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Abstract

This research proposes the fixed structure H., robust loop shaping controller
design technique for a voice coil motor (VCM) in order to precisely position the
read/write head of hard disk drive servo system. The proposed controller can be
synthesized based on the particle swarm optimization (PSO) while the performance
and robust stability conditions, which are specified by the infinity norm from
disturbance to state, are utilized to be the objective function of the optimal
controller parameters searching. The proposed technique is applied to the adaptive
notch filter to compensate the effect of the resonance frequency shifting in the hard
disk drive positioning process; additionally, it is also applied to the multi-input and
multi-output (MIMO) of the micro surgery prototype tool, which has the coupling
during its inputs and its outputs. The simulated and experimental results of the hard
disk drive control system confirm the effectiveness of the proposed technique, which
compared the position error signal (PES) among the H., loop shaping full order
technique, the Hangkel norm based reduce order and the non-smooth technique.
The results indicate that the proposed technique gains more the stability margin than
the other techniques with the similar order while the proposed controller is easier
controller structure and lower controller order than that of the conventional H.. full
order, which leads to be more appropriate application in the actual industry.
Moreover, robust performance of the proposed technique in this research is verified
by testing with the coupling multi-input multi-output (MIMO) system of micro surgery.
The experimental results show better performance of the proposed technique where

compared to the other techniques.
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5146] W%@Mﬁummaauﬁaaﬂﬂiﬂauﬁ@mmiummﬁm%ﬁ (Repeatable Run-out : RRO) i
NAFDUATINAINLYBITZUY UazNITIATIznIsu Lo uesnRaniinsiUdsuutasgn
slouuussudeaninnsdsunmnaivesussiamelusisadaningyszgnalumnaie
nTERNKUVIAAIUANAMUTAd IS T UL TBLRTR Tanfuinsesuilauuution
(Adaptive Notch fitter) lunsumesansznuannsudsugasleuuusiuueeulau

unfl 4 namenisussenalumaiianiseenuuuynmuauiitiaus vussuuiia
Futausnntu lasszuuvaedunanansioyaesRLAIesonuLUUA M UTIENFRTLIR
W@n (Micro surgical assisted tool) Imalf;ﬁwLauamiﬁmum‘lmaa;ﬂﬂﬁﬁy’qLLUUsqmmmmﬁmm
@u&j (Centralized controller) LLazLLUU‘fqmmuqmﬁﬂiﬂﬂmqué (Decentralized controller)

InglanaaauanuamulssuiisuiummuauLuuriigaufgnrinansuluugunauo sy
q 9 Y



(Hankel norm based reduce ordenuagiiniuauiilafaiNn153uUAILTBNITV0IENGDT-
flaaa (Ziegler-Nichols) LNBUARAIYBLAUKALANTIOULAIUAIMNUYDIYAAIUANTILAUD
& | A g ¥ oAY A !
Uil 5 nadtensesnuuuYAAIUANAIUTUSTEnalYTEsENaNuReNgATENINa 2

a ¥ Su W s aa ' a ¥ ' ~ o Yo
szuvfaulalmdulinduingUssasnvedisnismanmunzaniiganienauouniaiiorinlvd
AU auaiinuauTRLNaLALITUTTUUTIYNAIUANAIEYAAIVANAINUTNHUATIENAIETT

YD URNTLALUUAILAYN LASKNANISNAFDUNINIALAL AU ANARDUAUDININALALINY

1 ' ' ¥
aaa o S

wanNilszuunesniuumegisnitausiifdliadosnmaunmuis egnnageunis
FUNMUTEUUAIEY 16 N3l Nd1aeensildgunaiamsiiwesaeluvesssuy
= ' = v ¥ = i Y ao &
w6 natdfsunasunlaainnisAnwianuaiiianualuauided aaenau

[y

YDLEAUBD UL AL LUINIINTNAUINLNGIVBINUINUIIBT



UNN 2

ngufnugunlelunisidy
a9

Tuuniina1famguiuasnann1sNugILNNgIVeITUNITILATIEUNITNIUTD S

a o

sanfaniasn nauiuazudnmislunmsesnuuuimuauszuy aaensuuideiiieaesty
N1588NUUULALNARDUTEUUAIUANAMUTAZFILNTEULULOYBLATH n1sooniUUM
uAuAmuIRdgUNToUTiatmuslasianln uasmadanamnanafignnsngu
oynalunsmdneureslyminisesniuuiimuauamudnivisesiiensafanlain
uenandimsinssnavesnuliuuuey uasfsunussuudmivszuumeshensadania
gnussyegluunimeiuiu Tneidevniomadumuddgyluniseonuuussuumunuamy

v v &

Ausunsanen AuAN wagddeluinednusd

2.1 91UIYNNYIVD9
s3UUNI5YNUveIasanantaswduidussvuwinnmseinaviauilaniinis
maummuammmﬂwmamamﬁm%’umiaaﬂLLUULLazmu@mzuﬂwmmmﬁﬂmﬂmEm
JUszansnn neensenanlasnusenaumuasnUsenaunatudnalu 919 29aUsENauLas
° ¢ o’ ¥ ¢ a & a © ¥
A199119UN9NE 99AUTENIUNLLMAN I LazasalsenauneBiannsating tumau 210

unanui 9] lnesurenersafangniudugunsadufinveyadmivreuiinmesiayszuy

a

Uszinanaveyaiidfey lneveyadzgniniulivuunuiauiiiie (Media) Mfldnyaznauiuy
wazgniadeulimeasuarantuueg@eaunsawdsunanuduiuminlalaenisnszeu
g ! v C a ¢ ¥ ~ a ¥ a . ::1'

auINLImMANNIUTLTBUYeIEIRan tneveyaignideuszsiduveyaluuns (Binary) 7ign
Y < ¥ A A a ! = = ¥ ¥ A

FoseanaztNuluUEUNaNENNIATYT RN ENIUNINYTORUIVOLA VBLAILYNITIULAL
9IUNIUNIIFID LA NT UV 5ARANLATHATIQUNTUTAAIAIUATUNIULILIEN
(Magnetro Resistive Sensor) finegiuangvarineumasiieu FagnatuaulagmiduisIves
1089ARYLBLNDT (Voice Coill Motor : VCM) @3a1fAen1siUufigunleunaynveinseuad

TJQUL“UWQSUﬂa'JWUEN’J@EJGﬁﬂaEJZJ@LG]@?

o w A

JEUUAIUANLERs LI U sARanlaedlruan sy und Ay AeniidvuanisAIuAunIg

<

e uludwninuIewuiveyaninasniseerausifignninazsidulilanazasduunnis
Auaulniieueysznaavesuiveyassawiugiannazidulile elwveya

= ' ¥ ' < = a a ¥ a a
ausaldsunazeulnegesiniiiuasdiadosnw [9] TagUnfLa1Useansn 1NN

£%
U [ al

seswWIvaYa (Track-following)  arlumadnaniseninanuaainiafeuveIwLIveya (Track
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Miss Registration : TMR) #atdun1duusedvsaanuwdsusiuseningaiainanvesiienuiay

pnenavasuIveaya tnsluaivensulussuvanainnssuiieueausufial TMR wasn

9 Y

'
o

12% [10] 990918 AIUARIALARDUNIEILYLY (Position error signals : PES) @ailnaudiAgy

'
[

fuszuumuay lngagiinsUsundudygiusenneiiieurinnueglulninniuseguun

T o

voya (Track following mode) Inedgyqaazgnasannerududuynveyaluaiuiives

Y 9

L3
a

fan Jeinsluntsuuasdnyan PES ieruinmnan PES maaﬂ;mﬁagaﬁiﬁ%’um
wnlnulunisesnuuuensndaniutagtiuessnuutindnadaefiuanuaansoly
nafvteyalyanniu Tnsnnusesnismslsiufiivreyafingatuni 100% 08195057
Tnglussznadulnainuuuuensaiantlylaasslagnimulansaiueyalailg 5
wiszdanenaia Inefinnuaaniimazaissoussquuivoyalausyana 1,581,000 wud
\AuYaYAnan19ia (Track per inch @ TPI) [2] Bsdagtumeluladluniseuausoiunis
fduismundn (Vicro actuaton) lagninanlefioseusu TMR vaamealuladlnuuas Juih
TnilussAvsnmgesiadanuamunedssuniumeuiulurasiinruneans TP i
avtuaraalnANLINIIYes Track fuwaluniisnas amalnszuuauausurusidunes
ponuuulmannsamuaulauugnniy 3nansiiesenfiunues TMR uanvadadugdly
natdaunasiiunves TMR - duiaduiedndu netagtusinpanimadelunsaiuay
wanumaneianis e Fadsaweiile, N13AIUANKUUAINY, mwﬁmimmﬁmmzam
fgnanisidaiugnssy, walamanfivnzauanwgAnssunmsmauvesseynia (Particle
Swarm Optimization) LLazﬂﬁﬁﬁmé’mwmmiumuﬁwéf’miaqﬁm (Notch Filter) vunu
opslsfimuilosanausyaniamussszuuwesiala Tusyfunaiiinaueanisunisiuy
i (Repeat Run-out : RRO) Lazn1sunaanuUlugd (Non Repeat Run-out : NRRO) R
auMAnIaiAn RRO wag NRRO  a¢laadunsesnsasidenlurivadinly dmsuuuimaluns
Sandyanasunilaeanidvguar RRO azannsamidnlanenin NRRO Tag Wai Ee Wong
[9] SN 13 RRO war NRRO g3 (Algebraic Riccati Equations : ARES) wag LMIs
(Linear Matrix Inequalities) Fanwadilaviwan PES aq 22%, Tagghirad, et. al. [10] 1o
ponUUUFMYALLEIULUUIMLY TEUU Adaptive  Robust  Control  (IDARC)  Teeily
'UizqﬂGﬁsgﬁ’umiv‘hmmaqm%maaﬁﬁ’ﬂwm Track seeking wag Track following yannia
L‘Vlﬂﬁﬂf‘jé'fammaaa@é’zyﬁyﬂmiumuaﬁm%a YoIIARANANUTLRY Imaéhmuqmmummuﬁ
lasuniseanlaslumesvesszuulawfindusudla Faainnisdanaszuvainnsonune
AvsunuauialvglalassmiddeiiiiausvdssAninmiiannimuauamusuududile
(Robust Adaptive) WUUSTIUAWRIET Chen et. al. [11] Wiauesioenswed lterative
Learning Control (ILC) LLazmimuam%’Hﬁ (RO) Guaqqmammiuaﬁmaaﬁ ilooonuuu

[y

gawweluiu RRO Tag (ILC) anunsausvenawiudivawe RRO taae Tngluiwidud

[

% =2
TUIEN



12

FBnslunsidn RRO eananszutlag Amar N. uaz Kaitwanitvilai S. [12] laiaueianis
DONLUUMAIUANEINSUTa BN IARANLUUIBBTABENBIADS (VOM  actuator)  Tagly
aamwuéh@mﬁy’aami%’mﬁmgm’mawawmmwuLLUUﬁmumimaa;ﬂﬂg@Twmﬁﬁﬂf‘ﬁmi
N9RUFNTIY (GA Based Fixed Structure Robust Loop Shaping) kagyinniseaniuumi
ﬂsaaé’agcyﬂmﬁumuﬁmmmﬁqaLﬂeml,uuszﬁmﬂﬁg Notch Filter Fevapandayanasunulanm
daifufuluihssnes sautlavhnasveaeuiaiosnim wuniadesnmiiaty
dmsuluauitedyauuiinseenuuugeauauiiiauamuiazaiinsndnnisiu
nssUMUTAATIN RRO waz NRRO lneensiiszansnin Tnewadafivnaueluinednusi
LijumaﬁﬂﬂﬁaaﬂLLUU@T’Jmuamﬁmmwuﬁmé’mgmmiauLLUULaﬁuauﬂﬁgﬁﬁmmmﬁmum
Thseasel (Fixed-Structure H.. Robust Loop Shaping) InudugIUYRITEUUALYNAIIUA
Tnsiunisannavesfisumududidy venaninisuszgnalesnsesuuuiesuiudla
(Adaptive Notch Filter) JepannanIgnuveInsUdsuwaineluresssuudenaazama
nsgnURDNITILTeIieT aendlsinulasasesnnuauiiosnuuuasiuulunenis
ﬁwlﬂﬂszqﬂﬁ%ﬁﬁmmmﬁmiwﬁﬂmauﬁ@maﬁmszwmuﬂmwu Weamaniilely
s savslauszgnaladygussiuglumsnamnsfinesvesmaiuauiianga

ign Yusdeanunsanisuinuamuvesssuulneenlissdnsnm

2.2 MMNTILAZRIAUTENAUVBIENSARENATH

grsmfaniosaUsznouvdnduandluzuil 21 Fadszneumsssuuduiadeu
(Actuator system) WeuATeu (Read/write head) LLﬁiuﬁLaﬂmu%Qu (Media disk flatten)
uazsowmosTuIAdeuMIvuTeILTiFe (Spindle motor) Taeszuuduideulsenounis
08TABENBIADT (Voice coll motor : VCM) LiteleBidnyi3ng (Piezoelectric) wnuvisju
(Pivotuududaionu (Actuator arm)  wieuaudugusad (E-block) Hauandlugui 2-1
dusumstufinveyaluusuiifody veyargnineauasiufinliuuuuiveya (Track) Tng

v A ] t:l' ' ¥ ! < M (Y
nwagnsdnseadutu Ineiunasiuiveyavzwuoaniduidnnes (Sector) dAwuanslugy
2-3

=)

UM 2-1 ausznauvesssuuduindiouyaetuasaaantas [14]
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Cover
= Head/Disc
Discs Assembly
Actuator

Spindle
DC Power Input

Read/Write Heads

Base Casting

Shock Mountzﬁ

Printed s
CirCuit Cab|E! ”'0 Connectcr
Printed Circuit Board
Frame/Bracket
Connector
JUN 2-2 dulsenevvesaninfania i [13]
P
“tor
Head
er

JUN 2-3 Wnwesuazwteyavewwiuiiieansnfaniasu [13]

lunstuindeyansuunwiteyaluuiuiiineniassudeya Wieuazgniinli
waeunlunFeufiuuudu (Suspension) waziialawnas (Slider head) NnAsag U LIUYANE
YoawvudvEniieu lnenseualnininglieedaostomasagyimtniuasusiiumiaes

Y v A PN v o | Ay ' A A 1% Ko P v
‘Vi’J'E]']TﬂMLﬂﬁ@UV]l‘UENG]']LL‘VHNWG]@Qﬂ']i@"lu‘ﬁi@m]ﬂum@%a UBNITNUNIDTULUBDVEUSHBINTT



14

WeunseauveyadzgnaluAlininisuiugnassumilounuillfgng Ly uIuRaLILIIENaIN

[ ' (%
= a A = a

LBIHUIS (Air-bearing) MAnTUNUSIANURINM WegvawNuTFe [9] uaziauazgniiuls
lusinunusaen (Parking  Ramp)  ileaganngluvinauvsenanaiglvieninidenisnse

WNINUIBNITANRAUNAINANBN1SYINNUTBINIS g U UTRIE1SARENLATH

Suspension Arm

Read/Write Element

Hard Disk

U 2-4 funusvesheuuudlaines [14]

Tuunaruinveyaluumazdnnesazussymevoyavestetlaiiuau 5 auddnie
DC-gap field, Automatic gain control (AGC) field, Servo timing mask (STM), field, Grey
coded track number field, Position burst pattern field ﬁﬂLLﬁﬂﬂiugﬂﬁ 2-5 ﬁ’m%’u%@yjaﬁﬁ
AdARMENNIIEYATIAANALARB UM IUVILISTUMLIYB AU (position error signal,
PES) Wufiogaeiu 2 @ufle Grey coded track number field dudusuonneiauues
dunnveyaifielmimuaumauisiumusiiegresiouideunegfiduiuveyainla
uawa1u Position burst pattern field tusUuvureagesluiielelunmsssyiumuses
she-Teunegiimuusdavunveyatulasleguuuunisdoudusuuuy burst A, B,
C, D faguil 2-6 Tuvauzensafanyhauminieu-1ousgfisumusit 0 Fadugeianans
Guammﬁﬂymgaﬁ N é’zgzgmﬁémlﬁymﬂ burst C %ﬁmqaqm burst D 2wty 0 @y burst A
Lz B azilmnfuuatesndn burst C ImgﬂLLUUﬁuaﬁzgiynmﬁémiﬁ?mmﬁhwﬁq 0 @110
LLamﬂéjﬁquﬁ 2-7 (n) gﬂmﬂiw‘hLmﬁwaqﬁaémlﬂ@?aéﬁ@‘hLLMﬁﬂﬁ 0 dyaaiionilaain
burst A, B, C, D fiazuanastusenlumesniestagumniioiuegfimuumaneiay 1
Fyanaifionlaain burst B éamgqm"] burst A stwﬁaémagjiﬂgmwmﬂiwé’agULLuuﬁfgﬁmm
Iéjﬁqgﬂﬁ 2-7 (@) é'hﬁ?wﬁmeﬁﬁaém—L%&Juagjvﬁamﬂ@u&jﬂmwamm%gammm
Fuandlaindayaios burst wiani

nsvUILAmUANNIeL-TEuTeyavesenInAaniienon s UTidulaTeyafinoInTs

LTUIINNTEUIUNINII LRATOUIVBLATI I MUALAY grey code number 1da9INUY
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donunuiveyaiinesnisuar Janenerniluine - \Jeusgfsnarsveaunalngosds
fuviswestioruane PES Tnenszuaumsvesnislwineu - i@eusgfanansosuuiveya
uanaiagufl 2-6 flevhenu-Tewndeuiiludsuaeyafinoinisuaiuniou-Boussliey
p3sfenansveITRYafianIfuslanesEAudygIu PES ntiusaauam (controllen)
sraspAdvaiewdanduniueunden (DAC: digital to analog converter) lufiesenas
10193 (Voice-coil motor : VCM) iieusulwineu - Beusgassianasvosuniavie

Inawfissisnanaveuninuniigaisassuounsaliouveya [15]

JUN 2-5 TAseasnavednuiveyauuansafaniasi [15]

(1) TAS9A519VDILUULHY burst A B C D [15]
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[ YY) d‘

(¥) FLAUFYQYIUNRILAL O (M) SEAUAYQIUNAILALL 1
al

o

QIAFILAUIAANALAADU (PES) MRS O Way 1 [15]
2.3 Ygymndrdgyluniseanuuuyaniuaniiigiuaninfan

@U’]ﬂzﬂﬁ 2-7 LLﬁG‘lﬂE‘ULL‘U‘Uﬂ’]iﬂ’J‘U@Nﬁ’)@’]umﬁG]ijﬂuiimﬁﬂWULﬁﬂﬂaﬂﬂaﬂﬁ@,m’]iu

o

'
[

sunIuLarfsuNIUluszuy Tnsurasfinnvesnnurainndeusasdssuniuiiddyamans

mwmamm?{aumamm%@ga (Track miss registration: TMR) ﬁmmwé’ﬂé’fﬂﬁ

1) Bawme3Talunuswaznisuszanamanudifinanndeussmayiaululme
guml,t,u'aﬁgazda (Track seeking) LLaﬂ%ammmamLm%auua (Track following)

2) nseruveyakuULRurangaihiifawliudaay Suflanugainauly
aunpsveuuiifeuarauluaunave ey

3) ﬁmﬁgwmsUﬂauLLﬂiasgw (Repeatable run out : RRO) warfsunIunIsunaly

62915’1 (Non-repeatable run out : NRRO) %Qﬁmammﬂﬂ’ﬂﬂ@iﬁmyiiﬁmumm
U3 :uama%mummhiamasuaqﬁaému,asLwiuﬁLﬁaiwﬁz@qmmﬁmm;@u
meluvosseansanantas

8) slouuueminavesuuduuasfidusve e Wil

5) dyaasumuiiinangunsadidnnseling

sruumUauInuTAtuazaedlniunsesniuuvlananeuaussifuazsInssly
Iﬁﬁm@ﬂﬂ’iﬁﬂﬁuﬂuwﬂﬁﬂLLMUG‘U@%@LLﬁWI’]@J'iE]EJG?’]LLVUQ?JEN“UE];Jua ANNITINDIFINITONUNIY

v v 1%

MBAITUNIULAZHYIUTUNIUTLYINITUNIUTEUUSUTAUMARITINA1INILAIU19nY 1ag
gasuniuiionainduiuszuuindunedasunisinnsanluduneuveinisesnuuuiiniuny
AIBLURY LIBNSURANTIOULAIUAINUTINTIUTEENTAINNNTVIIUYBITEUUID Y

F15mantas
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A

VCM

driver
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Transient

External i

Vibrations

Vibrations Run-out

PES

Media Noise
& defects

nonlinearity

Mechanical
Air

Resonances

Turbulence
Head &

Elec Noise

Pivot

Hysteresis

Y

Signal
Processor

Quantization Quantization

Noise Noise

SUN 2-7 wrasdyayasuniuvesansafaniasm [9]

A15ATIZBALINNITHNAVDIAITUNIUTZUU

ssunmuluszuunuioenitu 3 vlianeiufe FsuNILNBUNR MSUNILBINNA Lay

T IIUNINAINNITIR IneNFITUNIUTAILILINIY dnansaluwaladguil 2-8

e ke

I/P O/P Measured
Disturbance Disturbance Noise
Filter Filter Filter

Measured

P:E_S> YPES

Actuator

True PES

SUN
U

2-8 lunamsunuiaeHananiIsAIuANEsaRantasn[o)
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Tnessunuiidunetutnfuarasdianununainaaseanisisleuuugszuuain
muissruvAvesgunInilussafannisduasiiiou uaznavesnudenniu vnsiif
SUMUN AT TN AT AN LN INAN M LTDIL I T UL UTRY Ha91nUTIaY
wsUsnilusnsaan uasdynusuniunnuiuiireles dwmiudyyinsuniuainnmsin
andlvguariamauanisnsilylunisnsainnuinuanifvensueesfilyiaveya
Tnensmuauiivangautusidunssdansnavesdssunumaniivinanessuulnuesiian
Fanildlugudsiiddyilslunsseyfessansnmuasnismunuiieuensafanie Aan

wwesaEulsuuunnsgu (3o,,,) JadAnuundetevesveyaegil 99 WesWun lnaund

pes

LAINAVRIF Y IAAINLATOUTIATUAITIATUEENT 10 LUBSIUATBIAIUNISUBIEULLY

Yoya (Data track) dwmSumaudesuunasgiudinaiiansaduInlaan

i=1

1 . .
O pes = \/ﬁz Yees (1) (2.1)

g N ADTIUIUYRIVDYAVBIIDYN, YresfDAIAIUAIALATBUNIATUNLA

JUN 2-9 Launuivayauuwuilfisvessyuuaauaiuaswuulyaseludagtu [12]

Tun199119119399898715AREN TUALTFYYIUTUNIUINAEUDALALLNAINNIVD

Foyeu usUNILIe 3 wiasuanunsaidianuenuseinnaudnuaen1sunsdladu 2 Ussian

(% '
A [ )

AENUAD deygannanN1skn9g19 (Repeatable Run-out : RRO) uwadgygaiinnis

wn23ku91% (Non Repeatable Run-out : NRRO) IAgNa21NAITIUNIUYDIVIIADILAAITUNIU

nanagamaviiniausuiveweayalinnuluainavenagliauunsasuandluguin 2-9 [9]
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[

v 4 a LY g &
AUNNTVDIAYYIUNLAANITUNNYIN (Repeatable Run-out) Leninail

d(t)=> " [a(t).cos(w;t) + b, (t).sin(w;t)] (2.2)

W9 g, b; Wag w; ADLOUNTIAVBIYIYULBUNTIAVDITIIULALANDA LAY

[y

Aun1sAevesiudygIaitinn1sunlugng (Non Repeatable Run-out)

. 1 .. .
RRO(j) = 2 [\ TIR(L D) i=12,..M 23)
NRRO(, j) =TIR(i, j)- RRO(j) j=1.2,..M  (ua

e TIR (Total indicated runout) ABNATINVDINITHAINIIULA

2.3.2  fvaeLslouuud (Resonance Compensation)

a v o 7 ¥ S a S s P s L PP
WennmiduisuaslaseasawesasafanlasnaziesnusenauvesueuaIuidl
ANUEANEUTUTOYAIU YIINUTINGHAYD AT UL UUYIIIULINIUNATUAVBITEUUTITAREN
13 FeawarilndszansnmnsinnuressnnfananastazasasslitudAgyiuaiainy
AananveaukuIveya (TMR) wisedlsinuaziiiies 3-4 slawuuglnuafiszainasyd
wnAussuukaglunnssiuugaslasuusnuasinanaseuuueskar luusngagluyls

o = Sy ¥ a ¥ ¢ a & o oA
Anudnauladaauisaaziiale lngunduaigasloiuusinug azintuludumuesingmin
PANAULYDINTIMNANDUANDIMNAUD (Crossover frequency) UT¥INUEUIMN WaZHA
= Y v ! a a 'S A = ¢ al
nslasuueiiesdudadendnaenisiianissuniugiialug f (NRRO) - aauslowuwsd
Aeduluupazgaiuanusalueaiduienduaialeu (Transfer function) Susiuass ey
a ‘Y A W = ) s oa” A
yaefmizalunisnanavesslokuuyiuRadinsasuulley (Notch filter) Fallvaiaui
aunsavaeastenuuglafnIfINseuUAMLARINIY (Low pass filtter) Tnatlovuuln
Auunilgalunemnuivesyadingue (Cut-off) MAunIvnausanTesmavausiouuugle

=] a a ' Y ! Y < o &
JUsgandnmunnnin Tnesndunielouvssiinsaaluutonianinadl [9]

. N (jo) +2& o (jo)+ o
Nr,i(Jw)=H(J )+ Zom @y (J0) + 0 (2.5)

i (jo) + 2840, (Jo) + a)rfi

d' A o a o o A o <
W8 Einn, Eign Way on ADEUUITANSARUNVOILIAATDIRINTD T
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2.3.3  lumansniinAnansvasisedaasuatnas (Voice coil motor mathematical
model)

qﬂmaﬂwmﬂammazuuL%%Iﬁum%maaﬁimgwmzﬂauéj’w 10UTADHUBLADS
(VCM), E-block, Lauu (Suspension) waalawmes (Slider head) ﬁmamﬂugﬂﬁ 2-10
mﬂgﬂﬁaém-vﬁau%gwssﬂauLsgwusuawumﬁaalama% T,fﬂaﬁalamaﬁfﬁm&gmgjumvuué’u
wazTuaovogniounuiiifelestresueinesazmunuuuuiviiidlanesegiivarsususeu
wnunu (Pivot) ﬁ@?%m‘ﬁa@uéﬂmwaq E-block Ineneswnssuoinesazyinauliied
nszualyivi (Coil current, 1) TasnuvaaInn gl auIALLEN NSNS éﬁ’agﬂﬁ 2-10

049 2-13

Movement of slider

(n) FTULT LUV (¥) FTULS T aLE

5UM 2-11 gluuunsirfeuivesienu [12]
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Pivot

Part of
actuator
arm

<«

coil

JUN 2-12 dnwagMsiiausadnann1snenseualIEINaIATeIeeTABENBLNES [12]

Tuauwesnmisidouiivesusuiviuasiimandouioglu 2 Snunrfe dnuvagns
\ReuTiLuumY uardnuurnTedeuiiuuiuay Fauanslugud 2-11dwiumstuindou
shorutuazduiunisiasnsdeunszualnviludduisiesdassuames Ssazidunis
ATauIuEn (L3eda) WdnfuauuLIndnosmEnasTleg fimuuuuazauaIves
vnmandauandlugud 2-12 lnsaussdafiasaduiududnalaensstunssualid
Jauanly T,msmmﬂéaumLL@MUE@@LLasﬁﬂmwmmzLLa"LWWywzﬁﬂﬁmmsammuﬁ’aém
Tnadeuilufiufiinesnisuuunuiiislnesnsdase neviluressresuamasiignlaly
gaaminssuensnAantuagtusasluaideiidulssmunumuiignaiuaunousidnes
navgulneluunasausedaduiinduitutunssualwviilnanuenainddanuduius

Maaunsi (2.6) loedl K uaasiiveawssn

T, = K1 (2.6)

VUL NUIUIVTATIDULAANTIARBUNA N TOTUANNITNIATOUNVBITIDUTBULN UMY

T

0 = % () (2.7)

= a ¢ = = o ! = ! 2
Toefi J Ao luwuaru@osvemauvudsumedmnedu (kem’)

oA ' a dl ‘ ° A A 2
6 o pusaTauiiotessnosuoinesiadoudl e (rad/s)
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JUN 2-13 1995auYaveNeYTARLNBInRIITUIARoUMEINTIUIAROUNSY A [17]

9n3UT 2-13 Wwsesauyatuindeunseuailvdmsumununisusunszualiian
gio8TARENames lnglunan1endinAIansueeYYALIaIna s LaUs luWIdElaunse
AuIulalagN1sIATIZNIINIRTANYARIFUN 2-13 TaeTlunan19AlnAIanTY093993
9 44' = i
Tuindeunszuaaunsadeulady
dl, déo

R =R +L Ly 99 28
(s =1w) T T 28

' do « . o £ ' v v '
o e, = kbELﬂuﬁmisawﬁmamﬁﬂmﬁaulwwmauﬂau emf kaLIINAUNITN (2.6) Las

1% v
v

AUNSN (2.7) TnglunanenaveIiITuLT1I0gAB NN TANLNTANNTUN AR

Jo
I (2.9)
kt
wnuiaunsd (2.9) luaunsi (2.8) ladail
=l Bt ROV K (2.10)
kt RS kt RS RS
wdInIUnTasa1Y (Laplace transform) vesaunisi (2.10) lavdu
R, +R,)J
(s )—( i k+R :) s’ s)H(s) (2.11)

S t''s S

de R, >> R, aunsi (2.11) anunsadeulaidu
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o(s) 1

= (2.12)

I, (s
() ko LRy o Rud . R,

R, | kk, (R, +R,) k.K, R, + R

n¥rningUvesaunsuanaglaaunisieil

o) _ R 7Ky (2.13)

I (s R

(8) s(sz, + 1){51m +m}

R, + R,

dio 7, Aeaasfivesadiena waz 7, Avmasiivesamialiwndsaunsadouladu

_R L

Tm = ,Te =
ktkb Rm+Rs

(2.14)

109 Ry >> R vilwlenduanglounuuuiidunuaradnalnaiuuiiaganiinua s
JEUUSINERIAUITENBUVBIIRLTADLUDLNDTLALNINTUN8loUVBINATVI BN TOLAAILY
sUsEaegeiil

Le_ Kk

= (2.15)
u(s) sr, +1

ok, umdnsversvuzingauna 7, Wuniaiivesiaivesaseens uwag uduy
WIIAUBUNNVDIIIRTVETY AatuenduatelouvedsyuulayTINYBIREYARELBLAD T

AUAUNUS AU

0(s) _ Ky (2.16)
u(s)

s(sz, +1)(s7, + 1){51m +

R, }
(Ry +R,)
Wewnn 7, wag 7, daussunndlaiSeumieuiu 7, uaz R >> R antduuwnue 7,

nEANAST (2.14) adluaunsi (2.16) ﬁ]ﬂﬁdw

0(s) kk, 1
Q = J_Z (2.17)
u(s) J s

TneWandunielouluaunisi (2.17)  Afiaruduiusduyunisvyunewssiudunnauise

1%
[

wlasaunsauduius JuaunsanuduiusUa L LIMNUABLFIAUB UNALART

y(s) (kk, ( TPI J[ 1 j 1
GG =—==| 42|l —— || = |=kk, = 2.18
®) u(s) ( J ) ™ 0.0254 )\ s’ Y g? ( :

=De
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{ o v k k ! i ! TPI ! U U
dofmualy k, == umasiianus, k, =1, —— idumdasvenslunia
J 0.0254
o ' v v ¥ A o ¥ ¥
fwnus, 1, wuanueniveauauiidusiuay (Track per Inch: TPI) Aoduiulauuuiveya

AONTNYMUILANYITIVDI8NIAREN AT LABTILUUT I8 IS WAFNERTUDIIDUTADULDLADT

anunsauansluguvesUsgianuglassaunisawmeluil

e o0 ) -

) K, ADDMNINVLNYVDINIT IR

y e sunusewtieny

v e anudwesieueisadan

k,  f SnsnenuTsmausIASoLLLIANAeINAYe 0 TADLNDLADS
u e Buwnvewheusnan

2.4 330UAUANLUUAINU (Robust Control System)

N1388AKUUYARIVANAINU (Robust control) Lﬂ‘umi@@ﬂLLUUﬁﬂﬂ’JUQQJLﬁ@I%ﬁZUU
anunsovineulalnalfssaussausiudwsnasifsuniuainaieuen (Disturbance) 5o
FUUIUTUNIUINAINTIIAFY Q8L (Sensor  Noise) AmsunIuMsuYeITEUY
YonanEsyuLieanuuudmesaunsaamunensivasuslamisiwmesaeluresssunies

meiuiu lnegun 2-14 uay 2-15 Wunisuansgunuuvemanuluueuiistuiusyuy

A = diag(d;)
uncertainty
A
w Augmented z
plant G(s)

U K 0 e
Y 0 F

4—

JUN 2-14 lnpzunsussuunilmsuniukaznisiisunlamneg Tussuy
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TngunAnadszuuntiulelunisesnuuuiiniuauiuuaInuazgniuisandy 2
Uszinndesyuussniduszuuilaunanuuuitasimeadaeans (Mathematic Model :G)
AdnskuuTassesszvuluinlalulasiuauluiuueuniee) (Uncertainty  Model
AG) onvaziindulalunisvinnuaiayssuuiassdusyuuass (Real Process :G,) s3uUU
& e vy o= o v o X
flonvvgsinaulununeuniaqulunie detussuuasdeamunsadeulneglugudail
G, =G +AG dsdlun1seanuuuamuaulvaiuisaatvquszvulaedaussougamuas

Az tsisanulunuusunisgnaziintuniy

Ingvhluszuvanansadeuluguilandunigleu (Transfer Function) 1Usenaumeka
Y096 3bAY (Normalized Nominator : N ) haznavesnid@iu (Normalized Denominator :
M) InetiolunsRanunszuulu Left coprime factorization aglanauduiusvesszuy

WATNATDUAIUTENDUAIL

G=M"'N (2.20)

dB

nominal model

actual model

Y

JUT 2-15 ununnlawauvesssuunddisuniuwamavasuivadussuy

v
a = U (Y

syuunTamavasrmluuuusuiiaduiudiey (A ) uagiau (A voslandu
angleuaunsanansladsaunisi (2.21) uaggui 2-16 LanwmarasnuluiueungnsNey

luszuuninsmuaukuusseudagaluingrinusiasisudnwiuareanuuuyaniuaulag
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BUANNRITANANNINBULBUTAIEARTUAUALAY (Normalized Nominator @ N ) wags

@31 (Normalized Denominator : M ) U895¥UU

G,=(M+A ) (N+A ) (2.21)
i Gs i
i Z ~ Wi Wy [ <~ Z %
r | AN i L AM | y
(command) i = = i (output)
K r N XX >X» M i >

JUN 2-16 szuuidianuluiuueunaznismunuiuunseuds

AUITEIANENLUNTRBNWUUYAAIUANAINY (Objective of Robust Stabilization)
Wunsesnuuulndimuauanunsaanravesruluiuuewresszuuluiianiigs dadunis

sonuuulvasaunguaulukuue AT uTEsadsuag lugUaunsladadl
- 1
G, = {(M +A ) (N+A ) : Ay Al <—} (2.22)
co€

e & Ao mauidlelafiosniw (Stability Margin) n1seenuuuyaaIuANAmulY
aunnsh (2.22) %gaaﬁﬂmiaaﬂLLUiJﬂqmmuqmﬁﬁﬂﬁé’mLﬁaLaﬁaimwﬁé’]qqﬁqm
(Maximize the Stability Margin) fie¥uuseiuaulunuueuvedssuu (Uncertainty
Model) Tne fistuslu M, N, A, , Ay €RH, N1508NKkUUEAAIUANAMUILIIIAINNS
ﬂmimﬁw‘uLLUUNﬁaUﬂﬂiugUﬁ 217 (n) Fawansudenlaesunsuvesssuviiiansanlag
Useneulumeszuu (Plant : G), mmuAu (Controller : K), é’agapzuéuwﬁq (Command :
r), dygrusuniuainnieusn (Disturbance : d), FYYIUTUNIUIINGINTIIVUA Y LYY

(Sensor Noise : n) Laglo1mWAURTzUU (Output @ y)

al

Un 2-17 (1) LLamgﬂu:uUsuaawUUﬁaUﬂuJauﬂé’uﬁ"ﬂﬂ Tngiflofiansanszuuay
Funafiundygunisuenfinngszuvie 1, n uay d dadudyaaiifnanenisiney
093Uy lnganunsnudanavosanuduiusiiduuienlosunsuvesssutlnadiaunln
dygradunnanameueniduw way w, uagdunnvesszuuuazdmunuiiue uag e,

aud1au tneudenlaezunsuvesszuuigndntulvuannsaladsgun 2-17 ()
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A< d
System (Disturbance)
r uncertainty
C d
( 0m+man ) LV
KW Gy Lo
(Input) (Olltpllt)
+
+
n
(Sensor Noise)
(n)
+ W,
G ’ <
+
1
+ A ©
> K
W +

(%)

JUT 2-17 vdenlaevunsuresyuy (n) szuuiignaAIuANuuUINseudafufs

(@) szUUiiTanaseulvy [18]

dlefiansangun 2-17 dyana w, W, Bsdyarudunnvesssuuiaze e, dadum

@ 9

[

ANUARIAAMFRUYRITEUY dunsallsulvegluguvesnnuduiusvessyuuladall

e —Ke, =w (2.23)
-Ge +e, =W, (2.24)

[

=t P ¥ v o ¢ n w Yo X
Feanusaeulvegluguanuduiusmaunsneladisil

I -K [el}{w‘} (2.25)
-G | € W,
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{, _Q]l_(l—ke)l K(I-KG)" (226
-G | G(I-KG)' (1-GK)

WemunualiG=NM"'=M"'Nuaz K=UV'=V'U #aedupinudunustu

a ~ a < ! o v )
auN1sN (2.25) azi@nesninnelunmeLllad1u1saniAa@lunay (Inverse) SN

M UYLV —U| - = - .
[ }  |{(MV=NU)VM-UN)la lnsnarursasisulneglugives

N V

-N M
auduus ol
- ~ -1
{NU+MV} cRH. (2.27)
- . -1
[(N+AN)U+(M+AM)V} cRH. (2.28)
~ ~ -1
| AU FAV) gy (2.29)
(NU+MV)
- - U - - -l
[|+[AN Am}[v}(NU+MV)"I} e RH_ (2.30)

g e lwenansensda[18] Mduniswiadesnimaesssuunglateuluanuly
LUUDUYBITEUUAINTOLARLARIT]
(1-MA)"'eRH_ (2.31)

Tniidoulvanaluuuuouresszuuaznssgniuuaviagnaunylu|a], <1uas M|, <1

Wothanudunusvasauni1sy (2.30) lwssueuiu aunish (2.29) aglan

(2.32)

H{U}(NUHVINV)‘I —[UVI}V—N L
v L] (NU+MV)

0

0

R
| [(M’1 N)(UV’1)+1]MV

o

H ! ||
LM Nyuv )+ 1M

0
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K Zng -l
:H{ | }(I +GK)'M

Wo G=M"'N wazK =Uv" dsiuluniseenwuuyaniuay Kdmsussuuc Nl

0

d‘ U U s ! d’l
Naulvmuenuduiusaalul

Tl = HLL}(I +GK)'M™! (2.33)

<

M | =

=Y

0

e ||, fie Auesuetunvestsnduanslounindasuniu (Disturbance) ludsanm
(State) lnefie Ao @ruiol@iosnIw (Stability margin) Adusiininuaunmuves
AIVANTEBNWULTY IneTin15aenkuumAIuANITAadi A ue T atunve IR TUNIUlUE:

awmaniiandiign visenndnduReauHaanyInNA1ETan

2.5 YAAIUANKUUIENgLANTEURYBUNDR (H,, loop shaping)
msaaﬂﬁqmmuss;mwu%’mé’mgwuwiauLLUULaéuéuﬂﬁay (H_ robust loop shaping
control) Lﬁﬁﬂ?iﬁﬂ%‘H@@ﬂUﬂ’ﬁ@@ﬂLLUUZ%U@WWUEN%‘UUiglluLLU‘lﬂi;ﬁNa@@Uﬁua\‘mNﬂ’ﬂﬂJﬁﬁ
mmzamﬂ%ﬁ'wﬁu%’%msaamwwmmuqmwuwm@uﬂﬁﬁ (H, control) #an15eeniuuay
onfeanduiminnouLazng (pre-compensator weight, pos-compensator weight) Tu
mﬁ@é’mgﬂmqiawaaizwiﬁié’muammuzLLangqummmmuﬁsTQQﬂﬁ JEERRERE

dougnunsseuluueydudinefenduimdndsuanslugun 2-18

v
=
v
®
v
=
 /

5UN 2-18 nninsdndnugnuleseuvesszuu (G)

Tunsfadaugiuszvududunnistinunseuisnaaunesnisinefiansun
namUALDIANLATRITE VLR ALNEY InturhnsrinunAansau (performance)
LA FULUUTBIA LAY TABUNALAI0NAINITNTIUTDULLATaIFITUNTUTEUY Ae¥ila
ausaeenuuuiandusaei il Baty unesfnuaiensiesztay

LuuuwenLUY left coprime factorization WAgN1THEUBYBINITORNHUUYAAIVANTLNATEIU

[N (% (%
Y

= a ¥ o o o A @ =
LNE]LZ"mEJiﬂ'lW@ﬂ?jﬂl@G]’]@Jﬂ']LLuzuq“Uaﬂ McFarlane sefligualiiaivnsnuiuniininuiesme
MBNIIANIANATEINITIUNIUNTNARDIZUU Inenaluuain1soonkuudugIUNsoUTUITUUT

Adndunesdimdnsverenniluriiaudguiiomsannavesnrusunuiitinn1snsin
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(Measurement noise) UaugiRgIiuNmIsiionsveegeneunudnioantansenuiliio
1NFITUNIUTEUU (Disturbance)fauandluguin 2-19lneTeasidennsinsienilagdiaus
Tuiwedaly uenantiszuulasun1sdndugiuiad (Shaped plant, G azmaslaaussaue

Ao ¥ ' Ql' o o Yoo a ¢ . a
nsafnmeuiy lnessuuiigndndugiuisseuizaosdnuunion (Bandwidth) 7
A o g V! o = g aX & o ~ % ¥
L‘Vill']%ﬁllLW'E'JVl'ﬂ,‘ViEJ'\Iué‘LTJﬂ'\Iivnﬂf]umﬂ'J']llﬂm@ﬂﬂ']i@sllu 5'33J‘VNEJ\'1LﬂUﬂqia@ﬂLL‘U‘ULWB&LMIW

[ v

AUTIOULNNIANVDITLUUNPVUD NAEUNY

A

a(L)

0dB Dy

w' 7

a(l)

\4

5UM 2-19 JULUUNMSINFUFINNTB UL LA YALYENAYDIFITUNIUTEUY

2.5.1 Mssanuuuilsifuraeiminaudursunsindugiuisseu
NINFUFIUITBULUULAN (Classical Loop Shaping) A3191NN1IRANTUTLUY

ﬁalﬂﬁﬁmiﬂauﬂé’uféﬁsw (G), meTauﬂé’Uﬁ%ﬁﬁqmmmu (K)ssuniu (d ),Lmﬁwm

Y9935UU (Y;), é’zyfyﬂmgwﬁq (r), Lm(ﬁwmimmammizw (y) é’zy,mgmiumumﬂqﬂﬂsaj

N1539 (n), MANUAIIALARDUNDFYYIUNRNDINTTINTEUUABUALDY (€), L IFINAVBITEUUT

al

FIUAMITUNIULALAYIUTUNIUIINAINTIAIUAY YU (Y, ) Uagdunnvessyuy (u) gy
2-20

(Disturbance)

l y

+ e Yi + ¥+ (Ouéput)

— K ‘

(Command) - u
(Input)

. i

n
(Sensor Noise)

h 4
®

K+

JUN 2-20 szuumuAuiuuUaundunaly
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Q{I ‘ﬂl a U U s ¥ U L ¥ L U s
ﬁ]']ﬂg‘lh/] 2-20 LZLI’e]‘Wﬁ]']iilJ']F’T]WNﬁNWUﬁ?\]WﬂiB'U‘U‘U@‘Uﬂa‘U@QE‘[J‘\]BVLWWJWNGZJWUF‘UEN

FPUUIN Y 10Un1e7) Mnaseuulnasaunis
y=KG(r-y-n)+d (2.34)

o y=y,+d, y,=eKG uaz e=r—y-n awnﬁu%mgﬂauawa (2.34)

_ KGr  KGn N d
1+KG 1+KG 1+KG

y (2.35)
¢NI ‘ﬂl o L i yﬂ.l s ! U ¥ a

NAUNIN (2.35) Wethininguinladnsvengvedernnnvesssuu (y ) nedyanne1sds

(r) AziluraunsafTuNaNTTaUENINNUY0TE UULANBTU Ingnana uauIn1sanNg

Y99FITUNULAYFYYIUTUNIU (Disturbance  attenuation)  FIUVINITAIUTDUANSN

(Performance Tracking) danuduiussasaun1sneluil

y KG KGn d 1

= - +— (2.36)
r 1+KG r(1+KG) r (1+KG)
Taglumseenuuussuuiianysaiuazaesiinisesnuuuimuau K il
— (2.37)

WaNa15aunaun1sh (2.36) nunnisaualndy e mnanauauoInody I

Y avwad ” o q ¥ N a & S Yy !
pdelaAtuLMR N y=r lagiilafiansaunlumend 1 uuamﬂummmmmﬂmmm
KG

' ' o A A a a ¥ & ! a X ¥
mllﬂ']LV]']ﬂ‘U 1 LLa%LW@ﬂJWLVa@NﬂWLﬂu 0 Iﬂﬁiquﬂ@‘@mﬂ@LLa'Juu‘lﬂJa'uJ'ﬁﬂLﬂﬂsﬂu\lﬂ
+

KG

—~=~1luay
1+ KG

gnil0810¥uN1IsAIvualuAtdlInIuay K dangauindeazasualn

1 d‘ a dl v ¥ ° v d' .
(1 —KG) ~ 0 Tpgilofaananlaualazyinlmmeui 1uay 258 UUaNNITRBUAUDING
+

doyrue1sdilad waluvuziferiuaivuinvesdyyiusuniussuuiazgnagiavinludl

]

Nﬁﬂi%'ﬂUﬂ@ﬂ’ﬁﬂ’JUﬂNﬂ’mL%Uﬁu LAZLLONAITUNTLNBUT 3 LNUITEUUENTOAANAVDIRT

1% [ [
Y

suNuUszUUlaf 1AgaINN1TNAITAUNINFIDE19NISAIMUAAIVIIAULAITUNUN LLEIL15D
ndulalugiuanudifelnuwaaIu1sanatulaloNaNsULENEIUANNDNY FIUUNNS

E]E]ﬂLL‘UUigUUIMﬂﬂwﬂiﬂVIUWWUG]@ﬂ?iiUﬂ’JULLagﬁﬂJ‘uQﬂﬂﬁUﬂ?ﬂﬁ]ﬂﬂﬂﬁi%ﬂaﬂﬁﬁgﬁﬁﬂmﬂiﬂm’m

' [
Y

seemddyaue1dslafaznesesnuuulmiulunutouludsi
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° JYUUAITHENI1VeNeNge (High  Gainlluguminudan (Low  Frequency)

WialuszuuanunsaannainaIndIsuNIUsEUULastiauseansnwlunisaiusee

' 1% ¥
[ [

AdasdygIe19Blan

° SEUUMITHENTI2189191 (Low Gain) Tugnuaiudias (High Frequency) vive
AANANTENUNAAIINNITIUNIUIINA YYIUAINUAFIVTOT Y IUTUNINIINNITIA

IRNRIANE

2.5.2 N598NLUUYAAIUANAVILLUUIN UFIU9TOULRYBURIR
31NN150NHUUAIAIVANNTNFINTaUlNlARIUAILABINTS (Desired  Loop
shaping) neaussauzlun A LazNanaUalsINAtulalUAMA (Frequency response)

1Y

mglanduraeivtnneukarnaniiantvangay Inenasiniuihinuszynasiuiunis

1
ad o (%

Huasgnimuauiuuesduiiidmiumuaussuuvlanuiileoenuuuls Tnglutuneut
sruufignindusu (Gy) waaggniansuianduaisleussuulmdunisfiarsundems
(Normalized Nominator : Ng) LaEN15A9NUAIU (Normalized Denominator : Ms)
Fauandlugud 2-21  Tnsflszuuitlasunsdadaguuaiaslalafunisfinnsauenaiud
Aruduritussaunsdel

G, =WGW, (2.38)
G, =(Ng +A )(Mg +A, )" (2.39)

e Ay, waz A, AeAwluLuueuiAnTuAUMAYLAaYAIaIU ANaIAU T
1AAs|. <&} \ilo & Fauiiioiaiiosnin (Stability Margin) wagdsn 508Nl UUYAAIUAL

AINULUUIRFUF TR UL YBUTTALUasBunaunTagLiaLis N [18]

G,

K |«

JUN 2-21 nMmvesszuukeniansaduiavwaysiaiy
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W9 dndugIU950UMIENINTUYALYEUIMTNLAY 98ABIUNITATUIUNIAIULNE

@REINNGIEn (£,,,) W8N15UNANNITIAA (Riccati Equation) auansauduiusladisil

1 1
Vmin = fmax  1-Amax (YQ)

S (2.40)

e 2 (vQ) AeAdnuniane (Eigen value) FINHIANGINEAYDIUATNY Y AMAULASNY Q

Y 9 Y

a

Y uay Qmmiaﬁwmmimmﬂmmamm'{%mm [18] 1n@uN159 (2.41) Wazann
aUNs9 (2.42) auaR

(A-BS'D'C)Q+Q(A-BS'D'C) —QC"R'CQ+BB"S "' =0 (2.41)
(A-BS'D'C)'Y +Y(A-BS'D'C)-YB"S'BY +C"R'C =0 (2.42)

o A,B,C,D ﬁame%ﬂsgﬁuaqizuuiugﬂsuaw'%gﬁamuz (State Space) R=1+DD’
way S=1+D'D

ﬂ"]ehul,ﬁ'aLaﬁsﬁﬂwwﬁﬁ’wmmlf;mnaumaeﬁ’anénsﬂwéjuLﬂuﬁauaﬂamauﬁ’amm
AauralanFufisanuuutuunty Tnsanfuuziwes McFarlene uag Glover [20] wuwih
’i’]gﬂéaulﬁamﬁaﬁquaqm (e,.) fladnnan 0.25 uansrlsnduiminniseneunasnds
FeonuuutusntuluminyauzaesinniseenuuuTandurawetmdnlug Welawendu
dwiinfnganuarnginsdienegnaiuauamuindugiuiseuevduiian (K, )
ImmﬁaﬂéwéamﬁaLaﬁaiﬂww‘lﬁﬁmﬁm’hhﬂéauﬁaLaﬁmquaqmﬁﬂﬂaa (<, ) ua

duasiznynniuauTuinlaglyauduiusAl

Keo(s) = B' X(sl - A+BB' X -y zvC! ©)7!y2vC’ (2.42)
Z=(ex -/ (2.43)

I
[Tl =H{ }(l +GK,)IMS| <t (2.44)

o0

WoduATIENYNAIUANAINUIAFUFINITOULRYBURNRA (K ) Juniuad n15i1ya
muauilylyuasweniamuauilaluauiuiondudmidnyawednasmilsiuandugy

1 2-223glayanruaudmsulvanuasel

Kemae =W, K W, (2.45)
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(%

JUN 2-22 YAAIUANAINUTAFUFINITOULDYBUNTR

2.6 3§m§‘w’lﬂ"1mmzauﬁqmﬁ’wﬂ@:uaumﬂ (Particle Swarm Optimization: PSO)
FBsvaunngauniseynalsiiiuniadsusuunismemsvassun Taegn
iupnsausnlag James Kennedy wag Russell Eberhart Tud 1995 [21] WJuagnismen
ﬁwma‘uﬁéwEJLLaz"LaJﬁi’wLﬂuéjaﬂ%mmgmNﬂﬁimmam%{?’uqﬂum3LL51mﬂ“zym uenaniddiven
fi3nsmdneumeisdaglifnnismaianumnzauiadunuaniiouisingiden
(gradient)  finvesdneusinlulyndmeuiinfiganiefisenin local  minima/maxima
Turairiimamenourounaiinilegunuumsguvosoumalunmaindouiinansiugaun

[

] ° A ¥ | daa > & . .
wuemneuiileaziduridfianluveuinvoinisaumiiug (Global  maxima/minima)

(% '

(% v
ada

ﬁ’lﬁ%Uﬂ’l’ﬁﬁT’]LﬁUﬂ’]’iM’lﬁ’]mu’l3?!3J‘1'7]|E‘;WWT’JEJ’36U Fusuaen1stivunaunisiandy
wmqﬂ'izam‘ (Objective Function) wazfinuniandu (Fithess Function) fuynney anty
yhmstmuaansfinessruuefinnuiaiineanslveyaeindeud anmiss mnuidos
satsnulsErInsgedn wastmuaveuslunisaumAnauriomemsluLaaz
%@gaﬁﬁ?mmigum Mniudusdunsgusiuniaedeuiiveseymealugumssiiunis
usnuagyin1sAdneUnieaiiaun tasaflauniiuinfigalusoutug axgnimusldy
funureseutug wardniunssulusudalulnefioyniaunasdniuazandiveyalunis
ineuiilifionsneuaumiumstemmeuiiniianneld
dufusyniawnaitiuasdiuu (Position) ATMISS (Acceleration) wagAI1uiE)
(Velocity) wnnansfiuly Tnsfinaueyniavzuandsuveyassvstuiiiolslunisusunis
wdouiinaranuialmazay unsetuadouiludsiunusinunzauiianluseuns
siiunsneld SstunoumeeunganiigaveingquoymaaunsndiaedvoglusUves

AUNTIAFIT
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Vig =Qu + [ (R — p)l+ a7, Uy — py)] (2.46)
pi+1 = pi +Vi+l (247)

e QAeduUsyansvesauiaey (Momentum Coefficient) Vi @ aanuisa (Velocity) ¥e9

BUNIA P; ABFILNUY (Position) YoIaYNIA o kae @, ABAUUTEANTUDIAINLS

(Acceleration Coefficients) y,wae 7, AoAIAIlAY NgnauTuluazagluyie (0—>1)

Y 9
al

P, Aeauniafminidafiniungangaieuniatiuaeny (Local Best) U, Aspflniuniigaiign

q

99959UNIANTUNITNNIULIIVNA (Global Best) way 1 ApauiIusaunazgmiunig

gﬂﬁ 2-23 é’ﬂwmzmimam’maw_jquﬂ

[%
v

TUABUNMTMA NN EANNFARUUNAUOUNATTURB LAY S8azL BRI B LU
1. uURuULININISAIMUAAINITIELNBTYBITTMIA MU EaUNgARATT N1uATIuIY

aunInvoseunAlylun1smveya (N) VBUIAUULALIBULUARAI ( Py, W P

min )

oUYNABINITMIANALNZEN AUUAAIALST (V. uag V) A21uLse (a

max min

war a,;,) luuanudeseeuna (Q,, war Q. waziiuiuseugedalunis

max

min

aAnduns (i

max )

2. inasgueyniaguf 1 (i=1) 9rutu n d1 areluvevivainivue (

pmin < p < pmax)
3. Annaumiauailnaneyniaunasidluupazseunisanliunissuil i lnea1ilaue

Mneunaiaalangaanzgnidonlmdudiunuveansaniiunisluutug fe

o

Poest (1) LLazﬂ'ﬁﬂmLumﬁqqﬁqmzmmmmﬂu U, (i) (Global best)

Y



BUNARIHUAIN (Flowchart) Al

TUABUNITAUNIFUIAUS (Position) Y8eaUNA VisEAARBUTIVENEauTan (B, ) i

AflaLungengn (U,) anansaduinladsil
Pb = Pbest(l) ’ Ub :Ubest(l)
AFLUIEAVBIIAIRAEY (Q) amnsausulamuannisaadl

Q — Qmax _ Qmax. — Qmin |

max

NsUSUAIAINST (V) wazsiuus (P) veseumauaaziilugudaqiu (i) 910

AUAUNUGAIN

Vi = Qi + a7 (R — p)l+ a7 (U, — py)]

Pi = B +Viy

WavhnsAruauasukadludniiunislugudaly (i =i+1) wavnsiaeuseu

anfiunisaasussuiinvualudinuinaauamsety (1>1 ) andsluasuly

max

naulUafunsiutunaun 3

1 1%

INTUABUAINANINIV AU A1aasUnIsadunsiunismaminzauiiganienay

[
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LSUAH

ANPUAATINITIALNDTVBITVUNDU"PSO

LAZYIINTTaNA1UNIALUTULSN

>$
Ussanamiaiua"(f)"vesunazeunia (x)

v

MAN"Pbest, Ubest W038UNALARZHY"

wagyIIN1sUSuAT"Ph as"Ub

v

‘ G-Best=x-best ‘

A579@0UA""
. e R
i>imax vi3ely

fnuamaNE e suuseseynInsoulvy

ﬂamjlf%m’u

JUN 2-24 unun NI LTIUNTURITURUMNANANLMINE AR YRINANBUNA

MntunounImaTmnzanfianidazidunisdiiunaduseuquuulunaides
(Discrete  Time) annssifiunislunpazsovaznosdininfutufindunisdosneuiia
faniiuienly Welunsauluseudaluaslvadminlunsnsiunusesoymasudalulng
alnaissiugadneuiiussdulaluseunsunu unesislsfinusUuuunisimuasiumus
Tnufiguusgnoumauanluaummmeulusumililyaanedmevgsanlusoudaly

AIBLIUIY B98I IN1IAUNIAINOULAUYNABIMUUEININTY Uagnaadin1sAiunITe

- ° Ao S ' = '
Lwawmmummmawwqmmmﬂggmmaqmimmmmmmzamqmm%ﬂ,ﬂ

2.7 MSHIUVUINANANAAIENIVDITEUY (System Identification)
wuudnaesmianuuuuguargnaesiuiaudAyegedwmaniseaniuuynaiuay

AIgaEUiamIuANsEuUInTEde SN kAT ANUAMUNA Iagluudnaeinasstuaveyly
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SULUUYBIANETUSNIANnMAN T TANUNT098NLUULAETIABINITVNTUYBIYAAIUANUY
Aoumesle uuudaedlaeluszgnuuteanidu 3 dnvae Tuanasiueeniy fe
(1) WUUTERIINTIUNTTLMETHarIATIATINVBITEUY (White-box) Tagvinnsmauns
AMUFUNUTVRININTUD181aUTENINBUNALALLEINNA NEIINTULNY
arsimasidnduluszuy Fealnguaisuuitassgiuuuiaziinainiiy
- E v g . R Iy
Remandule Wesaintunisiwinaraziaeravesnuliduduauiionnintuly
fvegunIal wien1neIn1sauLLugIgtuiTwunssinisinureyaifiniy
a o = PN ! = = o ¥ o
agBuakazdtunaInnaieninluaIuniaviasly Feagvilulawuudnasanis
ANAFENTYDITLUUANYULAINAT
(2) wuuPaelunsuNIdnesikarlAsIEs19eesEuU (Gray-box) lngluwuuinassdl
(% dy o A o (% I o ' A ¥ A
anwauztiiduiuudtassnmuamanuduiusvesiinduaislounialasasneid
sULUUAEIU White box  wakisan1symanduyseansvesyalasiasaiuazlonis

Uszauaiuny 1nefiansuinasesnuaaiInnasuiniue e uesigaidu

'
v o

FAUAATNITITAB TN FNVDIANNAUN UV IEUNTITNETALATIETI9VDITEUY

ﬁgé’ﬂwmzagﬁu
(3) LL“U‘URTWa@&ﬁl@iwﬂuﬁﬂﬁw\ﬂi’lﬁL@@%LL&%M‘NG%W@Q%UU (Black-box) 9ZA99N
MIMLUUsIansi 2 viefinanuneney Aearlunsiuidlassasiweslandunie
TouukaznIsinesnngy ﬁ\‘iﬁ?umiWILL‘U‘URT’]@E]QE‘ULLUUﬁ"\]ﬂ‘gﬂ’l'iMﬂﬂ’J’m5Mﬁuéﬂaﬂ
Wanduneleulasnisudulassasiauaynisfimesvesssuulunsouiu Tnofiansan
masuaammmﬂmmLﬂﬁauﬁaaqmLﬂuﬁaﬁmuﬂmmgﬂgaamaaﬁzuuﬁﬁwaaasﬁu
mﬂmi‘mLLUUTSW@@W@Q%UU@MW6] finanunvnsmunas SEnunsasauunniTm
LuuSaendamansyesszuulasfiansanainiasiaswesianduaneleulame deing
f5ANUUUSIADIAEINAANTLUULTNEY (Linear Model)  washuusiaasndinfiansid
wuuaemaeiasiusglaglated (Fuzzy Model) Tasdimsfiuszanalalusmiadeiinn

lUnnsmuuTnaemeadnFansLuuBLaulunsIAsIE Rz UL

2.7.1 WUUINARIRNAAEASLUULTLEY (Linear Model)

1% v

PNNTUILUUVIIADINNAAANENTUDITEUUTNNAINIVIAU Q%Lﬁﬁﬂ’]i‘lﬁﬁLLUUf\]o’]a’eN

NNALAAIAATAN)NILVUTNTIUNIT1Tmesuazlunsiunisfimesaieluszuu Tu

[
‘¢ IS

ngrdnusiladinismainuuitasamisadinaians lun1susudgygrudunaiduiuy
[ s a . ¥ A = ' Y ¥ ) =3
Ay radrneunInALd (Sweep sine wave) WlUluszUUATOEBMIBNIAR LAIINITIAY

ransRdugaduBunm-LoNANIIIRUUT eI IRdinAEns TunsUsudyuauid

nsivuAANUDvedy ey luY TS UUAINNTINBUANBY LNBVIAADUNINDUALDIYEY
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0 v o

seuvlugruarudniegangarfudygyiusuna-eianailadeiiunlyuuuiiaemis

ANaAEns Toglyn1smkuuinaeainiansanauAaIaAiauveweInne (Output Error

Model : OF Model) #iin1snviunlasiasavesnandunialounall

_q™B(q)
y) == @ u, (t)+ e(t) (2.48)

Lﬁa D(q) = dnk qmk + dnkJrlqinki1 +..t dnk+nb—1q7nk7nb+1: qmk E(Q)
H@)=1+fq"'+f,qg7+..+ fq"™

'3
o w

THIUAPUVBILDTIANE

>
o))}
©
Do

AB IIUIUFITUVBIBUNG

M
n, fio SuauvesIa v
y o W1ANAveITEUY

u o BunAUeITTUY

e Al AAUAAIALAZDU

v

L‘ﬁlaﬁﬂ’]iﬁﬁﬂimﬁéﬁﬁ vduna-te1ane ([u(t), y(t)]) 9INTUITAINITAUTZUI AN

[

ANUAANIALAADY InelymnuduNusHll

2(t9)=y®) - y(t[9) (2.49)
MntuinsmAINIines ¢g=[d, d, ., d ,..d . ff. 7T fAvinlnd
NaTITRINTIAAIAABUTAURETian TnelauntsAruduiusdsdl
n
w=> xt) (2.50)

d o < ¥ a ¢
Wan Ae Iuugnvesveyasuna-tetans ([u(t), y(t)])

IngAUIUMIAINITIIMES ONYIIna1vetaunis (2.54)  Ta1didn 3ntuae

aNusananananduanelauresszuulanal

y(® _q9"B(@)
u (@  H@

_n B
y(d)=d A

(2.51)
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-n -n—1 —N—Ny+1
dnkq k_+_dnk+1q ‘ +"'+dnk+nb—1q ©

— (2.52)
1+fqg'+f,0° +.+fq"

y(2)=q™

waNNTFULUUNTTIE0IR8L0873UINY (ARMAX) Uazioe1stany (ARX) Ad1unsn
anlylunisussanuafenduaieleuiednassssuulawuiu Fallsivavidendauandly
[22]
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¥ s
add o v o

ﬂ’]’iE]'e]ﬂLL‘U‘U?!ﬂﬂ'JUQSJﬂ\iVIuLLUU‘ﬂuﬂé’ﬂJg'IU’N’iaULL‘U‘UL@’U%‘NW‘NWW NMMAUNBUAUUBIYA

1'% 1

aaunulddmiugunsalandafaniasulagldnismarmunzaungasienguaunia

Al q 9

saufufInsaslsuAalauUlaw

3.1 unih
emdmiuuniinamdainiseenuuugaauaudmiufidusnestnosueines
(VM) t:humiﬁmimL’ﬁlaulﬁusuaqmmmmh”ammﬁﬂmﬁmé’mgwmﬁauLLUUL@%Suﬂﬁ?ﬁu
nsdanstudymvesanulunuresssuy uenandunisslauszgnalsinaianisman
wangaufianuuunaueymaludestuneu Ae Tedmsumminiwesvesgamuauiiolnla
auifleiafivsnmasan (maximum stability margin) uazdszgnallumsnmninesved
fhnsesuvuodlumssaenavesnisivdsunlasgaisTanuusiussuuiewsuidesanns
Wasuwdasamsiweinisluresssuuenfiguuninisinuresieiudunu dusu
seandeniiinausluuniusznaume hvedl 3.2 nanddislumsesnuuuanIuANAmY

[ a

”@amgﬂufmauLLUUL@%auﬂﬁﬁLau (Conventional Hy, robust loop shaping) N1saankuy
ﬁaﬂauquﬁmumimqa;ﬂlgﬁaEJ"?%uauaum (Non-smooth) LagA1588NLULYARIUANT
smungduresiinuatlameiinserduidileglyisnsmandauau g auiian
c;wumﬂf:jumémﬂﬁa%aﬁ 3 3uansnsvinuvesyamuANTLaus eI fisuUsEAnsam
fumadnsulaglynissrassnisyaumelaiisuniudssannisuniegd (Repeatable
run-out : RRO) wazlughi (Non-repeatable run-out : NRRO) ¥ed 3.4na1289015
ponuuLinsesuiuflauuution Tnsdssgnaluadiamamaunzauiigauuuayniasa
TunsvaLrenaueIN1sUA s UL AR LIUIYDIALSTOLULTLALLANINATDINNTOBNUULUAE
maauﬂazﬁw%mwmmm’ﬂ%&ffmﬁaaLLUUﬁa%éamﬁ’Uﬂ;mmuquﬁmumé’ué‘fw‘fiﬁﬂLaua lng
nadeunUAsuiuviresaauiisTauueiomn 16 waiessinnisdisuuag
A5 1dmeslusr UL 10-65 Wasldun uaznaaInnseanuULLayUsEAVEAmMu0INIS

ponuuunmunazgnasushiluiedn 3.5
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o/ a

3.2 ﬂ']ii)aﬂLL‘U‘U‘Qﬂﬂ?Uﬂﬂﬂﬂﬂﬂﬁﬂﬁmg'}u’aﬁiallLLUUL@‘UE’JN‘W&L@N N138NHUUYNAIVAU

AINUINFUFIU9TBULRYBUN AN a s 1muaduduvasganuAnlalagldn1 sl

ATNT5LADIVRIYARIVANTIINZANTIEARIENEUBUATA (PSO) HazinatiauauaLm

2

3.2.1 FUnOUNITOONUYLIIAIUAUAINUS ARG SO UL YU BB (Conventional
Heo loop shaping)
miaaﬂufuusqmmuamwu%’mé’mgm’mauLLUULamﬁuﬂﬁéﬁuleﬁ”%%ﬂmauaﬂ%”’qujﬂ
Tne McFarlane and Glover [19] Taeandusawetminnouuasnds (pre- and post-
compensator) Qﬂaamw‘uLﬁamwagﬁqé’mgwmmwamauaummammﬁwLﬂm (open loop
frequency  response) PDITLUUFULS 10 8TADLUDLADS (Gyew) Lﬁ@iﬁlﬁmué’mgmﬁ
NHREH Imaﬂqﬁ%’uﬁmLsumfmﬁﬂﬁﬁgﬂaaﬂLLUU%I%%’umsstLﬁuﬂix?ﬁm%mwﬁwéwéawﬁa
@0yTNINEEA (maximum  stability margin) Fananalutivedt 25 dwSutuneulunis

AUATIENYAAIUANAINUINFUFIVNTOURUULDYBUTLAIFUTY Tlunounadauvunsil

System (Distufbance)
r uncertainty
(Con:_mand) . .
KW > Gien  PIW, >
(Input) (Output)

n
(Sensor Noise)

a

5UN 3-1 UARININNTINTUFILINTBULUULDYDUNTIRA

Yupaui 1 ponuuUNINTUTALLEUIMENNOINAUFIUTDITEUUI08TADENBLADT U LAR 1Y
sUBUURARBUANBIN AT IRBINITAteianduawevinnew (W;)  uasianduyaive

Pninas (W,) laalasasisesiendusaive inrinlasagsnenadl

WowF%, w545 (3.1)
Yo se g s+

do W, &, B, a,uaz B, umasiidiuinasiinlag lnessuuidadugiunainaguil 3-1
~ v
ansaduulaiiu

Govem = W,GyeyW, 30705 (3.2)
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Yupaull 2 Uswananuesueliunimianidululaluniseenwuuiinuau K, lneand

581y

1 1
- €max - \/l_ﬂmaX(YQ) -

2

) 33)

(REr3

’min

= A A ¥ a a A yu LN =
o Y way Q fiv nalaufilaanaun1s3AAIRINIzuUNlasuN1SIndUgIY (Goey)  VeueT

'
v Y

N 4ag M ADA1AULLNUYBIRILAYLALFIEIUTBITE UUNTAFUGIULAY AUEIRY

MuALULI1ved McFarlane and Glover [19] Weaauiielafiosnngen (& .. ) uee
N1 0.25 vi98 7. {A11INNN 4 UARTINNNTBDNKUY Wilkae W, fioenuuutiudslumungay

M99Y1NN150DNLUUNINTUTALYBUNRUN 1AL

Jumauil 3 1dene & < & wagyhnsdunTEnYanIUANK AsLAEINNTIAATA (Ricatt

equation) UasauN1IRBlUL

21/¢,,, (3.4)

I g -1
L Y

0

Yunaul 4 WalafiAIuAw K.uadaunsanidmaiuau K dmsuaiuaulaein

KFINAL = WIK Wz (3.5)

©

i
va

3.2.2 TUm9UNITO0NUUYYAN IVANANNLING T I NTO UL ULV UAFY IR 1A UAULAT
naualuaivei

INNTHUATIENYAAIUANLUUIEYBURTRLUUIRNTUveIEeTIduf U1 YRAIUANT

N

[y

wavgaazdugeu vivbmiluuszenaluasalasin nsluunilladiauemeaiianisesnuuy

AAUANAIUTIATURuduraagarIuallatiawnludymfina Inetunounisoeniuy

-2 ©

a

YnAIUANIIIaURiAl

dumaufl 1 v¥mseenuuuTsndusa et ntinneuLasuds wazyinnnsmageuAaIulie
adesnmgean elnlamlenduiimngaumuguuuunsesnuuuresnisindugiuassou
LLUULm@uﬂﬁ?TgULLUULﬁm mmi’ua]zﬁmumé"}ﬁ"umawmmuqmmﬁgmﬂmﬁu Kvem(p) il
p ﬁanﬂma%sumwwawﬁLma%&um@hmuqmﬁ&?aqmsmhwﬁmmsamﬁqm Tngluuniazyinnis

sanwuuYnmUALLduYnAIUANSURU 3 Fedllasaasnanail
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(3.6)

ks +k s> +k s +Kk
KVCM(p):{I 2 3 4}

3 2
Kis™ + kg s™ + Kk, s + K

YUABUN 2 WAILNIEN15V89 McFarlane and Glover [19] Ingfiansanaunis? (3.5) wavin

(% 1% (%

ﬂ?iﬂﬁﬂ‘ﬂ?ﬂﬂﬂﬂ?i‘ﬂ%i@ﬁju

KVCM (p) :Wl KOOWZ (3'7)

K, (8)=W"(s)K ()W, (s) (3.8)

VCM

[

NTULNUAIAUNTN (3.8) adluaunish (3.4) azlaaunisaad

ZW”OO = |: -1 -1 (3.9)
Wl KSVCM (p)Wz

”T }(I - GSVCMW;] KSVCM ( p)W[I )7] M si1

©

b ]
(4 d

Yunaunl 3 Avualnalunduvesaunsi (3.9) iWuaunisinguszasa (Objective
function, Jes) 8UNA LABTINTOBNUUUAIAIUANTIVMANZENTUALABIYINNTMATNITILNDS

p V8IRIMIVANNIIINLAAT J oy AN1gA Iaedgymlunismiauinzauiigaaiunsaideula

vu

Minimize(J )

}(I _GSVCM\N{]KSVCM (p)Wzil)f1 M;1 (3'10)

0

B H|:Wll Ksvem (p)Wzil

sunaud 4 ﬁmuma‘umeuaaw*]iﬁﬁma%mmﬁamuqﬂﬁ Prnin<P<Pmax AL ATNUA
Asfiwesisuaulniunsmengaumenaueyma (PSO) tnsfinsoanuuuynaiuny
fuiausluuniazhnsanmduidfuesuandsumuludian (Ty) Indewesiigami
Julule Ssfasidunmmhlnssuuiaamuioaiosnmgegn Tnefandufiniunilsluisng

MANMNIZANNEANIENGNELATA (PSO) AwaINInNMUAlARNENNTANAR LGRS

-1

}(I ~GgouW, "Kgyew (PW, ) 'M_!||  for K(p) stabilizes the plant.| (3.11)

Fitness = H{Wll Ksvew (PIW, ™

oo

1x107° Othercase.

A A A ! ~ v A =
Weszuuiliadesnmafaunvasssuvaziinnduluauaiaiuio@desnm (&)
TuN1en st FIAIUANNF AT MW TEUUELERE SN INATRRLLAYRIYAAIUANLY
o ¥ ! -5 Y o v o o s !
ggniurualnian 1x10° edauesuing dwsutuneulunsdunsenyaauaANHIuNg
! PN ¥ ! U A a o Y oA Yo
mATMIZaLNgamenaNeunARilTeasiBunnuiven 2-6 ansaaguidunauninlads
JUN 3-2
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3.2.3 Supeumsesnuuvyamavauimualnsaaililneldinaiaevsuiidiueuayy (Non-
smooth Hy, synthesis)
é’m%’umﬂﬁﬂmmﬁﬁigmﬂﬁaaﬂLLUU@T’JMUQMLLUUL@%Suﬂﬁﬁﬁaﬂﬁﬁuauawgﬂ
tharlaluniseenuuugamuauiidvuslassasslawasianlylumaieudieunmuan it
wadafhinaus lnsvawmundnvesisiifeanaugenlunisluaumadeyuen (Lyapunov)
FeanusaanuuinveansUssamTiIza (Optimization) Sawinssuvagiivualnaf
1 TagBnsveanaiiatiazlynisussnunvenaingfvesdineulasnismannsioun

(Gradient) TUNSMIAINBUTDIFNAITANAIED (Quadratic) WNEMIA UL ALV IEUNTS

' £%
aa

Ausuillonnlneazidenandluenansa1989dnaun [24]  FISNNTAINAILLIUAUAILNS

Uszneulandy f = |1, o Tus, 950 g=| |, 0Ty, 0 2(: ﬁawmam%ﬂﬁgﬂiugmwuﬁ
NeYURI
gd(x) = max g(x,m) (3.12)
we[0,+0]

[ '
=< =

o g(x) Jumgeanvesniengiuvedsyuunusenauiu J9IBnueUALVIAEINA LR IdN
=) o o % ¥ a a aq é’o % [ ¢
VIRANTIgAU09aINTT g (K, @) fAauanstulenansosd [24] 35nstidunlylunsdunsien
AAUANAMLALATIATIALUULEYBUNTR (Non-smooth H synthesis) AIUANATLMLIYEY
HIDUAILUNAUAVRITEUUYAREINUTIUTENBUMEAIAIUANLUUT LokasAINTBIALDAN

U (Low pass) B5URUUYBITEUUNQNAIUANAILTBNTUAITUN 3-2

%w
r+ K.
> Kp+?' > G y
C n,
.
2 < e 1/1s
yf S+ a yn +
F

=

dI v o 4 ° ¥ ¥
EU‘VI 3-2 ig‘U‘Uﬂ’J‘UVjQJ‘UB‘Nﬂa‘U Vlﬂﬂﬂ’JUmJﬂ’JEJGQ(ﬂﬂ’JUﬂ}Jﬂ?iﬁuﬂiﬂix‘iﬁi’]ﬂlfﬂ

Y 9

WUUUAUAYNEMTUTEUU TS UL uaaauansafantas [23]
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3.3 HANNTBANLUUTBIYARIUANTILNLEUD ﬁqﬂmuqmaﬁuﬁﬁétwmau (He loop
shaping) wagyanuanNmAtiauausyn (Non-smooth) dwiuldlunsidssuiiey
UseRnSnnvasyanun
ynmuaniiiauslagnasniuudmiumsniuaumIhauYeIsTReLaLID Tl
nssryiumustesiioulransavinulnesnsiiussavsnm ovnaouusyansninaes
gamuauiitiaus lavinsooniuugeaiuaumsimaiausuaun iadanisanguvosi
muAuowduTAALvIlasanwesmmauatlnaiRssiugamuauiiitaue Taglaviins
W3BuiTsuUsEAnBAINHIUNITNAAEUAIBNITUNILLUTNNTUN T e g T (RRO,
NRRO) wuuiraesnisadinAianivoassassuaimasdmiuniseaniuugamuasluumil

AUNNTANUFUNUSAI

1.544x10%s” + 1.051x10"s® + 3.087 x10"%s* + 2.202x10**s*

+9.03x10%s® + 3.886x10°%s> + 1.723x10* + 7.466x10" (3.13)
s*+ 3273 8% + 4.023x10%s” + 9.74x10"s® + 2.754x10"%s°

+2.04x107"s* + 3.866x107°s* + 2.217x10%s” + 7.488x10’'s + 9.332x10%

Gp=

AUSUNINTUBALTEUIMUNNDUY W, wazilandusalyeuIminias W, nlulunisueiye
HAYRIFITUNIUTEVURALAYUIUTUNIUIINNISATIV IO Mmuadug Ul nlinanavaues

N1IANUATUNLABINTT 1nelATIas19vaslandurawetntnaAanatllasasiasail

W = 0.00809s + 56.95 (3.14)
S +5900

_ 5+39300 (3.15)
> $+217500

audieafiosningsgaiidusszyarunmuresssuuilaainnisdndugiuszuy
melanduraweimiinluaunsi (3.19) uay (3.15) Wlulamaruiiewiiosnmgsand 0.72
Tnefiansnnnmenanduugihees Mcfarlance [17] fadiuladmauniandusametming
gnidenunlediieumnzaunenissaweszuy lusasiiaauioadosamdmivye
AuAuTiFLATEInEIBerBulilitaauiieaiosninuesnindnuesie 0.704 uaed

uiuresyAMUANeYN 12 Awandluaun1si (3.16) Fellagaavdugeu yilnianueinme

nsiludssenalyase



ar

0.008138xs'” +2216xs' +1.351x10%" +1.01x10" s’
+4.334x107s" +1.072x10%s”+2.905x10%s°+ 3.71x10%s’

+4.66234xs* +3.846x10%s>+ 1.135x10”s> + 1.211x10%s +2.136 x10¥
s +4.552x10°s" +6.025%10"s'" +2.826x10"s’

+2.29x10%s® +4.82x10*s7 + 1.642x10%s® +2.033x10*s°
+2.702x10%s* +2.293x10%s*+ 6.649 x10*s? +7.232x10%s + 1.249 x 10

(3.15)
Ko (8) =

= ) a va v A o a Qdy n:ll
WaSeuiguanaudRiuynnIuaulinaue ynaIuAueYduNtnluaunisi (3.15)
o i Y < ! a LY ¢
gnvilvlassassdvunadnamumalinnisandudukuusuaauesy (Hankel norm) [18]
lngandunuatubmnifududuvesdiniuaguiinaus gaaiuauilasun1sanduduwan

= Yo &
anunsaleulasadl

K _[0.008138s* +219.95* +2.571x107s + 6.946x 10" (3.16)
REDUCE s’ +2.865x10°s” +3.259x10”s + 8.984x10"

Iuﬂﬁé’amiwﬁeqmmuamﬁﬁwLauaiéuﬁmumsuauLsumsuaqmﬁﬁLmas‘iumigumﬁasJ
mﬂﬁﬂmimﬂ"lmmzauﬁqmywmjumgﬂmﬁqﬁkz € [0.001,0.01], k, € [10,1000], k3 €
[100,10000], k4 € [100,100000], ks € [1,100], ks € [1000,200000], k7 € [1000,200000], kg
€ [1000,200000] Immwws']ﬁma%ﬁm%’umaﬁﬂmsmmmmzamﬁqm%amjmymﬂﬁ

a o &
YaTLBYNAIU ~ 3

ueYNA = 24
< AnuSIEEnLaTegn = 1 uay 3 >
PSO ME#BT 1 | AUSIFEAUATAER = 2.1 uay 2.1

a s
ANULRBYYDIBUNAGFALREANEA = 0.3 uay 0.7

~ 7

J1UIUTOUFER = 50

N§991091NITANTUNTAUTUR D UTUN TV AN AU AT DIRIAIUANTIULE LD
MINENNITN (3.6) WUUNAUBUNALTT NUNANEIUHBIATETANARNEAWITU 0.576 lagan
LYo, Ao a ' o - =
LAAINITRUIAINBUNANEAvEUNATIANGUNBUNIALAAIAITUN 3-3 LAYYAAIUANAINUT

WMHNZEINNTALATIERIAIUANMEWATATIUE U LATIAT9RENNS

0.001275s* +275.4s* +2580 s + 5.037x10* (3.17)
15s* + 140000 s*> +2.291x10° s+ 1.198x10°

Kvewm (P) z{
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0 0.576535= fomad([6 inputs]) x10°
10 T ; !
: ; |
: 10 I
w L | -
: : 5 et
: ; :I":: S ——i ‘_ "m -
] E L
= I
10 o [
p I

Dimension 1 6
PSO Model: Common PSO
Dimensions : B
# of particles : 24
10 .............. e ............. 1 Unconstrained
: : : ] Function : fomad

gbest val,

i i i Green = Personal Bests
0 10 20 30 40 Blue = Current Positions
epoch Red = Global Best

= o = a = ° ‘o ' o o a Y aa
E‘U‘VI 3-3 ﬂ']ﬁ’l‘ul,[i\l’e)LﬁﬂEJiﬂ’TW‘V]Lﬂuﬂ’]@@U%@ﬂWﬁﬂ%u‘ﬂ@Luﬁ]m@ﬂ’]‘U’JUﬁ’ﬂUﬂ’ﬁﬂﬁL‘u‘UfTﬁ(ﬂ’]EJ’Jﬁ

nauanNA

PntuduaTzryamvauiilaanmataueuaym iethunlIeuieuuszansam
fuwmadiandaus lngainnisiaaaiuieatissnmeesnaiiadinailneg 0.4118 lag

Iﬂiﬂﬁiﬁﬂ%aQﬁWQQUﬂlnAauﬂ%VﬁJSSHBUQQSiﬂiﬂﬁiﬁﬂﬁﬂﬂ?UﬂlnHIUﬁla LALAINTDIANUDAN
DUAU 1 AIANNIT

KNONSMOOTH = {0-000846"' 0.0; 03} (3.18)
5486
FNONSMOOTH = {m} (3-19)

InenanaUaunInI9AuRLdn (Open loop frequency response) U4 UUNEN

lulasunmsdndugruuazlasunisdadugiuiseutaiuanianagui 3-4
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Bode Diagram

1I:ID HERERE R T o T

=, L M CooN

=]

:g 0k PP M S

E= : .

=5 R R

= : :

= Al Shaped plant

Morinal plant |:::: : S . e

100 T T H R S S T H A A ST EH A
T =y e —

SRR T:a | . ......

fa) P

k) . .

=

@ D_ ..............................

u ' .

= .

0o 80+ Shaped plant O SR RS

Mominal plant L Do T :
s 1| R AR 1 DUTE ST 11 T TR ST ST DU SRS
10’ 10 10° 10t 10° 10°

Freguency (rad/s)

5UN 3-4 LAAINANBUANBINIIANDYRITEUUUNF (Nominal plant)

wazszuungniIndaugulnumetinduyaseumitinfesniuu (Shaped plant)

3.4 uaaNN13NaeRElUINTURDNNIMBSUATNATaUANAMUAEN ST udY 0
sunaunsundednii (RRO) uazlsignil (NRRO)
nanaUaoussaIiadavemadaiitiauonis iggﬂﬁ'lmm%amﬁammauﬁ’ﬁ
yapuiauandlugud 35 9nsuuandmiiunsanouaussmanuiivesinuauios
suflfuvuidsdenulnaiestumadadiviaue yafaiaueuaymuazinaiaansusiul
AdnsIveeganaintes uendninansuausnaInedyyIututulalagn
Wisuifisudsuanslusuil 3-6 wanslmiiufsUszansnmeanadaiitiaue do
namauaussiinniuarinaifatumaiaerduilivuuiufudaisusumiy 12 vasii
AruAuiitiauelidudui 3 InsnaniaFeuifisuiinienud aaudiewadiosnin uas

N’ﬁﬁ]@‘UﬁUQQVI’NL'Ja’le@QﬂﬂEULLagLLﬁﬂ\{Lu{mi’]\‘]ﬁ 1



50

Bode Diagram
EDn.. LRI T LI

a0
=

Mor-srmooth
00 - Proposed SOHLS : _
80k Reduced order
Full order HLS S S o Do
200 il il Dot IR
380 p

hWagnitude (dB)

ok Man-smaath
Proposed SOHLS | | ; S
-180 1 Reduced order R
Full order HLS R SRR e
S T e e et SO T TR T DT T == s e e ST

10° 10° 10’ 10* 10 10
Freguency (rad/s)

Phase (deg)

5UN 3-5 Uanman1slUTUEURaRaUaLDIMNIANUDYR LN ATIAN1Y

A Yo = a = Y} a o
V]l@i‘Uﬂ']i@@ﬂLLUULW@LUi?JULVlEJ‘UﬂUL‘WﬂUﬂV]U']Lau@

Step Response

AD R R e e e e e

36 .
Mon-smooth

32

Proposed SOHLS 7
Reduced order
Full order HLS

28

24

20

Displacernent (nrm)

D I T R [N T TN TN T NN TN T T TN N TN TN S N TN T TN [N T T TN T N T ST T TN [N S TN TN T N T T N
1 0001 0002 0003 0004 0005 Q005 0007 0008 0.009
Time (s)

UM 3-6 wanaan1siSeuliigunaneuauasmsanledyatuiulavenaiinnieg

A Yo Y a = Y} a ao
V]VL@iUﬂ'ﬁ@@ﬂLL‘U‘UL‘W@L‘lJiEJULVl‘EJ‘UﬂULVlﬂUQV]UWLaUB
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A15199 3-1 MsaUTgufiguaan AN uazsEANSAINIANDYR ImATlAN1SY)

Fnaueluuni
. pargaugs | amady | Adaudewadysnim
UssknnnInIual
Settling time | Over Shoot Stability Margin

Conventional full order HLS 0.0023 0.0848 0.704
Reduced order 0.0052 0.0725 04118
Proposed SOHLS 0.0017 0 0.5765
Non-smooth 0.0039 0 0.6410

desnsruunmmhauresiioruwessiviu lnevhluuaaasdinssunmumenas
aimg sansiUAsuudasemsfimesnislu dyaasununisling nsuyuveseines
savsanan Air bearing Lusu Tnessunudsnaniamnsonuseenidu 2 naulugq fe
N19TUNIUAMENITUALLUET Taedaunisunsfinuueudnian (RRO) uazBnnaunilsde
nssumumeniskneuuulug I (NRRO) Tagluumifagyinnismageussuumauniauuugni
PpauNIHaTINTsd N UALANaty Tase1Bandyy asumMuIILnaTe 93
799 Ben chen [9] dududyrusuniuiifeluogaieuussuveninian lnen1seanuuy
szuulndimuanysauvuiusuduneseenuuulnanuisoansavefisumusiassaiuila
py1ailUszAnBam uanaininissuniunuvludiil lavinisuiunnimesvesiissuy
Ustanad 5-10 wWaesldun ileriunisdassnisianssunuuuulugd Tneflaunisnisuns

WUUTATI(RRO) ansnsandenulasadl
d(t)=0.5+0.1cos(110xt) + 0.05sin(2207t) + 0.02 sin(4407t) + 0.01sin(8807t) (3.20)

U fy N TMNITLNLUUTT (RRO) mseufuAInuAaIAlAda Ui
(Position error signa : PES) mamswLﬁagﬂﬂ’mquéﬁﬂéfnmmuﬁmessmﬁ’mngﬂsumu
9;’3EJﬂﬂiLLﬂ’jﬂﬁﬂﬂéﬁ’JLLﬁﬂﬂugﬂﬁ 3-7 WAENTINLARIANARIALARDUN UL (PES) il
’izUUQﬂiUﬂ’mg’wﬂ’liLU?ﬂlEJuﬁ’]W’]'i’]ﬁLG\EJ%i%UUﬁLﬁj‘Hﬂ’l’if\T’m@ﬂﬂ’]iLﬁ@ﬂ’]ﬁUﬂ?UﬂﬁLLﬂ’j\‘i

wuulaghil (NRRO) Qmmmﬂugﬂﬁ 3-8




Error (nm) Error (nm)
Non-Srnooth RRO (hm)
]

Error (nm)
Proposed SOHLS ~ Reduced order
m

0.0z

0.03

0.04

0.05

0.08

0.07

0.0s

o0.02 o.

u] 0.01

0.0z

0.0z

0.04

0.0s

Time (s)

0.06

0.07

0.0z

0.08

0.1
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JUN 3-7 nansilSeuiisuanuaaanfsuneiLusesmaliniitliaue, imallnandudu

L
]

RRO (nm)
B

—
L]
]

AN
[

Error (nm) Error (nm)
Non-8mooth
]

Error (nm)
Proposed SOHLS  Reduced arder

wazmallauauayNlolAeTUNIUAIEEYIMNITUAILUUEIN RRO

0.2

0.3

0.4

0.5

0.6

o7

0.8

ER=]

0.2

0.3

0.4

0.5

0.6

o7

0.5

0.9

0.2

0.3

0.4

0.5

0.6

o7

]

0.1

0.2

0.3

0.4

I
0.5

Time ()

0.6

oy

0.g

09

5UN 3-8 nansiSeuiisuanuaamnfsunsiL e smalinfiiliaue, mallnandudu

wazwaTiAuoUAL B lAYTUNIUABF Y IUNITLAIMUULIN RRO waglug1il NRRO
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'
[

dyranisunsuuuludfitidudyemsuniussuusiiamssuniuiiioedgn
sufudyyrudunusnszuudy TagaiaunaIaedeun s U IaLYe
muguianslmiiudsussAnsnmaesnniuquileaniuuiu uenainian 3Gmes dauduataiy
Deavunesgiu Tnegnledustiaussainmesnisihauesionlulmnnisuses
fumus (Track following mode) mﬂmsé’ammgﬂﬁ 3-8 WHUNAIATINARIALAABUNNG
G‘hLmﬁwaqswuﬁgﬂmmmﬁaaLmﬁﬂﬁﬁ’]Lauaﬁmamauaumﬁaﬂ’jﬁﬁa fimauAanaiam
nnadedufilaniUisuiilou snsfinansmaseutessyunfifinnsunisuuudnd (RRO) uaz
lughil (NRRO) dawanslugudl 3-8 agmunifissmedafhinauomduiisnsssansam
NS Tuﬁumzﬁ'Lm@ﬂ%ﬁﬂﬁizuu@@%&ﬂﬂyLaﬁsim‘w wananinsmeals
unsufauandusuil 3-9 uansmitufamsdifivesiumusuesiaoru Tnsnisgriiisumus o
sntufiulanssuvarannsaheululnamusesauweyaled dudlenisunaves
73 3 33n13uan Tuguil 3-9 andtureiiafinaueinadidnaislunissuniusiin RRO
SULUUE Wagn135UnIuAIes RRO uay NRRO msfimafian1smunudunanimanauaues

»® RRO 71lun1 Lazlduladesnnilanaanuszuumen1InIume RRO tay NRRO

(n) (%) (m) ()

Ul 3-9 n3luansnsUSeuLsuBalaunsUYBIAIAINARIALARDUTIUIUI Gpes
vouita 3 FilslusmAded lood
(n) uansmaTesmuauThiaussdiadmusddulafufasuniu RRO
(v) uansHavasTIMUALARSUTUMBEUARUDTY (Hankel norm) Auflsunau RRO
(R) LANINATDINIAIUANLUUUBUEYY (Non-smooth) fudIsunIu RRO

(3) uanenavasmmUANhEuaylaivuad1sulafudisuniu RRO Uag NRRO
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A15197 3-2 AN 30pgs VBINTNAGDUAIUAINUAIEY RRO ey NRRO

3G s (WLULUAT)
. 3G pes (WTULUAT) Y
Ui&‘Lﬂ‘VIGI’Jﬂ’J‘Uf’!&I o YBIN1INAFUAWEY RRO
VIN1INAFUNWEY RRO
ity NRRO

Proposed SOHLS 25110 25423
Reduced order 3rd order 5.0168 N/A
Non-smooth 4.8575 N/A

3.5 n1seanuuuRlnsaslsuallduuuiias (Adaptive Notch Filter)
Mnuansnasedluived 3.3 uandvidiuisausuussesussandisuniu Tnedh
sumusiinmaunslus il (NRRO) dufinansenuiisunsamuuumsunasuutiiun ddy
Tuunifagnamfmanisniaifia NRRO FsfinavhlmAnnisideugavinnurenaguinaisves
audisTeuuue 91nN1sRNsANsTUUIRETARELaINe NN T INKave AL ToRULT VN
oty 4 ga dedunnsud 3-5 agnunilifies 2 lu 4 sTsuuugmduiifianlanau wae
AmanoAuguLsIvaINsTUMLuanduaunsi (3.21) Tnsunilagyinisesnuuuianses
yiaUfusala LﬁaﬂaaammmmLGUEJmasuaamiLU?{suLLUmf\;mﬂmm?ﬁ'ﬂmLuu%s?faﬂﬁ‘l%ﬁa
nsosfesnuunsiituluanninannanssnuesnisisunlanavhauilalumanduius
nsosileadleluannsnnanaresslsuuutla Aagvilnanautfveseninfantuusasmaly
pe iflesanasiingausleuuuniuiurilnensasasanonulufiaiosninesszuy Ui

3-10 wandlasasavesssuulsuilalaglandnuagisnismanmngauiganenauaynia

T PSO
\,W%:(x, -4 learning

Y

f

e(t) ) : HDD acutator :

|

! I
Reference SOHLS  [u(®) T | 1| Nominal Resonance | ! Output -
C%Q controller [ | | model | | modes ! v

y(t) 4 | !

L ol __ .

JUN 3-10 IpssasavesssuumuanUaunauiidinssanuuilosaunsausudile

SS+28os5+ @ S +286,0,5+ 0
S*+28 @S+ S +2E 0,5+ w;

notch(s) = (3.21)
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W19 &, & WAE &, & D DATIAIUAUNUINVBIAINTDILDY VUL @, AT w, ADAIFILNLA

Y93ANUATIELLLET 1 wag 2 Tuyanfiansanasun 10° 89 10° 15ieunaiui

Tuunifmnefiazesnuuudinsessiauiuflanuudeslnglumaianisman
wnganfiganienaueyna (PSO) lunsmaWISIdiees (&, &, & Ewwr w2} TfanTes
wuuiien vesaunsil (3.21) Welnanunsasamenansgnuiiluiduiinosnisvesmgingunis
Wasuwlasganruislauuuslussuussafanias Tnefieaudonuunsgiuesniny
ARALATOUNIAUNUI Opes %Qﬂiﬁﬁuﬂaﬁ%’uﬂmLumiﬁﬁ’u%%msmé’]mmzamﬁqmwmém

auNA Fadlauduiugeail

Adaptation e ) 1 &
= [—» (x — )’ ,where...u=—>» X (3.22)
{ Fitness } VN é( ) 7N ; '

Wo N A93IuIUueIAl AU a1 In ba XABAIAINLARANALARDUN IR AUIVD

DIWNALAY 1 ADAINANVDIYAVDLA

AIAIIUAAIALARBUNNAIIAUL opes TlnaUnfAnadduarinsenainnssulydu

[

&’a%amﬂiz%m%mwmiﬁ’mumaamimmaaLguLLua%ayJa (Track  following) TA8AT 30pes
%9’91}@ ‘LjaEJﬂ’ﬁﬂlﬂmmNamwam%m,gul,l,uaﬁgayja (Track miss registration : TMR budget) ‘17‘i
QR LARESILIUALLTRYAReII N T IMAN NI uesansesesorUSusalatl
WIENINNIATIVINAT 0pes TUAUTINANTIRMLANTE AL AUsTUVIzadU LA gl
nslasansesuuuiesuariinisBunsmiunusdivzanfiannsnvnvenaseseuiis
TowuusiAsuuvadly sudolam oms 1'71'6‘1"'1ﬂ’iwéwﬁﬁmumﬁawqmmﬁﬁwmLLaﬂﬁgsqmﬁa
nsesatiuldaunsgiadinaiudsugevhaulug esndlsinnuisnisilalasdesiunisida
arniluiafosnlaglynisngratanm ops founnnageaniivonsule tneflssuuavaing
Wlinsesneununiiafiosnnunuuahnisaumeoluauduganszuiunis lasns
Uoeiuilizenn Bang-Bang wada ilwluidsanudemeluszuy uenaniamnsimes
Gunuagleaiilaainnisesnuuuluneunuiiielnszuuaumdinouniogavesarudi
Wasuwlasludulasnitulasns i 3-11 uansnis3suifisunansenuveanis
Wasuwasgaanuiisleuuueiiadudeisufisufuszuuifininadsugaaauiis-

Tawuugundandladnsesdoguuuiivey



Bode Diagram
Fraorm: u To:y

100

S0t

iwy

=

1]

2 ol

=

[

E gl Marrnal plant

Resonance shifted
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=
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5UN 3-11 wansiIguifiguvessyuuund (auicu)
warsTUUNINsURsuLUaaauiLslaluus(auELna)
(n) nameUausIIIALaLUUNLITA (Open loop frequency response)

(2) nanovausInedy Y IaIUTUl (Step response)
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mng‘dﬁ 3-11 azﬁammLﬁuimmLiI%LLuu%ﬁﬂﬂﬁLﬁauIU%ﬂﬂﬁ;mau (1@uALAY) uadIwE
slmAnaaAuduiinansuaussmisaat deiiluatanigannadnigady uazens
neluinauidenienetioiuls eszuulafnsesansesudusalanuuiessuansly
WHUNINT 3-11 ﬂﬁqanﬂLﬁmﬂwsLﬂﬁauLLﬂaaﬁwLmu'wmqmLﬂsziLLuusgﬁﬂﬂ;iww%’u&'ﬂ@T
YIN91U Imagﬂﬁ 312 LAPSHANDUALBIMNIANNEYRINSTUSUSvesiInsessuilau o
LﬁawwswﬁLmagﬁuaqazwgﬂiumuﬂszmm 60 Wosidun uenaninanevauestuulnee
memaﬁuaqmiﬂ%’uﬁa;ﬁaLwﬂﬁﬂﬁﬁ’nauaﬁmamﬂugﬂﬁ 3-13 LLaSﬂiWWLLamqmaﬂﬂséL%W

Aneuvesnallandnauslagnuandlilugui 3-14

Bode Diagram
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=
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T E0fob .
g atch : :
£ 00K Marminal plant with Motch
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=
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E A0k D . Ch e
= : . [ : : .
fag) N . N
£ 00 Resonsnce Shifted
— Adaptive Notch iteration
~180 TGl | | L N 1 L Piii H L iii
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o OfF
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et} .
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E ; R ; ;
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2150 PR W | [ | M
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& ok sonacii LT A
=
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= : 5 Lot : : :
= : = L = : :
= -100 Resonance Shifted il
— Adaptive Motch iterations Lo Lo
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E o) =
= : . Lo o . :
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2 mlh Resonance Shifted
— Adaptive Notch iterarion 7
L il | | L i 1 L i M
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Displacement (nm?

Step Response

of Adaptive Maotch Filter

Reference

. ) Fized Match
-50 1 1 1 1 1 1 1 1 1 7]
0 0.005 0.01 0015 0.0z 0025 0.0z 0.035 0.04 0.045 0.0s
SEI T T T T T T T T T
-
a Reference -
L Adaptive Motch teration 1
-50 - 1 1 1 1 1 1 | 1 1
0 0.005 0.01 0015 0.0z 0025 0.0z 0.035 0.04 0.045 0.0s
SEI T T T T T T T T T
o Reference I
\ Adaptive Motch teration 3
_SD 1 1 1 1 1 1 1 1 1
0 0.005 0.01 0015 0.0z 0025 0.0z 0.035 0.04 0.045 0.0s
SEI T T T T T T T T T
a Reference I
K Adaptive Motch teration S
-50 1 1 1 1 1 1 | 1 1
0 0.005 0.01 0015 0.0z 0025 0.03 0.035 0.04 0.045 0.0s5
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a Reference I
K Adaptive Motch teration 7
-50 1 1 1 1 1 1 | 1 1
0 0.005 0.01 0015 0.0z 0025 0.0z 0.035 0.04 0.045 0.0s
titme: (=)

JUN 3-13 nanauauestuiulaszmnanisuiudmesiinseslsuilawuutiey

ghest val

15.0027 = fmod( [ 6 inputs ] )

epoch

Dirnension B

a 200 400
Dimension 1

Dimensions : B

#of particles : 8
Unconstrained

Function : Bmod

Blue = Current Positions
Red = Global Best

JUT 3-14 nsmuanansgiAneuvesianduilaium

dmiuimadiansmaminzauigakuunaueaunIa
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Woesiiunlaaguil 3-15 (n-2) uwanslssdninmasunaiianisladinsesuiudilasiuiusy
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[

muaNkuUAurtadmuadiule Fan15199 3-3 azasunaneuauaidfgyveunaziaa

N1INAADN

Step Response
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= =
m w

Amplitude
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T T

0.0z25

o8-

(=]
m
T
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2
=

0z

L | I L
0.005 nm 0oms 0.0z
Time (seconds)

Step Response
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0.025
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08p

=)
m
T

Arnplitude
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.

02
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(m)

Singular Yalues (dB)
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RE

Singular Values

il il 1 L 1 1
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180 =

Singular Yalues

100 ——rr

H Ll I H
il 1 10t 10 10
Freguency (radfs)

Singular Values

o

o
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o150 il

anf
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Frequency (rad/s)
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Step Response
T T

Singular Values

100
1 fllas
[
o0&t —
)
E 0.6 F g:
I =
E
0.4 &
02 -100 -
0 . . ‘ ‘ el e i A
o 0.005 o.01 0.015 0.0z 0.025 101 mz ma 1D4 ms me
Time (seconds) (Q) Frequency (rad/s)
Step Response Singular Yalues
! ! ! 100 T T
1L B A A8 n g

R

nak . B

06

Amplitude
____#‘_k_‘
——
A
i
o j“
‘j .
|

Singular Walues (dB)

0.4 H

0z

L L L ! e : s : : B
0 0.005 o 0.015 0.0z 005 150 o 152 e 164 o o
Time (seconds) (Q) Frequency (rad/s)

Step Response

Singular Values

100

08

06

Arnplitude
Singular Yalues (dB)

0.4

0z

0 L L I L L I T T T . ; L HEHEEH i T Ll
0 0005 001 00e 002 0025 003 0035 004 0045 005 1 i & 5 b

: 10 10 1n° 10 10 10
Time (seconds) (a) Frequency (rad/s)

5UN 3-15 nsiUeuiisuludieemanauaueslutulalasiana UaLeIveAURvede 6 Lad
Y o v =] a ' Y a0 (Y v ¥ <
Eudunsuanaiinsesuutiossiinan (FFNF) uagiauduansiinsoslsumlawuuiion
(n) tAa 1 : 10-40% MIUReuRaLslanuLe 7 64 1AaI0879 (V) 1Ad 2 1 45% nsdeulla
(A) LAd 3 : 50% MsAsuLUa () 1Aa 4 : 55% mswisunuas

() vAd 5 : 60% nMswasuLlas (@) \Ad 6 : 65% mMswasuwlas
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. s . . Sum square error
o,
Scenarios of Adaptation Rise time (ms) Settling time (ms) Overshoot (%) (pu.)
Resonance
Shifted process

FFNF ANF FFNF ANF FFNF ANF FFNF ANF
10%-40%
Shifted No 0.89 1.2 - 0.15 - 0.84
45% Shifted Active 0.85 0.92 2.8 1.22 3.06 0.62 0.99 0.85
50% Shifted Active 0.86 0.87 4.2 0.93 4.37 0.60 1.06 0.86
55% Shifted Active 0.92 0.91 6.4 1.23 6.46 1.83 1.17 0.89
60% Shifted Active 1.01 0.93 20.5 2.16 11.34 1.67 1.49 091
65% Shifted Active 0.53 0.54 81.2 5.42 18.76 431 3.74 1.15

A151991 3-4 ATNITTILADTVDITLUUIDEIADLLBLADTHALFAINTDITRTULAAIAT

(RERFUE LR RS TL Avesdoya
k VCM, k, VCM 20, 5.04e4
(A1, B1,¢,, @, [HZ]) vem (0.0000115,-0.00575,0.05,700)
(A2, B2, ¢, 0, [HZ]) vem (0,0.023,0.005,2200)

(A3, Bs, &, , [HZ]) vem

(0,0.8185,0.05,4000)

(A4, Bs, ¢, , 0, [HZ]) veM

(0.0273,0.1642,0.005,9000)

(é,lnn ' gldn’ a)nl [HZ]) NOTCH

(0.0335,1.674,4000)

(é/2nn ) §2dn @,y [HZ]) NOTCH

(0.2521,2.521,9000)
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3.6 d@gUna
quwﬁﬁwLauamiaaﬂLLUUﬁmﬂaU@mﬁmé’mgwuwiauLLUULamauﬂﬁéjﬂjﬁmﬁmum
SusurasamunulaTutuniseenuuuiinsesusilanuuiedlunisaiunuiestaes
wowoslnanusasrysuvudlaeuiug Tusureamsoonuuuimuguasmufitiaue
Ussgnalsmauiieadosnmdaduiiamuamuresszuuduianduinguszasalniy
wadansmAmnIRinesesyanUANSURy 3 fitwualimeTniamaanumzanan
nauaynA (PSO)  Bsazmsunladgmlunisinmeiuasiuniduteunarssenlums
afinmanslnneaty Mnansiieuifisulssansameesszuudonadeutufasuniy
¥iAun1991 (RRO) uay wazundlugt (NRRO) wurwadaiiiauslvdsyavinmlnaides

AUMANANISOBNLUULDYDUNULUUAILAY VUENIANANDUAUDILALAINUAINUNILNLDNIN

d‘ Aa o (%

wadaduiifidusulnaifssiuosaduladaeu fauumeauifeaissnnvounaiad
ﬁﬁLauaﬂzﬂaaﬂimmmU@mLLUULaﬁnﬁuﬂﬁﬁLﬁu unogslsAmuyamUANTisanLUUTSufuT
fualadsuaenisd wn deiilvmeannalunsdunuasnenennilulszgnalyads
uenniiflewfiulsyAnsamannuamuresszuy veninieideilsilaoonuuusinges
UsuslauuudeslunmsvamenareanisidsuutasiunusessaisTsuuugiilnaainga
yhamududednguaninaunannsunisuulusil (NRRO)  iflenaaeulssandnmues
szuvfioonuuulanaasunisiauniglanisisuudasgaanuiisleuuueiai sind

a

Fee1ana 5-65% Msuasuulas lnenaiduiniislauaziivsz@vsnmasnindnsessile
Asmeenniulatn detunsusznevrasameadiafiinaueilunisaivnuiestnosusLnes
il uaiunsaviulaeslivsednsamvasnaiunsosnwaussauswagiadesnin

ANNAIVIUUBITEUULA
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N1399NLUUYARIUANAIMNUNIMUALATIATINLAGINTULATDIBYIERAR

funuurnadnfifivaneBunaviaee1ving

4.1 umin
devluunilagnandeniseenuuugnmuauiaruuuiiaomuadaaanizes
guUnsaIsrIFavuIaian tnsszuudanariduszuuiiinindoulostusemnsdunanas
01w Tasludumeuvosnisasauvudiasswesssuuituaglynislausunduseiing
sruunsonfuIadygIunnAdouiifiAansnevauewaINIAIIMLUUT AN
adlnmansfnyaudsazgnoduisegluiite 42 aeainiuluiiue 4.3 azuaninis
DONUULYAAUANAILINA g W TEULUUIYBLRATH Tassmusienduthmiinfimangan
uardnaTennuANeTBLATRLUURL uazdmuaudmiumadafithiauefedniuny
mmu%’@é’mgmfmauLLUULaméuﬂﬁ?ﬁyﬁuﬁ@fi’muﬂimqa%qmaaﬁu’aquswgméuaz"biiwgmé
(Centralized and Decentralized) ’i’mﬁﬂ@hmuquLLUU%Lﬂaai—ﬁIﬂaa (Ziegler Nichols) lng
luave 4.4 wansmavesn1seanuuuINMIdaATETsnuasluuasyade uaskanTs
$rasuaznIvnaesazgnuaniuaziUToufieuluiivedl 4.5 luwegamed 4.6 avagUna

ANSINVRINSAN YU LENVDINTDBNWUUT

4.2 NMSWUUINARININaAEAs (Dynamic model)  ¥a9ATasiiodrgrIfnduLUU

< o/ L's ofo .
UIALRNKAZNITIEYLDNANBAUVDITEUU (System Identification)

High speed
camera

computer
Surgical
Microscope

Inertial sensing
-

Microsurgical
Handheld
Instrument

Motion comtroller
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Tngluuainisgunsawisridatuiduaiefioniinud1dsy lnsanizesds
dmsunsudinvuimdniluanunsanndariunisusaiukuuun@laend nsudnszaugaa
nsruAnLaulssamanesifivuaiuindaduszaululaswns iuau dwsutuneuly

Y a da ' ' v a & HAd¥ Y =
n1snIRnIzisuniinsasnasddulasalavludiusnaniuninesnisudatazUateinues
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n1suszgnalaiasesliowionidnsiudunasslulasalauwuvanysuazwansiagun 4-1
nuideilysuuesnuuukazmIuauAIeslonfnauLuUNloLsIvosduILuLiAnTunIs

d‘ A s o A o Y o LY ! 2 o
wasuiivesuatelanidn 91n3UR 4-2 Wunsvihauvessiissusuunisiundniieonwuy
lnginIesgunsrndnllaiuusenaundans feil (1) 1ASsasamanifafeiiwnugniianisn
LazgUNIUTUIAGOUNLULIEN (2) 29959 1dMSUAIUANKSIILIAEN (3) Lalgasdnsussy
Fuvnsiedsunvesatedy u LK-G3000 CCD@wmsulassasimanfididunuidalay
fin9z1PeunaiUlATIETINANAIBLALAIALEALLAATLIALEN UBNINUUFIuNUERSTlaRam

! < Yo oY - o ¥ [ ¥ ! 2 <9 Yo v a =
YALUMANDT13TEEAIY Ainsatuvinivnainaseauuwanilvdmiuindouiivans

<@ =) Y ¥ ! 13 ¥ [ v & ¥ = ¥
duvadiandia lnenisasvawiuwumianlndudnvazvsinisudnisaeniu Janszual
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ngunsuvengazgnlaugsruulniifianinsaiuviuiu Ingisseznisiniounazgnin
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Permanent
Core Micro-- Maenets

. T
manipulator

A
v
— //
s —— ™~ — B ——

~ _
— F
—

Magnetic Coils

Laser [T

-4 i+A i

(n)
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(2.1)
Shafi Magnets
Core Micro
manipulato
(.2)

=

JUN 4-2 gunsaussyimuauIaLEn
(n) dnwaglasIasaugIUvesaUnTal

(1) 29AUTLNBULALNITANAILAYTINYDUHATDILDAULUY

ANSUNITIATIZTULUUIIABINIAUAAIANTVDITEUUAINANT DIAYNITILATIZH

o L3

AMUANTTUTIENIFIUNUINITIARBUNLAL L TINANTINATINTUIINNTURBURUAINTEUAT

Y

VAAIANAARINTIVNAULUIANAITIABYININTIATIEIUEATRANISADUUILAY X LAZRUILAY
O - = o , o o
y L85z uulafiLnieeDauuIlAuaziin1ssunIuiy (Coupling) muﬁ@ﬂug‘dw 4-5 uay
o U ' o/ a o 2 !
4-6 ImEJmimaaﬁzwmﬂan%mﬂﬂms';Lﬂswwﬁ,ugﬂLLUUﬂJaqma-aﬂia-mwma (Mass-
Spring-Damper) 4ANUFUNUSAULTIAI

d’x(t)  dx(t) _ @.1)
m—dt2 +b—dt +kx(t) = F, ()
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Wo m, b uark ApAFUUTEEVSVBINIA NTUU LAaLEUSI INAIPU FEnSUNUITEUALTS

' < o Y v o ‘o LY ¥
LN Fe Qﬂﬂ?ﬁﬂﬂi‘ﬁﬂﬂ’)’]&lﬁmwuﬁﬂULLi\‘i@lu‘lWW’]GﬂﬂJﬁQJﬂ’ﬁ
F. (1) = Kv(t) (4.2)

gl v ﬁamLLsaéﬁ’uéuwmﬁﬁauLsi’ﬁajawssumaﬁf\iwlﬁﬁ’uwmmLﬁaa%uwt,ml,t,m%é‘ﬂiumi
Fuirdousurusaody dmsunsinszvaunisneadamansyesszuulngleianisms
mﬁmmam%@aLéjuﬁ?uﬁmmsjqEnﬂLLassfj’Uez?auLﬁmmﬁwwmﬁma%wawéffgﬁiﬁmmmmw
Al N HATIANNT9INSUNIUAUSEMINILUILNY (Coupling) Fuulunismuuusians
‘vmmﬁmmam%maﬁzw%mﬁamﬁLﬂiwﬁizwm"mLLUUf{]’wamﬁug’mﬁama—aﬂ%a—
AN WADENIlSAMINNNTIAS TR EILALUUS AR Ina Tl s anedmsuuen
FUMUIVDITE UV Lﬂj’e]\‘iﬁﬂﬂmiNﬁﬁ]@Uﬁumﬁlgﬁﬂﬂmi‘ijj’ejugﬂﬂghm’ﬁﬂm@LLUUGUWEJ‘ljﬁzﬂLLG]I
A 0.1-50 185w dagU 4-4 wundigedidarudisTouuususngiuuing 19 Bmdaiuls
TauinTAssasawesssuunuuLsTouuusasluluusIaesveIssuusnlneauEduRus 0
usaslmesyoymsiasundasiunusaninsaUsyanalady

_X(s) _ K s’ +Cs+ o’ 4.3)
V(s) ms®+bs+ks®+2fws+ o

G(s)

e ¢ o way & ApMAUUIZENS A1AIINE LaZERIIEIUNITLANVOILUUTIADIAUDLT

T U
F [( S ) <
Filterl
Micro-monipulator
- Controllerl system
vy + u; N Z[
K[(S) » »
Uy, Gulyz
Controller2 U ¥y Uy,
V2
1 KZ(S) Uy > >
+
Filter2

A

F(s)

(n)
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F 1 ( S ) <t
Filterl
Micro-monipulator
- Controllers system
ry + u, yl
ey ’
Ki(s) | Gu]y1 .
KZ](S) ‘ | GU2Y1 Gu2y2
r_>2 - V2
+ K2 2 (S) _>®_> >
Filter2
F 2( S ) <t

(@)

JUT 4-3 WHUANEENNYRINITAIUANTEUU (n) F5U5I0AUE (Decentralized control),

() 3‘%5%m@u&j (Centralized control)



High Performance Supply

AC
110V
60 Hz

L;

G

Control Computer

r
Controller i,+_A ir "2 ]
L
v + b +

up

V2

A

LK-G3000
Laser position
transducer

Fz(S)
F[(S)

Vi

A

5UN 4-4 nnsiuvesenlsznaun1ee luNMIAIUANIEUY
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04 T T T T

y2
(o)

0ns 1 1 1 1
a 0.5 1 1.5 2 25

y 1
=

] 0.5 1 1.5 2 25
0.0 T T T T

0.005 -

u1

\'I
-0.005

_DI:I"] 1 1 1

Time

(n)

5UN 4-5 dygadunniaziannng

'
% a v )

(M) ALULUNIUBUNS Ug NUTSHENIN

T o q

() WupuesdyanBunau, fussegnaiivatedamdauila v, wa

g7 q

Uaneilandouiile y; Lazdyeyu

y2
=

0.01

0.005

-0.005 -

0.0

a

a
o

[y

SAUUIUBDUNG Uz NUITHUENIIN

A

0.5 1

0.4 1

25

MNUINY

BUNF Uy NUITYSNIN

04 1
Tirne

()

Unsadmiuveya

'
al

Y =

1.4

Uanedinlausuniu (Coupling) vz

248

Uanefialausuniu (Coupling) Y1
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Measured and Estimated G, , 05 . . . HZ1 ‘
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AMMTUNTILYBNANYYBITEUU (System identification) @ 1densUeudtye 10U

o

YYULUUNIAAIIUD (Sweep sine) 118 MATVLLTULATOUTFUULATINHARDUAUDINTEUY

a cs‘

nn1siadeunduiioswnainannseudyaadunaiuiuandusun 4-5 laedyayi

'
a [

auwmmﬂan%mﬂauwﬂLLmLLﬂuizwm X bbeE Yy Lﬁ@ﬁﬂ@?ﬂmﬁiﬂﬁaﬂaﬂigUU 1nYITUURE

Y
¥ L4

fn1sUouBUNANIMNA 4 BunA Waile MWATIVUA 2 1B IMNALENAILLLILALIINTUIY
NUITEUVUANITTUNIUAUTENI N UILNUTIUIINHAVDINTU R B UL U AU NTIED9
wuwawnwiisUsudygrasunmuniissuinnuiedntomgiadunisadvayuinisnig
AATNsEUUlnglYIENTBRAUMUULALTUT AL INLAETULDUADN TN HUUTIABITEUY
WUULBSLEY dusunismaendnuaredssuulunuidelazlyisnisvesanueainndou
Yo MNA (Output error, OF) lngn1sUsuvayad a1 auAinTUMYMEY A NALIN UG

) gy = ¢ a = o - i
szuulnefidyaunisniemiudvesisududunawariisseznisiniounveslaisaunsu

« IS ! Y ¢ A ' L% a %

wsesllemerdnduomwaveszuy Ineanun 45 (n) Wuevesdgyaadune uiu

a =~ 44' v ¥ o d' =~
izﬂs%ﬂﬂwﬂmﬂumﬂaauwlm V1 LLazaiyJigﬂmauwm Uz ﬂUingng’]\‘Wl‘Ua’]EJiJ@I@u5UﬂrJu Y2

™ PN ' @ a @ PN = = av ¥
weIUN 4-5 (1) iuguesdyaBunn U, dussezmaiivaneliamdounla y, uay

o q

'
% a (% !

doyeurauBunm up AuszegnIanUatelalausuniu v, Tngvhnisitupniunisnesuiden
Aufiga NI PCle 6323 Tnsfimaunisifiuvteya (Sampling time) agdl 0.001 Juliiiona
Qﬂgmamuia}umswwé’qmﬂﬁ?uv‘imﬁml,aﬂé’ﬂmjmuiﬂiLmﬁm MATLAB lnananauaues
ENIUTTUNNIETASIAI1IYB UL IABITTUUALANNTST (4.3) Tngau1snsiaesuy
wenlavinun 4 syuumuaLnST (6.0) - (6.7) &l

s - 1.06x10%s> +3.56x10°s +1.75x10° (4.4)
W6t 412,195 +3.21x10%% +1.99x10°s +2.57 x 10°

B 1.31x10%? +1.76 x10°s + 8.15x10° (4.5)
"2 gt £10.235° +1.595% +1.16x10°s +1.12x107

G 2.04x10's’-1.55x10% ~3.03x10° (4.6)
Wi st 45,5087 +3.118% +8.83x10°s + 2.41x 10°

- 9.58x10*s> +2.69x10°s +1.47x10° @.7)
w2 5% 49,055 +2.97x10%s% +1.36x10°s +2.19x 10°

JUN 4-6 wanamsiUSeuiisunaiilaainnisinasaasilaainnisussananigisnis
OF ¥8938MIsvyLenanuavesssuvIngUnuHanauauasiladaulnafiesiuuinyitly
annsalydudiunuvesszuulanazuuudiasaesssuuiasesiievisnidanusuuningg

sUNIUfiY (Coupling) vasommaaansaideulugumninglasil
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G, G,
Gmicro = G1Y1 W (4.8)

manipulator Uy Yy Gu2y2

wazausadeudusuuuuresaunisvesUsgliaoue (State space) ladisil

X = Ax+Bu
y =Cx+ Du (4.9)

4.3 NMIPINUUUATIAIUANIATUFIUITDULUURYDUNTANAMuUAlATIa TS laadagy
Auduazlisiugud (Centralized and Decentralized)
WNTRNLUUMIAIUANAMUAMTUTEUUNENITTUNILAUYRREIMNA (Coupling)

d' = o ¥ 2 N o ! &
SUENLﬂi@QNQNWWWWULL‘UU‘UU’]@LaﬂﬁJGUUG]E)uGNWQVLUu

[

Jupaun 1 dadugiuieseuvesssuvindalulawuniud (Open  loop  frequency

(% '
LY o o

response) I@EJﬂ’l'ﬁizqﬂaﬁ%u‘mLSUEJumumauLLawé'ﬂ (Pre- and post-compensator) e
WikagWosisaunisil (4.8) Imsv‘hmimwaauammwmaaﬂaﬁ%’uwLﬂjafmﬁﬂmugﬂwuﬁ
thiausluunil 3usnaniifussneutanizsin (Coprime factor) Ssgnasiadusauszney
zsIvesAUllLENYBITEUL (Uncertainty coprime facton) Inswusidudauszneu

Yoy (N) wagdiusenauvesinaiy (M) veessuunlniun1sdndagiunas Gs ned

ib—e ~—

AUAUNUSA

s+a,

W 0 10
s+, , - (4.8)
[Wl] = S+a [Wz] |:0 lj|
0 =%
S+,
G, =W,GW, = LA: BD} (4.9)

lne@l A, B, C, D Wuiinwesluguuuuresdiglaniusvessyuuilasunsdndugiuuad
G, ={(N+A M +A,)" A A], <&} (4.10)

Wi Ay, Ay ANUlNLULIUTDIELAYILAT AU UL UL UUT IR IEIUAINARU



Singular Values

1DD T T T T
-------- Mormal Plant G
S0+ .| = Shaped Plant Gs H
0
o
= -a0
L]
o
=
E -100
k:
=
5 -150
i3]
=200
=250
_BDD 1 | 1 |
2 I 2 4
10 10 1a 10
Fregquency (radfs)
(n)
Singular Values
50 T T T T
Proposed decentralized FPID
Proposed centralized PID
Canventional centralized Hinf loop shaping
D .
o
50k
oy
i
=
i
=
5
Z 100k
[
=
-180
200 L Lol L TR R | L Lol L Lol 11
10" 10’ 10" 10° 10’ 10
Fraquency (rad/s)
()

3UN 4-7 Anengu
(n) sxULUNAkAz I UUNLATUNSINAM LY
(v) SUUNAIUANAIEIBLOYBUNLALUULAY

WAZSEUUNYNAIUANMIEINSNUIALDIEITENTS
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Yupauil 2 wAEwNBEteINNgEn (o ) EenAN £ < £ LEANUIEINTIL
Y o9 max max
AuATIEnYnAIUANLUULRYBUN TR nTUUSs UM UAUmAUANNUaUs L dLATIENYR

AIUANAIYEAUNTT

I
IITMILO{K }(HGSKOOV[I GJ <& (@.11)

1%
[

Feazlaganiunugaensll
K, =W KW, (4.12)

Yupaun 3 MVuAlATIETINTRIYRAIUANTINBINT N tuuNTtaueNITERNIUURIAIUAY

ﬁﬂLLUUiam@uaLLaﬂuﬂm@ua (Centralized and Decentralized controller) f4il

Kp +K—i‘+—Kdls Kp +K—i‘+—Kd1S
s T+l s Ts+l (4.13)
K(p)= '
Kp ﬁ+ Kd,s Kp +K_i1+ Kd,s
s Ts+l s Ts+l
Kp, + K, Kds 0
K(p)= s Ts+l (a.14)
0 Kp +K—i1+—Kdls
"s Ts+l

Yupaun 4 dimuanndaueNdngUaunssukuulraite AR alEl g AN YRS
szuulagfinnsanaun1si (4.12) uawinseneveaunsuaIunuifinuAN i nLuUA,
muaufitiauevzladu

K. () =W (5)K(p) W, (5) (4.15)

[

PAIDNUULNUAIANNTN (4.15) ashuaunsi (4.11) azleaunisaiuieLd@nasnineail

1
Oy =2 =T,

W

(4.16)

| -
:H[WI]K(F))}(I +GW K(p) I G]

0

[

Yupauil 5 daglaunsn 4.16) Weasiadulainduiiawaluiuisnismanmunzauian

U

AILNGUBUNIALAENLHLITILUND (PSOGSA)
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-1

}(I ~GgyeuW, Koy (PW,™) "M, for K(p) stabilizes the plant.| (4.17)

Fitness = |:W1] Ksvem (p)Wzil

o

0.001 Othercase.

dll S ! a . 44' =
deszuuiiafesnmafnuavesssuvasiinnduluamumaiuiieaiosnm (&)
yaurAfalungnivualuidal @1 0,001 visellnuegung Wemimiius paieluveda

mvANndLauov nsruvandsadesnnas lulanuteulunisiaiinesns

TUABUN 6 MUUATDUAVDINITABIVRIYAAIUANTITLEUD
TnernualnKy, Ke, Kps azKps e [0, 17, Kir, Kig, Kis wazKig € [0, 17, Kqy, Koz, KasthazKag
€[0, 1], Ty T2, Tz uagT4€[0, 50] uagAmualud uiudinnuamiiu 30 A19IUIUTOU

gegnegil 150 s

TUABUN 7 MNUAAIANTIOUE WaTEIULHBIATYININGIEAINTTN1TTAFUFININTBUT

[

Wnauaveisaegliuuminiuay Ingivuaveulwaeuluaudna

'
v v

®  AMUUAYIAIUNVDITLUUNIAFUTIUBLAINVDULIAA LUEIUAIUAAN TrTAuD

Ll

! 2
11nA1 10 rad/sec

'
v v

® MvuAYINANAvRITTUUATAFugukaINve ulvRUUlue uAINige Inaaud

<9

: 2
41nN31 10 rad/sec
TUABUN 8 YINITANFIUVILYALSN

PUABUN 9 ANUIUMIANTALUANINTUANANNTT (4.17)  WALVARDUNANDUANDUAUDINY

Feulviidmualy lneiefmunuinigaazgnidonundumneuraunisauniiusauiiug

Yumaun 10 hnisimuadunugadaluwainduingiluduneun 9 aunITATUTIUIY

saugsanilansly

Yumauil 11 Wedunszuiunsafilananavaussgaiantazlaniuieulunisiaiias

ANUDMNTINDINTTILTUYAAINITRAD TN ZAUNEATVBITIAIUANTIAUATY

4.4 NAN1TANLUUTRIYAAIUANTIEUBLUUTINANIUAZiTINAUY (Centralized and

Decentralized) ¥AAUANIBVBURTALUULAN (Ho loop shaping) LazyAAIUANIIN

wallan1syuuuudinass-ilaaaeldlunsiSeuiisulssnsnainvasynniuay

] o v a

AMTUYAAITUANAINUIAFUFININTBULU ULV URTALALAF AT 121 LAINANNTS

'
v v a

(4.12)  fdusuimeursgunniedmaiuiediosnni 0.67  eendlsiniuflelniinay

wHngauiun1sileuiisudssansamdumaianinaues 3dauszgnalunaianisan
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¢ = a . % i
sUMUUBIULAaUDTY (Hankel norm) @4ia1584131nn519 Hankel singular value #aguf 4-8

Falaauiawatiosnmi 0.4363 lngyanruausinaTkanteylunsan 4-1

0.0221 5205 Lo
[W]= s+0.0001 , [Wz]:
! $+23.3 0 1
0 0.0235—— =2
$+0.0001

_ |:Klloo KZIoo :|
©o(REDUCE) —
KlZoo K22c>o

Hankel Singular Walues

K

0.009 - B

0.008 - B

0.007 B

0.006 A

0.005 - B

ahs

0.004 - B

0.003 B

0.002 1 A

0.001 A

a q 10 15 20
Order

5UN 4-8 AengusuAauesy (Hankel singular value)

(4.18)

(4.19)

d‘ ) ) wa a a el‘ a !
AN 4-1G]'ﬁ']ﬂL‘UiEJ‘ULVIEJ‘UQEUZ"I&J‘UWVI’NL'J@']LLﬁ%ﬂiSﬁVlﬁﬂ']WVl'Nﬂ'ﬂNﬂ“U@ﬂL'V]ﬂ‘LlF’W]'N“]

d’ o d’l
Naualuuni
TAGRAILAN | HIAIUANARDUAY
K 0.0202 s° + 1.381s° +387.1 s* +2.184¢04 s + 2.309¢06 s> + 4.839¢07 s + 7.715¢07
110 s +136.7s° +2.336e04 s* +1.31e06 s* + 8.733¢07 s> + 1.532¢08 s
K -0.002253 s° -0.1135 5% -39.56 s* - 1183 s° - 1.108e05 s> - 2.072e06 s - 3.613e06
120 s +136.7s° +2.336e04 s* + 1.31e06 s* + 8.733e07 s> + 1.532¢08 s
0.002144 s° +0.1429 s° +34.86 s* + 1445 s> +8.331e04 s> + 1.715¢06 s + 2.767¢06
K1 s® +136.7 s° +2.336e04 s* + 1.31e06 s> + 8.733¢07 s> + 1.532¢08 s
0.0202 s° +0.8936 5° +362.3 s* + 1.129¢04 s> + 2.088¢06 s> + 4.56e07 s + 7.542¢07
K222 $® +136.7s° +2.336e04 s* + 1.31e06 s> + 8.733¢07 s° + 1.532¢08 s

gamuaufignaenuuulnannsaimualasasslawuuiilefdmiunisaiununig

uvesasosdiomenidnvunanlngedemalnnisnaInUIIzdUNgARUUNaY

BUAIALAZNNUIIFINA MANAINANTUNITNINTTNTIUTITYET 3.3 UagHUIAIAIUND
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LDgINNYRIYAMIUANTIFUATIENTUTERIInATiaTidLawe (Centralized = 0501 uag

Decentralized = 0.4491) lagnsmMuaAINTTgUAnBUveIsdaLnaAlauanslugun 4-9 39

(% '
i ]

AIVANAIUTNMINZALINNTELATIAEmATATILEUD LA AN TIIlATIATIIRIEUN ST

(4.20), (4.21) wa (4.22) AUa1au

0.541+0.00004055 0.018 0.0000135s

0.0270 + -0.0009 —
s 17.255 +1 s 17.342s+1 (.20
K(p) = ,
0.0013+ 0.027 , 0.0000203s 0.0048 + 0.4951  0.000037s
17.355 +1 s 16.342s +1
0.0225+ 0.4531 1(;.(;(;21551 0
. S+
(P 0.5189  0.00019s
0 0.0247 + — 4
15.342s + 1 @.21)
1 0
F(s)= 4900 42
5% +98.985+4900|0 1

[

YnAIUANNIINTIUNART-TlAad (Ziegler Nichols) Lanedsil

2.689 0.0001645s
+ 0

I 4.23)
0 0.0875 4 32361, 0.000242s

S 15.342s +1

0.0595 +
K(p) =

=

I

o
T

Centralized FID 7
Decentralized PID

Stability Margin

=

=

kR
T

()

—

(S}
T

|:|1 | 1 1 1 1 1 1 1
0 10 20 30 40 a0 B0 0 80 g0
[terations

JUN 4-9 AULARINITRIAINBUVBINTMANMULAUTNHAVDIFIAIUANKUUTINALEY

LLaziﬁiam@usj (Centralized and Decentralized) GT’JEJ?J%mi PSOGSA
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4.5 Na31NN1591829A28TUTUNTUABNNIADS NITNARBIAYITUUII WATNAHBUAIY
AMUYBITTUUAIENsIABULUAsA s s unelusTuY
ynaruauiigneeniuulvansafmualassanslauuuiilefidmiunsaununis
yhauresgunsnmssndavumdnlneyaauauuuansUmeitenunauesuisnisiimun
Tnssasulafitniaueiiaesguuuugammunuuasimunuanaiedinaos-tlasadlagn
ﬁﬁmL‘U%EJ‘ULﬁEJUL‘ﬁa‘wmaauﬂizﬁm%mwm'3‘1/Tfmusuaaigwimaisgﬂﬂiﬁaué’muzy,wmsﬁzuﬁulm
Tnfussuuranisneuauasmedyanututiulauansasuil 4-10 wargud 4-11 uanssanis
WIsuifisudievhmsUsudyguendenesaduseiuasuadulagen iled1aeamsna
sunan Tnedafivossnangnasladi 200 lulasmsifiedunagUssavsninnsieumes

1skarn1sUszgnalynuneuilunnaedass

Step Response

Fram: ul Fram: ul

0.0s

Tao: Cut(1)

Armplitude

Ziegler Michols hased PID
Froposed Decentralized PID
Proposed Centralized PID
Centralized Hinf Reduce Order

4 50 1 2 3 4 5
Time (seconds)

4-10 dygrandivuiisuresmansuaussnedygrututulaniuneivsulungy

€aN
[
=D

JEUUMENITAIUANAINAIRIUANA1 I aueluiveided
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25 25
2 o 2
15 A N 15
1 / |
05 05

Reference
—Hinf Redeuce Order

Reference

—— Ziegler Nichols based PID

x100um
Q

x100um
[=]

15 \\ p 15
2 T — 2
25 . -25
2 1 0 1 2 2 1 0 1 2
x100um x100um
(n)
25 T T T T T T T T T 25
2 2r e T
e \
15 15 - \\
1 i / \
0s 05} / \‘-
E —— Reference E f —— Reference | |
5 0 —— Proposed centralized PID § 0 Proposed decentralized PlD! |
% » ]
a5 -05| '.\ /
i -1 A /Jlr
15 15 A /
B =lar \“‘
5 2 \\w—’/
2852 w5 4 w05 0 65 1 15 2z 25 25 2 -i ||3 1 I2
x100um x100um
()

JU# 4-11 nswlSsuifigunsnnusesmdsnnnsnagliana

[

lnglasarunuunazsunuunlylunuidel

9N3UT 4-10 WumaReUALDITlATUNIIMUANMEBYAMUANLUUTINaes-TlaTaa
tilwlszAvBamiiuefian lnedemaiuogiivsvanm 20 wWesdumiuwiunu X woy
wuuny Y uendniwadaiilesaiusuuuunugus Aemedinerduilfvuuansuiunie
g1ulAAUDSY (Reduce order based Hankel norm) LLaszﬁmwguéﬁﬁ%aua
(Centralized controller) Tunanauauaslunuresnissuniutuvesemmaiiang lnedan
Mssumuiuegiivszinm 001 luvngiidmueueialusuguagiininissunuiiuinn

a

agUszanad 0,025 Tuvausiinaneuausinadna uduiulanilanuieNuuiwnuy X uag Y 4

NanauauIntnadestueedlsAnuIaNAaaUUTEANSAINA15VI19IUDTIWeITEUURala

naaesyanIuaNeaniuuTulunageuiusruuasdlaeiinsindauanagunsasiagui 4-12
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gunsaifilelunsnsrataaiuvisnisiedeuiivesaeinfoyaaiaiauaziden
393 LK-G3000 CCD Tnglamsinnisasneuresiuvuassesiinnasuu CCD melugunsnl
p3fasiees uarlsn1adumeauuLisngs 900Hz 3u NI PCle 6323 Tunsiftuniueaun
Sondunpuaraisniueaundenamaiidunnlanieiesreufinnes uenainddailgunn

VIBUTINUTINIY 4 gaastulaeasiduisueendutidmsureensuwazaneln
YAAINVBIYATUARUUAELATDILASDILBHFR

rnets
Shafi

Core Mic
manipula

Flame'

Z
4
- 4




81

sU 4-12 gunsauiidnglunisneass

v 9

(n) AuLUUASBHloYIBNIFRTLIALEN (1) QUNTAUAUVDYARAZIII TV dYY 10

TunsnaaeuUsEENSAIMNNITINNUTBITEUUAILYAAIUANLUUR N 8NLIUYAAIUAY

quamé'uﬁuLﬁmmﬂﬁé’uﬁuﬁé’amqqaqﬁﬂmmﬂmamﬂﬂmﬂsmaqmimLL’Jiamqiiﬁmu

6,

wadiansnuaumeisnuguolinuausuasinaliafinaes-tlasaa lagniuioudioy
Tnglamsnedgatutulaonsdaiaun -1, 0 1 way 2 lulasms Wiioguaneuausses
wuumumimuquéjfmﬁmmmwﬁq6] Imaﬁgﬂﬁ 4-13 (n), 4-14 (n) uaw 4-15 (n) Jugy
NAMBUALBINNLLIUNL X Beazuandliiudanissumutuiiuiinng Y munsdou
Fyanensdafinainaindiaiuauuuulusiuaud (Decentralized) LUUTINALE
(Centralized) uazuuv@inaes-ilaaa (Ziegler Nichols) aud1iy uenaintugud 4-13 (),
4-14 (v) uar 4.15 (v) WugunanauauemauuIN Y Fauandlyiufanissuniuiui
wunu X sun1sUsudiyginensds mndemunuiuulusamgue (Decentralized), WUy

AU (Centralized) uaziuudinaes-ilaaa (Ziegler Nichols) muaduaielyuiu

Input Voltage to X axis Input Woltage to V axis

Displacement ( x100 urn )
Displacement ( %100 um )

Qutput X axis Qutput ¥ axis
L L L

i] [0 bamcen AN oo AR M A o e PPN P

Output ¥ axis Output X axis
L

n 5 10 15 i 5 0 15
Tire (5] Time (s)

(n) ()



Displacement ( x100 um )

Displacement { %100 um )

[
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;J‘Uffi 4-13 naneuauewmadyuIutulafa-100, 0, 100, 200 lulAswns

A

IngAruaunsviunIeinuaNkuUluTINAueftlEwe (Proposed decentralized)

() MIUBUMYYIUBUNAKLILAL X LATIANARDUFUBUIMNARULULILAY X Uag Y

(¥) MIUBUMYYIUBUNAULILAY Y LAITANGABUAUDLBIMNAAINUUILAY Y kay X

Step input volatage X

Stepinput volatage ¥

Output ¥ axis

Displacement %100 urm )

Output ¥ axis

[ P T e P U PP

Qutput ¥ axis

VU VU U VUV P US|

Output X axis

15
Time (s)

(n)

15
Time (s)

(%)

sUTl 4-14 nameuauawmedyaatutulagiug -100, 0, 100, 200 lulasuns

LY] o

1gAIUANNITYINUATEFIAUANLUUTINAUETLLEUD (Proposed centralized)

(M) MIUBUMYYIUBUNARLILAL X LATIANARDUAUBUMNARUKUILAU X Uag Y

(v) MUpUFYYIUTUNALUILAY Y LAIIANARDUALDABMNAAUWLILAL Y Uag X

Step input volatage X

Step input volatage ¥

Qutput ¥ axis

Displacement %100 urm )

Output ¥ axis

I e

Output X axis

MWWWWW%W

Output ¥ axis

15

v

]

| 1o
Time (s)

15

()

SUT 4-15 nameuauewmedyaadutulasag -100, 0, 100, 200 lulaswns

lngAIuANNTTYIUAIEFIMUANLULBINGs-TlaTAd (Ziegler Nichols)

() MIUBUMYYIUBUNALLILAL X LATIANARDUAUBUBIMNARULLILAY X Uag Y

(9) MIUDUHYYIUBUNALLILAY Y LAITAHAADUAUBLMNANLLLILAY Y kag X
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MngUnanoUauasadyyadutulalugull 4-13, 414 uay 4-158aaennansiuna
mﬁf\i’waaﬂumiaamwuéf’amuauuaﬂmﬂﬁl,ﬁammaawizam%mwiuﬂizﬂizqn&ﬁ%&muax
nageudeulvarunmuidalonsddsunussuivoulnnduicesvens daasdunis
i‘UmuiswLL@?’J‘VTWﬂ151/1maauGiu’sEJﬂ155@1451’@513’1mgwqﬁagﬂﬂéiueawﬂﬂl,l,aziﬂmUﬁiummzﬁﬁgﬂ
SUMLAIENIANAUSITUTINATER LA 28 V asnauic 18 V LLgaﬁWﬂﬂimsaafmé’agagﬂm
mamauaumﬁléjimagﬂﬁ 4-16, 4-17 way 4-18 LLamgUmamauauawiamimmmamﬁﬁﬂﬁ
L‘lJ?iIEJ‘LJLLUaQﬂIWLLN@J‘LJSUEN%WW%MSﬁgﬂﬂ’mﬂmgﬁaﬁﬁﬂ’mﬂuﬁﬂmmLL‘U‘U %mzﬁgﬂﬁ 4-19, 4-20
uag 4-21 LLamé’zgzymmim%uL‘ﬁa‘uﬁ’ué’m@mgﬂﬂéumsJﬁLLasT,ﬂsmaﬂgwqﬁﬁmﬁy’aﬁaim
LmiumemmmmmLﬂ?{aumﬂé’@ﬁgwmgﬁqﬁq \edanaUszanSnmueInIsnuTes kAN
ArwiiawainfiiAntuntunsUssidumenmieai Im*awaﬁnﬂﬂ’]imaaaﬁy’wmgﬂaqﬂiwﬁ

Tun1519% 4-2  1PgAIANURANAIATDIAILAUIAULLILAYL X WAZLWILAL Y a@wnsanile

Mnaumsiamelui
1 N 1/2
RMSE = [ﬁzneanrj (a.00)
i=1
e(t) = {XREF - X (t)} (4.25)
Yeer =Y (D)

o ~ a ¥ o ¥
A1519N 4-2 P19 UTHULNEUVDNINUAATUANTOUL LAZAIUAINY

NNI5a09lUTUATUADLNIADS

Scenario Rise  Settling Stability Order/
time time Margin Controller No.

Simulation

Hankel Norm 1.55s 1.97s 0.4363 6/4

Proposed decentralized PID 1.56s 1.98 s 0.4491 2/2

Proposed centralized PID 1.55s 1.98 s 0.5101 2/4

Ziegler Nichols based PID 1.23s 2.13s - 2/2

Experimental

Proposed decentralized PID 1.56 s 1.98 s N/A 2/2

Proposed centralized PID 1.51s 1.95s N/A 2/4

Ziegler Nichols based PID 1.26s 2.03s N/A 2/2




Marmal Supply “oldtage 24 Disturbed Supply Woltage 22%
2
1
5
g 0
=
-1
-2
2
1
S
20
=
-1
-2
2 1 a 1 2 -2 1 a 1 2
x100urn x100urn

JUN 4-16 nan1snaaesUssenaluiniuauiinlusiueue (Decentralized)

TUN1IANTEAIFIIINNNALVULINITAALTIAUTNNAIYTERING 18-24V

Mormal Supply Vaoldtage 24% Disturbed Supply Yoltage 22%
2
1
£
I=hl
=
-1
-2
2
1
£
I=hl
=
-1
-2
2 1 0 1 2 2 1 0 1 2
x100um #100um

JUN 4-17 wansnaaesdszenaluiniuauviinsiuauy (Centralized)

TuNIMNUTBEAIAIIINIINAUVULTINTAALSIAUTNNANYTENING 18-24V
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Mormal Supply Woldtage 24

Disturbed Supply Voltage 22

2 2
1 1
=
S0 0
=
-1 -1
-2 -2
2 1 i} 1 2 2 1 i} 1 2
Disturbed Supply Yoltage 200 Disturbed Supply Voltage 18%
2 2
1 1
£
S0 0
=
A -1
2 -2
-2 -1 i} 1 2 -2 -1 i} 1 2
#100um ¥100um
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UM 4-18 nan1snaaeUsyenalymaluguaInistinaes-ilaaa (Ziegler Nichols)

Tun1591U58AIAIININANVAUE TN TANLITIAUTNNA18 LI 18-24V

3 T T T
& 2| i o -
E : :
B : :
=1 o . a
s :
= B
5 : :
£ G - Reference [
B : : 24
£ 2v |
: : 0
: : 18Y
3 I l I I I
i 5 10 15 0 25 0
Tirne (s)
&0 &0 &0 &0
Error &t 24% Error &t 22% Error at 20 Error at 184
50 - 50 50 50 1
0
F 40 - 40 40 40
£
£
2
= 30 1 an 30 30
5
I
é‘ 20 1 20 0 N
10 10 10 10
0 i . 0 . . i
04 02 0 02 04 04 02 0 02 04 04 02 0 02 04 04 D2 0 02 04

Error (100 urm) Error (100 um}

Error (x100 urm)

Error (x100 urm)

5UN 4-19 NaNTAUTOEFYYIUAUNUIDNBWLIUNU X UaTAIANNARIAARBUYBINIT

AuTeELTUIe 19BN Falasunsunnsatialagludimuauviinlusiueue (Decentralized)

Melansiuasullanilssiugnnaesyming 18-24V



Displacement (x100um) [ axis|

Repeating numbrs

86

Errar (100 um)

Error (100 urn)

Error (100 urn)

T T
Ry= Reference |
: : 24
g 22
. = 0y
: —18Y
3 | 1 | | T
5 10 15 20 ) 0
Time (s)
60 60 g0
Error at 24% Errar at 22% — Error at 20% — Error at 18%
50 a0 50
40 40 40
30 30 30
20 20 20
10 10 10
0 0 0 0
04 02 0 02 04 04 02 0 0z 04 04 02 0 0z 04 04 02 0 0z 04

Errar (x100 um)

3UN 4-20 NANIANUTOEFYQIUAUMUIDNBWLIUNY Y LAZAIAIIUAGIALATEUYBINTS

AuTeELUIe1BInIe Falasunsunnsatinlaglydimunuviinlusiueue (Decentralized)

MelansiuasullasmlsIugWnaIesEwINg 18-24V

’ ! T T
= . i
B : :
E : : 1
8 : ; \
E . . . . Reference | R
8 : : — v
B : : 2v T |
& - : o v
: : 18y
3 \ i | i T
1] g 10 15 20 25 30
Tirne (=)
100 100 100 100
datal data data dlata
Error s 24V Error at 22v Etror st 200 Error at 18%
g0 80 1 a0 g0
60 80 B0 =]
40 40 40 40
20 20 20 20
1] L 0 0 1]
04 02 0 0.2 0.4 04 02 0 0.2 0.4 04 02 0 02 0.4 04 02 0 0.2 0.4
Error {x100 um) Errar (x100 um) Errar (x100 um) Error (x100 urn)
. [ v [ 1
= [ o a =
E‘L]‘VI 4-21 HNANITAIUTBYAYEYIUFALIAUIDNDILUILNU X LaEATIAIUARIALANDUYDINITAU

FeEwUIeNBImeFalasunTunsaiinlaglyiimuauviinTugue (Centralized)

M8lPNSUAULUAIAILS I UTNNA8TEING 18-24V
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3

E 2L .

= f

E : RN

E Reference

§- Y H
- : : : 22v

B : : G| ——mv H

: : : 18
3 | | | | |
o =] 10 15 20 25 30
Tirne (s)
120 120 120 120
datad data datad datal

1m0 Errar at 24% | | 100 Error at 22V 100 Errar at 20% | | 100 Error at 18%

a0 an a0 an

B0 B0 B0 B0

40 40 40 40

20 20 20 20

0 0 0 0

04 02 i} 0.z 0.4 04 02 i} 0.z 0.4 04 02 i} 0.z 0.4 04 02 i} 0.z 0.4

Error {x100 um)

Errar (x100 um)

Error {x100 um)

Errar (x100 um)

JUN 4-22 NaMIANUTOEFYLIUAILMLIDNBWLIUNY Y LAZAIAIIUAGIALATEUYBINTS

MUsBEMUILIe1IBImedalasunsunsatalagluiaiunuaiingiuauy (Centralized)

MelansiuasullaInLs I ugWNaIesEINg 18-24V

! T T
= : :
= 5 5 ;
E .Peference
3] : B 20
< : : e
Z . = = 20 =
: : 18Y
3 | I | i I
0 a 10 18 20 245 a0
Tirne (=)
120 120 120 120
datal clatal datal datal
100 Error at 24V | | 100 Error at 224 | | 100 Error at 20% 100 Error at 184
80 a0 a0 80
60 B0 60 B0
40 40 40 40
20 20 20 20
0 0 0 0
05 0 05 0.5 0 05 05 0 0.5 0 1

SUN 4-23 Wan1SAIUSadn

Y

Errar {x100 urm)

Error (100 um)

o

Errar {(x100 um)

Error (x100 um)

iy}']m(fc]"]LLMUQE]’]\‘iaﬂLLu'JLLﬂu X LagAIANNAAIALAGDUTDINTS

PUTBUAUNLIR B FalnsunsunsatialagluiiaiuaunIsTinaes-laaa

(Ziegler Nichols)ﬂwimmim?{aulmmmLLiaﬁuﬁwwmmsmN 18-24V
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. Reference | |

— 24
22
20 I
184

Displacernent (x100urn) [ axis]

0 5 10 15 20 25 30
Tirne (s)
150 160 150 150
datat data data datal
Error at 24 Error at 22% Error at 20% Error st 184
100 1 100 100 100
a0 1 50 a0 a0

0 \ \ 0 \ \ 0 \ \ 0
-0.4 02 0 02 04 04 02 0 0.2 04 04 02 0 0z 04 -1 045 0 05 1
Errar (x100 urm) Error (%100 urm) Error (x100 um) Error (%100 urm)

JUN 4-24 nan1591UT0LE Y IMAUAINDINBILLILY Y 4AZAIAIINARIALARDLTBINTT
AUseMUMLIe1BImedalasunsunsatialagleiiniuauanIsainaes-dlaaa

(Ziegler Nichols) melanisiUdsunlasmiussiudnnalssznng 18-24v

4.6 a@3Unan1nNnaag
I1NNTOBNUUUKALATNTEUUATBIBYIENIARLAglanansTuLAGoUAULTILIAIEY
1% ! [ ' aa (% ! a o ' A fg ¥ a ' g dy
LSINANRULTENNUITIBNNTAINaIEI TNz lUnesentiioUssgnalyasimelauenaind
nsepnLULYRAIUANTInmualassasaladuduniseenuuuinewasmuizaunanisiily
Uszgnalelaass lnglaussanalyismameanmunzauiganienaueanninwasngusslunnsly
nsuntudgmnilianudugeuniandinenans lnolanee N8 msussuunaIeBuNae
¢ v ! o % & Y g o a a A (Y
MNARBIUTTUUNLEIUNINAR0Il 2 nNanIINaaeIwansniudislsyAnEnMNAva sy
- = = o aca a ' < Yo L o
AuANTIRENLULTLMTaniIAIUANLUUIETINaes-llasaeenaiulada unoeialsiniuly
a v dy A I ¥ A A o '
uAdeiluanimadenlunisidenlygaaiuau Inefigaaiuauninauenuisenduaayn
ATUANADYAAIUANKUUTINAUY (Centralized) waylusiugue (Decentralized) lngvefves

YAAIUANLUUTINAUEABNAYRINTIZUUNIUAY  (Coupling) azsnIimaialusiugueun

v &a o Y '

Yuzifnfufidvininuauunnfgeininatuisausbmduniadenluniseeniuy

YAAIUANEMTUTEUULUUIAIEBUNALAzVanglomNa N Laueluadeuni
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n1599NLUUYAAIUANAINUNMUAlATIa LA lagTdmatiaduny (v-gap)

5.1 umin
uniltnauawaianiseanuuuyaauauamulasfiansauarumiiouressyuy
Jaunduaesszuy IﬂaﬁszuwﬁqgmmuauﬁwﬁamuqmLam%uﬂﬁﬁﬁl@%’uwﬁﬁmé’mgm
2IULUULEYBUATR uarBnszuuniisasgnauaumeiinmueniitiaueiidivuslasiasis
1n Ssamuniiouresaasssuuiignimunlamsaszegmlaslumada vgap G9a1dnan
Qﬂﬁmﬂégtﬁuﬂqﬁ%’uﬂmLumiﬁﬁumsmﬂ'wmmzauﬁqmgﬁaﬂéuaqﬂmﬁwLmﬁﬂﬁmﬁﬂﬁ
ANNINATIYAAIUANAMULDAIUALNTTIUTE BB TABENBLNDS DT UTEAVE AN
Favefl 5.2 azuanINIeRniUUYAMUANTAdgLTRULU DB LATRLUUANLAY NS
Jasgvypaavauiinauenionaia v-gap  KIUAISMIATNITEIABTYEIKIAUALT
WEaNmMEWATAN AL zaNTiaRn BN auaYNIAIINTUTET 5.3 uansHaINneen
quéf’amuauﬁﬁ%auaLLazﬁamuQuL@%Suﬂﬁémmﬁm Tneluihvefl 5.4 aginsnadey
szuumenaisuasemaiiweinelussuumenismaaeusiianisunadlugiil NRRO
Tnglainfionun 16  inanadey wmeaouUszAvininasianuauiioeniuumemainad

0 e o ¥ Y o4 = aw & &
UAUDU GLMWJGU’E]?!GWI’]EJV] 5.5 %ai;dwam‘wmmaﬂmiﬁﬂmmsﬂ,uLuamsummiaaﬂquu

Controlled object

__ Spindle
Ix.b‘(lotor

Voice Coil

Motor i S Position A/D
— . ﬁ * »
k e = detector converter 5 n
Magnetic ervo < . ost
ngad - controller computer
~ Power D/A
« I
amplifier converter

5UN 5-1 unuian1smuanUeufiudmUsEUUAIUANMLILITIDUE1IAREN
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5.2 N399NLUUAIATUANAMIUTTUUTEYAUALIa g uasafaniagldisn1san

é’mgﬂmesammmaﬁu?\lﬁﬁy wazNMSERNLUUSTULTIiLauadewmalia v-gap
Tun1soonuuufmuauasmumslamaia v-eap duluduneunsniduainyinis

HupsenyamuauLUULeYBURTRuUURLNoundsniuianeenuuuimuRuTiiliaue

g TUABUNTOBNUUUYAAIUANTILNAUBUHUATNILAAINITNIUAINTUN 5-2  uazllasy

JUANDUAIL

suaud 1 SunnmsUsanastindurameiminneulaznds delainslveazisonds
wansluunnoum Lﬁa%’méi’mgmiﬁiwuﬁé’ﬂwmmamiauLﬂﬁﬂ,uimLmummﬁ (Open loop
frequency response) ulunuresnis Tnewendursawetndnnousazngs (Pre-  and
post-compensator) Wi iag Wa lﬁgﬂﬁmumﬁé’qaumiﬁ (5.1) GTiQﬂmV\ILLamhﬂLaﬂgmmaq

HARDUAUBINIAMUARUUNTBULTALANIAITUN 3-5 Laeseuuflasun1sdndagiulaiians

v
v

faaunIsN (5.2) A9t

0.0081s + 56.95
W D8 1S T b
W2 s +39300 '
s+ 217500
G, =W,GW, (5.2)

Yupaudl 2 UNANNITIAANALIEMIANEIRBLATEININGIFALATAUATIZVYAAIUALLDY

BuNTALUULAN (Conventional H_ loop shaping controller) Inganfyauniseal

< ¢! (5.3)

0

ml. :H{K'J(u +GK)'Il G

1%
[

Inggamuauaaneniiluluauaunisvinnueensseyiunuiieulla @il

K, =W,K W, (5.)
Yumaull 3 AMVUALASIETIIYBIYAAIUANTINEINTT Felusddetunausidudimunuy
Jusy 3 Al
ZS® +2,,S" + 2,8 +2
K(Z) — —mil m2 m3 m4 (5 5)

2.8 +2.8+2,8 +z,
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[

lnglnvesmniivesnlylunismanvnzaunaaiuuanaail

Z= [ZmlﬂZm27Zm37zm4>zn1’zn2’Zn3>Zn4] (5.6)

¥ ¢, ¥ v
ada

Tunaudl 4 szuuiimuaumeimuauuerBuiifduaselauarluduneud 2
yhnsFeuifisuanunaisvesssuudeunduussuuilaiunisaiuaumediaiunu i
Smuslassassly IﬂsjﬁmmwmgﬁsJﬁgﬂﬁmum?’ssﬁ%'mi v-gap S?fqgﬂﬁ'mﬂ%l,ﬂuﬂaﬁﬁuﬂm
welumsaumamsfimesivanzauvesimuauiitiauemeisnisvesnaueymangld

[

Tneanduinunwaztauluvediniisieasdensadl

-1 . .qe
Fitness [£"]= J,_ " = {[@ WK W,G,,K(2)G,)] if K stabilized the G(,} 5.7)

0.0001 Otherwise

Weszuuiiafesnmuazlanuaefvuanianaiminuaazindulunuaiaiunduresnn
gap NWALlA v-gap VaurTiAAAUAIzgNIMUALUEA1 A1 0.001 wIBdAUBELINT LD
Afuls z agluvesiimuanninaueyinussuugydaiadesniniazlulanuieulunsg

oY a
LANMINBINNS LA

v (G,.G)), » ifdet (1 +G;G,)(j) # 0 Ve (—0,%) and
5,(G,.G) = wino det (1 +G;G,) +7(G,) -n(G,) -7,(G,) =0,  (5.8)
1 otherwise
o
w(G,,G)=(1+GG, )" (G, -G,)(I +G,;G,) " (5.9)

%‘1«!@181«!17;5 fi’muﬁﬁuauLﬁummwwmﬁLma'gmaaﬁqmmuauﬁﬂwLauaﬁﬁ
z, € [0.001,0.01], z, € [10,1000], z; € [100,10000], z, € [100,100000], z; €
[1,100], z, € [1000,200000], z; € [1000,200000], z; € [1000,200000] IneA1W13Tnes

dmiumaiiansmaminzauniganienaueunInlsgazdendil

IUUNA = 30
AILSIGIEANAZANER = 0.64a31.8

PSO W158M0T : 4 AINMLTEEALAYAER = 2.1 Uay 2.1 -

'
o

ANURBYVBIBUNIAZIGALAZAEA = 0.3 uaz 0.9

1IUTBUEEEA = 100
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Yumaul 6  YINIEUUTTAINTYALIN

QUABUN 7 ALIUNIANAUANINTUAINANNTITA (5.7)  LAENARDUNARDUNDUAUDINY

- o ¥ Y - - ° > 7
Noulafnvualy I@EJ‘V]@’W]’JLL‘I/IU@J’]ﬂ‘I/]E‘jﬂ"\]%QﬂLaEJﬂmLﬂ‘hm']@@U?J@Uﬂ'ﬁﬂu%ﬂu%JUuu5]

pA
o/

dl o U g ¥ o 901 :’I -dl ' o -dl ¥
YUADUN 8 ﬂ’]WL!Wﬂ’JLLV]‘L!“Q@E’I@lULLﬁ'JVl’]‘?ﬂIU‘UUG]EJUV] 7"\]14!ﬂ’J']*’\]%ﬂiU"i]']U’JUiEJUQQE‘j@VlbLW

ala

) P = " oAy ¥ = i -
VUNBDUN 9 LSJ’EJ‘U‘UﬂS%U’J‘Uﬂ'ﬁﬂ’WlVL@Nﬁ@]@UﬁUBQQQVIQWLLﬁ%lﬂm’WilLQQUIGUVI’NL’Ja']LLag

Anudmuinein1sasidugaAnive sl auigavewiAIuALTIn MUY

WarluzaLrainin Wuas W, szannie,,

AUANSUAUYDIDUNIA"LAE "TNUAAINNTIHLADT

YNITUY

vhgraunasiisendiunndign

£

ME1UNINAATIUILOYNATLNNTIAA

<

‘ Usganauefiniue'V-gap veaunazeunA (x) ‘

<

‘ a1"x>x-best wa"x-best=x ‘

<«

‘ G-Best=x-best ‘

-

ﬁ'mummmwm%masﬁw LLWUQSIJENE]HQ’]F\?E]UIWQJ

wen"wasivunaT'G-best Wumpeuianzauiign
ﬂﬁ'ﬂgﬂ’%&léf@
¥ v

JUN 5-2 ULHUNMKARITURDUNNTMFIAIUANAMUALATIATINNIY v-gap

6. VY

MUszenalydunauNISIALALNZAKUUNANEUATA
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5.3 HANIBBNLULYBIYAAIUANAUTITIIEUBHLWALA v-gap uazUssendldnisyen
WzFNTgALUUNGuNaYATA
AISAMUANTFULTEYRULITheumeiduiTesdRosNawas (VM) Tnefiszuu
Teteesiitinysrgnaluuniasnunavesiansosuuutoreiansen (Fixed  frequency
notch filter) Tngfinsfmesfin1safl 5-2 aunIsTeeTEULIRETABINELADT WARIHIALNTT

PN & v o a ad a .
# (5.10) WNINUUYAAIUANAINUIATUFIUIITOULUULBTIBUNTALUULAL (Conventional

H_, loop shaping) #asanyinn1sdaaTIznalvzisudumiy 12 dsluaaulieiefosnin
1 0.65 an1snisudnlenturaseininfosnuuudutudanumizay wagyinluszuud

= ::4' o a
Lﬁﬂﬂﬁﬂ"lWﬂ'J']NﬂQV]uchijﬂ EAIASENNITN (5.11)

1.544x10%s" + 1.055%10"s" + 1.175%x10"s’
+6.247x10%s*+2.878 x10%s7 + 1.097 x10*s°
+2.575%x10%7s° + 5.934x10%s* + 4.539x10%¢°

Guoys (5) = +7.838x10™s” + 3.525x10”s+ 1.505x10*
NorTer s+ 535575 +8.625x10%s" + 3.1x10"s'" + 2.338x10"s’

+5.26x10%s%+2.163x10%s” + 2.78 x10**s°
+7.439x10°°s® + 3.647 x10™s* + 7.816 x10*s>
+5.095%10%s* + 1.51x10°'s+ 1.881x10"!

(5.10)

0.008235s" +2354s'"+ 1.526x 10"+ 1.109 x 10"s’
5.046x10"s® +1.28x10%s” + 3.468x10%°s*
+ 4.877x10%°s° + 5.868x10*s* + 5.366x10*s’

+1.844x10%s* + 1.807x10* + 3.484x10" (5.11)
s +4.721x10°s" + 6.461x10"s' + 3.04 x 10"’

2.483%x10%s* +5.426x10**s” + 1.818x10%s°
+2.383x10%s® + 3.083x10%7s* + 2.756x10*'s’
+8.697x10"s* + 9.01x10" + 1.638x10

KHm (s)=

Mnduwimsdaaneigamuauitiauelasendomain v-gap  Tunisinszesmig
(gap) M‘%ammmﬁauﬁ’uimmquaﬂﬁsmmszuuﬂauﬂé’us‘éqgﬂéqu’Lﬁ;Lﬂuﬂaﬁ%’uﬂmumaa
FasnavszaILUUNgUaYIA INFUT 53 wansAaundUYesaNnnsil (5.8) Gadu
éauﬂé’waqszsJsmaﬁﬁaaﬁqmmﬁswaaaszwﬁﬁﬁmiﬁmmﬂmﬁﬂﬁaaﬂfdszmm 11.4
vwiodlan 8,(G,,G,) Wi 0.0877 Iﬂ&lLﬁuﬂlﬁﬁlﬁaEJE!G]ﬁi%UUWllGTﬁ]’Iﬂ‘UE]ULsumﬁ(;]':ﬂls A

[

AananIanItanLAaIEiuYIntaessuuaula dmsuimamuaunduasievlananadall

B 0.2653s” +707.3s> +3561s + 3157
167.85° +4.055%x10°s* +2.788x10°s +8.713 x10°

K(2) (5.12)
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A < Yo o Y A o N o Ao o
1NFUN1TN (5.12) ";\]8L‘VT‘L!VL@’J']@‘LWVUGU@Q@QQQU?}MW@Q?‘I@QUU@NVIUWLau@ll@u@]UVm’]ﬂ'ﬂm’J

ATUANKUULBYBUNTARNLIN VUENTEUUNgNAIUANAIEYAAIUANTIABULUUHIVNE

navauadtlnalfsiu lnsuuunmussneng uvestanduauly (Sensitivity function, S)

wavanduidafuainula (Complementary sensitivity function, TlagWenduninaini

ANMUEUNUSAIL

S=(l+GK)'

T =GK (I + GK)"

11.4256 = Smod{ [ 8 inputs])

ghest val.
=]

Dirnension 8

(5.13)
(5.14)
v 10" _
15 I
!
10 !
o ‘ _‘.t*\‘_.* ______
+ | ”.
=) ,ooi .
|
0 !

0 02 04 0B
Dimension 1

08

PS0 Model: Common PS0
Dirnensions : &
# of particles : 12

Unconstrained

Function : Brmod

Green = Personal Bests
Blue = Current Fositions
Red = Glohal Best

3UN 5-3 maunauvessEEEreueefganeIsiuny (V-gap)

?J%Nﬂ?i@?’]Lﬁusﬂuum@uﬂﬂiﬁﬂﬂﬁL‘Vill’]%ﬂllLLUUﬂEjZJQHﬂWﬂIHLWﬁE]U

5.4 N1531884N1591191UV 952 UUABIUSUNSUABNNALADS

1NNTDBNUUUYAAIVANTIABILUUADYAAIUANAINUTAFUFINNTOULUULB VDU

¥ £%
a v

6
[J

AkuusaaL (Conventional Hy loop shaping) wasinAliAnNITdiAIIENYAAIUANAINULG

9 9

[% (%
[

1598519 ALABNNTUIAINUML B UVDITEUULL DL UT s UL T8 UN ULD VB UN DAL UUALAUAIY

wafiauny (V-gap) Fauansluaunisd (5.11) uag (5.12) auasu
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Singular Yalues
T T

a0

0

Singular Values (dB)

A0

T of Loop shaping

— ——5 of Loop shaping :
T of Hinf loop shaping |-
— —— 5 of Hinf loop shaping
T of Proposed v-gap
——— 5 of Proposed wgap
T A L i i HEREH!
20?0" 1o’ 10’ 10* 10’ 1o* 10 1° 10’ 1
Freguency (rad/s)

A0

5UT 5-4 antenguvestanduadnuly (Sensitivity function)auuse)

wazNanduiniinauly (Complementary sensitivity function) (\@uiiu)

mﬂgﬂﬁl 5.4 dunalewanevauaslulawunud (Frequency domain) vasilendu
mmhuazﬁﬁﬁwﬁmLﬁummh%qLﬂﬂﬁﬂmﬁ@é’mgﬂmwuLaﬁuﬁuﬂﬁﬁuwﬁuﬁmmw@
muqummLmﬁﬂﬁﬁ'}Lauaslﬁmamauauaﬂﬂgtﬁmﬁumﬂ FedonARBIRUNANIMTZEEINS
'Jasqmmaaaﬁzwﬁﬁﬁmmmu‘i%mﬁmﬂ'f}mmzamﬁqm?wmjuaymﬂ uenI NN
Wisuieunanauanemsia(Time domain) Tnsludayaaduiule (Step response) fo
aunsii (5.18) Wiedunauszansamnisauseedyannrids (Tracking performance) uaw
nanouauswaalagladyaaduiule (Step response) rodunisd (5.13) titedunana

N15IANNTAITUAIUTEUY rejection)¥83RIAIUANTII@BINATIATILINY

(Disturbance
Wiguiguiu lngnani1sinasuanisagun 5-5 uazguil 5-6 audnuganansileuiiey
AEURBLENY SNMLaTNan UAUBINAIARNIaRTEUUlagniUTs U UAanslunn 519

7l 5-1

M1319% 5-1  WanISUSEULgUUTEAVTNINUBIAIUANTISARIRIATUANTIHRNT

- duLiie wandng | wWesidud |
WALA o . JUAU
LERYININ (£) auna WU
H., loop shaping 0.612 0.0027 0% 14
Proposed v-gap technique 0.4782 0.0021 0.08% 3




Step Hesponse

1.2+ Caomventional Hinf cantraller
-------- Proposed w-gap controller

Arnplitude
= =
o mn]

=
Ea

=
(]

1 | 1 1 1 1 | 1 1
0 0001 0.002 0003 0004 0005 0005 0007 00083 0002 001
Tirme (seconds)

JUN 5-5 naneuauswnedyantuiulaveshiniuauntlaue (aulsy)

LAZAIATUANINH I NTOURUULDYBUTTARUUAUGY (Leuiiv)

otep Hesponse

1.2+ Conventional Hinf contraller |
-------- Proposed v-gap controller

Arnplitude
= =
fag oo

=
=

0.z

o 0.4 1 1.5 2 24 3 34 4 44 il
Time (secands) =

5UN 5-6 namauausdlumMsiansisunuvesiaIuauimiiaus (@ulse)

WAZAMAIUANINAFIUITBULUURYBUTTALUUALAN (dufiv)
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uamnﬂﬁLﬁ'amaawsz?ﬁm%mwmmmwusuaqmﬂﬁﬂﬂ'ﬁwLauaiuﬂ'ﬁm*uqumsizq
FunUIveeiI0 U IARAN %]’@151/1maaumiﬁwmmaqszwﬁgﬂmU@mT:;&qummw;mﬁ
thauelaglsnsisundasamniiveineluszuuionun 16 wa mavageu Jaduns
Wasuulasamsfimeslussuudoun 20-50 Wosiun Tnsmsfmesvesszuuiilaiunis

SUNUUULEAIAIAITIN 5-2

A15199 5-2 ATNISIELMDIVBITEULIDYIABENDLABS (Voice coil motor)

9958 UUUNALaSEUUNIAUSUNIUaNYEN1TWASLUg 7 (NRRO)

WA FVD . . wWosigudnuAaIn
. ANYDINITTLADIVBITZUY i 4
FTUUNDIU wasuiszuLlAUSTUNIY
(m,k.k,) (0.002 ,20 ,64.013) -
@.b,c,m) (0.0000115, -0.00575, 0.05, 70) (-, -, 50%, 20%)
(a,.b,.c,,»,) (0, 0.0230, 0.005, 2200) (-, -, 50%, 20%)
@,b,.c., ) (0, 0.8185, 0.05, 4000) (-, 50%, 30%)
(@,,b,,¢.,@,) (0.0273, 0.1642, 0.005, 9000) (-, -, 50%, 20%)

gﬂﬁ 5-7 LLazgﬂﬁ 5-8 uanINaRaUAUDIIIANAILTn (Open loop frequency
response) LLazmamauauaqmaL’Jawiaé’zyzgmsﬁzuﬁulm (Step response) U893z UUUNALAY
SPUUTANTUNIY AUEIRU 91nNAN15S1aeIelUTLNTUABNAILABSHINATINUIT ST
1@?%“Umimw1u§wmﬂﬁﬂﬁﬁﬂLauaﬁmmmwuéaé’mmmiumuﬁLﬁmﬁuﬁumzﬁé’qmmia

Shwnafesnmanunmuressyuulneg1diuss@nsam
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Bode Diagram

100 T T T
E 5|:|_ ...................
=
[ah)
E ) T A O PP S P P s
=
[}
(113
= A0F
e e 1 R S SR S S 11 R S T R R
360 LA B A A 0L B ARSI S50 AL S AN IR A
— 180
[}
[ah)
=
s 0
o
o T
= Lo
[n =T

1] DT AR NIRRT RO AR S T I B T S S T OO AR S AT
10’ 10° 0 10° 10° 10°
Frequency (rad/s)
Ul 5-7 nMsilSBuliisuAneng1uYe ST ULTISE U USUIUse TLUUUNG (iande)

LATSTUUNIASUNISSUNIU 16 1Ad Naaau (dudunn)

step Hesponse

=
fus!

=
fag

Amplitude

=
.

0.2

D 1 1 1 1 1 1 1 1 1
0 0001 0002 0003 0004 0005 0008 0007 0005 0002 0.0
Time (seconds)

JUN 5-8 nsilSeuiiunaneuauemadyantuiularesssuuiise uussydu ey

LUUUNR (LEUFA)WALSEUUNEASUNITIUNIU 16 1Ad AEaU (WEUFWNN)
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5.5 agUnan1inaasg
fauguiitiausluuniidusmuauiidiesmentuainnisussgnalyaands
anuansludnvurressruulounduresisasssruuiifiansunlaefiszuuusnidussuud
aaﬂLLUUI@81%’3%'15%’@155143']10@%LLUUL@%Suﬂﬁﬁ wazdnszvuiduszuuitauslag
ﬁmum‘[,ﬂiaa;’mLLazﬁlﬁ?‘i%mimaﬂmﬁyﬂUszawﬁlumimmmmzamﬁqmaqﬁfgmuqmﬁ'ﬁﬂﬂ;

SPeEn e (gap) YITOAINUARNYIUYBITEUUTNARITEUUTITANSNTIAUBETIAA 1NN1TNAGDS

a

nuMATEBEMsiueefignainnnsmiamIauegd 0.0703 eliatuseuin uenaini
NAMBUALEINIAT LAY NANDUALEIISAT SeBuduftuszAvsniniinansadeiuresi
ADITLUUATUNTWARIN TS suIisUNaneranauauasmonila (Sensitivity) uazaALfy
el (Complementary sensitivity) wenani 16 e fideassyuuiilasunissuniuds
iggﬂﬁwuwmmaauﬂiz%m%ﬂwwmmmwmaaizuuﬁaaﬂLLUU Fatumadafidiauedady
yadenidlumMIFIATIEITEUUAMUANLULAMY Yonnifmuaueunalafitiaueds
fsususuarannsafimualassasslaniuauneIsTeIeaNLUY dusnsTitiaue
FaflausmngauuarBanguinnnlunisussgnaleaivluniseugunisssyfuruses

eulnaunsavinulaesnliussansaw



UNN 6

dyuna

(%

M INUsTANYINITORNLUUYAAIUANAINUIAFUFIUITOURUULRYBUN LA YA
Avualassasele lngdssenalolunisaiuaudiunusiibuug1gauesineuesaaandagn
AIUANMIEAITULI1IRETABENBLADS (Voice Coil Motor : VCM) dwiugnsafananainnsy
TUUIAAIINNINVBITRBLATIL I ULTIanaRe 1naL B NmALUlagve N THMUITIDY

'y o’ ¥ [ Yo ! = ' ' ! ! [ dl
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ABSTRACT. The demand of data storage density has been increasing continuously, but the
data access time and track pitch need to be decreased. The high precision servo control
system is required to achieve the predicted goal that will be crossing 10 TB/in? areal
density before 2020. Due to the fact that the precision of read/write head is sensitive
to disturbance and noise, it is the challenging problem for the practical control. To
overcome this problem, this paper proposes a mew servo controller designed, specified
order — Hoo loop shaping (SOHLS) which adapts the particle swarm optimization (PSO)
for searching the optimal controller parameters. The proposed technique can solve the
problem of high order that was caused from the conventional H., loop shaping (HLS), in
addition, it can guarantee the robustness of the servo system. Based on simulation results,
the performances of the proposed SOHLS approach are investigated in comparison with
that of the conventional Ho, robust loop shaping, fized-structure Ho, control based on non-
smooth algorithm including reduced order controller by Hangkel norm model reduction
technique. The proper repeatable runout (RRO) and non-repeatable runout (NRRO)
were applied to the system to verify the robustness of all designed controllers. The results
demonstrate the advantages of the proposed SOHLS which gains better performance and
more robustness than the other conventional controllers.

Keywords: Specified order — H, robust control, Particle swarm optimization, VCM
actuator, Hard disk drive, Resonance frequency

1. Introduction. Nowadays hard disk drive (HDD) is one of the most important tech-
nologies for developing and researching high precise industry technologies. Among the
essential technologies of hard disk drive with increasing high areal density (AD), high
performance control systems are the key technologies to solve the problem for serving
the rapid change in the hard drive industry. Therefore, many rigorous research in the
field of robust and high performance control for HDD that can operate under fast data
accessing with narrow track pitch is interesting. In addition, imperfection in mechanical
components in the hard disk assembly process generates disturbances such as the vibra-
tions of disk media, asymmetric barring and spindle motor, called NRRO (non-repeatable
runout) and RRO (repeatable runout). These lead to increase in the amount of PES
(position error signal) that limit the performance of the HDD servo system by measuring
the variation of the deviation between the center of read/write head and center of the
track. Especially the expectation of hard disk prototype with areal density (AD) will be
higher than 10 Tb/in? before 2020 that was predicted by M. Kryder [1]. That means
servo-mechanical system and control method need to support positioning of the R/W
head with a PES of a few nanometers while general techniques are not enough. Thus,
the modern controls such as robust control are required to attenuate the effect of these

1241



1242 P. KONGHUAYROB AND S. KAITWANIDVILAI

disturbances for increasing servo bandwidth and sustaining the recording density growth.
The actuator and HDDs structures are not perfectly rigid that generate disturbance to
the HDDs control system. Unpredictable models of disturbance uncertainty give rise to
vibrations, which increase the settle time to the target track including position error signal
(PES) of HDDs. It has been proved in various itterature that the vibrations exist within
a decade of the dynamic model of HDDs interm of resonance frequency, which limit the
servo bandwidth and servo performance. Most of these are also the major source of RRO
and NRRO disturbance of HDDs. However, there were some researchers investigating to
designing the control system in different techniques based on nonlinear control in HDDs
actuator, such as mutirate adaptive control of uncertain resonances model by W. Yan et
al. in 2016 [5], adaptive feed forward compensation for translation vibration by Y. Luo
et al. in 2015 [6], the composite nonlinear feedback (CNF) controller design that index
performance by comparing the 30 PES histograms with the normal PID whose results
gain better performance in some senses presented by K. Peng et al. [13] and the optimal
fix-order controller for controlling dual state actuator by S.-H. Lee and C. C. Chung in
[14]. All of these, proposed the interesting technique to design their controller for sustain-
ing hard drive system in single and dual actuator. Unfortunately, because of time used
in head identification technique, complex structure feedback state and uncertainties were
not included to design, so it is hard to apply in general industries. Among the various
control techniques, linear control based linear matrix equation has been used to analyze
system and design plenty of controllers that have been proposed to control a servo sys-
tem such as the simple structure PI, PID analog control, self-tuning control. Since these
techniques do not consider the robustness of the system under various uncertainties, that
is, system nonlinear characteristic, resonance frequency including the load changing, the
controllers designed that consider robustness and performance of the system are necessary
for controlling the HDDs under several uncertainty constraints.

Since over the past two decades, H,, control is one of the most well-known techniques in
fields of robust control, it is the classical control technique which has high potential to de-
sign robust controllers for achieving stability and guaranteed performance of the system.
In addition, H,, has been widely mentioned and applied in many robust research studies.
Although, the robust stability is used to indicate the system stability that achieves in the
frequency domain, only this is not enough; so performance, such as steady state error, rise
time, and overshoots in term of time should be included to design as well. The integra-
tion of these objectives to design the controller has been presented in various techniques
for instance H,/H,, optimal procedure [7], p-synthesis, H,, loop shaping, non-smooth,
etc. Besides, solving the Riccati equations becomes the essential part of designing the
robust controller that was noted in [2,3]. Some successful experiments of H,, control ap-
plications were presented in [4,7-10]; for example, in [4], D. C. McFarlane and K. Glover
proposed a controller designed based loop shaping procedure, and this method used left
coprime factorization to model system uncertainties and applied H,, to minimizing it.
In addition, their system was shaped with the specified loop shaped that depended on
designer requirement to achieve better bandwidth and performance including robust sta-
bility. However, the structure of their controller is complex and high-order. These studies
have shown a number of nominal plant order and compensation order are the main fac-
tors of high controller order in H, loop shaping technique. To overcome these problems,
lower order of the controller designed have been presented [7-10,15-17], for instance, P.
Apkarian et al. [8] presented the application of non-smooth algorithm for designing the
fixed-structure centralized PID controller. In [10], Hy loop shaping based PSO was ap-
plied to MIMO power system with PID structure; in addition, the results of their proposed
technique were compared with non-smooth algorithm under centralized and decentralized
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constraints, and their results gained more effectiveness of both constraints while the re-
sults of the non-smooth usually depend on the initial parameter setting. Additionally,
[16] applied their 2dof H,, loop shaping controller based GA optimization search with
lower order to the head positioning of HDDs, while [17] applied Nanopositioning in small
actuator. However, the robust PID structure of their controllers cannot be specified. To
overcome these problems above, this paper proposed the novel controller designed that
structure order can be specified, which depended on designer requirement. The contri-
butions of this paper include: (1) This paper proposed the designing of robust controller
for supporting head positioning in HDDs with the specified order — H,, loop shaping
synthesis using Particle swarm optimization technique; (2) Proposed controller structure
can be specified that is more flexible than the conventional fixed-structure controller; (3)
The optimal parameter of proposed controller, Kgycar(p) was automatically searched by
using PSO algorithm that utilized stability margin (¢) as the objective function; (4) This
technique compared the results under RRO and NRRO disturbance constraint with the
similar work such as fixed-structure PID based non-smooth and H,, loop shaping based
Hankle reduction order technique, and the histogram results demonstrate the proposed
specified order technique gains more effectiveness over others.

The paper is arranged as follows. Section 2 details the HDD model with resonance mode
and major source of hard disk disturbance, i.e., RROs and NRROs. Section 3 describes
the robust controller designed with 4 strategies, classical H,, loop shaping synthesis,
non-smooth procedure, reduced order by Hankel norm and the proposed specified order
— H, loop shaping control. In Section 4, the simulation of the VCM actuator with
disturbance testing and the PES in terms of PES histogram is illustrated. Finally, Section
5 summarizes and concludes the results.

2. Hard Disk Drive System. Generally, the plant model of HDD can be evaluated
that consists of many frequency response to be a lump of the system in the operation
[12]. Laser Doppler scanning vibrometer (LDV) is a scientific instrument that is used for
measuring the realistic of HDDs plants, whereas a schematic as shown in Figure 1 is a basic
principle of laser Doppler scanning vibrometer. At first, the beam of the sensor which
has a frequency fy is generated from the laser diode source. Beam with frequency fy is
divided into a reference beam and an inspection beam with beam splitter and then passes
through the Bragg cell. Bragg cell is used to add a frequency shift f, and then the beam
1% fusion of fo+ f; is directed to the target. As the motion of the interested target surface
(tip of HDDs head) adds a Doppler shift frequency f4, that is f3 = 2 x v (¢) X cos («) /A,
where v(t) is the target velocity, « is the angle of laser beam and velocity vector, while
A is the wavelength of the light. This equation illustrates that the changing in frequency
and phase of f; depends on displacement and velocity of test object. Additionally, the
scattered light with the 2" fusion beam of fy+ f,+ f4 from the tip of head is collected and
reflected by the beam splitter to the photo-detector. This scattered light with a 2"¢ and
a reference beam are combined as the superposition that creates the modulate detector
output signal revealing the Doppler shift in frequency. Signal processing and analysis
of this Doppler are used to measure the tip position of R/W head, including: identify
the nominal plan that represents the actual measurement. For each actuator, several
frequency response evaluations are plotted experimentally by dynamic signal analyzer
(DSA) and used to estimate the frequency response of the realistic measurement as shown
in Figure 1. The nominal model of this paper was gathered from the hard disk assembly
model from MATLAB, which is a well-known calculated program; the nominal plant is a
stable plant with 9" order.
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FIGURE 1. Basic diagram of laser doppler scanning vibrometer (LDV) [20]

FiGure 2. The frequency response of the VCM model with resonance
modes [11]

The VCM dynamic model can be described as a composite of various high frequency
resonance modes that affect the stability of the system. In addition, some of nonlinear
characteristics appear in the low frequency caused by pivot-bearing operation. These pa-
rameters have to be taken into analysis that is essential for designing the VCM controller.
The dynamics model of VCM can be written as follows [11]:

(2)=Lo w20 ) 8

where y is the position, and v and u are the velocity and input of read/write head,
respectively; k, is position measurement gain while k, = k;/w, with k, and w being the
current force coefficient and the mass of the VCM actuator, respectively. Therefore, ideal
VCM transfer function model is a double integrator stem. However, the resonance modes
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are included for the VCM model to achieve the realistic model, and thus:

S

Go(9) =~ [ Gals) 2)

where N is the number of dominant resonance modes, and G,;(s) is the i resonance
mode transfer function, that can be formulated as:
2 2
a;5° + bjs + w;
G”(s) = — - Z2
’ $? + 2&;w;s + w;

(3)

where a;, b;, & and w; are coefficients of the i*" resonance mode dynamic model.

The seeking ID track process is the first process to move the head to the target track;
after reaching the wanted tracks, then the controller tries to control the read-write head
to stay at the middle of the track; the error of track following affects the PES value [13].

The 3 sigmas of the PES can be converted to the TMR (track miss registration) budget
and the TMR budget tends to be smaller since the demand of TPI (track per inch)
increased which causes the lower track width. Therefore, the position control system must
be designed to be controlled more accurately. The performance of servo drives is based on
the results of mechanism of NRRO (non-repeatable runout) and RRO (repeatable runout)
which were created by the nature of the track of the servo.

Amplifier Zone

Current

I
I
i l/ feedback \l
Desired track |
|
|
|
|
|
|
|

M} Controller —» DAC K

Paosition
Control Signal

Voltage
feedback

___________________

Sensing Error
Signal (PES)

FI1GURE 3. The process of the control head positioning read-written on the
tracks [13]

Especially, the main factors of NRROs are spindle and bearing defects, wind age in-
cluded disk flutter and harmonic noise, etc. Some of NRROs affect the resonance fre-
quency changing as shown in Figure 3. In addition, the eccentricity of the track is the
major source of RRO, including the motor and bearing geometry that also generate the
other RRO sources [11-13]. To be a little more specific, the summation of n sinusoids, d(t)
is used to identify the time-varying unknown disturbance of RRO with known frequencies

as follows: .

d(t) = 3 [ai(t) cos(wit) + bi(1) sin(w;t)] (4)

i=1

3. Hy, Loop Shaping Control and Proposed Technique. The transfer function
matrix of co-prime factorization can be used to describe a control feedback behavior,
i.e., left co-prime factorization details the control parameter change with state control.
Equations (5) and (6) show the state-space of the plant G [2-4]:

T = Az + Bu (5)

y=Cz+ Du (6)
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Left coprime factor is considered for controlling the nominal plant of the HDD system
as follows:

[N M]:[A+LC B+LD\L] (7)

ZC 7D |Z

where Z can be any nonsingular matrix. In addition, Z = (I + DD*)fl/2 can be chosen

if Gyoyr = MI'N is defined to be a normalized left-coprime factorization and then a
perturbed model can be written as:

Gvom(s) = (Z\Zf + AM> - (N + AN> (8)

where Gy oy is a normalized left coprime factorization of the nominal VCM plant, and
Ay, Ay are uncertainty transfer functions of system, with which it can investigate a
group of structure with the following description:

§ = {GVCM = (M—i-AM)l (N+AN) IAMAN] < 5} (9)

where v, is the maximum stability margin. The greatest value of ¥ = Yyin Or €payx 18
the target of finding an optimal solution for example all the models belonging to & can
be stabilized by controller K. The synthesis of optimal controller K., and 7, that
stabilized Gy (s) are as:

I _ _
H ( K ) (I — GsvenK) " (IWoGvenWh)|| = Ymin = Emax (10)
That is equivalent to
KS, KS,S, 1
[ m
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where Sg = (I — GSVCMK)_I. The objective of this 4-block fitness function is to incor-
porate the simple performance/robustness tradeoff that guarantees the stability of H;,f
procedure, developed by McFarlane and Glover. Nevertheless, they also suggested the
minimal value 7p;, should be less than 4 in the MIMO system and the calculation is given

by: 1 Y
(- ) o

V1= Aax(YQ)

where A« represents the greatest eigenvalue of Y (). Moreover, for any values v > vmin,
a corrector stabilizing all the models belonging to & is given by:

Ko(s)=B"X (sI - A+ BB"X — 72ZYCTC)*1 vZY " (13)
Z=(IT+YX—-~1)"! (14)

where Y, () are the solutions of the Riccati equations while A, B and C' represent the
state matrices of the shaped plant defined by the function Gycyy.

3.1. The loop shaping design procedure. The calculation of the normalized co-prime
factorization and the synthesizing of H, robust loop shaping design can be seen in [5]. The
performance in terms of loop shaping must be specified before calculating the pre/post
weighting functions. The design procedure can be briefly described as follows.

- The nominal plant Gyc(s) is used to be controlled by selecting the pre/post weight-
ing function for shaping the desired open loop plant. The shaping plant with pre/post
weighing function are combined in order to improve the performances of the system such
as GSVC’M(S) = WQ(S)GVCM(S)Wl(S).

- Synthesize the controller, K, ensuring the stability margin v slightly more than ;.
- Combine the H,, controller, K., with the shaping functions as the final feedback con-
troller such that:

KSVC’M(S) = Wl(S)KOO(S)WQ(S) (15)

3.2. Non-smooth technique for H,, design algorithm. In this section, the non-
smooth optimization was presented for solving H,, designed problems with structural
controller constraint. The major advantages of this technique are the avoidance for us-
ing Lyapunov variables and the size reduction of optimization programs even for very
large systems. This algorithm applies bundling approaches and generalized gradients
that are suitable for the computed descent directions and norm by solving the problems
of quadratic programs and creating a step off line search. See [7-9] for a more detailed

discussion; briefly, they start with the composite functions f = ||:||,, © Ty, or more
generally g = |||, © Tw—. 0 X () are written as a form:
g(k) = max g(r,w) (16)
w€[0,+00]

where ¢(k,w) is a function of maximum singular value composition. The steps of this
method to minimize g(x) were illustrated in [8]. Moreover, the non-smooth technique was
applied to synthesizing the fixed structure PID robust controller for hard disk drive 9"
order model. From [9] the feedback loop was used to position the head on the correct
track of HDD. This control structure consists of a PID controller and a low-pass filter in
the return path as shown in Figure 5.

Based on classical H,, loop shaping design and non-smooth algorithm, the controller
PID and filter were tuned to achieve the performance of loop shaping LS and the robust-
ness of H,, synthesis. In this paper, the results of this strategy were investigated in terms
of performance.
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Ficure 5. Closed-loop formulation of non-smooth for hard disk drive as-
sembly [7]

3.3. Specified order — H., loop-shaping based particle swarm optimization
(SO-HLS). In this research, a specified order — H,, robust loop shaping control (SOHLS)
is applied to the VCM servo system under RRO and NRRO disturbances. The conven-
tional strategy can be applied to generating the desired loop shaping controller; however,
they are still complicated with high order. The set of parameters, p, in the controller
Ksyveum(p) is attempted to be evaluated while pre/post weighting function W; and W,
are selected manually based on the classical loop shaping technique [4]. For inverting
Equation (15), thus K, can be rewritten as:

KOO(S) = Wlil(s) KSVOM(S) W271(S) (17)

Substitute (17) into (10), and the infinity-norm of disturbances to states transfer func-
tion can be written as:

-1
1 -1
_ _ I1-G W, K AW, Mt 18
H |: W1 IKSVCM(p)W 1 ( SVCMYVYVq SVC’M( ) 2 ) s ( )

2

oo

PSO [18] is the effective method to analyze the nonlinear optimization problems. This
method adapts the concept of particles y around the problem space until getting the
stopping condition. The improved fitness function of this method is used to identify the
best solution (particle). In the proposed technique, the parameters set p is formulated
like a particle, and the fitness condition can be written as:

(19)

P for K (d) stabilizing the plant.
*7 1 1x10° Othercase.

The fitness function is biased to be a small value if there is at least one constraint not
met. Based on the specifications above, this proposed method can be described as follows.
- Identify the parameters of particle swarm optimization, i.e., population size in particle
swarm, min-max values of the bounded space: (Zmin, Tmax; Pmins Pmax), Min-max weights
inertia (Qmin, @max), Mmin-max particle velocity (Umin, Umax), and set max iteration (imax)
and acceleration coefficients (aq, as).

- Initialize 1% particles, randomly.
- Estimate the fitness function (f’s) for each particle; and the best value found by particle
1, call it as Pb, and search the greatest value with the swarm, called Ub.
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- Update the inertia weight (@) as:

Q = Qmax — (%) i (20)

Update the position (p) and velocity (v) of each particle.
Vig1 = Qui + o [y (B — pi)] + a2 (21)
Pit1 = Pi t Vig1 (22)

where «q, ay are the specified acceleration coefficients and 7;, 72; are the numbers from
the random search.

- Increase the working iteration for a step (i = ¢ + 1). If the current iteration is the
maximum iteration i = iyay, then stop. If not, start to evaluate the fitness function f(s)
again.

4. Simulation Results of HDD Servo System. In this section, the proposed SOHLS
technique is applied to controlling the hard disk servo system. To illustrate the perfor-
mance and robustness of the system, the comparison of three controllers designed are
shown in type of step response and concluded in the figure of histograms. The dynamic
model of the VCM actuator of this paper can be written as:

1.544 x 10%s7 +1.051 x 1055 + 3.087 x 10'8s° 4 2.202 x 10**s*
+9.03 x 10%653 4 3.886 x 103252 + 1.723 x 103! + 7.466 x 1037
Gp = s? + 327358 4+ 4.023 x 1057 +9.74 x 10255 + 2.754 x 10'8s° (23)
+2.04 x 10%'s* 4 3.866 x 10%0s® 4+ 2.217 x 10%s?
+7.488 x 1035 +9.332 x 10*?

Pre-compensator, W; is selected for attenuating the disturbance at lower crossover
frequency with high gain as a post-compensator, W, is used for reducing the effect of
measurement noise with low gain at high frequency. Considering the loop shape of the
plant in (23), the pre/post weight function W; and W, were chosen as:

~0.00809s + 56.95

W, = 24
! s + 5900 (24)
s+ 39300
_ VY 9
W, s + 217500 (25)

The controller designed by the conventional robust loop shaping technique provides a
12" order controller and the best infinity norm and stability margin of this loop shaping
method are v, = 1.7653 and e, = 0.704, respectively. Clearly, the selected weight
is compatible with the robust stabilization control problem; however, the 12" order of
conventional controller is quite complicated for implementation.

The classic controller based on H,, loop shaping, Kgycy that robustly stabilizes the
shaped plant Gy o is synthesized as:

(0.008138 x 5'2 42216 x s'! + 1.351 x 1085 + 1.01 x 101357 )

+4.334 x 10" + 1.072 x 102257 + 2.905 x 102656
+3.71 x 103%° + 4.66234 x s* + 3.846 x 103853

K _ +1.135 x 10*2s2 + 1.211 x 10%s + 2.136 x 10*7
svem(s) = 12 4+ 4.552 x 105 +6.025 x 1070510 + 2.826 x 10547
+2.29 x 10205 + 4.82 x 10%*s” + 1.642 x 1055

+2.033 x 103355 + 2.702 x 1037s* + 2.293 x 10*' g3

L +6.649 x 10*s2 +7.232 x 10%6s + 1.249 x 10 )
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Ficure 7. Coprime factor robust stabilization problem

Due to the fact that the 12" order of the classic controller above affects time calculation
of the system that causes increase in the data access time of HDD, the widely used
technique, Hankel norm model reduction strategy, was applied for decreasing the order of
Kgyen from the 12 order to 3™, and the reduced order controller can be written as:

0.008138s3 + 219.952 + 2.571 x 107s + 6.946 x 10'!
Krepuce = 3 a2 9 11
$3 4+ 2.865 x 10°52 + 3.259 x 1095 + 8.984 x 10

The position of measured PES, actual position and the controller are shown in Figure 7.
Although, the reduction controller is the third-order controller, that solves the problem
of complicated and high order controller structure; however, the stability margin and
performance are quite degraded. The stability margin is reduced to 0.4118. In addition,
the controller of non-smooth technique with PI structure and first order filter that were
described in Section 3.2 were designed and the resulting controllers are:

0.0103}

(27)

(28)

S

Kyonsmoorn = {0-000846 B
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5486
F = — 29
NONSMOOTH { s + 5486 } (29)

Finally, the proposed SOHLS controller evaluated from the PSO was carried out and the
structure of the controller was demonstrated in (30), in which K;-Kg are the parameters
to be evaluated.

Kis® + Kos? + K K
18° + K9s8® + K38 + 4} (30)

Ksonvs(p) = {K5s3 + Kg¢s? + K7s + Ky
In the optimization problem, PSO parameters were speicified as follows: the upper
and lower bounds of the PSO and parameters are set as follows: K; € [0.001,0.01],
K, € [10,1000], K3 € [100,10000], K4 € [100,100000], K5 € [1,100], K¢ € [1000, 200000],
K, € [1000,200000], Kg € [1000,200000], population size = 24, min-max velocity are 1
and 3, respectively, acceleration value = 2.1, minimum and maximum inertia are 0.3 and
0.7, respectively, iteration limit as 50. The obtained optimal solution is shown in (18),
which has the stability margin e, = 0.5765. Clearly, the stability margin of the proposed
controller is nearly to the full order controller (12'" controller). The optimal controller of
the proposed SOHLS can be written as:

0.001275s3 + 275.45% + 2580s + 5.037 x 10*
Ksonrs(p) = 3 2 5 5
1583 4+ 14000052 + 2.291 x 10%s + 1.198 x 10
Figure 6 shows convergence of fitness function curves that indicates the solution is the
converged and the stability margin is the optimal value. The optimal SOHLS controller

provides a satisfied stability margin that is greater than the reduced order with the similar
controller structure as seen in Table 1.

(31)

TABLE 1. The performance and robustness specifications of the controller designed

Type of controller | Settling time | Over shoot | Stability margin
Full order HLS 0.0023 0.0848 0.704
Reduced order 0.0052 0.0725 0.4118

Proposed SOHLS 0.0017 0 0.5765
Non-smooth 0.0039 0 0.6410

The open loop Bode diagrams are used to verify the performance in the frequency
domain of all controllers. The comparison of the nominal plant Gy ¢y with the shaped
desired plant G sy oy is shown in Figure 8(a). The H,, loop shaping and the loops shaped
by three different techniques are plotted in Figure 8(b). Clearly, the proposed SOHLS
performs as robust controller, in which its loop shaping is quite similar to the shape of the
conventional robust loop controller. Figure 8(c) shows the step responses of the optimal
solution from the robust non-smooth, the proposed robust SOHLS, the reduced 3" order
and conventional H, loop shaping controller. As seen in this figure, the proposed SOHLS
provides a better performance than that of other tested techniques. The details of this
step response are described in Table 1.

The disturbances in the actual HDD are usually interesting as a group of plant output
disturbance, called runouts. Repeatable runouts (RROs) and non-repeatable runouts
(NRROs) are the main factors of track following errors. Generally, the pattern of NRROs
is hardly predictable that depends on the nature, unlike repeatable runouts. A perfect
HDD servo system should use the controller that can attenuate both of NRROs and RROs
disturbances.

In case of the robustness testing to attenuate the RRO and NRROs disturbances,
the runouts were considered to be added to the simulation. Based on several literature
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studied, the runouts in actual hard disk drives are the majority consisting of RROs as
the basic summation of sinusoidal with fundamental frequency 55 Hz, equivalent to the
spindle motor speed [13]. The signal of PES with fictitious runouts can be written as:

d(t) = 0.5 + 0.1 cos(1107t) + 0.05 sin(2207t) + 0.02 sin(4407t) + 0.01 sin(8807t)  (32)

This signal was added to the output with the zero mean reference signal. The position
signal to be considered is the position error signal (PES). The statistic methodology such
as 30 PES (standard deviation) is a suitable parameter used to analyze the deviation
of head position. Figures 9 and 10 show the output responses and the position error
signal (PES) histograms, respectively. As seen in Figure 9, the proposed controller can
attenuate the disturbances from both RRO and NRROS within 2.5 nms while the reduced
order controller and the controller designed by non-smooth technique fail to stabilize the
system under the presence of disturbances. Figure 10 shows the statistical distribution of
the PES under RROs for all controllers. For the distribution under NRROs and RROs,
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(a) (b) (c) (d)

FIGURE 10. Comparison of opgs histograms of three algorithms: (a) the
proposed SOHLS with RROs, (b) reduce order by Hankel norm with RROs,
(¢) non-smooth technique with RROs and (d) the proposed SOHLS with
RROs and NRROs disturbances.

TABLE 2. The 30pgs of the PES testing

30'PES nm 30'PES nm
Type of controller of RRO(S teﬁt of RROs and J(VRI){OS test
Proposed SOHLS 2.5110 2.5423
Reduced order 54 order 5.0168 N/A
Non-smooth 4.8575 N/A

only the result from the proposed SOHLS can be presented since the outputs from the
reduced order and a non-smooth controllers are unstable under this condition. Table
2 also illustrates the 30pgg value of several interested techniques after testing, which
were obtained by measuring the PES. Moreover, 30pgs is the main factor to indicate
the maximum achievable track density and also shows the performance of the controller
designed.

5. Conclusions. This paper proposes the specified order — H,, loop shaping (SOHLS)
applied to the HDD servo system that can achieve a better performance system for at-
tenuating the effect of RROs and NRROs disturbance. As illustrated in the results, it
is clearly shown that the SOHLS controller designed achieves good robust performance.
Although the design of the robust SOHLS controller is not easy to be carried out by
mathematical methods, due to the nature of nonlinear problem, the particle swarm opti-
mization simplifies this difficulty by finding the best solution based on swarm searching
technique. The value of ¢ after running the PSO of SOHLS is 0.5765, indicating that
the designed controller is suitable for the specified open loop shaping method and also
guarantees the robustness. Although the ¢ of the conventional H,, robust loop shaping is
0.704 which is more than that of the proposed technique; however, the conventional con-
troller is complicated with the 12'" order controller and it is difficult for implementation.
Moreover, the statistical data 3oprgs value of the PES indicates the successful controller,
which can attenuate both the RROs and NRROs. The results demonstrate that the robust
performance of the proposed SOHLS is better than that of the reduced order controller
by Hankel norm and non-smooth method against the counterpart condition.
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ABSTRACT. The strong demand of the data storage capacity has been increasing signif-
icantly. According to the heat-assisted magnetic recording (HAMR) technology, the de-
mand trend of hard disk drive (HDD) is predicted that the areal density will be achieved
10 Tbit/in? before the year 2020. High areal density results in a narrow track pitch which
s quite sensitive to the external disturbance including the measured noise. This point is
the benchmark problem of the high precision controller design for controlling the HDD
servo mechanism. Moreover, the systematic uncertainties have to be taken into consider-
ation in controller design procedure as well. The alternative robust v-gap metric related
to Hoo loop shaping is proposed in this paper to stabilize a voice coil motor in HDD under
the uncertainty condition. The potential particle swarm optimization (PSO) is adopted
to minimize the gap between the plant with Hy controller and the plant with specified 3
controller orders. Instead of using the conventional Hs, controller with high order with
a complicated structure, this paper applies the proposed lower controller order based on
v-gap which is more appropriate tmplement in the actual application. The performance
and robustness of both controllers are compared in the simulation studies. The results
confirm the similar characteristics of both controllers in terms of performance tracking
and disturbance rejection. Furthermore, the system stability index called stability margin
with 0.472 and system perturbations testing condition also emphasizes the robustness and
effectiveness of the proposed controller.

Keywords: wv-gap, Hy loop shaping, Robust controller, Voice coil motor, Hard disk
drive

1. Introduction. Over the past two decades, the hard disk drive servo system is widely
used throughout the world, especially an increase of areal density. The increase of areal
density will be achieved 10 Thbit/in? following the industry roadmap. The consequence of
the increasing of data areal density leads to a reduction of the gap between the data tracks
pitch. A narrower track pitch causes the difficulty to precisely position the read/write
head of voice coil motor (VCM) over the desired track. Currently, the areal density in
hard disk industry hits over the 1 Tbhit/in? [1]. For 10 Thit/in? areal densities in the near
future, the displacement of the data track is around 8 nm, while the three sigma value
is about 1.16 nm [2]. Therefore, this very small displacement is one of the benchmark
problems for controlling the high-density hard disk drive. In addition, the servo resonance
modes caused by natural mechanism resonance are also the control problems. Thus, the
disturbance caused by the repeatable runout (RRO) and non-repeatable runout (NRRO)
have to be taken into consideration. Generally, the major source of RRO is generated
by the un-concentricity of disk flutter, servo bearing, spindle vibrations, etc. The NRRO
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is normally produced by air turbulence, and mechanical resonance. In case of resonance
frequencies appearing in a servo hard disk, notch filters which are the most well-known
and popular compensator [3]| are utilized in this study to suppress the resonance effect.
However, NRRO and RRO still are the main factors to degrade the performance and
robustness of the hard disk. These disturbances also make the system nonlinearly [4]. To
overcome these problems, many research papers have been proposed continuously. Modern
controls such as fuzzy logic control, neuronal network, and adaptive control have been
applied to accurately controlling the hard disk drive. In [5], a fuzzy control was applied
with the switch mode PID and its saturation limitation. As shown in their results, fuzzy
control is efficient to control the seeking mode positioning in hard disk drive accurately.
Nevertheless, the uncertainties constraints are not added to be considered in their paper.
Lai et al. [6] adapted the two neural networks to compensate the external vibration and
the nonlinear pivot friction inside the hard disk drive. Their compensators were operated
by following the signal of accelerometer sensing device. They claimed that their proposed
controller increased the tracking performance and attenuated the effect of the sensing
disturbance vibration. Herrmann et al. [8] utilized the adaptive neural network in their
practical application. Their adaptive radial basis functions in neural network control were
applied to compensating the resonance and voice-coil-motor (VCM) parameters changing
effects. The results indicate that their technique can improve the servo bandwidth and
suppress the resonance effect properly.

However, all techniques mentioned above do not take the systematic uncertainties and
robustness criteria into their design processes. In order to stabilize the system, various
references have presented the robust control and its applications. Robust control is a high
potential technique to maintain the system performance and robustness. In the robust
control, the system uncertainties can be modeled to many types of model. For instance,
the polynomial static output feedback H-infinity control [9], linear matrix inequality (L-
MI) based H,, control [10], Hy, robust loop shaping [11-14,22,23]. H,., loop shaping is
one of the popular, simple and sensible techniques to design an effective controller against
the uncertainties and disturbance criteria. Nonetheless, a number of the classical H,
loop shaping controller order is quite high, which leads to difficult implementation and
needs complicated mathematical analysis. Therefore, this paper aims to bridge the gap
between theory and application by synthesizing the low controller order based on the
concept of v-gap metric with respect to H,, robust loop shaping method and particle
swarm optimization (PSO). The evolutionary computation algorithms PSO is applied to
solving the non-convex problem of the H,, robust controller design by searching optimal
parameters of the proposed controller based on v-gap metric. The advantage of PSO is
a high probability algorithm to achieve the global best solution in the problem search
space which is unlike the other gradient techniques that normally trap the local minima.
Furthermore, the performance of searching comparison between PSO and other searched
techniques were discussed in [22,24]. The conventional H,, loop shaping controller, K,
is utilized to specify the appropriate weighting function and stabilize the nominal plant
at the first process. Subsequently, the gap (distance) between the plant stabilized by the
H,, controller (WK, W5Gy) and the plant stabilized by the proposed controller design
with plant (K (z)Gy) of the effective v-gap metric is applied to being the fitness function
of the particle swarm optimization (PSO). Finally, the gap related to the fitness function
with the proposed specified controller is minimized to synthesize the robust controller
with respect to the H,, characteristic. The objectives and motivations of this paper are:
(1) to propose the alternative method to synthesize a robust controller with v-gap metric;
(2) to apply the simple structure of the proposed controller to controlling hard disk drive
servo system robustly and precisely.
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This paper is organized as follows. Section 2 details the HDD modeling and resonance
modes. Section 3 describes the robust controller designed based on the v-gap metric
concept and H,, loop shaping that apply the PSO to finding the optimal controller with
specified controller structure. In Section 4, the simulation of the VCM actuator with
the HDD parameters perturbation is described and the results between the proposed
controller and conventional H, loop shaping controller are compared. Finally, Section 5
summarizes and concludes the results and proposed concept design.

2. Hard Disk Drive Modeling. The hard disk drive actuator is an electromagnetic
device as shown in Figure 1, which consists of the voice coil motor including its current
driver. The principle model of voice coil motor can be analyzed as the electrical and
the mechanical equivalence circuits. Based on the details described in [14], the transfer
function of voice coil motor can be characterized as:

9(5) _ er:bka _ ktkai (1>

u(s) 5(sTe + 1) 4 (57, + 1) [STm + '(RffRs)] S

where 0, u, R,,, Rs, kq, ky, T4, 7. and 7,, are the position of actuator in radian, the
voltage input, VCM resistance, the parallel resistance, steady state gain, back emf force
coefficient, amplifier, electrical and mechanical time constant, respectively.

F1GURE 1. Schematic diagram of the head-positioning HDD

By the transformation method as detailed in [14] the characteristic of the VCM actuator
model can be transformed to the tracks as:

The realistic model of hard disk drive including its resonance dynamic modeling can be
written as:

k,k
Gyvom(s) = —gGr,i(S) (3)

(s)
where [, denotes the length of the VCM actuator arm and TPI represents Track Per
Inch of VCM model of hard disk drive, &, is the acceleration constant, k, is the position
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measurement gain. The ith resonance, G, ;(s) can be expressed as:
a;s + bis + w? )
82 4 2&w;s + w?

where a;, b;, & and w; are coefficients of the ith resonance mode dynamic model. The
model parameters of the HDD are shown in Table 1.

Gr,i(s) =

TABLE 1. The model data of the hard disk drive assembly [15]

Model data Value Tolerance perturbation
(m, ky, ky) (0.002,20,64.013) =

(a1,b1,61,wr) | (0.0000115, —0.00575,0.05, 70) (—, —,50%, 20%)

(ag, by, G2, wo) (0,0.0230,0.005, 2200) (—, —,50%, 20%)

(ag, bs, s3,ws) (0,0.8185,0.05,4000) (—, —,50%, 30%)

(ag,bq,<1,wq) | (0.0273,0.1642,0.005,9000) (— —,50%, 20%)

3. Robust Control Synthesized Based on v-Gap Metric and Particle Swarm
Optimization.

3.1. V-gap metric. The v-gap metric was introduced into the robust control literature
by Vinnicombe. The good tutorial overview can be found in [16,17]. The v-gap metric is
utilized to measure the distance between two linear time invariant (LTI) of the interested
feedback plants for indexing the similarity performance of both systems. The definition
of v-gap metric that calculates the upper bound on the distance between two systems (G
and G) can be described as:

Given G(), G, € p>a

LN } Ny if det®(s) # 0 Vw
0,(Go, G1) = L My » and wno det®(s) =0 (5)
1, otherwise

where G; = N;M; ! = Mﬁlﬁi, are normalized right (left) coprime factorizations of the
interested plants and wno represents the winding number in the standard Nyquist D-
contour [16,17].

The calculated v-gap value always lies between 0 and 1. Small value (relative to 1)
implies that the close loop gain of both systems will be similar. In the other words, high
value of v-gap indicates that the plants are far apart. Moreover, the input and output of
both systems must be the same. The theorem that associates with the v-gap metric to

measure the system performance is the following:

Theorem 3.1. (Theorem 2.4 detailed in [17]): Any two plants Gy, G1 with m inputs n
outputs and a controller K with n inputs and m outputs,

\bco.x — bey k| < 00(Go, Gh) (6)

where
-1

(7)

The following interpretation is described in [17 “The v-gap is an effective measurement
of the important difference between the two systems, in terms of closed-loop behavior
when both are controlled by the same, near unity-gain, feedback compensator. When
the feedback compensator to be used is not of near unity-gain at all frequencies, it is

X :H{é] (I +GiKi)™

Hl ] (I+KG) I K,

o
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necessary to weight the system concerned (by the controller, or the expected shape of the
controller — as characterized by the weights used in the H,, loop-shaping design procedure
for example), for such an interpretation to be meaningful.”

3.2. Robust fixed-structure procedure based on v-gap metric and PSO. In order
to achieve the robust performance of the H,, loop shaping procedure, the pre-weight (1/7)
for decreasing the effect of disturbance with high gain at low frequency and post-weight
(W3) for rejecting the noise with low gain at high frequency must be properly selected.
Following the details described in [14,19,20], the selected weights can be evaluated by
using the concept of Riccati Equation (8). The result of Riccati is 7y, which is the inverse
proportion of the maximum stability margin ,,,,. Based on the suggestion of McFarlane
and Glover in [11], the ey should be more than 0.25 in order to properly maintain
the system stability under uncertainties and disturbance perturbations. Thereafter, the
selected weights are utilized to shape the nominal plant of HDD actuator as: Gg =
Wi1GoWs, where Gy represents the nominal plant. The uncertainty of the interested
hard disk drive is evaluated by using the concept of left coprime factorization, which is
separated into the normalized nominator N and denominator M factors as illustrated in
Figure 2. The inverse maximum stability margin index 7, can be calculated as follows.

Yoin = e = L= {IIN M]J2 "7 = (1 = Aa(X 2))00 (8)

where || - || represents the Hakel norm of system, Apax is the maximum eigenvalue of
matrix X multiplied by matrix Z, while X and Z are unique positive definite solutions
to algebraic Riccati equation.

FiGURE 2. Controlled diagram of feedback loop with system uncertainty
based on left coprime factorization

After achieving the desired e, regarding the appropriate weight selection, the H
controller (K,) is synthesized by solving the following inequality equation of the shaped
plant, W1GyW,. The H,, norm of disturbance to state can be expressed as:

1 1A
HTzw”oo - 'H K } (I +W1GoWaK) lMsl

> (9)

1 _ 1
= H|: K :| (I+W1G0W2Koo) 1[[ WlG()WQ] < g

[e.o]

The synthesized feedback controller K is obtained as:
K =W K W, (10)
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As known, the H,, controller (K) has a complicate structure and high controller order.
Therefore, the controller applied in this paper is specified with 3 controller orders (3
poles 3 zeros). The optimal controller parameters are found by using PSO algorithm to
synthesize the robust controller with respect to the H., loop shaping technique. The
specified controller structure and set of controller parameters are the following:

3 2 1
Zm18° + Zm28” + Zm3S + Zma
218 + 27282 + 2p3st + 2z

K(z) = (11)

The set of coefficients in the proposed controller is:

z = [Zmla Zm2; Zm3s “m4s Znly Zn2; Zn3, Zn4] (12)

In order to synthesize the proposed robust controller related to H, loop shaping tech-
nique of this paper, the distance between both closed loop systems is applied to being
the cost function of the PSO searching tool. Two systems applied in this paper are: (1)
W1 K oWsGo and (2) K(2)Go. The cost function (J.s) of PSO based on the proposed
v-gap method is expressed as:

_ { [0,(W1h Koo WaGo, K (2)Go)] ™! if K stabilized the Gy } 13)

Fitness [f" =
= Jeou 0.0001 Otherwise

The high potential PSO is applied to searching the optimal coefficients in proposed
controller K (z) in order to minimize the gap (distance) between both interested systems
in the closed loop behavior. The optimal minimum gap implies that the nominal plant
with synthesized controller is similar to the characteristic of the nominal plant with the
H, loop shaping controller. The details of proposed technique can be summarized as
follows.

Step 1. Specify the controller parameter structure K(z) in Equation (12), while z is
the set of the controller coefficients, which are referred as a ‘particle’ in the PSO technique.

Step 2. Initialize the parameter sets of PSO in the 1st iteration, such as population
size, maximum and minimum velocities and momentum.

Step 3. Generate a swarm movement of the first iteration randomly, and find the
fitness value of each particle. The inverse of cost function in Equation (13) is applied as
the fitness function (Fitness [f"]) of the PSO optimization.

Step 4. Update the inertia weight (J), position and velocity of each particle as:

Jmax - Jmin) .
—_— | 1

Umax

J = Jmax — ( (14)
Vig1 = Qui + aa[y1i(P — pi)] + a2 (15)
Update the position (p) and velocity (v) of each particle.

Pit1 = Pi + Vit (16)
where aq, ay are the specified acceleration coefficients and ~y;, v2; are the numbers by
random search.

Step 5. Return to step 4, if the current iteration is less than the maximum iteration. If
the current iteration reaches the maximum iteration, then stop. The particle that achieves
the maximum fitness value is the answer of this optimization.

Figure 3 shows the flowchart of the proposed controller design. The chart starts from
shaping the plant with appropriate selected weights, and then PSO is applied to finding
the optimal parameters of the proposed fixed structure controller with respect to the
minimum gap between both systems. Finally, the process is stopped when the PSO
achieves the optimal best solution and/or the maximum iteration.



ROBUST v-GAP METRIC H. LOOP SHAPING CONTROLLER SYNTHESIS

FI1GURE 3. A control flowchart of the proposed robust controller design
based on v-gap metric

4. Simulation Results. The position control in voice coil motor (VCM) of hard disk
assembly (HDA) is utilized to examine the performance of the proposed controller design.
In this paper, the principle VCM and four resonant dynamic models characteristic of HDA
with the 12th order described in Table 1 can be constructed as follows:

( 1.544 x 1099 4+ 1.055 x 10'°s10 + 1.175 x 101957 )

+6.247 x 10%*s® + 2.878 x 10257 + 1.097 x 1034s°

+2.575 x 1037s% 4+ 5.934 x 10%2s* 4+ 4.539 x 10%°s3

o () = + +7.838 x 10°°s% 4 3.525 x 10°%s 4 1.505 x 10°6
VCM& -

NOTCH s'3 4+ 53557512 + 8.625 x 10995 + 3.1 x 10510 4 2.338 x 10'9s°
+5.26 x 10258 +2.163 x 102857 4 2.78 x 103255

+7.439 x 10%0s° + 3.647 x 10%9s* + 7.816 x 10**s3

| +5.095 x 10%s2 4+ 1.51 x 10°'s + 1.881 x 107!
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Based on the well-known concept of McFarlane and Glover, the hard disk drive plant
of the proposed design needs to be shaped with high performance weights to achieve a
high at low-frequency gain with W, and a low at high-frequency gain with W5 of the open
loop frequency response for rejecting the effect of disturbance and measurement noise.
Furthermore, the crossover frequency of the shaped plant should be high to increase the
servo bandwidth including the tracking performance. The selected weighting function of
the proposed controller design can be selected as:

0.0081s + 56.95

Wyl s + 5900
{ Wy } B s + 39300 (18)
5 + 217500

In order to indicate the system robustness of the proposed loop shaping controller
design, Riccati equation provides the maximum stability margin e,., = 0.612, which
guarantees the performance of selected weights for maintaining the system stability under
uncertain constraints. Based on these weights, the H,, loop shaping controller is synthe-
sized, and applied to being the fitness function of PSO to minimize the gap between both
systems. The initialized PSO parameters are selected as follows: the number of particles
= 24, an acceleration coefficient = 2.1, the minimum and maximum of velocities and
weight inertias are [0.6,1.8] and [0.3,0.9], respectively. Figure 4 illustrates the conver-
gence fitness function curve of PSO algorithm. The parameters of the specified controller
structure with order 3 in Equation (11) are optimized. After that, the final proposed
controller based on v-gap metric is obtained as:

K(2) 0.2653s% + 707.35% + 3561s + 3157
Z) =
167.8s3 + 4.055 x 105s? 4 2.788 x 10°s + 8.713 x 105

(19)

F1GURE 4. PSO solution convergence of proposed v-gap metric
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A conventional H, loop shaping controller can be synthesized as:

(0.0082355'% + 23545 + 1.526 x 103510 4 1.109 x 10357 )
5.046 x 10'7s% 4 1.28 x 102257 + 3.468 x 102656
+4.877 x 10%0s° + 5.868 x 10%*s* 4 5.366 x 103853
+1.844 x 10*25% + 1.807 x 10** + 3.484 x 10*"

s12 4+ 4.721 x 10°s'! 4 6.461 x 10'°s'0 + 3.04 x 10'°s?
2.483 x 102958 4 5.426 x 10%*s7 + 1.818 x 10¥9s6
+2.383 x 10%3s° + 3.083 x 10%7s* + 2.756 x 10*'s*
+8.697 x 10*s% 4+ 9.01 x 106 + 1.638 x 10°° )

After the optimization process, which PSO is applied, finished, the close loop gap
between the plant with H., loop shaping and the proposed controller is 14.2265. The
inverse of this value equals 0.0703, which is very small gap of both compared systems;
therefore, the robust performance of both systems is almost similar. Additionally, the
stability margin and the time performance of H., loop shaping and proposed technique
are compared in Table 2.

The step responses of both techniques are illustrated in Figure 6. This result indicates
that the settling time and overshoot of both techniques are almost the same. In addition,
the similar disturbance rejection response of the two controllers shown in Figure 6 also
guarantees the system stability and robustness of both systems.

TABLE 2. Performance and robustness comparison

Procedure Stab.lhty Settling time | % Overshoot | Order
margin (&)
H, loop shaping 0.612 0.0027 0% 14
Proposed v-gap technique 0.4782 0.0021 0.08% 3

Although, the stability margin of H, is greater than the proposed technique, the order
of the conventional H, controller is higher and more complicated. Therefore, the proposed
controller design gains more advantages than that of the conventional H,, controller in
terms of simple structure while the stability margin is acceptable. Table 2 illustrates the
value of ¢ which is equal to 0.4782, indicating that the designed controller is suitable
for the specified open loop shaping method and also guarantees the hard disk system
performance. In order to analyze the robustness of the proposed controller based on -
gap metric design, the tolerance perturbation at 20-50% of the resonance mode coefficient
of HDD shown in Table 1 is utilized. Figure 7 shows the open loop singular value of the
16-case perturbations compared to the nominal HDD plant, while the step responses of
the 16 perturbed cases and the nominal plant are shown in Figure 8. The step response
performance of the whole cases is almost similar. Even though the system is internally
perturbed by the effect of parameter variations, these results substantiate the robust
performance of the proposed design.

5. Conclusion. V-gap metric is utilized in this paper to measure the gap between two
interested systems (the nominal plant with H., loop shaping controller and the nominal
plant with proposed controller). The very small gap implies that both systems share
quite similar behavior. According to the concept of H, loop shaping, the H,, controller
(Ks) is synthesized for stabilizing the system performance under the uncertainties and
perturbations. The strong advantages of the K, and v-gap metric are combined to be the
fitness function of the proposed alternative v-gap based robust H,, loop shaping controller
synthesized method. PSO algorithm is adapted to search the optimal parameters of the
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(b)

FIGURE 5. (a) Singular value of the sensitivity and (b) singular value of the
complementary sensitivity frequency response between the conventional H
controller with plant (solid line) and the proposed v-gap metric controller
with plant (dot line)

proposed specified controller the 3rd order in the designed fitness function. The optimal
result found in this paper shows that the gap between both controllers is very small with
0.0703. It explains that behaviors of both systems are almost the same. In addition, the
time and frequency simulated results also substantiate the similarity of both controllers.
However, the order of the proposed controller is less than the conventional H., controller,
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(b)

FIGURE 6. (a) Step responses of proposed v-gap metric compared to H,
controller, (b) disturbance rejection of proposed v-gap metric compared to
H_, controller

which is more appropriate to apply to an industrial application than controller that has
high order and complicated structure, such as H., controller. Furthermore, in order
to emphasize the effectiveness of the proposed controller, the 16 cases of the internal
perturbation are utilized. The results confirm the effectiveness of the proposed controller
that it can maintain the robustness and system stability even the parameters of the
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FiGUuRE 7. The open loop singular value responses of the normal model
(black line) compared to the 16 cases perturbation of HDD (gray line)

FIGURE 8. Step responses of the normal model (black line) compared to
the 16 cases perturbation of HDD (gray line)

system are changed. This proposed concept will be applied to the dual stage actuator or
muti-input multi-output (MIMO) system in the future research.
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