



dl' A a dl' = = dl' v o
bd ﬂ°12(ﬂLL°IJuL€‘] AHLNANIILARDUNRINTIINLD muauﬂ’]imimaauwvl,@m’mng

v lﬂ. a Q YV &
maﬂaawaammﬂmﬁu

0 = % I (t) (2.2)

A a & A A a . & 2
los?l J fe luwudanuiBesvasgausmden Iniiodu (kgm)
oA A A & a a A a & 2
0 faa ﬂ')’]&lLi\TLTGNﬁNLNaNaL@]ﬂiT@aq@lLﬁUGLﬂaauﬂ UnUILw (rad/s )

a 13 a v vV <
LAERNNT WL T wRUNITLT LE‘T%VL@] L1l

LK
y==710) (2.3)

A A ! o A &
o L A 338333%’3'1\1?@%34%%33%3@’]“ N‘Viu')ﬂLﬂu (m)

=

LﬁaﬁadmgﬂﬂsxﬁuﬁastzLLaVLW‘V\h s btaun1sh (2.3) W
° ° ' o o | A ~ & a & a a A A
FUWI AN UIVDIREIU LS LANITLARDUNVAINDLADTUARIALFLIUUTNTLARDUNAT
ﬂ'au**ﬁ"h‘l‘ﬂF;I’HJLflaL“?lUUﬁUﬂ’J’]&M%’]LLﬂ%LLWJﬁQ%}a T EAIawITN Inad LR Az Buan
% U Y Sf A o I U Y @ o d' =3 dl' 1 d' nll %]
Ga9n17LaT 9danusniudasltartuiafansmwaidaninatislunisiafawnluizau

& ] = v %
lalasiuas smﬁ]zgﬂﬂmﬂumman@vlﬂ

@ o A« a
2.1.2 aawiialadisnnin
arvinuisleBildnyindudiduiafienswialin #unaniag Lead-
Zirconium-Titanate (PZT) laslfusnngminfvasisladidnninvasizguiduiafaunaln
Ungmyohgladidnnsnidunadfounasnunauldanssnasonuliiusswasemm
A o oo ° Aa o & o o a ed a £ A
na e Taq ldiuusinsziaznifadszane i auludriag Bondnngnisainifelui
1 6 A A& a . . . o o dl
F1 UsingmsolislaBlanv3nuuuasy (direct piezoelectric effect) uazlunmanaunutila
Tanudadndlwinludelagfenfaasuudaslieesiag Sonidnngmsaliie
laBiinn3nuuudaunay (inverse piezoelectric  effect) lag@aivinanuildlwnsysu
duniiaziBaauasnidiuin Usngnisalisladidanninuuudaunaulunisvneu

LN alﬁé”sﬁfmmamgjiumwu%’mﬁmnwmﬁauﬁdawalﬁﬁ”; 81WLNANIIREIYLT1B8N



(swaying) Jaun1IugaInNUFNNUTVId I mAslaBiannInlugLuas stress-charge

GIRUNIIN (2.4) UAZ(2.5)

{o}=c.{s}-e"{E} (2.4)

{D}=e{e}+c{E:} (2.5)
Tl

£, = EyEyg (2.6)

e o fa audn (stress) Swiaaliu (Pa)
£ A8 ANULAILA (strain) FnuaeLdu (1)
E. fa swwlWi (electric field) Hwnaaiu (N/C)
D @8 mMIn3zaams WA (electric displacement) Ansiaendn (C/mz)
Ce An anWianen (elasticity) Iwiaeiiu (Pa)
e fa WwYisnd coupling Hwiendn (C/m’)
g, Ao anMwaauN 1 IWAN (electrical permittivity) Invaotiln (F/m)
& fa FNWHBNFW YN (permittivity of vacuum) fie 8.854187817x10 " F/m

A o o § . i . A ] &
&, A FNIWHBNRUNAND (relative permittivity) vl (1)

FNNIN (2.4) WAL (2.5) U1TAIINIATTANTIaRauN VIR 8 U be

' o o o o = A& a A o ' Ao Af o
I@Umimuqmmmmaﬂﬂs]“'LWWwaammmuLwUIsnaLaﬂmrw laudaratnsanwisanld
'S'a@qLﬁ'ﬂisﬁﬁLﬁﬂw’%ﬂmlﬁﬂuﬁaﬁwmmm@L§ﬂ LT 9TUIATLUAI Horowitz LA b
(2007) ImmhizgiioloBianninundeasuniniviianugudunuuuazidoaaagy
71 2-3 lag@usnyiwihiidudiasajanuduaziian (vibration sensor) iiafiauidu

a @ =1 3; o v A ] o £ J a % U & %] % Al'

UnEIRTNTaINanNIgaIilwmAaaud1sang I TN wuazanaq lfiduariuinfow
(actuator) laslfussaulnihanudginszquldduislodiannindnduialiifians
mﬁauﬁﬁmmmmuqm‘nLmu',amsmﬁauﬁluummm*’ﬁﬂaaﬂmmmLz%“umuguﬁﬂma
maamimmmgu wm"nhmﬁmmmLL;J'uﬁﬂuﬂﬁL*’szﬁnTaya"lﬁmﬂﬂhmsmuqmmu

AUADLAED
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PZT actuator

Suspension

Slider
Base-plate

U7 2-3 nsfiaausladidnviInuuiauiy (Horowitz et al., 2007)
di dl o 1 nid s o o g: U v
msmqumimaaumaommuwumma’maaamuu@aalmzuu
muqmﬁﬁﬂszﬁw%mw s:‘uumuquﬁamﬂﬁu@ié’amsﬁ’muﬁmaow%auﬁ'u LNARAAINY
ﬂm@LﬂﬁauluﬂWiﬁﬁaﬂuLLazLiTﬂgj@iﬁme“ﬁﬁaams‘lﬁashdsam%a lapfisnaaziduauad

TTUUAILANABITUA AULEAI LR Tan b
2.2 sznumn@;mmnaaoﬁumau

TwnwiTsAdsan ldimaiiaueszuuniuguuuusaITuaaua na1u3s
uel Gou Lazatkz (1999) "L@TLLﬂaszuumuqmtﬂu 4 WUUMBNY lauA Parallel  loop,
Master-slave loop, Dual feedback loop LLa¢ Decoupling master slave I@m:uumquﬁo

= a o d‘p
4 YINUILDUAAI

2.2.1 Parallel loop

Parallel loop LflumsaaﬂLLumzuumquﬁdm TapTunuwnwasuaadln
gﬂ‘ﬁ" 2-4 szuumimuquLmuf':@Taamiﬁ'zymﬁmﬂauné’waw‘mmﬁmm@mﬁau (position
error signal, PES) Rpidaiien sypimduniiaaaiafoniiluddyyimain
wa@lauauawaamﬁuwma@@hLmﬂﬁﬁaoms I@ﬂvl)&i‘l‘*ﬁé'mumﬂmﬂauné’uﬁm‘%ﬂmﬁw

NMIRTUITRINIAITULAROUNIRDY
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Disturbance(d)

» Cv » Py
. v PES
—>
+ ) +
» Cuv » Py *
Ym

Eﬂﬁ 2-4 LLN%ﬂ’]W“ll?JGiZUUﬂ’JﬁJﬂSJLLUU Parallel loop

Warruald R, P, unuweritunnslaw (ransfer function) vasuaiaas
paaaiFoIuazaIiinwiolediinninawdidu uaz C,,C,,  UNusIUAILAY
(controller) 28438LABTVARNIALTEILAZAITNNWNSlTBIENNINANEIGL WInTUee Lo

a

29Ua (close loop transfer function, G, ) LLazﬂdﬁfuﬁ’lUIauﬂladﬁ’Ja@]myty’lfmun’m

Re

%

(disturbance rejection transfer function, G, ) uTadisulaaudey it

C,R +C,P
ol — V'V M'™M (27)
1+C,R, +C,, Py
G, - PES _ 1 (2.8)
d 1+C,R, +C,, P,
ﬁun’ﬁqm&'ﬂﬁmz (characteristic equation) 183321y fa
1+C,R, +C,P, =0 (2.9)

PNAFNATN (2.9) nuTzvulesTulieiosawlaanmsinlwuaasie

Yafizdusninluaiias

2.2.2 Master-slave loop

Master-slave loop LﬂumsaaﬂLLum:uumuQuLﬁ‘aﬂ%'uamuwmé'a
Fuindanvmaiinldmusnasusuasdenmsrumuldisinivemefuaaiados lagld
2avasmduindanswiaiinidu Master loop LLa:mé'tymgmﬁ"L@Tmmuqumiﬁwfm

a a o 9§ o dl' Y va o =
mamaﬂ@mmm@Lamml%mmmmuqmzﬂﬂuﬂﬁl,ﬂaauwvlm @GLLﬁ@Gi%gﬂ‘ﬂ 2-5
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Disturbance(d)

r Ym PES
Cum 1 Pum > —>

CV—’ PV

Yv

3‘1]“7] 2-5 UNBNINTBIIZULAILANLL Y Master-slave loop

dq’d 6 o ' a 6 o 1 o a
SZUU%NﬂGﬂﬁ%ﬂ’]UIB%’Nﬂ@LLﬂz‘N\‘]ﬂ“ﬁ%ﬂﬁ UIQW’IJ’PN@]’)&@&EUUEUUWMTUT]’J%

s

AUEIAY A9

(1+ CV I:)V )CM PM

y = (2.10)
1+(1+C,R,))C,, Py,

G, = PES 1

r = (2.11)
d 1+(1+C,R,)C, Py

PNNFUNNIN (2.10) war (2.11) fITawIHInTUa1alawdaita (Open
loop transfer function, GO,) R

G, =@0+C,R)C, P, (2.12)

sziinlainadenssasarnisnoanuuuldruwuannuladadedase
FBMINUANULLAGBINIRTY M PES Waz Y, lagIzuuaIuauuuuaeItuaawii

il lasansalwsyanadlownauns PES uaz y,, wiaunwle

2.2.3 Dual feedback loop
Fa oo o P v o a & &
mimuqmmuuwmﬂmamﬂpmmsmaauwmaammumaaumammu

Tyanailownay ezl 2-6
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Disturbance(d)

v PES

Ym

Eﬂﬁ 2-6 LLN%ﬂ’]W“ll?JGiZUUﬂ’JﬁJﬂSJLLUU Dual feedback loop

I o 1 o [
IWsnTudrelonrilauazWinTuatslowyaIalaa QI TIUNI%

a

AUEIAY A9

_ C,R +CyP, +(C,R,Cy,Py)

L= (2.13)
@+C,R)1+C,PRy)
G, = TE° _ 1 (2.14)
d @+Cc,rR)Ha+c,pr,)
aumiqmﬁﬂwm:maaizuu fa
(1+C,R)@+C,PR,)=0 (2.15)

v
A

msmmmmuuwﬁaa R ﬁmsaanLLuumsmUﬂmaﬂ@ﬁmaaﬁﬂﬁﬁﬂﬁ'u
‘ml%mmsnmUﬂumimmumaaawsamﬂ@ ?uuiﬂmam maammw"l@ﬂ@amma
Jatasusa mmanmmwiumma msmmmwumaamiammﬂm y, Hazy, 7

ARNBNY WATNINMIIAFTY Y4 PES fiszanEnn NI I ABIGLA e Te

2.2.4 Decoupling master slave

5:UUﬂ’JUQ&I3ﬂLL‘UU Decoupling master slave ASYNUAT Master-slave
loop LL@iﬁﬂﬁLﬁumué'tytyﬁmvlﬂﬁﬁﬁ (feed-forward) Lﬁaﬁ]zﬁﬂﬁé’aﬁwmﬁv’aamgﬂ
mmsnmuquw%auﬁ'uvlﬁ é’agﬂﬁ' 2-7
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Disturbance(d)

r Yu PES
» Cyu P Pum > —>

> Cv P Py

+ Yv

g‘ﬂﬁ 2-7 WHWNIWTBIITUUAIVAJUUY Decoupling master slave

Wantwainolawiate WersuanalanritlawazWernsuwanelanvasalas

TUNIITUMIUANEGL GIR
G, =C,R +C,PR, +(C,RC,Py) (2.16)

_ CV F)V +CM I:)M +(CV I:)V(:M PM)

ol (2.17)
1+C,R)@+C,PR,)
G, = PES _ 1 (2.18)
d @+Cc,rR)a+c,pr,)
aumsqmé’nwmzmaaizuumquﬁ Ao
1+C,R)@+C,P,)=0 (2.19)

L AuladINIAILQULLY Decoupling master slave ffinauasWorion
dhalewisUaussWaridudnnlousasdraadyyrmauniu nllauiun1Iniuguuuy Dual
feedback loop LLazﬁnnﬁmmsqmé'ﬂﬂm:ﬁ]zvlﬁdﬁmimqumminLwnmsﬁﬁmuaanmﬂ
fule Flwlanseausuesiisiaiso ﬂ‘ammmﬁﬂﬁmuqm:mlum‘:mé"auﬁ"lﬁﬁ U
FaIMIMTIATUIMH 2 61 Aa Y, sz Y,

mm:uumuqmmuaaaﬂfmauﬁy’a 4 WUy wudwmsmuqué’aﬁwmuﬁy’a
goslrnamnunuldogedlsaninim daslistlaudazarinisviemwiidudsszda
A F9azi i szuurinnuldadnisiasa LLazmmzuumuqmm%mauﬁmmmf:ﬁ]:gﬂ

il 1glunse ANUULITULAILQUII guaNsafsnLULRaITUaa ke 11
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2.3 mﬂﬁﬂmsmuqumsmﬁauﬁmaaﬁad‘muunaaaifumau

ﬁ]’mmiwummaﬂmi‘ﬁN’mmvlﬁﬁmiﬁ’nauamﬂﬁﬂmimuquﬁ’sé’m
LLmJaaoﬂzu@au"l,'j"ﬂmﬂ'i%”l,uﬂﬁﬂ’mqmﬁ"sEhuaﬁ@aaﬁ 8791 LT nonlinear time-varying
control (NLVT) (Thum et al., 2010), Intelligent Fuzzy (Selvakumar and Kannadasan
2010) PQ Method (Boettcher et al., 2009), robust and perfect tracking control (RPT)
(Chen et al.,, 2002 waz Chen and Lee, 2006), composite nonlinear feedback control
(CNF) (Chen and Lee, 2006), Mode switching Control (MSC) (Venkataramanan et al.
2002) W&z PID control (Chen and Lee, 2006) lasfinaidSouifisuanssansvadszuy
muqué’ma@ﬂu@’maﬁ 2.1 G3UsznaudsmInaseUNanaUaHa Rl a RIS AR au
Vlﬂmml,mf*ff%la Lm:miﬂ@aauwamsﬂauf,g@mu’]m@‘hmeﬂmmﬂﬁau SRR REREGHLG

asnrasauluiita 2.4

9N 2-1 Naammuwadmsmaaulmwumuqmﬁa6]

ITUUAIVAN HAMIAaUEKaIT RN 36G,,, (um)
Settling Overshoot
time (ms) (%)
Sigle-stage
NLTV (Thum et al., 2010) 0.60 <5 0.011
Intelligent Fuzzy (Selvakumar and 4.30 <5 -
Kannadasan 2010)
PQ Method (Boettcher et al., 2009) 1.10 33 -
CNF (Chen and Lee, 2006) 0.80 <5 0.0288
RPT (Chen and Lee, 2006) 0.95 <5 0.0375
PID (Chen and Lee, 2006) 3.10 41 0.0615
MSC (Venkataramanan et al., 2002) 1.10 <5 -
Dual-stage
PQ Method (Boettcher et al., 2009) 0.80 21 -
CNF (Chen and Lee, 2006) 0.38 <5 0.0195
RPT (Chen and Lee, 2006) 0.40 <5 0.0204




NN 2-1 WARNITIOUZVAININAROY (618)
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F2UVAIVAN NANsABUABDITHITLA 36, (um)
Settling Overshoot
time (ms) (%)
PID (Chen and Lee, 2006) 2.15 20 0.0273
First-order lag (Pang et al., 2005) - - 0.1070

A | e A , o | = A
1NA9TN 2-1 wohemuquildlasdwinnudiwuinduuuylass
[y . A o ° a A = LA [y .
\&% (nonlinear) @9tnNNzaNNUANIHNBUasasadan T duszuu & (nonlinear
system) uazluawidpldiienlfrzuuarvquuuuded PID Mdudaivquuuyladadu
alglunsaiugumiiuvesiidn tasanded PID msldiuadrouninaislu
dl | A U o v LV dl o v . U =3
nauguiiduszuuligadu dldszunlddnauniinuald et point) ldmaisiuas
windndnmslinsaiuquuuy PID MY lasssuuaiuquuuuied PID Alfiduszuy

muﬂmﬁﬁwm@iamns:uumuqmmu PID ﬁi’mazl,'é'mmaas:uumuqmwia:ﬁaé’aﬁ

2.3.1 SzUUAIUANULY PID
MIAIUANLLL PID Qﬂi%ﬁﬁﬁ%’ﬂﬂﬁmmwLLUUN%"J@I@ﬂ‘fh"lﬂ @Tamqu

a? v a = = 1 A 1 Ao v A ad
%SL“ﬁﬂWiﬂ@LﬂSEHJLVIElfUﬂ']ﬂ’]’]Nﬂa’]@Lﬂﬁauit‘ﬁ’l"lﬂﬂﬁ‘ﬂ’l@VL@’Iﬂ‘i_IﬂWYIG]a\‘]ﬂWi ’]ﬁﬂ’J‘LIQNLLTJfLI

PID 810N 0LaaIWInTwang ot laaadh

G(s)=K, +%+ K4S (2.20)

1
G(S)ZKP(1+ﬂ+TdS) (2.21)

\ie K, fa Proportional gain
K, fa Integral gain

K, @ Derivative gain
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T, @@ Integral time

T4 fa Derivative time

nIwIwandiiae’ Ko K, uaz K, #azl435n13289 Ziegler-Nichols
(Ziegler and Nichols, 1943) ATnshiIvduaNMIIMnUadILas T, iU oo waz T,
WYinnu 0 ‘L%mimuqmmu Proportional 1Ag98E191d87 wazindn K, 970 0 ludsen

Anna (critical gain, K, ) dinaldandnanauauasildazaglugiuuunisunis critically

A Pc

stable @4 LL&@GI%E?J“?I 2-8

amplitude

v

time
311 2-8 FuuuAIUNIS critically stable

A1 K waza1uve9n13unisnaninge (P) Alaaiuisaiiuing

v

W1TNLA8TBINNIAILANLY PID 61837 Ziegler-Nichols ik

K, =06K, (2.22)
2K,
K, = (2.23)
I:)C
K,P,
K, = 5 (2.24)

ad

A ~ o ! A e A & a
147 ﬂ’]‘ma’m’ﬁﬂl"ljwlﬂ’lW’li’l&JL@l 2ILNW ai"]ﬂ%ﬂ’]iﬂ'ﬂﬂﬂ‘uwal,@ 2IUVANIALNEI
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2.3.2 szunaIuAaUUUNIATWEIaD
Wandusiadnlflunuidsdmivaruguarriinuwielodidnninasyi

MIATIIFaULIan Y (case) ndaImaiioddunaidnan ﬁﬂgﬂﬁadWWMLﬁauvLmﬁazﬁﬁmﬁu

o L A o ady o A < | o

AMRINATUA (statement)  wazlunsdn llasinuidenlafazliviiemw lagldsunsy

MATLAB Simulink Nkt lwinwdasazlminssdanluasalunisieagsd

2.3.3 szUuAuANUUUNTS PID
o = I o 1 a s’ni 2 %

M wtaINeT PID Lﬂummwmwmaswvl,@ﬁnnmimuqu PID a1
sl,m:uumuqmﬂm%' msmuqumaaﬁm% PID sznaudly 3 Buna fla A1ANARNG
lARawuad proportional gain (E ) dranuaanainfauuad integral gain (1E ) LazA1a1u
ARNALARBUVBY derivative gain (DE ) ludiuaaddiainunaiaiafauaad integral gain &
o o A = a o a a 2
drdautsunilawSaufisunudianuaaiantowdne 3ndudgmlunseanuuung
299WT (Jantzen, 1998) FIUENNNIYINIUVBI integral gain BaNI ﬁ’fl%“'l,ﬁgmmums
muquﬁm% PD+ é’mamlugﬂﬁ 2-9

f + u 6]
+

PD rules

de DE
— | GDE ——

GIE

gﬂﬁ 2-9 Lmumwmaoé’amuquﬂm% PD+l
mmsmﬁmumsmuquﬁm% PD+I maaéhﬁuvg@ﬁa 3 et
U, =[f(GEx*e,,GDEx*ce,)+GIEx*ie,]*GU (2.25)

wIaLal smli’lugﬂ RIIEAR: DY GIS DY
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U, =[GE *e, + GDE *ce, +GIE *ie, ] *GU

2.26
:GE*GU*[en+GDE*Cen+GIE*ien] (2.26)
GE GE

Wathaunsh (2.26) wWisuisunuaunisi (2.21) azléin

GE*GU =K, (2.27)
GDE
olE_1 220)

=) V v =) s
LLE\IZﬂ’]iE]ﬂﬂLLUU?ZUUﬂ’JUQNLLU‘Uﬂ‘H"’ﬁ g9dvznauaioWasdioa 61

o a & (% Ad o A . A a o =
diunsidesdu puIwmIWaBITURY (fuzzy reasoning) lasiineasiduaaida Ui

2.3.3.1 Wodna
Wadiaa A iwavedrila gnlaianudusndnueasaszning 0 NU 1
end o o ~ ' a . A ’ A
amsuianynliWaTimauandraanisaluszunida (Crisp Set) AoganEnvasnadioaa:
a < a 1 [ & ] = A a A <
fanvasanudugindnuandrsnuadud 0 59 1 luvasiluszuudnaziiananudn
a a A A | a A [ a 1 g: a a v

FuTNLAEe 0 wie 1 Aatduanndnnieluiduannvinug aunsafounsdioalaan
matwuald g, Wuilsnswanuiiugundn (membership function) JxunEnasue 0 fi9

1 q9gumIn (2.30)

() =[0] (2.30)

v
Y A

uasowNagira A laadt
A:{x,,uA(x)|XEX} (2.31)
A & Vo A & A
TauWadina A \DwraueIdday (uples) X uaz u,(X) 39 x DusunBnvadiannw

v o ¢ . A o R v o ¢ & oAl
FUAND (Unlverse) X ﬁiaﬂjzdﬁ']ﬂi ﬂﬁﬁuﬂg@liﬁmﬂ.ﬂ‘wau‘wwﬁ X Lﬂ%L‘ﬁ@]@]aLuad

(continous) @93U7 2-10 awIaLdiuaynIal (notation) vasNwdima A ldiflu
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A= #a(9 (2.32)
U X

A A = .
I@]EW] J. 20 ﬂ’]i%lL%El% (union)
U

U

1 ¢
09 |
08 |
07 |
06 |
05 |
04 |
03 |
02 |
01 |

0 : 1 1 . ' X

0 2 4 6 8 10

gﬂ‘ﬁ' 2-10 @8 NWIRTUANMULT I TNVIN DTN A LULSINRALN

6 o Ao o

Wansnanudugandnuuldunsnsunsiivuaszauaudugu1dnuag

¥
a o

s dl v L3 1 6 v & a L L 1
anlsnaaaldnm 3ﬂi’1<1°11aoﬁaﬂ"nummLﬂuam'rﬁﬂuuwmmmmymam:mumum”’lm
gy I@Uﬂaﬁ“fj’ummLﬂuam%ﬂﬁgﬂiwwmﬁaﬁfua;Jmmsl‘*ﬁﬁ@ﬁwﬁ'u VT ENLAREN
’é’rm‘ﬁwmmg \NFLB U (gaussian) 52N9IA4 (bell-shaped) tHuan lagluauianle
Lﬁaﬂwﬁaﬁ%’umwmﬂuam%nLmumumﬁwﬁogﬂﬁ 2-10 Lﬁmmmﬂugmmuﬂ&i
TUTaUADNITAIUIDE LAZIINNIINARAINLIN AN AUFWAI NS LAINUNAYININTY
Id Aa d'd a 6 d' d' 2 o d'
ANV URNITNN VAN R WINTUWAUNAR SN UL U INAR LY

2.3.3.2 @0 nn1IN NGB 6 (operation)

faniuminaoulEinegsunsnasdaununm e 1w aad w3
@NADVDI Mamdani G UHHBNITANNATVEY TSK MG uiuwn13au3tued Tsukamoto
F195UE AN Il wIse Aa dadRiun1Ia nitues Mamdan wiadlnea
@%nﬁumidw‘iﬁqm (minimum  operator)  &wun1stendszluauuy and uazen
AUHWNIANFIFA (Maximum operator) gmsumatentseluauuy or daduwldeait

1) é’aﬁﬂl,ﬁumim@i'wq@ A JunIBULABSINTH (intersection) VBINDD
LR AIFUNIT (2.33) LL@:E'ﬂﬁI 2-11
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Hang = MIN(z£5 (X), 15 (X)) (2.33)

ANB

v
>

gﬂﬁ 2-11 mMsdulaasionTuwIaINaTae A uae B

2) mduiiunsengage wdunigitounINsTLIaaIRuNT (2.34) Uz
U 2-12

Haos = MaX( £, (X), 125 (X)) (2.34)

AUB

v
>

gﬂ‘ﬁ 2-12 migLﬁﬂmaqﬂﬁn%m A uaz B

2.3.3.3 U BN INBDIT IR (fuzzy reasoning)
Wadaadnmansndaliagluzlvasaunisn (2.35) (unit ngAoddaiia

@ (fuzzy singleton rule) (Wang, 1994) lag X (ududsduna s z udiuls

[ a vV &
L?J'WW!@] GRENARIY L"IIEJHVL(?‘ILﬂ%
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. —— il PR
Rule I:if x, is F, and ,..,and x, is F, then zis y (2.35)
losfl | Ao SauveIngwuwaILgNNDT (fuzzy rule base) asud 1 513 M

F. @8 Mulsianm (linguistic) TBIEIKENIAE (antecedence)

wazrmuald u, (x,) uilsiduenudusandnues v (unaiondne
1

s

o Y g
va3WaT f. (X) malﬁumsmuqm:w FNWINURAIRUNIIVDY L (X) laaed

M
Z Ve 4
fe(x) =2 — (2.36)

;ﬂl

P < P v ° A Al ¥ 6 o [ a
laan g, Junanldannmsdiinns dnlaanwensuanauduwauidn

PMNEUVDIRUAG ]FINTD HNAI8 19 IVUIBNINTDITUR La s lTard11hwn1Ta103 T

>

283 Mamdani mf:
Rulel: If x, is A, and X, is A, then y. is B, (2.37)
Rule 2 : If x, is A,; and x, is A,, then y. is B, (2.38)

wapaInsELiunTld e we, uar we, lagldaadiiiunisand was

or aud1au el
Wy =min(ee, (X, ), ta, (X)) (2.39)

WFZ = max(/uAZl(Xpl)l/quz (sz )) (240)

Ad e a da & Iz A
LLaszJuﬂﬁiﬁsﬁéﬁisﬁuud‘ﬂLﬂ@“llumwﬂﬁ?mm@\‘]vl(ﬂ@\‘lgﬂﬂ 2-13
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ﬂ A ,Ll A /l A
A A, min B,
1
X 2 X P2 y F
ILI A /Ll A /l A
max
A21 A22 BZ
P sz yF

gﬂﬁ 2-13 YUIWNIWNBTITUTR

6 a vV <
mngﬂmminml,m@wgm E]Giz‘]J‘iJﬂ’J‘]JﬂﬂJ‘W‘IT‘]J'VL@L‘LIH

2
ZWFi Yri
Ye = =

-2
D Wy,
i=1

(2.41)

ﬂszmums‘ﬁﬂdnmﬁﬂumsa%mﬂﬁamiﬁwm‘wﬂadizuumquﬁm%
3:1J*1Jmuquﬁﬁ1:°ﬁaﬂiﬁszuuﬁﬂizaﬂ%mwﬁmf’]mimquu,mJ PID tN890EN9L087 LAY
mmsmﬂ%umﬁUuwamaaizuumuquﬁmaﬂﬂ@ﬂsl"ﬁmﬁ@Namauauauﬁalﬁﬁ"aém

dl dl Y g o 1 dl e 1 L v =
waand lauuws uazilansupimdunsiiaaaaaan asznaluiatene b

24 ﬂ&li‘iﬂ%zﬂ@ﬂﬂ’ﬁﬂ‘)ﬂ@&lﬁ')d’l%

%gﬁﬁﬂﬂﬂﬁiaaﬂLLUTJ‘RU‘]J@]’J‘]JQ&JL&%%%% ﬂ’]SLﬂ%UULﬁUua&liﬁﬂuzizﬁ’i’ld
& a & a ' ~
SszUﬂ']U@:I]NLLU‘]J"Uu@]auL@U’JLLazaaﬂmu@]au NI iz‘ﬁ’)’]ﬁzﬂllﬂ’mﬂw PID LLE]::‘INGTJGII PID
< n' .:3/0/ 1 a 1 o 3 ¥ K o ] d'
Lﬂ%ﬁd%?@’nizuuﬂ’JUQ&Il@&Jﬂ’J’]&ILL&I%ﬂ’] LLﬂ:i’J@LS’Jl%ﬂ’]SL“D’mGGIWLL%u{W]vl@ﬁ@Uﬂ’li
7]@aauauisﬂuzmaﬁﬂ’]iﬂ’)uquﬁji’j’]u (Peng et al, 2004) Iudﬂues’sl‘ﬁvlﬁLaaﬂl“ﬁ/ﬂ’li

nagay 2 93 laun
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2.41 MInadaunanaudnaiialiiIsuafowi laauwidoya (track seeking
and following test)
A o A A @ &

Wan1Iauanadilaniduiafeunlaruuuideyaiduniimasay
sursnuzlaglwiiduafounldanuszoznisveaduuwdayafidinue lunuidsldls
NAAOURUEITBLLA (step response) IHMINAROL AILHTNANINARBUANEN LT
wWisuifisunauad overshoot, rise time (T,) waz settling time (T,) lagABn1sdiwinm
7 &< o A ' o {
AnasuannuanauauaItutulanilaniae (Paraskevopoulos, 2002) Gauaadluguf 2-

14 Q9%
Vit

Input

83

o
=g =]
=

050~~~

010

{ & o < '
U7 2-14 wamauauastutinlanitiniinvesszuuiaiios (Paraskevopoulos, 2002)

1) Overshoot m"l,@TﬁnﬂmmJ‘%smLﬁﬂmzmwmgaq@maaNamauauaa
(maximum value, Y, ) LRZATRDN USRI (steady state value, Y, ) #1 overshoot 71 laay

adluztvaaefifud mildanauns (2.42)

overshoot (%) = 1OO[MJ (2.42)

Ss
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WRZA1 overshoot IMNKHANIIABLEUBIVBITULU lARBINAEBENIN 5%
maas:ﬂ:vﬁ'ﬁwaqLL@ia:LLmﬁaga (Peng et al., 2004 L8z Chen and Lee, 2006)
. . & { A &
2) Rise time (T, ) 1ug91819030a0aUsuaINALDUIIN 10 1a3ibua
=3 6 & 6 ] o
19 90 1UaILTUa VAIAIRTUSAIA?
3) Seting tme (T,) ‘Jusr9ia1iNanousuadTuaRInIAN

Al ¢ = & : o
Nﬂ@]ﬂ'ﬂﬂ%@da%}“ﬂ 2-5 LUaILTUG VaIAIRDIUSAIN

2.4.2 nsnadauraniIsdon ”munpmﬁmmiaﬂmmﬂﬁ‘au (position error signal
test, PES)

lunsiisuativeseniadstazlayyimsuninainaianan lag
Fynnasuniwiuut s dudy g muniadn (repeatable runouts, RROs) Waz&QNM4
unislaidn (non repeatable runouts, NRROs) (Chen and Lee, 2006) Goazussuniud
wlwiguafeufioanlanduniiinang é’ryzyﬁml,m’ja%ﬂLﬂuwammﬂmwyu
PoIuaLA TR ULHRIUITAGAT S’fioﬁmé’zytywmsgmmﬂmmﬁ fauaY I onI9 bl
Fdlunannann 3 gawnan leur msé"ua:l,ﬁauasi'm;mm (vibration shocks) A33UN%
\T9na (mechanical disturbance) WazRYQIMILNIWNIIWAN (electrical noise) R
mmumnms&"uanﬁauazmgw,l,saliluwammnmeﬁl,fiaéumu flex cable &8 N3
L%y@mmm’%umuwu (pivot-bearing)  uazuIIaNNElUAIBIIARET AITUNINLTING
ﬂi:namﬁ”uﬂmié"ua:l,ﬁaumaauama%mymw&umu N1INTTNAVDILNUITULALNNT
susziflauvasalained uazdwiudygrasuniunsiindunaunananufianaia
AMNNIIIAIZA (quantization error) é'wvapmilm’méam?ﬂ’a%m (media noise) é'tytyﬂm
FUNIUBAIRILENFY QI aTas]2 (servo demodulator) WAZHLQNLILNIRYLLFY LD
(power amplifier noise) é’ftyfyjmmda"l,&isg’]fﬁﬂuwaa’mmﬁﬁjuLﬁ@LLaz"Liimmin
maazunlalindanfudygimuniad i:uumuquﬁadwuﬁﬁﬁuﬁmmmmﬁﬁﬂw
mgyamndeduazlidn mmesevezliFyanaunisiudusyanmsuniulasly
Wi uag d1uni 0 LLazwa@lauauaaé’tytyﬂmﬂm@m‘é"auﬁvl,ﬁazgﬂ%Lmﬁzﬁéhmh
doasumwinasguinnuinidofia 99 wasidud (36,.) nanauFusIRY Y MARIALARDY
Advualdatasnia 10 wWaiduduasnnunuiuiuuiidaya (Chen and Lee, 2006)

wamimaauwa@auauauﬁ'a’tﬁﬁ'ﬁdml,ﬂ’é"auﬁvlﬂmml,uﬁagaLL@:ms
nageulasiloudyurmdunisaaaiadontt snsariliSonf susussouszaes
sruuaugu e
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2.5 HaMBUAWHDILBIAND (frequency response analysis)

1%\17%%’5‘81@%‘5}175%Lﬂi?zﬁfwﬂ@]aﬂﬁ%aﬁL%Gﬂ?’]&lﬁw’]@]‘n‘ﬂﬁﬂﬂﬂ?’]&l

@ o o a A9 am & A Ao A
ANABIVAILULANRNDY wuuiaaslaumsnliienzinsiafaunaa
MX +Cx + Kx = f(X) (2.43)

Wa M fa lwn3ngaadnia (mass) Inioidu (kg)
C fa Wwn3ngaaid1mue (damping) Arviendu (N-s/m)
K fia lun3ngaainnuudefs (stifness) Iniastdu (N/m)

oA ¢ oA , & 2
X A8 LNeasaNLTd Iniendu (m/s))

Y

[

X fa nntesanuil Iniadu (mis)
=) 6 g A

X A8 1N@aINIINIZIa dnuatdn (m)

f(x) Ao LInaasuss Jnsedn (N)

a a 6 @ A a o A o v a &€ a
LNBL@NLN%@]@Ggﬂ‘Y} 2-15 YUIINTIENINANIY X ﬂWIﬁLﬂﬂLﬂJ%@]Lﬂ@ﬂ’]i

v
v A

wWasuudasgdiwlasfisuniiniaafeunl (Liu and Quek, 2003) a3

pldxdydz = (o, +do,, )dydz - o, dydz + (o, +do, )dxdz —
(2.44)
o, dxdz + (o, +do,,)dxdy —o,dxdy + f,
e p Ao ANNRIULUYIIRG Anieidn (kg/m’)

i fa nwasanusslufians x Swiaedu (ms)

o @8 ANULAK (stress) FnuaeLiu (Pa)

f @8 wsinmauaninyeyih Jnaode (N)
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'

37 2-15 ANULABNNATUBLWLEALNUS (Liu and Quek, 2003)

{ U v I { = J a
lasfinaumesudiovadanns (2.44) (Juussnifadiunsluvesed

& & A o o \ A a & P
LAUUE LIRS fx LﬂuLLidn’muaﬂﬂﬂ‘sz‘m W ALLAININRTNIVDILD LN WA "l]zvl,(ﬂ?"l

0
do, = 00, dx; do, = O dy; do, = ao-_lxdz (2.45)
OX oy oz

PNnENMT (2.44) sunsadoulndladu

oo, 0o, 0o,
+ +
OX oy oz

+f =pl (2.46)

luiuasdenulelussnserilufians y uaz z azldaunmsasit

oo, Ooc, OO0, .
axy+8yw+8y+fy=pv (2.47)
Z
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0
00s 90 00\ _ iy (2.48)
OX oy oz

AMULABTANUFURNUTALANNLATLA (strain, &) AUNJVBITA (Hooke’s

[

law) @13

=1

{0} ={cHe} (2.49)

\Wa {c} Ao lwNINTANMURNNBTIZRINIAMNULABLAZANLATLA (constitutive matrix) &

wiaedu (m/N)

lusuidnlaiinmsladn loss factor (7) adldluszuuideldszuuliaana
7 Qs a { J [} 5 > % 1 ' %
lﬂaLﬁmﬂmzumsamnﬁq@mm loss factor ﬁm']uawwuﬁfﬂummwmwaamq

(damping ratio, £) @8

n=2& (2.50)

A A a &’ Aa A A A 1 . .. [ =3
L%adﬁ]’]ﬂiz‘ﬂﬂﬂLﬂ@]ﬂ]%ﬁ]iﬁwﬁmﬂ@lﬂ’)’mﬂﬂﬁqu‘blu (viscoelasticity) ma\‘na@; W

a a et 6 v = [l ]
LUHUAITURTUNIDY aammmuuazm'}mmmlﬂ NVL@I 1%

{0} =(A+m{cHe} (2.51)

a A a £ = ~ o £ '
ANMULAIYANLNAV LT WNITLU R WL URINITNIZIAG DR IN U FAINNL

v
Yo A

GRENARI LLﬁ@]Gﬂ’J’]NLﬂ%U@B%ﬂ%EﬂTBG amgﬁufm aamiﬂszé’f@vlmmu

(2.52)

L (2.53)
oy
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lagf uv uaz w Aan1Insedalufidanis X, yuas z au&1au
ANMNFUNUTUBIAMULATIALRZNIINTLIN MATNANT (2.52) WaT (2.53) eI Tun balu
slunyvasNrIng ldidu

{e}={L{VU} (2.54)

[

Wa {U} Aa inieasmianszdadzluuy ai

{U}=1v (2.55)

— 0 0
OX
0 i 0
oy
0O O aﬁ
{L}= : (2.56)
0 0
0o = =
oz oy
9 45 9
0z OX
9 9
oy oX
IMNFNNT (2.46) 4 (2.48) mmm@mwﬁugﬂmw’%ﬂ%@zmdw é’af:
{L"}o +{f,}= p{U} (2.57)

a & a € & A o 1 a A
L8 {fb} LfL]‘I/l:LﬂJ‘Yliﬂ‘IT“llFJ\TL'JﬂL@]aiLLiﬂﬂ']El%aﬂ‘ﬂﬂiﬁ‘ﬂ'](ﬂQLE’JE‘]LN%@IG‘L%VWWHG X, Yhe Z



f

X

{fo}=1f,
f

z

TunvitarsinanauswadlBinnudinITafawnLuuasuain a2 leqan

{U}=-o*{U}

NNFNNT (2.57) sunTasdiswled laidu

{f,}=—po’{UI—{L"Jo
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(2.58)

(2.59)

(2.60)

LIINNEBANA LTI ATIZRNAfa UK ILTIa D lwllsunsy COMSOL

Multiphysics (COMSOL Inc., 2011) Aanmaiiunssanivaiialasdsznaudis 2 & fe

LaUWAIA (F,) UAziWE (Fp, ) S3tuvuvasusannazindfsundasaiuainuniboyy

(@) wreanudNnIzdn a9
f,=F

=24

= a ' a € & a v &
‘HiﬂlﬂlﬂuﬂQIuEﬂLLUUL&J‘ﬂiﬂsﬁTﬂG‘HG 3 NENI vl@]Ll]‘Uo

Fxfreq

{Ffreq} = I:yfreq
F

zfreq

o

aw@lﬁwa@auauaaaﬁuaﬁﬂﬁmmﬁL%ogwmﬁauﬁmlﬁaﬁmzﬁw 3%

U =Ugpy cos(at +¢,)

A
W Uy,

T
xfreq — I:x (0)) COS(a)t + I:xF’h (C()) @)

A a 6 s A ' &
fa LLQNWQEJ]@NE]@]aUﬁ%aﬂ“ﬂaﬂLﬁﬂL@laiﬂqiﬂﬁﬁi"ﬂ(ﬂ I (m)

(2.61)

(2.62)

(2.63)

(2.64)



A a 1 I3 =)
¢, Ao WgvaINanauauay Aniotin (LaL@sw, rad)
a o o v [} o € A L% . v
sanIndpuanuduiusliaglusynsaliBadou (complex notation) ldiiu
u = Re(u,,,e'"e’*) = Re(le')
0=u,,e’"
wiadouaglugtiamnind L
{U}=Re({U}e’")
MNFUNT (2.61) mmmL°TJsml,mﬁm:ﬁﬂugﬂé’fyﬂitﬁl,%asfauvlﬁlﬂu

T

Fen () ~

Fag = Rl F(@)e " 1501 | = Re(F e’
h)

~ JFen ()

F.=F, (w)e 180
R

F,
{F}=1F,

N

%

NI Lm‘ﬁm:ﬁﬂLﬁamzifmmuaﬁwaﬁﬂﬁamﬁ 9%
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(2.65)

(2.66)

(2.67)

(2.68)

(2.69)

(2.70)
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{F e} = Re({F,Je') 2.71)

PNFNMNIN (2.60) MINTDHUTNMTIUATIEANAA DU FWI WA bt

Re({F,}e') =—pa’{U}-{L"}o (2.72)

aumsﬁmmmmﬁwmsmzﬁ'@Lﬁaﬁmim:@mmuaﬁuaﬁnvl@i” WA
NamauauaaL%ammﬁﬁ"l,ﬁmmmﬁﬂﬂi‘*ﬁ"mnaaummgﬂﬁawaame"ﬁaad"l,ﬁ e
wuuraad W ludiefiuudanaseunnugndaszaudy smusnwnldsasnsidudng
Tonua952UURI 8 BULURITHAB UL A am A Lananwaivasrzuy dlasld5F 5909

Gauss-Newton §953188zt880a N T 000 L1
Qs I3 g .
2.6 N1 Nan¥MYdITEUY (System Identification)

ANIRLANAN B ITZULVAINALAATUARIALRYILAZAIVINI WL N LD
=3 a U a d'd' 2 o 6 a 6 d' % J
wnnInlasltuanauauaddinnudn kaanuuudiaas W ludladiunduaingsslivlay
o dldl v o o 6 1 £ aa
nanInauanasa NN lauinmiaaswsnTuwanelauvasszuy (G(s)) Meidms
A o o A o d
184 Gauss-Newton (Dennis and Schnabel, 1996) @slidWsriFuiianaia (E,) dasfiga

T 8U3NN1TU89 Gauss-Newton 8NRNIDLEAI LGAIRNNITAD 115

E =2 w, (k)‘h(k) () (2.73)
G(s) = B(s)  b@s' +b(2)s"™" +..+b(i+1) 2.74)

CAGS) a@s’ +a@)s Tt +...+a(j+1)

losfl A(w(k)) fa namaudasWiGeivainnuy a
B(w(k)) fia namsuuasniSaivaswnuu b
A U t:ll a
o(k) Aa ANNNNLTIYY
h fia ANTITOUVDINEADLELDIAIUD
A o Y
w, Ao WInTun9inian

i fip BuAUVBINAIN A(S)
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j fia dusuvaINwIL B(s)

ﬁﬁgué'umaowwmu A(s) uaz B(s) munratRenlaslinansauuas
1ﬂ§1§Uaﬁﬂﬂbyaa?aTuﬁaaﬂawuﬁﬁauTaI@Uﬂdﬁ%ﬁdﬁﬂiaumaaﬁdﬁwaﬁuﬁﬁaaaﬁWﬁ
1?%1ﬂ%1u5:uuaauquLﬁaaaﬂuUUi:UUﬂauqmﬁaqﬂ

awnwanﬂTﬁnauaﬂﬁsﬁﬂuqﬁaaﬂWiﬂauquﬁhdwuuuuaaoﬁumauaﬂNWim
i lanannisreusasaavingwileluszuy uamﬁanizuuaauquuuuaaaﬁumauﬁ
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lumsdiiinanuwianiguinduaniadatuuusesiuaat §I913910
ANSeaNUUUAI8WInTWEelaw (transfer  function) AYIAITWILENANEAIVEITIUL
(system identification) a3 MNKan1INaAna wisunaaisuuudaasinludiafiuudge
WUULRDULAZATIVNALANNYNEBI INUUIINGIAIUAN (controller) faanuuylinn
auqunIhnuisidudslaundineswnnnuuudtaesnludiefiuudvasszuudain
=3 o o v Aa A d; a g: a o >
evhnadiudprzusaivgulildszaninmdau lasTununniuaauwnisias aiuaad
luzuf 3-1

Physical Model of Dual-Stage HGA

i

Finite Element Modeling

A

Experimental Response of system i

Validated Finite Element Model

A,
Transfer Function by System i

Identification Transfer Function by Validated

Finite Element Response

Compare System Response

without Controller

Controller Design
(PID & FUZZY PID)

Controller System

Response and Comparison

Conclusion

gﬂﬁ 3-1 YRAAUNIIILY
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rm‘aaﬂmez‘uumugmmuaaaﬂzu@auﬁuwumwmiaammui@ﬂms
aamwm:uumuquL‘éuﬁuﬁnﬂmﬁmaaﬂoﬁ%urhsﬂawuaaﬁaﬁﬂmuﬁaaaaﬁvﬁu’mn
HATAN1IABUEREIAanINNAT183L T 8UARN5109 Gauss-Newton ina1n b iluiadad
26 ﬁnﬂﬁ?u%aﬁwﬁdﬁ%umUIaumlﬁmwumuauLLU'U dual feedback loop Wazaanuuy
@ALANULLY PID uaz Waod PID AIugumIinausesdinuueinasuaaialieduss
IEsisiTuaiaduszdvenadygmaIuguavinuislsBiannin

91307 3-2 SLULAIUANLUY dual feedback loop TitianlEmansa
muquLL@ia:aaﬂmmaaé’aﬁwm‘lﬁw%&uﬁu s9l¥nanauswosasrzuyldTaFnniu
LAZNNT0ANLULTZUUAILAY PID WazWod PID Lﬁ'amuqmﬁ'sﬁﬂmuuaL@lﬁm@mmﬁm
ﬁ{]v'umaumiaanLLumzuumuqmmﬁLaua"l,ﬂuﬁ"siaﬁ 2.3 lagszuumiugu PID 1%
Waila3iTn13e9 Ziegler—Nichols Tun13rIW1AL@83 (Ziegler and Nichols, 1943 Waz
Ziegler and Nichols, 1942) uaztihwiniiaas K, K waz K, ﬁmvl,@”l,mzuumuqu
PID anlfluszuuaiuguied PID Fafdunensuaasluinge 2.3.2 iiatuds=ansaw

sl,m:uumuﬂm LLa:f,%m%'mzuumu@ué’nﬁwmmﬁ';ﬂsﬁaLﬁﬂﬂ%ﬂﬁ"ﬁ'umaumiaammuﬁaﬁ

Yvem
> VCeM > P ’ >
CONTROL vem =7 +
+ +
________ | Disturbance(d)
SWITCH .
FuncTion [ Gain T Pzt

_— Yezr

Eﬂﬁ 3-2 FUUAIUAQNLUY dual feedback loop
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avwnelodianniniluarinnuwinfewnluszaululasiuas lag
WINFUBIATNIWADAN |1 — Yy — Vezr| HOBNIWIBNAL 1 pm e 1 Ao dumnibe
NRDINIT Yoo WBEZ Yoy A0 S 1milounauzssivllonaiaaszasiatfosnazan
o a a & a o o a v A v o , Ao vz & \
Wauiglodianninauaau iialiiaduifawtnduniiNaaanis et dwlugog
SUABNI FWNTOUEAININTURIAT lAAIFUNTT

0 when |r_ Yvem — yPZT|>1

switch function =
When|r - yVCM - yPZT | <1

uaztasananemeay I M leanairinswinelodianninaa1sny
: A d al_ o PN o o a a a dll
AasnilarmIniuguiadiusaslugif 3-3 innzdhnwioladildnninedenly
@ o 1 dl v v 1 <3 o v Y o di Y
gedunisnaasnvlaadniniads dldsansnldaoasmoim (K,) waldladn
sy mimIzsulawnuiuaiwuamaaaaies lagalruenasyyimi

ANNERNEIRITUTZUURA WYY -2

x 10”7

Displacement (m)
N
1

0 r r r r r r r r r
0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
time (s)

U7 3-3 wamausuasiavasdnnwislodidnnind K, whiu -2
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AUULREREEATIT TOoTUEIBLUYWLR WA LTULY 5 upwnlFluwa1sadaniuuwia 3.5 41 a1
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manuml,muwamvlaL@aimumﬂugﬂw 3-4 1NaIANANITLARAWNLALLATAINANTT
N32IANIIURS Laser Doppler Vibrometer (LDV) lunInageurINaaauaEkadLEInNND
pa3eriwaziinnindun iihdindygimnanfueinfidariiuudazal uaz
fy1mn1InauanadNlaan LDV azikidginies dynamic signal analyzer tNaduwIme

Iwlddnanauauaaisnnuilugdves gain uaz phase

Laser Doppler Vibrometer Dynamic Signal

Analyzer
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o ¥ ~ aa '3 a I3
3.3 N1991ADILLUUAIYIELL ﬂﬂ?ﬁﬂﬂﬁlﬂi%@ltaal&l%ﬁ

°1;@1LLmuL’é"awnaaaﬁ@]aaﬁﬁlﬁmm’i%’ﬂﬂixﬂauéﬁU"ijmhuﬁé'ﬂ fa 1@
WUWLR DY LATTARIEU I@ﬂ"g@uwmﬁauﬂi:nauﬁw VBLADTUARIALFLY (voice  coil
motor, VCM) meﬁau (arm  block) Was bobbin LLamlugﬂﬁ 3-5 LLﬂ:‘g@‘ﬁ"Jd’m
132nauaae base plate, motor region, hinge extension, flex cable, slider LRZA?
wdsladian laodvhanudslosidnrinuuuatuu motor region dauaailujl 3-6
°g@LmuLﬁaufﬁﬂuaﬁ@aaﬁmm@ 3.5 %1 lusunsa SolidWorks anianldlunadon
WUU3 ﬁamaaqmmmﬁ'au wazltldsunsy COMSOL Multiphysics Tun1sasnanuuingas
TWludodiuud mnfuﬁoﬁmwmaaaaummgﬂéfawadLLum‘haad"LW"lmTLaammT@hﬂ
HANNTADUEWDILTININADITZUY LLa:wa@auauaaL%ammﬁ'ﬁvlﬁa:gﬂmm‘lﬁﬂu

WarnTwan mIauiunﬁiﬂauquLmuaaa{mmwﬁu@aumsﬁmuuﬁmaaﬁu gAT N IudLas

LUUAG LLa@]diugﬂﬁ 3-7

VCM
Bobbin Arm block

7,

/)

7

W,

=
>
=
==
=

Jl/

gi.lﬁ 3-5 quLmuLﬁau



Base plate

Hinge extension

Motor region Siider
i

Piezoelectric

FL:: Load beam

Flex cable

gﬂﬁ 3-6 “g@ﬁ"adm

Model Navigator [ . )

—® Space Dimension
— ™ Application Mode

A
—* Analysis Option

Create Model

— Import Model

Y

Physics Settings

—® Material Models

—® Boundary Condition

—* Identity Pair

Mesh Generation T
Mesh Size

Solve
—|—> Solve Parameters

Results

U7 3.7 PYUAAWNITINADILLUEILIT IN I LaRLUHG
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3.3.1 Model navigator

Model navigator IunsinuasuniInanilglunisdiuam 3anms
SuduAanNarinng (space dimension) wazuoWNALATWINYG (application modes) 14
LﬁaL‘ﬁaﬂiwgaﬁmm:ﬁ'umuﬁﬁaomsmu luganisienzimgsdisannuion (heat
transfer  module) Lu@an133tATEH IWAN (AC/DC  module) waz3Tn133LATEHNA
(analysis option) IWiwanzaunviionlafidasns laslumuiseldaoniariims 358 uas
\anlglugan1siaaehiduuuy structure mechanics module > piezoelectric devices
wazlEnsdiaefuuunanauanaILdinnud iafuimninans U iinnuive
vataasvanalfosuazainuwioladiinnin udirldaaseuainugndadzas

wuudaad W ludlaRunaNUNaNIINARD-

3.3.2 N1IF39UUVINA89 (create modeling)

ldsunsa SolidWorks gniunldlunisdiouuuy 3 ﬁamao‘*gmmmﬁau
nuwrinnsssaan (export) luUsslUsunsy COMSOL  Multiphysics lustuvuvaslng
parasolid  (.x_t) I@u‘lﬁﬁgﬂs”mé’ﬂmmma:mm@whﬁ'uﬁw,mu'*gmmmﬁau antiulu
FudIu04 flexure cable LLa:é’aﬁnmLﬁEJISﬁﬁLﬁﬂ‘n’%ﬂLﬁmmﬂ%udmﬁﬂizﬂauﬁaU'E'a@;
4 73 IUR TURLABLARAR NOIUAS 2 T4 UASTUNANFANHIN T9aarnaoluTuuaIRLALLE
gaaTwanaananuTuTaulunsdiul o uaﬂﬂﬁﬂﬁﬁ’aﬁﬂd’]ulﬂUIGﬁﬁLgﬂYI%ﬂvLﬁQﬂ
LLU’GaamﬂuaaadumﬁiaiﬁﬁqmauﬁaLLuuL(?'imﬁ'u%mmﬁaﬁﬁﬁﬂmﬂwmvl,wn%'u
(polarization direction) 2 fifIN13 é’aua@ﬂugﬂﬁ 3-8 LLﬂZﬁﬂ’]iLﬂaU%LLﬂadgﬂi’]dLﬁaﬁﬂ’li

v o ) o ed « [ A o @
ﬂi:@lu(ﬂ’lElﬂ’)’]&l@]’]dﬂﬂ&l“(lLﬂ%‘Ll’JﬂLLﬂ:ﬂ‘]_l @\']31]7] 3-9 ﬂ) LR °]J) 2NN

3.1 mm

ground
c v
LE ‘ L ain | 0.13mm
- Input signal t
(NMWATHL) (MWAUT)

UM 3-8 Aan1alwan staruwyadavinawN e ladlannIn
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gﬂﬁ 3-9 mmﬂ’&'alw,l,ﬂmgﬂs'wwaaﬁqﬁwmw,ﬂyIGﬁELﬁﬂw'%ﬂ

Lﬁagﬂm:@juﬁammﬁu"l,ww

3.3.3 MUAWBAFNUANIINI1LAIN (physic settings)
nItwuaqUaNtA18478q (assign material properties) lawluvaU
(boundary condition) NlFIUATIIBUAZNTITONARBTUFIW  (identity pairs) el
A e &
Nuazdaadse i
1) quantarasiag iuiuaeunsimuadvasiagiltlugausuiion
Tagilfluuundiaesd 6 siadioiu Ao agliilen 6061 T6) lHlunsuifen agliilow
(5052 H32) l1TluTua11 Bobbin  NaIuad (class 3) M lUNBLADIVARIALREY RLAULARGR

(SST 304) lFluBusugamidn @ur base plate, motor region, load beam, flexure
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cable Lazhinge extension agﬁﬁsﬂvm%ﬁnumﬂuﬁ(AIuminum Titanium Carbide,

ALOs-TIC)I B duTusualained uaziaquitsladidnninlfidudivhnuzduazidon lay

wanzTudulgmanifivesizgainaniluasan 3-1 lag loss factor (17) IANUFNAUT

NUANNNTMINIVDIIRY (damping, &) MUFUNT (3.2)

n=2¢%

(3.2)

' o A A & A A A o ~
LLaﬂumumao’sa@!LwUISﬁaLaﬂmﬂuqmammmuamlumﬁw 3-2 lay

Aanepaslwan laissunduiiansanldviinisnaudn Coupling matrix Tudunis e,

dl va dl v Qo =3 Qs
uaz e,, taldlananmsnaaansasnuiianisvaslwan st

AN 3-1 Qmauﬂ'@i’a@;maaqmmmﬁau

Fudn V60 Elastic Mass | Poisson’s | Loss
modulus density ratio Factor
(GPa) (kgm’) | (v) (7)
Arm block Aluminum 6061 68.9 2700 0.33 0.001
T6
Bobbin Aluminum 5052 70.3 2680 0.33 0.001
H32
VCM Copper class 3 21.0 8900 0.33 0.002
Flexure cable Stainless steel 60.0 7930 0.28 0.02
304
Slider Aluminum 393 4220 0.23 0.001
titanium carbide
(AlL,O5-TiC)
Base plate, Motor Stainless steel 60.0 7930 0.28 0.001
region, Load beam, | 304
Hinge extension




~ en o = '
AIWNN 3-1 QM@NU@I’J&@!TBG?@LL‘U%LRB% (@16)
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%%ﬁ’)% ”aq Elastic Mass Poisson’s | Loss
modulus | density ratio Factor
(GPa) | (kg/m’) (v) (1)
Piezoelectric Lead-Zirconium- 64.0 7850 0.31 0.0125
actuator Titanate (PZT)
a13797 3-2 @]Mﬁuﬂ'aﬁ’sﬁﬂmul,ﬁUIsﬁﬁLﬁn‘Vﬁﬂ (stress-charge form)
AMAENI R an wug
Elasticity matrix
cE 14.109 x 10" Pa
cE 9.3474 x 10" Pa
ch, 9.8765 x 10" Pa
ct, 13.580 x 10" Pa
cE 2.0000 x 10" Pa
ct. 2.4390 x 10" Pa
Coupling matrix
e, -6.5432 Cim’
e, 19.7531 cim’
e 16 Cim’
Relative permittivity
en 1204.4
£33 939.21

@ o = A a AAa 6 o a A ¥
G]’JY]’N’]%LWﬂI‘ﬁﬂLﬂﬂ“fliﬂ“ﬂ&]ﬂﬂﬂﬂdiwaﬂ‘l‘i@ﬁﬁﬁ% 2 ‘Ylﬂ’ﬂ’]\‘iLﬁJﬂgﬂﬂ‘izﬁlu

@i”ay"LWszﬁmiLﬂﬁﬂuLLﬂaaé’aLLamlugﬂﬁ 3-8 WUl ad NIl RuunauaIgwa AN

ﬂi:@:]“uﬁﬂﬁl,ﬁmﬂﬁymm 89313192090 ULA ﬂImELﬁnw%nﬁagﬂﬁ 3-9 laanns

dl 1 dq/ 1 v s 1 =) 1
Lﬂﬂﬂ%LLﬂﬂGEﬂ‘i’]d%ﬁ]z&d Nﬂl‘ﬁ“lqi@ﬂ’l BIWENANIINT UI%LL%’J‘EZ%’]U
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A I ° A ° o a o

2) Wanlvvay Wunsivuadenlvvasuwuuiraadlilnaidasnuaniig
(% a d' d' a 6 A o % d'

LR8N laadanlavaulanltlunisiaicy aa m%mlm;mmmaaumqmauLmu
z BIUVWAAU UAZAIUNIITBIULIURAUDHUUITUNL Xy UTT (force, F ) Ainszvinum

& A & o o A o a A °
JALATUARIALFIAIRINALLWITATVAIULNY Z muamlugﬂ‘n 3-10 WIINNTAIRINITD
o laannnIzus AR RAAINLTIDa I wlaLa 8 SUARIALRYY wIINTSYNNIAaIaLFE
wazusIaulniln (voltage, V) anaieudhamisladildnningnivuaiiadinm

NAADURWAILTIANUDVIIZL

317 3-10 Gaulwvauvasuuusiaad W ludiafiund

3) MaTandadudw tHun1sUssneuTusiwsasuuuinasd i ludiad
LG LN FINTURNANI TR W THIZ W I TUEIUAA DN LA B WL ULLT AW 1N T NOUTUIN G
239 lauinmaTaudaTuanundnaa 12 i AIN1319N 3-3
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Part

Bobbin

Arm block

Base plate

Motor region

Hinge extension (left)

Hinge extension (right)

Load beam

Piezoelectric actuator

Flex cable

Slider

Bobbin

Pair

VCM

Pair

Pair

Arm block

Pair

Pair

Base plate

Pair

Pair

Motor region

Pair

Pair

Pair

Pair

Pair

Hinge extension

(left)

Pair

Pair

Hinge extension

(right)

Pair

Pair

Load beam

Pair

Pair

Pair

Piezoelectric

actuator

Pair

Flex cable

Pair

Pair

Pair

Slider

Pair

3.3.4 Mesh Generation

wuudraesdnsudstaduwaiduuuunsanfsuFriLLy 10 ﬁ;@@iﬂ

(tetrahedral element) a9lugd? 3-11 unudraasgnuiefiuudiduununeuludusiu

VDINVUIAU WBLABTVARIALFL UAZ bobbin  IWTzTwNUIMAlWglalfiuiUYa

wignuazinaldun1IaaswInaif8aIz (degree of freedom) TINVBINIIZUL WAL

LR LmuﬁLLuua:Lﬁmlummaa"g@ﬁa N ANLN I NI TR BT EZ VD IR

UL RN UAVDILARSTUIN UL L UATIIN 3-4
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Arm block

4

40

U7 3-11 me‘haaa"l,wvl,mﬁaamuﬁ*’qmmmﬁau

AN3199 3-4 IUIULERLUUAVDILLUINAD

Fudn I ILOALNNE
1. Bobbin 928
2. VCM 960
3. Arm block 36,963
4. Base plate 8,082
5. Motor region 9,776
6. Hinge extension (left) 4,905
7. Hinge extension (right) 4,949
8. Load beam 9,428
9. Piezoelectric actuator 20,641
10. Flex cable 29,537
11. Slider 12,650
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3.3.5 NSHIHALRAY (solve)

g; c‘f & < v o o ] a €d‘

A WL T UNITFILAG IO RINIIDA IR UAAINIINTLA DTN LTINS
duald laolunanuiselamIrnuaniiiaasn1Id 1w bNanaUawad L BInNN DL 2

A o a dl 6 a o [

LUUAD IWNIIR I BRAA AU RHEILEIANNDNALADT VAR IALTIIR I TR UTII 0.5-5.2 kHz
LATAIWIBNAADLRWAILTIANAA I N LoBLANNINAIUI DL UL 1-52  kHz
9N I ug 9 mMTTANAMINIINARUM TN UBBITAUTUR A UUAZAI BN UTTY

3.3.6 HANTIIATWIM (results)

U0 838N TUEAINANNTANI A T NUL LS80 Taluuidoas
ANWANAAILAEWEILTIANN ARG IURIFEIINNA R TS TesF LA S é’agﬂﬁ
3-12 mLﬂ’%ﬂuL"?ismﬁ'uwamsmaaaLﬁammaaugn@”awaaLLuuaﬁwaaavl,wvl,mTLaammT
LLazﬁ’umeﬁmaaﬁ"Lﬁmﬁnmﬁmaaﬂaﬁ%’ummIauLﬁalﬁumsaammm:uumqu

LUURAITWA DU b

-

S AN

Z
N
XJ , X ¥ node 2691

gﬂﬁ 3-12 @URUIEIUTNY9R laLAa TN NIIAN B NANNTAD LR LA
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NamsmnaaummgﬂﬁawaaLLum‘i’mao"LWVl,u@TLaamu@T NANTS
28NLUUTZUUAILAN PID uazWed PID aqaWentwainglanninaasuianuuuiiaad i
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UNN 4

NAN13I2Y

mnmsﬁnwﬁ%msaaﬂme:uumquLLuuaaa%umaumaaﬁadﬂu
F3aawn LLazmsmuqmﬁaEi’mLLumaaﬂzu@lauﬁammm‘i’]aaa"lwvlmiaﬁmuﬁ IN0INT
aé”'mLm:mmaaummgﬂﬁawaame‘haaavl,wvl,mﬁaﬁmuﬁé’ommvlﬂuuwﬁ 3 WNAAN®
9;%'ﬂ'1§mm]mmma@auauawaaﬁ'fsa'maﬁ@aaﬁﬁﬁmsmuqml,uuaaaﬁv'umuﬁ’;y
LL‘.um'i']aaama"l,wvlmﬂaamuﬁﬁ"l,ﬁ%agﬂﬁ’]Laua1uuwfr 1aBI3991NN13ATIIFOUAINY
gﬂ@i”awamum‘i'laaoﬁuwaﬁ"l,ﬁmﬂmimaaa T DI R e APPR RIS B PTEIR
vaLaosuaaIaLFnInadarinwslasiannsni laanuuuiiaasinludiofiunwad
A37IROUANYNABIUAD wazvinWarisudne lanuaserrinawnssasunlflunsoanuuy
s:uumuquﬁammmuaaﬂfu@auIauI%szuuaauqu PID uasWend PID e lwlaseuy

g 1 d'd a a J nﬁ a = 1 n:l'
m‘uqmmmumﬂimmmwmnmu FyzaTunaaaziduasa llk

4.1 wammauaal,%aﬂ'rmﬁuazn'ﬁmwaaumwgn(?faa
A ¢

411 HAADUABDILBIAINNDVDINDLADSUYARIALALY

Tun19aasdnanauawadBinnunui N duwnazaslrnuani1Tdatne-
2e19L@87 (pure torsional mode) ﬁlzﬁm&qluLWaagjﬁ 0 38 360 2971 LAZHNATAIIRNANIT
, ~ ' a A LA &
fELNE98EN9LALT (pure sway mode) HAyuLWaagN 180 a4 TasnauaINI IRuaANTT
Jauazdouuazldidmafouioananiduunitoys (Kiian et al, 2003) uaz
NAAAURHAILTIANDTDINALADSUAAIALFEIU0ILLUI a0 N IdLaR L wdNE AW
VAULUAAINDAINLGA 0.5-52 kHz uazdidawlavauaiunnaniluiada 3.3.3 N1y

= = 1 o 6 a 6 o [

WU AgUNaNITeaUaWaITERIsnLUI1aad W udlafiuwdnun1Inaraudly LDV
LLﬁﬂGI%EUﬁ 4-1

49



50

-
-

Magnitude (dB)
&
o

-100 H Experiment result
----- FEM
150 t———FFF F3 13
10
Frequency (Hz)
00 e S p—— -
< 100
[
e
o 0
] !
e |
o -100 i
-200 * I - — . :
10 10

Frequency (Hz)

gﬂﬁ 4-1 NAGAURHAITINNNDVDINALADTUARIALTLS

mnwamsmaaalugﬂﬁ 4-1 Tnnamsanazfianlildiinannsbanie
My eResad19Lder ualnavasragasiatautu (coupling) lasazidundalwuaf
Redumugtuoumssufiviudaian uazlugd 4-1 fanwd FE_T1, FE_T2 uaz FE_T3 §
YULWELYINAL 53.4, -4.5 Uaz 0.3 BIAMaNUA6L Faelndidnsrulnuansuasfianuyuy
fa uazlinanmsauasifianfinnuissumamunanisnasadlaun Tnuanisiadn 1 Tnua
m3beft 2 uszlnuansiaf 3 inaud 6.99, 9.40 uaz 19.2 kHz AINEIGY §IUKNANIT
AnTsiranauanatisnuivasuuuiiaeslnludiofund munissussfionuuuia
113 3 Tnuafianudl 7.37, 9.74 uaz 20.2 kHz awidy dausadluzud 4-2, 4-3 uaz 4-4
awdeu lasdnansdSoufiouanuisirumanaaouawediiniuinuaiaas

YARIALHEY AILFAIUANITIIN 4-1



P = P a = & a '
ATWN 4-1 LFAINILUTVULNYUNIS D URUDILTIAUDNDLADTVARIALFYITLIHIN

nuvdaad W ludlafunduazn1Imasa

Jununs ANNATIINTG (KH2)

FuaLfian Mmaaad | b ludlafund | anuRanaa (%)
madalnuafl 1 6.99 7.37 5.4
nsfialnuad 2 9.40 10.3 9.6
msfialnuad 3 19.2 20.2 5.2

Eigenfrequency=7368.459544-211.608578i
Surface: Total displacement (m) Surface Deformation: Displacement field (Material)

37 4-2 Truanstian 1 NaND 7.37 kHz

y Y

A 21501x10™
%107

20

15

10

¥ 1.7022x1077
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Eigenfrequency=10332.074227+500.840408i
Surface: Total displacement (m) Surface Deformation: Displacement field (Material)

gﬂﬁ 4-3 Tnuan3iadt 2 finwd 10.3 kHz

Eigenfrequency=20220.411383+45.38021i
Surface: Total displacement (m) Surface Deformation: Displacement field (Material)

gﬂﬁ 4-4 Tnuamsiadi 3 finud 20.2 kHz
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A 18444x10™
%107

18
16
14
12

10

¥ 3.5654x10°°

vy

A 10534x107
X107

10

¥ 8.787x10°°
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N3N 4-24-3 uaz 44 Lunsusaszdununissuiialiud
Eigenfrequency  vad3zuulasatluzdvasdiuiuidiftou tasanszuuinisladn
1 ¢ o a 1 { A a J 1 a [ 1 1
ANMURUNTIINWINTIIUFAIAVBIANUD AT Lazd wInamnidua1aIaNuRUI
- . < LA X oA
(COMSOL Inc., 2011) WLazaNnA134N 4-1 dnvadlruanisauastfiauitiaduiian
ARALARBUIINNANINARBILAN B ULAzNAT BN LW W Lo B uudaInUNaNITNAR DY
a 6 1
lulnuauasmIdanziuszunm 50 asm lundazlrue

a { o o Aa ® a
4.1.2 HanaULBIERAIAMNDTAINM LN alBBLENNS N
A ~ a Ao A A o o
ﬁnﬂwamamuaamammn’tugﬂw 4-5 NRGanlrva UM UNLEAIlLRIT
3.3.3 LAZHNRWAAIANUDN M MNITILATIZRA 1-5.2 kHz fﬂ’mmﬁmm:ﬁ;ﬂ;mﬂmaawavlw
ludiofiuudnanud FE_T1, FE_T2 uaz FE_T3 lugdf 4-5 ldnaunamiu 62.4, 7.1 uaz
o o A & < A ~ @ o ) a a <
1 2987 ANA1GU DIz Tulunuanissuaziianninanumsswiuude laudlnuani1ian
@t lnuan1stan 1, lnuan1idan 2 wazlunuani1iden 3 Nnu 6.92, 18.2 LAz 28.2
kHz @MURIAULAZNAANNATITNTATaILUL nad W Iudtafiund laun Inuanisdan
1, Tnuanmstan 2 uwazlnuan13dan 3 NAND 7.47, 22.7 uas 32.2 kHz ATUE1aU Las
fnwusainiausziiiaululnuadig g dusaslugli 4-6 89 4-8 nmadisuifisy
AN TITNTIANAADUIUAITIANUDINNAIVN WA LB LANNINAILFAI L UATTNN 4-2
1 1 dl dl a &, a dl = dl dl 1
WUIAIANAAaLARanNLAaTkIklruan1IHaN 2 flanuamainfaniniga udau
mmﬁﬁﬁﬂmm’%wza%ilﬂﬁﬁ'uimﬂmiﬁ@ﬁ 1 RRINITDUINAADUIWAILTIANNDUBIN

Y9N 51%5Lﬁﬂvﬁ‘ﬂuﬂﬁmwumuqﬂﬁ
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50¢ F
FE_T2
o AN
o 4 \‘ Ex T3
g i A
5 Ao ™ /) v
= ST AN kr
=) ; R AN
g Experiment result | Ex-T1 UM
o L
----- FEM : : : FE_T3 :
-50°¢ ; E E E 3 Err . E E t
10 10
Frequency (Hz)
200 g o AP ARG = = N F=——————— ~= i
a = WA W
! \ [
a 100 ‘r,l \ I 1 ll T
o) \ \ 1
Q, ‘l, | || 10
o 0 ==T5 H !
] \- 1
8 y
T _100 i
-200"; ' S R ;
10 10

Frequency (Hz)

dl a t:!l o o A A & a
3‘1.]"/] 4-5 Na@]aﬂﬁuﬂdL“EG@’]’]NQ%QG@I’)V]WG’]%LWUI‘DBLE‘]TW]TH

AN 4-2 LEAINILYIUULNHUNAAaURHAITEIANNDAIVINwN e lrBLIRNNIN Tz W9

wuusaed W lndlaRLukduazNIINaAa

eI Tiage) ANNATIINTE (kHz)

fuaLfion mMInaaad | Wludeduud | anuRanaa (%)
msdialnuafl 1 6.92 7.47 7.94
msdalwuad 2 18.2 227 247
msdalnuafl 3 28.2 322 14.2




Eigenfrequency=7466.677456+794.515699i
Surface: Total displacement (m) Surface Deformation: Displacement field (Material)

UM 4-6 Truanstan 1 NaNND 7.47 kHz

Eigenfrequency=22665.673726-357.657939i
Surface: Total displacement (m) Surface Deformation: Displacement field (Material)

U7 4-7 Tnuan13dan 2 Neud 22.7 kHz
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A 24829x107
%10
25

20

15

10

¥ 7.9544x1077

.Y
A 1957x107
%107
18
16
14

12

10

¥ 2.3889x1077
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Eigenfrequency=32284.10967+21.704759i .
B Surface: Total displacement (m) Surface Deformation: Displacement field (Material) R

A 1.4869x107
x107°

14
12

10

¥ 4.4895x107®

gﬂﬁ 4-8 Tnuan3iadt 3 finud 32.2 kHz

ANNITNATIERHAN D URBAILTIANUDNVAINDLADTUNRINLRUILATALN Y
TBiannInanuuusIaed W luda Sl unaLazn1INaaas WUINAIANNDTITNTIGN e uan
Indidoariu uazlimaduunnlnuanisbalarhmadianzinlnuaingadioaze sy

A ' A a £ o ~ v A [ A a ' = '
WWR maammnmymﬂawm@mu‘lmmln&mmﬂuiﬂmmiumwmamammmﬂmw
. » - L oL - LA X . . e
LAl UANTIINITILAIE A B NI IR UANITT LA RIULAATWNRNN Y LAZEIRTU @1
di d' a J o dl' a b‘d'd
ANARIALARAUN 1L AATWIINNITR IR WALIDW LUV UL A L NITILATIZR AT AN
ARNALANAW bTU NITAATIWINTUVAILUUINRIFNLALTR LU ﬁuﬂumm@;ﬁﬁﬂﬁ
1 { ~ N o g; { =) J ~a
A1ANNDFTITNTNAVAIAI VNI WNIFDINAUARIALARAWLAATY INNHANALFWDILTI
A o o & AN o o & a & o o
mwmjaammmumaamvlmmﬂmenaaavl,wvl,u@]LaaLuum:QﬂummﬁﬁaﬂmumyIau
d' 1 A 6 o ] d' vl d' a J
maa‘szuuLwalﬂuﬂﬁsﬂauqmavlﬂ smNamaaﬁoﬂmmﬂIauﬂ"L@uwamamﬂimwmmu
Tuszuy Tasiinan1sdnaadszuuaiuradlunitana i
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a a4 o o & a & o o
'%'W]Na@laﬂﬁuﬂﬂLTG@]QWNH‘HVL@%’]T']LLUU'%]’]E]QGVLWVL%@]LQRLN%@IL@Ja‘uﬂlﬂ“fn

udsidudnalowdeldluszuuaivgu dro3zd8u35n13209 Gauss-Newton (Dennis

and Schnabel, 1983) asfina I3luiata 2.6 azlawsrntudralouvasuainasuaaratdes

(Rey ) Waz@mdslodiannsn (P.,; ) @9gunin (4.1) uaz (4.4) udau

P Numl
VeM T Denl
Tagf

Numl = 234.2s'" —1.023x10°s™ + 4.889x10"*s™ —1.85x10"s"
+4.13x10**s" —~1.308x10*°s"* +1.814x10%s"" — 4.597 x10*°s"
+4.411x10%°s® —8.423x10%°s® +5.846x10%°s” — 7.647 x10°°s®
+3.871x10%s®> —2.656x10"°s* +1.071x10"°s® + 2.462x10"°s?
+8.163x10%s +1.722 x10%°

Denl= s +7009s"" +2.038x10"'s™® +1.32x10"°s"® +1.669 x10?2s™
+9.793x10%°s™ +7.087 x10%*s'? + 3.581x10%° s™ +1.678 x10**s™
+6.642x10%°s° +2.209x10>°s® +5.819x10%s"® +1.508 x10° s*°
+1.943x10°%s™ + 4.488x10"°s* +1.909x10"°s® + 4,556 x10%'s?
—6.765x10%s — 2.841x10%

s
~ Num2
2T Den2

Num2 = 1.388x10%s” —1.839x10'%s® + 2.497 x10%*s® —5.558 x10%°s*
+3.351x10%%s% — 4,984 x10%s? — 2.126 x10**s —9.98 x10*°

Den2 = s® +9020s’ +5.248 x10%s"® +3.376 x10™s° + 9.453x10%°s*
+3.588x10%*s® +6.38x10°°s% + 7.714x10%s + 9.812 x10°°

(4.2)

(4.3)

(4.4)

(4.5)
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Wensuaolonlugunisn (4.1) uaz (4.4) s NI uHAAUALD
L%ammﬁvlﬁﬁogﬂﬁ 4-9 UaZ 4-10 AUAAU laanWInTwoalauuaINalaaIUAAIALRE
A o o o a a A o Ao o -
ADuAnunanuazinsiafaun luszaunenu s uaUTaIT=uL (system order) tIu
18 wazWnTwinelanvaiarrinew e ladiannsnnafannlnizauazidoailuszuy
e o A e o A a v o & o A v A o
ARAUN 8 lauanauniaanltinisaFaNansuwatslanmunuizauwazlnataaIny

a dl o 6 a 1 dldl 6 o
NARAURWAILTIANNANNUULFT IR0 W LA Lo R LUWG 190 MNANF W1 LazanWInTH

rhsJIamJadéﬁﬁwmuﬁaaaaﬁvlﬁﬁa:ﬁﬁvlﬂlﬁm:uumuqw MUTLAzLA YA IRt a 00 1)

\.(.'.-v-

-100 FEM
""""" Identified FEM
-150 = = .
10 10
Frequency (Hz)

Magnitude (dB)
o)
o
/

200

100 ‘

Phase (Deg)

J

R
o
o

200" : :
10 10

Frequency (Hz)

El]"?l 4-9 HARBUAWAILTIANUDY aauama%wmmﬁmmﬂmiﬁ‘ha ANREAEMY
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50

Magnitude (dB)
<
\

FEM i
""""" Identified FEM
-50 3 ) ] 4
10 10
Frequency (Hz)
200

100 | / ~.-x N A
U

-200 5 =
10 10
Frequency (Hz)

Phase (Deg)

4
gﬂﬁ 4-10 NAGAURHAILTINNNDVDINIVINIWN LrBLIRNNININN1TINe8 93z UL

4.3 wamsmuqmzunl,l,a:mmanauaaﬁuﬂuvlm

alaWesTutnalaunasfiiusatasuas I aLieILaz i wie
laBidnn3nua mnfuﬁaﬁwﬂaﬁ%’uﬁﬂﬂIauﬁvL@Tmﬁﬂmiaamwmz‘uumqu TapSudn
mﬂmimmuﬁadmuuuﬁu@am@ﬁ'm nanfeiinIILgUAITIINUNELIAeTIAAIALFTE
WAEIALAE Lﬁam@hmmﬁL@laﬂumsmuqu @iam%aﬁﬁmimuqmmuaaﬁu@auéﬁ
WRAI LN 4-11 LLazﬁnWWﬂi‘lL@la%ﬁl“ﬁ‘tmzuumuqu PID ﬁ"l@i’mlﬂm:uumugu
W PID @iﬂ"[ﬂimﬁﬁm:tﬁmmﬂﬁ:uumuguﬁ%aaﬂuﬁ'ﬁaﬁ 4.3.1 uaz 4.3.2 Uas

NanauanadIutulanldlummaseuds=@nTAwdan r WAL 1 pm  wazdaIn1TAn

overshoot UBINANDLAWAITZULIALNIN 5 tlasidued
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Yvem
[ vom o -
CONTROL vem 4 +
+ +
________ | Disturbance(d)
SWITCH :
Funcrion [ Gain > Pezr

_— = Yezr

Eﬂﬁ 4-11 LLN%ﬂ’]Wﬂ’]iﬂ’]UQN‘ﬁ’]E]"W%LL?JU&EN"KH@]Q%

4.3.1 3LUUAILAN PID

nMIAuQuUUY PID In1swiwindmes KK, uaz K, lagldinaiia
33n17189 Ziegler-Nichols asfinanaliluiada 2.3.1 Wadsuen K,  awfianiunis
critically stable sauaasluguil 4-12 Tapfidn K, Ay 0.938 uazfiaunisunis P,

WAL 1.038x10 UazawNIaMIA T, waz T, Wi 5.18x10™ uaz 1.30x10" audey

1.6 b

1.4+ b

1.2+~ b

0.8 b

Displacement (m)

0.6 - N

0.2 N

r r r r r r r r r

0 0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
time (s)

gﬂﬁ' 4-12 wamaUAwaINAT K. NNy 0.938



61

v

nen K, uaz P, Alamunsahumeamnnime s laai
K, =0.6K_ =0.6(0.938) = 0.5628 4.7)

2K,  2(0.5628)

' P (1.038x107)

c

=1.804x10° (4.8)

KPR _ (0.5628)(1.038x10°°)

8 =7.302x10° (4.9)

K, =

nnwnSaainiaaunnlduusznuaivqulianouauasdedy i

ij’uﬁ'u"l,@é’agﬂﬁ 4-13 LLaxLﬁaﬁ’m’lﬂ’JUQ&li’JNﬁuﬁ’sﬁ’m’lmﬁUIéﬁaLﬁﬂﬂ%ﬂWU’i’lﬁﬂ"l

overshoot 28932 LURARININANNIN UaAA rise time WAz settling time aARINILANI

ﬁﬂﬁs:uuLiﬁ;j@‘hLmuuﬂmmﬂvl,@ﬁ%'m’mau AILEAIL AT 4-3 LTa9NTNITLTA

o = a
e uLing leod

(<3 a 1 o A o o A & a & o o { v
LANNINNITIEANY TIAIA9T UL UI‘IYP]Lﬂﬂﬂ?ﬂLﬂ%@]’lﬂ’N?%ﬁl%Nﬂ

@1auauaaLiT’];j@‘hLLmLoﬁéTaaﬂﬁvlﬁa 819970437 Lflagnﬂi:ﬁuﬁaﬁﬂﬁmimuqmmuaaa

g: = =)
PYUGauNYI=aN

%mwﬁn'jwmimuqmmuﬁm ALALN

1.8

1.6

1.4

1.2

Displacement (m)

L L L L L L L L L T
Dual-stage control
----- Single-stage control -

r r r r r r r r r

0.001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
time (s)

gﬂ‘ﬁ 4-13 Na@auaum{fuﬁ'ﬂ@maaiwumqu PID
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= < o
@139 4-3 LLE‘WN’ﬁ&liﬁﬂ%?ﬂax‘lNE\]@]ﬂUﬁ%@ﬂT%U%ﬂ@ﬂJ@dizUUﬂ?UﬂN PID

‘uuAILAN PID

Rise time (ms)

Settling time (ms)

Overshoot (%)

Single-stage

0.226

4.80

67.51

0.217

3.50

22.20

Dual-stage

LLﬁNR@BUﬁ%@GTBGiZUUﬂ?‘UQ&J PID uwUUR8IIWIZNAT overshoot Thas
1 g: v = 1 s v, a a J
NIMULLIUADULALILRIN A LL@]ﬁ?ﬂJ’]?ﬂﬂiUﬂEx‘iiZUUﬂ’J‘UﬂNslﬂﬁﬂizﬁ‘ﬂ‘ﬁﬂ’]W&nﬂ?J%

I@ml"ﬁizuumuquﬂsﬁ% PID lasisneazlduaadlunitana bl

4.3.2 szuuaruanWsd PID

lunseenuuuszuuainguiad PID ldinshwiniiwed K,, T, uaz
T, #ldnszuuatuqu PID safihiaueluimdenountritunld uaziainistinua
WITAiaevasTzuuAIuANHTS PID fusnduasiugasluindof 2.3.3 lagisudud
M INTERets o lumahefsudanlussuunlasduiodioalassrual #E
@1 GE 1Ny 1 mnffuﬁoﬁwLﬁﬁ;jﬂszmuﬂﬁﬂsﬁ%%%'uﬁoLﬁaﬁ’mﬁﬂszmawa WA
gunsanen GU, GDE uaz GIE enwsunishi (2.27)-(2.29) léiviaiy 0.5628, 1.30
x10" U8z 1.92x10° aNEIAL I@UﬁLLN%ﬂ’]Wﬂ’]iﬁ’]d’luﬂlE]\‘Jiz‘]JiJﬂ’J‘]JQMﬁ"ﬁ% PID é’agﬂ‘ﬁ
4-14

Yvem
r - y
> »| Fuzzy-PID f——»{ Pycum >
+ +
+ +
N Disturbance(d)
SWITCH .
cunction ™ Gain f—> Pezr

- Ypzt

gﬂ‘ﬁ 4-14 i:uumuquﬂeﬁ% PID WULRDITUADY
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izuumuquﬂﬁn%ﬁlﬁﬁﬁuw@ 2 61 lasdiwsntuanudusundnvesan
mmﬂm@mﬁau (error, E) LLa:magﬁuﬁmwmmﬂmﬁau (derivative of error, CE) @4
gﬂﬁ 4-15 IWsnTuanaLduaunBn (membership function) 3 WInTH LazWIRTHAIN
\uaunBnuaINyyImaILAL (output) @T@gﬂ‘ﬁ 4-16 lagfl N, Zuaz P @0 Negative,
Zero Waz Positive awday uazngildlumsevquiladidwlyarungues Mamdani
min  aauraalua13efl 44 GmansnaPongWaduun 3x3  ledvavua 9 ng Ik

Na@auauaﬁuﬁ‘ﬂ@ﬁma@ﬂugﬂﬁ 4-17 LR NRNIIDUSAILRAI WA 4-6

(=]
in
T
1

=

02 0. 08

=
[==]
[
on
=]
e
=
P
=
-

P
=
o
-

gﬂﬁ 4-15 ﬂaﬁ%’ummLﬂuam%ﬂmaaﬁuwméw%%’uﬁsﬁ%uuu 3x3

=]
Lh

L
I
'..l_
[ ]

U7 4-16 WartFuanudusandnvassygimaiuguiniuisfuuy 3x3
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@139 4-4 NHVRINTTUUY 3x3

derivative of error (CE)
Output
Negative Zero Positive
Negative N N Z
error

Zero N 4 P

(E) —
Positive 4 P P

¥ 10
1""1‘ T T T T T T T T T
Dual-stage control
— =~ Single-stage contral
£
= {
= 0ag .
ak]
= |
& |
= 0EH -
o |
= [
0.4 1' i
I
|
0.z .
I
D | | 1 | | | | | |
O 001 000¢ 0003 0004 0005 0006 OOOF 0003 0002 Om

tirne (s)

Eﬂﬁ 4-17 Namauauaaﬂ'uﬂ'u"l,@maai:uumuquﬂm% PID kuU 3x3

Vaishnav Uz Khan (Vaishnav and Khan, 2007) laiawangnlsle
asaungudwmIunnymnldune 2 @1 uwaslingltlunsaingu 4 ng lasdwsidu
& a : a ' o & o P a & o
anudusandnvaidinnuaaiaiafan uazAraunuiay a9gln 4-18 uasliwandu
& A A 6 o 6 o I A [ [ A
anuiugndniies 2 Waddu uasantuanuidusunnvessyarmaiuauaszin 4-
19 laufl N, Z usz P fa Negative, Zero uag Posiive @1usau uazngildlunis

auquiediullaiunges Mamdani min dausailua1sned 4-5
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h

=]

[=]
[ 5]
=
[ ]
ka2
I |
e
[

T

]
“a

0.8 0.6 0.4

gﬂﬁ 4-18 Waﬁ"ﬁ‘umwLﬂuam%ﬂmadauv&@ém%’uﬂsns’ﬁuuu 2x2

=]
th

=

U7 4-19 WartFuanaudusunBnvasyyImnIuuvaIlss 2x2

@391 4-5 NYURINTTULY 2x2

derivative of error (CE)

Output
Negative Positive

error Negative N Z

(E) Positive Z P
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= o g A o > o

NNITUUAILANNTS PID uuy 2x2 Miauat aianaiugudrinam
NaLATIANIATEILTIFUITNAAET overshoot aanInTGNataAnldTadILaadlugUN
4-20 uaztlaiuninauunuaiuieledlann3nga1Inaa overshoot 18932 UU
WidaLAed 4.13 Wasidud uazlian settling time aAadLBAD 0.71 ms e bAAN rise time 7
A & P a Aaf al a a @ a
WANA% INA1T97 4-6 srunlausTaneNaInuazilaiTsuinsunuTuua U WS
PID uuy 3x3 ziinlainmslswsiduanudusandnuazngWadntesluszuuduaugs

(high order system) WUU 2x2 Hus¥1I0lANaAaUanasnTIa3 e bikand1sanwad

WUL 3x3 4NN LLE‘]ZETG‘Ii’JSJEW]L?ﬂﬂﬂizuiﬂwﬂluﬂ’liﬁqﬂﬂu

19 x 10
f\ Dual-stage control
LY — — — Single-stage control
1 -
i
_ oayl .
£E N
g i
< 06 i .
= i
&
&
04 -
|
1
0.2 r -
I
|:| 1
a

| | | | 1 | | |
0.001 0002 0003 0004 0005 0005 0007 0008 0.009 0.0
time (=)

Eﬂﬁ 4-20 Namauauaﬁuﬂ‘ﬂ@maaizuumquﬁsﬁ% PID LUy 2x2
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AN 4-6 ammuzwa@auauaa‘*ﬁuﬁﬂ@maaiwumuqmﬁsﬁ% PID kUU 3x3 WAz 2x2

izuuﬂﬁuquﬁﬁfiPlD Rise time (ms) Settling time (ms) | Overshoot (%)
Single-stage

WUy 3x3 0.19 1.9 24 .57
WUy 2x2 0.22 0.84 12.57
Dual-stage

WY 3x3 0.18 0.94 8.05
WUy 2x2 0.21 0.71 4.13

ANNHANTITAILANWLIINITAIUQUUUUFDITUABUFINITOLAN
UssinininveinanauauaIvedzun lddniinisniuquuuuTuaauis 1 uazszuy
ALQUUUUNTE PID UUD 2x2 81813080 overshoot Uaz settling time vad3zuulddndn
FPUUAILQUULY PID  wazWesd PID wuw 3x3 Liasanniinmadiuddgypimaiuguld
FAANNBIANNAIANNARIALARDUUAZATERRUTANUARIALARaUA NN VBIN DT LeTzUL

a Ay A A A a £ a & v
auquuuuWed PID Idaifolunsaiuquilieszuufidl error iRadunRouANaY
sruudasinmidwisde laundnazldddruniafidains uazszuuaiuquiled PID

o & o o o & o & ’~ ' A o A ~
mLﬂu@aammsﬂiuﬂdﬂmummLﬂuammﬂmﬂgumaLLuumaaizuummﬂaamﬂaﬂuvl,ﬂ
4.4 HANINATDUFYPIMALRIIAAIALARDYW (position error signal test, PES test)

lumshanuismeasasadatlastindmsamaniousasduniafialu
flasnnsruniudautadudmanm RROs (repeatable runouts) Waz NRROs (non-
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lun313uwu source code Baslusunsu MATLAB lafimslswarigwials
Tunmsnenaneairasszuy nsdwmmdmniime inltluszuuaiuay PID wazis
3 PID uazlzlumssmimmdnaussausuadseuy wananiaslslunInaaanswes g

A a o a a o &
AlFluawiae laudisneazidaauad souce code i

%System Identification code
%parameters
%%import data frequency of voice coil motor (Hz) f_VCM
frequency response of voice coil motor (dB) r VCM%%
%invfregs is function to identify continuous-time filter parameters from frequency
response data%
% a and b are numerator and denominator of voice coil motor’s transfer function
respectively%
%ss is the transfer function of voice coil motor%
[Num1,Den1] = invfregs(r_VCM,2*pi* f VCM,17,18);
ss = tf(Num1,Den1);
[magVCM,phaseVCM,wVCM] = bode(ss);
for p=1:(size(wVCM))
magVCM1(p,1)=magVCM(1,1,p);
phaseVCM1(p,1) = phaseVCM (1,1,p);
wVCM1(p,1) = wWCM(p,1);
end
%frequency response data plot code%
subplot(211)
semilogx(f_VCM,20*log10(abs(r_VCM)),"--r',(wVCM1./(2*pi)),20*log10(abs(magVCM1)),'-
.9);
xlim([500,52000])
xlabel('Frequency (Hz)');
ylabel('"Magnitude (dB)');
legend('FEM','FEM Identification',3);
grid on
subplot(212)
semilogx(f_VCM,angle(r_VCM)*180/pi,(wVCM1./(2*pi)),phaseVCM1,"-.g");



xlim([500,52000])

xlabel('Frequency (Hz)'");

ylabel('Phase (deg)');

legend('FEM','FEM Identification',3);

%the transfer function of the piezoelectric actuator using the same method%
%the function for PID and Fuzzy-PID‘s parameters decision%
[k,ku,pu]=znpidtuning(ss,3);

kp = k.kc;

ki = k.kc/(k.ti);

kd = k.kc*(k.td);

GE=1;
GU=kp/GE;
GIE=GE/k.ti;
GCE=GE*k.td;

%the subfunction for controller parameters solving based on Ziegler-Nichols's tuning
rule%
function [k,kt,pu]=znpidtuning(g,ctype)
%input checking%
error(nargchk(1,2,nargin));
if ~isa(g,'lti")
error('The plant model is not a LTI object.")
end
% the default (ctype) is Pl-controller%
if nargin<2
ctype=2;
end
[Gm,Pm,Wcg]=margin(g);
kt=Gm;
pu=2*pi/Wcg;
% the controller parameters based on Ziegler-Nichols' tuning rule%

switch ctype
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% P-controller%
case 1
k.kc=kt/2;

% PIl-controller%

case 2
k.kc=kt/2.2;
k.ti=pu/1.2;

% PID-controller%

case 3
k.kc=kt/1.7;
k.ti=pu/2;
k.td=pu/8;

end

% stepinfo is a function to compute step response characteristics such as rise time,

settling time, overshoot, etc.%

r_PID_S = stepinfo(yOut2.signals.values,tDual.signals.values,10%-6);

r_PID_D = stepinfo(yOut1.signals.values,tDual.signals.values,10*-6);

%plot step response from single- and dual- stage controller system %

plot(tDual.signals.values,yOut1.signals.values,tDual.signals.values,yOut2.signals.values
,--r','LineWidth',2)

xlabel('time (s)');

ylabel('Displacement (m)");

legend('Dual-stage control','Single-stage control',1);

legend('boxoff');

%mean is the function to average value%

%std is the function to find a standard deviation%
mean1 = mean(yPES_PID_S.signals.values);

ts_std1 = mean1+3*std(yPES_PID_S.signals.values);
%plot histogram from PES responses%
hist(yPES_PID_S.signals.values,1000);
xlim([-0.1*107-7,0.1*10"-7]);



ylim([0,4500]);
ylabel('Points");

xlabel('Error (m)");
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System identification and PID controller of the dual-
stage actuator for hard disk drive positioning

Jutamanee Auysakul and Pruittikorn Smithmaitrie®

Abstract— This paper describes the system identification and
controller design for a dual-stage actuator in servomechanism of a
hard disk drive. The system consists of a primary voice coil motor
and a secondary piezoelectric actuator. The voice coil motor drives
the read/write head from the current track to the target track, while
the piezoelectric actuator increases performance of the servo control
loop. In the study, the primary voice coil motor is controlled by a
PID controller. The PID controller is designed by using Ziegler-
Nichols technique. The secondary piezoelectric actuator is controlled
by a simple static gain with a switching function. The result of
system response shows that the designed controller yields the shorter
rise time and settling time with minimum overshoot compared with
the conventional single-stage control technique.

Index Terms—Dual-stage actuators, hard disk drive, system
identification.

I INTRODUCTION

OW A DAY, the recorded data areal density of a hard disk drive

(HDD) has been continuously increased. Meanwhile, the data

track width is also decreased. Thus, the extreme precision
positioning of a magnetic data read/write (R/W) head is required. A
single-stage actuator system of a hard disk drive head positioning
uses only a voice coil motor (VCM). The VCM has limited
bandwidth of servo response due to its inertia mass [1],[2]. This
limitation can be overcome by using the dual-stage actuator (DSA)
system.

The DSA increased the system servo bandwidth by using a
microactuator for fine tuning the R/W position [3]. One approach of
the DSA is to use a piezoelectric transducer made of Lead-
Zirconium-Titanate (PZT). The piezoelectric actuator is integrated
into a hard disk suspension acting as a micro-electromechanical
(MEM) structure to control the hard disk slider [4]. In this research,
the VCM system integrated with the piezoelectric actuator for
positioning enhancement is studied as illustrated in Fig.l1. The PZT
actuator finely controls position of the R/W head with high precision.
However, displacement of the only PZT actuator is restricted with in
arange of a few micrometers due to its material characteristic.

@\@ S

o " R/WHead

7
Fig. 1. A dual-stage actuator of the hard disk drive.

For the DSA system, the total displacement of the R/W head is a
combined result between the VCM and PZT actuator positioning.

J. Auysakul and P. Smithmaitrie* are with the Department of Mechanical
Engineering, Prince of Songkla University, Hat Yai, Songkhla 90112,
Thailand (e-mail: aope_gd@smartmte.com; *spruitti@me.psu.ac.th).

Guo et al. [5] has presented closed loop control techniques to design
the DSA, i.e., parallel loop, master-slave loop, dual feedback loop
and master-slave with decoupling method. Many controller design
approaches have been studied such as the linear quadratic Gaussian
(LQG) with the loop transfer recovery (LTR) [6],[7], H, optimal
control [8]-[11], composite nonlinear feedback (CNF) control [12]-
[17], robust and perfect tracking (RPT) control [16]-[19] and
proportional-integral-derivative  (PID) control [20]-[23]. The
controller presented in this paper is based on a PID controller
because it is relatively easy to design and implement on the practical
hard disk drive application.

Topics of the study are discussed as follows. First, the system
identification of a DSA is presented. Then, the controller designs of
the primary and secondary stage actuators using Ziegler-Nichols
(ZN) and switching function techniques are explained, respectively.
Next, results of the single-stage and dual-stage actuator systems are
presented and compared. Finally, the research is summarized and the
future work is also discussed.

II.  SYSTEM IDENTIFICATION OF THE DUAL-STAGE ACTUATOR

The system identification of a dual-stage actuator is based on the
measured displacement response of the R/W head while the system is
excited by swept sinusoidal excitation. The displacement of the R/W
head is measured by a laser dropper vibrometer (LDV) at the side of
the slider as shown in Fig.2. The current input excitation of the VCM
and the R/W displacement output from the LDV are fed into the
dynamic signal analyzer which carries out the frequency response of
the system. The signal analyzer computes the gain and phase at cach
of the excitation frequencies.

Dynamic Signal Analyzer
Q O=H

Voice coil
current

Fig.2. The experimental setup for the frequency response measurement.

Based on the frequency response, the system transfer function, G(s),
is identified by using Gauss-Newton method [24] which minimizes
the error function, £. The system transfer function and error function
can be expressed as

i i1
B(s) bys +bys s .+b

: 1
G(s) " T (€]
(5) @ +ags gy
2
n B(o(k)
E- Y ot(k)hk) - (2)
k=1 A(w(k))

where Afw(k)) and B(w(k)) are the Fourier transforms of the
polynomials a and b, respectively, at the frequency w(k); n is the
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number of frequency points; / is the complex frequency response; a7
is the weighing function that gives less attention to the high
frequency; 7 and j are the orders of the numerator and denominator,
respectively. The orders of the polynomials A(s) and B(s) are selected
by obtaining a good fitting in the interested frequency range.

III.  DESIGN OF THE DSA CONTROLLERS

The dual feedback control loop is implemented on the DSA
controller as illustrated in Fig.3. The major advantage of this
approach is that the design of the two control loops are completely
de-coupled. In Fig.3, the Py and Ppyzr represent the VCM and PZT
transfer function models, respectively. The Gpeyy and Gpzprepresent
the VCM and PZT controllers, respectively. r denotes the track
runout. The head position y is a combination of the VCM and PZT
outputs. The feedback signals of the VCM and PZT controllers are
vrew and yezr, respectively.

Disturbanoe(d)

Fig. 3. The block diagram of the DSA control system.

From the dual feedback control loop configuration, the open loop
transfer function G,(s), closed loop transfer function G.(s) and
sensitivity transfer function Gy(s) can be defined as,

G (s)=(1+ (3)

G P 3 P +G P
ol PZT PZT VCM VCM PZT PZT

GvemPvem + GpzrPezr + (GyemPyvem OpzrPezr) )
G:](S)

1+ GyemPyem M0+ GpzrPpzr)

1
62 (5)

$ ¥ 0+ GyemPyem)( + GpzrPezr)

Furthermore, Gy(s) in (5) is the sensitivity resulting from the VCM
and PZT loop. For this reason, the equivalent sensitivity transfer
function of the VCM loop Ggpens (s) and the equivalent sensitivity
transfer function of the PZT loop Gpzr (s) can be written as

! (6)

Ggvem® =
I+ GyemPyem)
1

Gspzr(®) = M

1+ GpzrPpzr)
In this work, the VCM loop is controlled by a PID controller and

the PZT loop is controlled by a simple static gain with a switching

function. These controllers are described next.

A. The PID controller of the primary VCM stage

The PID controller is a general feedback control loop. It calculates
a control error as the difference between a measured process output
and a desired set point. The transfer function of a PID controller can
be described in the continuous s-domain as

K.
G(s) - K, LKy (8)
B
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1
or G(s) =K (1+—+Ts) ()]
P Ts
1
where Kj,, K; and K, are the proportional, integral and derivative

gains, respectively. The 7; is integral time and the 7 is derivative
time. In the controller design procedure, the K, 7; and 7, parameters
have to be determined so that the controlled system response
according to the system requirements. One technique of tuning the
PID controller is proposed by Ziegler-Nichols [26].[27]. In the
procedure, the K; and K, gains are initially set to be zero. Then, the
proportional control action K, is increased from zero to a critical
value K, that initiates the output oscillation. The oscillation period P,
and critical gain K, are used to determine the other gains as follows

K, = 06K, (10)
2K

K E (11)
i P
c
K P

Ky - (12)
8

These gains are the controller parameters of the primary VCM
stage. Moreover, in the case of the single-stage VCM actuator, these
control parameters can also be applied.

B. The switching function and simple static gain

For the controller of the secondary PZT stage, the switch function
is chosen such that it is activated when ‘r*)’vcm 7ym,‘g Tpum,
otherwise, it will be open. The switch function can be expressed as

>1

e 0 when |r—yyem ~ ¥pzT
Switch function *J

1 when

(13)

T-YVeM ’YPZT‘SI

The controller of the PZT actuator can be approximated as a
constant gain [17] because the PZT actuator quickly moves to the set
point and then slowly moves back to zero. Based on the
investigation, the simple static gain &, should be chosen as -2 to
control output displacement of the PZT actuator. This value of the
static gain provides a good performance for the secondary PZT stage
when using in the dual-stage control.

1IV. IMPLEMENTATION RESULTS

A.  The system identification

The experimental data of the system setup shown in Fig.2 is carried
out. The frequency responses of the VCM and PZT actuators are
identified by using the Guess-Newton method, as previously
described. Accordingly, the identified VCM and PZT transfer
functions are determined as follows,

Numl
Pyem (14)
Denl
where
46 85 13 4
Numl = ~1.68x10 s —7539x10 s~ —2.079x10 s
18 3 23 2 27
—2521x10 s° +1466x10 s —202x10 s (15)
32
+ 2.082 x 10
g 7 9 6 13 5
Denl =s +5754s +6773x10 s +2.476x10 s
19 4 22 3
+1401<10 s +2636x10 s (16)

27 2 30 33
+8958x10 s +1.853x10 s+8216x10
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Num2

And PozT (17)
Den2
where
9 6 14 5 20 4
Num2 = 3882 %10 s -6337x10 s -1274x10 s
24 3 30 2 34 (18)
—9655x10 s —1.047x10 s —2143x10 s
39
- 1704 x 10
8 47 10 6 15 5
Den2 =5 +8.032x10 s +3492x10 s +2169x10 s
20 4 25 3 30 2 (19)
+4.082x%10 s +1.676x10 s +1.758x10 s

34 39
+2.806x10 s+1982x10

The transfer functions (14) and (17) are plotted to study the
frequency responses of the identified models. The measured
frequency response of the head displacement to the VCM input and
its identified transfer function are shown in Fig4. The measured
frequency response of the head displacement to the PZT actuator
mput and its identified transfer function are shown in Fig5.
According to the experiment, the frequency response was measured
in the frequency range of 1-30 kHz. The first off-track vibration
mode is the sway mode of a flexure cable occurring at 5.7 kHz as
shown in Fig.4. The other two major off-track vibration modes occur
at 7.9 and 18 kHz as shown in Figs. 4 and 5 which are the first
torsion mode and the sway mode of the suspension, respectively.

-50
g
2
5
E -100 <7
;1: VCM response ~ -
= == Identified VCM model
-150
3 4
10 10
Frequency (Hz)
il
<
k=
o
b3
E
=
=
=200 M
3 4
10 10

Frequency (Hz)

Fig.4. Frequency response of the head displacement to the VCM input.
50

PZT response
mm===Identified PZT model

Magnitude (dB)
<

Frequency (Hz)

Phase (deg)

3 4
10 10

Frequency (Hz)

Fig.5. Frequency response of the head displacement to the PZT actuator
nput.
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B.  Responses of the controllers and systems
In the continuous time domain, the controller response is
investigated by studying the track seeking of the servo system. The

secking track width step input r equals to 1 um.

The VCM control loop

The VCM loop is controlled by the PID controller as mentioned
earlier. In the parameter determination, the gain K, is increased until
the system oscillation occurs. The system response at the critical gain
of 692.93 is shown in Fig.o6.
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Fig.6. The system response at the critical gain K. = 692.93.

The oscillation period £, obtained from the time response is 1.5
ms. Thus, corresponding gains of the VCM controller are K, =
415.76, K;=5.56 % 10° and K;=0.0778.

The PZT control loop

The PZT loop is controlled by a simple static gain with the
switching function. The displacement response of the secondary PZT
stage at the gain k; = -2 is shown in Fig.7. The result shows that the
PZT actuator has very short rise time, meaning that the PZT actuator
quickly responses to the input. However, the steady-state
displacement response of the PZT actuator is only 0.63um. For this
reason, the PZT actuator has to work with the VCM of the primary

stage in order to achieve the high precision and large displacement.
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Fig.7. The responses of the PZT actuator.

System responses

Based on the VCM controller parameters obtained from the ZN
method combined with the PZT controller, the displacement response
of the dual-stage system 1s compared with the output of the single-
stage system as shown in Fig.8.
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Fig.8. The controlled system responses of single- and dual-stage
controllers.

For the single-stage system, the rise time is 0.36 ms, the settling
time is 4.9 ms and the overshoot is 50.54 percent. Both the settling
time and percentage overshoot of the single-stage system are very
large. By adding a simple static gain integrated with the switching
function in the PZT control loop, the system response of the DSA
system improves as shown in Fig.8. As a result, the controlled DSA
system yields the better system performance for the track seeking as

summarized in Table 1.

TABLE1
PERFORMANCES OF THE SINGLE- AND DUAL-STAGE SERVO SYSTEM
Rise time Settling time Overshoot
(ms) (ms) (%)
Single-stage 0.36 4.90 50.54
system
Dual-stage system 0.32 3.20 18.56

The rise time, settling time and percentage overshoot of the dual-
stage system are better than those of the single-stage system.
However, the track seeking of the DSA servo system should not show

too high overshoot characteristic. For

system  performance

improvement, the fuzzy-PID controller may be implemented to

decrease the system overshoot which will be further studied.

V. CONCLUSIONS

This paper presents the dual-actuator system identification, design
of PID controller using the Ziegler-Nichols technique and design of
the dual feedback control loop for controlling the dual-stage actuator
in servomechanism of a hard disk drive. The Ziegler-Nichol
technique is able to fine tune the PID controller and that gives the
system high overshoot. The system overshoot can be decreased by
using the secondary piezoelectric actuator in the dual-stage control.

This improves the system performance
conventional single-stage actuator system.

compared with
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