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Summary

　　　There　are　a　large　number　of　drive　system8　employing皿merous　actuators　in

industry．　A88uch，　the　performances　of　these　actuators　require　constant血provement　in

temls　of　higher　8peed　and　precision，　miniaturization，　and　lower　energy　consumption．　In

addition，　most　of　these　drive　systems　need　a　design　that　permits　MD　OF（MUIti・pegree一

Ωf’Ereedom）motion．　Motion　controls　allowing　M　D　OF　have　been　practically　realized　by

using　stacked　multiple　actuators．且owever，　there　are　problems　in　attempting　to

improve　the　performance　of　these　types　of　drive　systems　such　as　a　larger　and　more

complicated　structure，且uctuation　of　the　center　of　graVity，　a　nd　Abbe　errors　in　position

measurement　due　tO　the　mUltiple・moving　parts．　In　order　tO　eliminate　these　problems，

MDOF　aetuators－which　have　o】〔11y　a　single　moVing　part，　but　are　capable　of　being

directly　driven　with　MDOF－are　emerging　technologies　for　fhture　app五cations．

　　　This　study　deals　with　planar　actuators，　which　have　a　mover　capable　of　travelng

over　large　translational　displacements　in　a　plane・Various　types　of　planar　actuators

have　been　proposed，　and　synchronous　planar　actuators　with　a　permanent’magnet

mover　are　expected　to　offer　good　controllability　of　the　motion　eontrols・且owever，　the

tnovable　area　tends　tO　be　qUite　narrow　due　to　the　use　of　conventional　magnetic　circUits

for　the　MD　OF　（irives，　which　are　spatially　separated　from　one　another，　unless　the　planar

actuator　has　a　large　number　of　armature　coils　as　shown　in　Figs・S’1and　S・2．　Table　S’1
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shows　classifications　of　synchronous　planar　actuators　according　to　mover　type，　coi，　and

degree－ofL丘eedom　of　controlled　motion．

　　　With　this　in　mind，　this　8tudy　i8　aimed　at　de8igning　high・performance　planar

actuators　that　have　the　following　drive　p　erformances：

〉

〉

〉

〉

〉

decoupled　control　for　3・DOF（Three・IQegree・Ωf’Ereedom）motions　on　a　plane．

wide　movable　area　that　can　be　extended　regardle8s　of　the　number　of　armature

coils．

ease　of　mover　mmiaturization．

no　problematic　wiring　that　can　negatively　in且uence　drive　performance．

smal1　number　of　armature　current8　to　control．

　　　Next，　I　propose　a　design　fbr　a　nove1　synchronous　planar　actuator　having　spatially

super皿posed　magnetic　circUits　for　the　3・DOF　drives　as　shown　in　Fig．　S・3．　The

magnetic　circUits　are　a　combination　of　a　two・dimensional（2・D）Halbach　permanent－

magnet　mover，　and　mutuaUy　overlapped　stationary　polyphase　armature　conductors．

The　movable　area　can　be　eas且y　extended　l）y　increasing　the　length　of　the　armature

conductors，　regard　less　of　their　number．　However，　independently　controlh皿g　MD　OF

driVing　fbrces　by　means　of　super皿posed　magnetic　chrcUits　is　very　dfficult　and　an

eXtremely　important　issue　in　this　study．　This　thesis　demonstrates　a　design　for　a　planar

actuator　that　enables　MI）OF　driving　forces　to　be　controlled　by　using　sp　atia皿y

superimposed　magnetic　chrcUits．

　　　First，　based　on　the　resUltS　of　a　numerical　analysis　of　the　driVing　forces，　I　design　a

decoupled　control　law　f（）r　the　3・DOF　driVing　forces　on　a　plane　by　using　two　polyphase

armature　currents．1　experimenta皿y　demonstrate　that　the　3・DOF　motions　of　the　mover

can　be　independently　controlled　by　using　two　polyphase　armature　currents．　The

movable　area　in　the　translational　directions　is　in丘nitely　wide，　and　that　in　the　yaw

direction　is　in　the　range　within±26　deg，　namely　the　planar　actuator　has　the　widest

movable　area　of　all　planar　actuators　that　have　only　two　polyphase　armature　conductors．

Second，　in　order　to　further　皿prove　drive　characteristics，　the　planar　actuator　is

theoreticaUy　redesigned　so　that　the　mover　can　be　stably　levitated　and　the　3’DOF

motions　above　a　plane　can　be　controlled．　The　plaiiar　actuator　can　be　made　qUite　small

because　the　permanent・magnet　array　and　armature　conductors　for　the　MD　OF　drive　are

integrated．　The　planar　actuator　would　proVide　a　significant　starting　Point　when　used

with　small　electromechanical　components　in　an　MD　OF　drive．
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Fig．　S・2：　　Configuration　of　a　synchronous　planar　actuator　with　a　permanent－

magnet　nlover　and　numerous　armature　coils．　The　power“supply　system　often　becomes
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Table　S・1：　　　Class適cation　of　synchronous　planar　actuators　by　mover　type，　coil，　and

degree・of’fi’eedo皿of　controlled　motion．
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Chapter　1

Intro　duction

　　　This　chapter　introduces　the　background　to　this　study，　which　includes

general　features，　element　technologies，　and　technical　issues　related　to

MDOF　actuators．　NeXt，　the　purpose　and　position　of　this　study　against　this

background，　and　the　contribution　of　this　thesis　are　presented．
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1．Introduction

　　　Conventionally，　linear　drives　have　been　realized　by　a　combination　of　rotary　motOrs

and　reduction　gears．　Continual　advances　are　being　made　to　improve　the　speed　of　the

（hives　and　the　precision　of　the　positioning　of　motion　controls，　however，　these　drive

systems　have　extremely　complicated　nonlinear　phenomena　such　as　friction　and

backlash，　which　makes　it　diflicult　to　attain　satisfactory　drive　p　erformance．　Against　this

background，血ect　drive8　have　been　attracting　attention　because　they　are　high・

performance　drives　that　do　not　use　reduction　gears，　and　drive　systems　utilizing　linear

motors　have　replaced　drive　systems　that　use　a　combination　of　rotary　motors　and

reduction　gears　in　industry　apphcations，　for　example　in　robots　and　machine　tools．

　　　Most　industry　apphcations　require　that　drive　systems　be　able　to　control　MDOF

motion．　Motion　controls　with　MD　OF　have　to　date　been　practica皿y　realized　by　stacking

multiple　linear　motors．　Looking　ahead，　MDOF　actuators，　which　have　only　a　single

mover　capable　of　being　directly　driven　in　MDOE　are　emerging　technologies　fbr　the

fUture．　MDOF　actuators　offer　the　following　advantages：the　center　of　mass　of　the　mover

does　not　且uctuate，　easier　creation　of　smaller　structure，　and　a　saving　on　energy

consumption［MDDO5］．

　　　This　chapter　introduces　the　general　features，　element　technologies，　and　technical

issues　of　MDOF　actuators．　Next，　the　purpose　and　position　of　this　study　against　this

background，　and　the　contribution　of　this　thesis　are　presented．

1．1．Actuator8　with　MD　OF

　　　III　an　MDOF　d』酌e　system　bui1t　using　stacked　rotary　and　hnear　motors

（one・degree・of」freedom，　or　1・DOE　drive），　the　motor　on　the　lower　side　of　the　drive　system

requh℃s　a　high　degree　of　torque　to　suspend　the　mass　of　the　motor　on　the　upper　side　of

the　drive　system．　Consequently　the　drive　system　tends　to　have　a　much　larger　structure

than　the　load　of　its　d亘ve　system［MDDO5］．Furthermore，　these　clrive　systems　have　more

compHcated　multi・body　dynamics，　which　make　it　d遇cult　to　realize　high・perfbrmance

motion　controls．　On　the　other　hand，　MDOF　actuators　have　only　a　single　mover，　which

can　be　directly　driven　with　MDOF，　and　they　are　therefore　expected　to　gain　aeceptance

as　MDOF　drive　systems　of色ring　a　simple　structure　and　high　perfbmlance［MDDO5］．

　　　Most　MDOF　actuators　can　be　class迅ed　into　two　prominent　types［MDDO5］：aplanar

actuator　that　can　drive　in　two・degrees・of’丘eedom（2・DOF）translational　directions；ahd，
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aspherical　actuator　that　can　drive　in　2・DOF　rotational　d血rections．　As　fbr　the　drive

principles，　electromagnetic，　piezoelectric，　magnetostrictive，　and　electrostatic　types　of

MDOF　actuators　have　been　proposed．　Most　models　are　of　the　electromagnetic　actuator

type［MDDO5，　MDDO7，　MDDO8］．

　　　Planar　actuators　have　been　studied　with　the　primary　objective　of　apPlication　in

high・precision　and　high’speed　stages　in丘elds　such　a88emiconductor　manufaqturing

equipment，　machine　tools，　and　conveyance　systems［MDDO8】．　To　date，　various　types　of

planar　actuator8　have　been　proposed，　including　stepping，　induction，　and　synchronou8

types．　In　stepping　planar　actuators，　the　mover　can　be　positioned　without　position

sensors　to　a　positioning　accuracy　of　severa1　tens　of　ptm．　In　induction　planar　actuators，

the　mover　consists　of　a　single　aluminum　plate　including　a　back　iron，　and　the　structure

tends　to　be　shnple　and　so五d．　In　synchronous　planar　actuators，　the（lriVi　ng　forces　have　a

proportional　dependence　on　the　amplitude　of　polyphase　current，　and　a　sinusoidal

dependence　on　the　phase　dii］lerence　between　the　magnetic　field　generated　by　the　stator

and　the　mover．　Therefbre，　synchronous　planar　actuators　are　often　adopted　because　of

their　good　controllab曲ty　in　terms　of　motion　contro1．　The　mover　of　the　planar　actuator　is

suspended　on　l）all　bearings，　air　bearings，　or　magnetic　bearillgs．　The　position　of　the

Inover　is　measured　using　a　combinations　of　optical　sensors（｛br　example，1aser

interferometers，　photodetectors，　encoders，　or　2・D　angle　sensors），　and　magnetic　sensors

（fbr　example，　Hall　elements，　or　d避brential　transfbrmers），　inductive　sensors　or

capacitance　sensors．

　　　Sphe亘cal　actuators　have　1⊃een　studied　with　the　primary　objective　of　usage　in　robot

components，　fbr　example，　their　joints　and　eyes［MDDO8］．　Various　types　of　planar

actuators　have　been　proposed　including　stepping，　induction，　synchronous，　piezoelectric，

and　magnetostrictive　models．　The　driving　forces　of　electromagnetic　spherical　actuators

（that　is　to　say，　stepping，　induction，　and　synchronous　types）have　the　same　features　as

planar　actuators．且owever，　it　is　very　dif｛icUlt　to　suspend　the　mover　and　to　sense

position．

　　　Piezoelectric　actuators　can　drive　the　mover　in　close　contact　with　the　stator　by

controling　the　piezoelectric　strain　on　the　stator，　which　is　made　of　a　piezoelectric

material　IActO4］．　Piezoelectric　actuators　are　generally　small（1ess　than　several・cm　in

size），　and　can　generate　high－power　driving　fbrces　and　retaining　fbrces　with　the　power

supply　turned　off．　Therefore，　piezoelectric　actuators　are　suitable　fbr　small　actuators

used　」e（）r　sho】比・stroke　precise　positioning．　The　mover　is　often　precompressed　by

electromagnetic　fbrces　so　that　the　mover　is　in　close　contact　with　the　stator．

　　　Magnetostrictive　actuators　drive　the　mover　in　close　contact　with　the　stator　by
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controning　the　magnetostrictions　of　the　stator，　which　is　a　magnetic　material［且igO　7】．

Magnetostrictive　actuators　often　have　superior　temperature　characteristics　and

mechanical　characteristics　to　those　of　piezoelect］dc　actuator8［且igO8a】．

　　　In　electrostatic　actuators，　the　driving　fbrce（electrostatic　fbrces）per　volume（unit：

m3）is　inversely　proportiona1　tO　their　length（unit：m）［ActO4］．　When　the　dimensions　of

electrostatic　actuators　decrease，　the　driving　force　per　mover　weigh　increases．　Therefore，

electrostatic　actuators　are　being　studied　fbr　use　in　micro・electro・mechanical　systems

（MEMS）．　In　addition，　high・power　electrostatic　actuator8　haVing　dimensions　of　a・few　cm

can　be　realized　by　integrating　micro・electrostatic　actuators．　To　generate　a　suf丘cient

driVing　force，　however，　it　is　necessary　to　supply　several　kV　of　power　across　the・gap

between　the　moVing　and　stationary　electrodes，　which　is　a　sub・mm　gap，　and　to　design

electrostatic　actuators　that　are　not　subj　ect　to　dielectric　breakdown．

1．2．Element　Te　chnologie　s　of　M　D　O　F　Actuator8

　　　Tb　construct　MI）OF　actuators，　various　technologies　such　as　driving　fbrce　generation，

position　sensing，　and　suspension　and　gUide　mechanisms　are　absolutely　essentiaユ

［MDDO7］．　First，　driVing　forces　with　some　degree　of　freedom　need　to　be　independently

generated．　Second，　the　mover　position　in　all　driving　directions　needs　to　be　detected

precisely　within　a　short　t血e　period．　Finally，　the　mover　motien・－except　in　the　drivi　ng

directions－should　be　constrained，　haVing　less　in且uence皿the　mover　motion　in　the

driving　directions．　In　electromagnetic　actuators　with　MDO耳the　perfbrmance　of　the

driving　fbrces　depends　on　the　characteristics　of　the　magnetic　material　used　and　the

con丘guration　of　the　magnetic　circUits．　This　section　introduces　element　technologies　of

electromagnetic　MDOF　actuators　such　as　magnetic　materials，　magnetic　circUits，

position－sensing　methods，　and　suspension　and　guide　mechanisms．
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1．2．1．Magnetic　Material8

　　　Most　electromagnetic　actuators　with　MDOF　make　use　of　permanent　magnets　to

achieve　both　a　compact　structure　and　high・power　driVing　forces［MDDO5，　MDDO7］．

Thus，　permanent　magnets　are　e8sential　fbr　these　actuators，　and　they　are　created　by

magnetizing　magnetic　materials．　The　magnetic　characteristics　of　these　magnetic

materials　are　Vitally　important　in　the　design　of　high・performance　actuators．

　　　As　we　know，　ferromagnetic　materials　polarize　in　a　magnetic丘eld　H．　Figure　1．2．1・1

show8　the　magnetic　polarization　M，　and且ux　density　B，　of　a　ferromagnetic　material

when　the　material　is　positioned　in　the　magnetic　field　H；the　MLH　curve　and　B－H　curve

have　hysteretic　properties．　In　Fig．1．2．1・1，　the　residua1且ux　density，　coercive　force，

residual　magnetic　polarization，　saturation　magnetic　polarization，　and　magnetic

susceptibiHty　are　expressed　as　Br，　Hc，　Mr，ルfs，　and　Z，　respective1y［SagO7］．

　　　To　evaluate　the　perfbrmance　of　a　permanent　magnet，　a　maximum　energy　product

（BH）max　is　often　utilized，　which　expresses　the　maximum　magnetic斑ergy　stored　in　a

permanent　magnet，　and　depends　on　the　residua　1且ux　density　Bアand　coercive　force　Hc．

Rare・earth　magnets，　which　are　alloys　with　rare・earth　metals　and　3d　transition　metals，

have　the　highest（BH）max　of　al　known　permanent　magnets［EdwO　1，　SagO7，　TawO5］．　To

date，　rare・earth　magnets　in　which　the　ma血phase　is　SmCo5，　SM2Co1・i，　Nd2Fe14B，　or

Sm2Fe17N3　have　been　presented　［FukO4］．　Table　1．2．1・1　shows　the　magnetic

characte亘stics　and　theoretical　hmitations　of（BH）max　of　a皿oys　with　rare・earth　and　a

transition　meta1［FukO4］．　Table　1．2．1・1　shows　that　a　Nd2Fe14B　magnet　has　a　maximum

㎞tation　of（BH）max．　In　fact，　a　Nd2Fel4B　magnet　in　which　the（BH）max　is　more　than　400

kJlm3　has　been　reported，　and　the（BH）max　is　developed　further　every　year　as　shown　in　Fig，

1．2．1－2and　is　close　to　the　theoretical　limit［KanO4］．
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Fig・1・2・1’1：　　Magnetic　characteristics　of　ferromagnetic　materials［SagO　7］．

Table　1．2．1・1： Magnetic　characteristics　of　rare・earth　magnets［［FUkO4］．

Mate亘a1 Ms（T） κu（MJ／m3） Tc（°C） （BH）max（KJlm3）

SmCo5

Sm2Co17

Nd2Fel4B

Sm2Fe17N3

1．14

1．25

1．60

1．57

11－20

3．2

4．5

21

727

920

313

474

259

311

509

490

Ku：Magnetic　anisotropic　energy，　Tc：Curie　temperature
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Fig．1．2．1・2： Status　of（B」H）max　of　Nd－Fe・B　sintered　magnets［KanO4］．
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　　　Enormous　Nd・Fe・B　permanent　magnets　are　used　in　various　types　of　motors　and

actuators　in　some　industry　appHcations，　consumer　electronics，　and　electronic　devices，

and　absolutely　contribute　to　the　development　of　their　miniaturization　and　high・power

output・Permanent　magnets　are　classified　according　to　manUfacturing　process　as　major

types［EdwO1，　SagO7，　TawO5］：one　is　a　sintered　magnet，　which　ha8　a　high　density　of

magnetic　materials　and　high－perfbrmance　magnetic　characteristics；and　the　other　is　a

l）onded　magneちwhich　has　high　mechanical　strength　and　a　great　dea1　of且exibi五ty　in

geometry．　Recently，　Nd・Fe・B　sintered　magnets　are　being　increasingly　used　in　motors　as

shown　in　Fig．1．2．1・3，　and　are　essential　fbr　the　construction　of　electrical　machines

［KanO4］．　In　electronic　devices　such　as　computers，　camera8，　and　cell－phones　Nd－Fe・B

bonded　magnets，　which　have　a　great　deal　of且eXibdity　are　often　applied　［Joh97］．

　　　Figure　1．2．1・4　shows　the　production　proce8s　of　Nd・Fe・B　sintered　permanent

magnets［SagO　7］．　The　production　process　is　classi丘ed　as：powde亘ng，　forming，　sintering，

machining，　sur　face　treatment，　and　magnetization．　In　the　sintering　process，　the　fbrmed

powder　is　sintered　at　about　1100°C，　and　contracts　due　to　clireCtiena　l　anisotropy，　and

therefbre　a　machi血ng　process　is　required　after　the　sintering　precess．　Figure　1．2．1・5

shows　the　production　process　of　Nd・Fe－B　bonded　permanentロiagnets，　which　does　not

include　the　machining　process　because　there　is　no　sintering　process　｛SagO　7］．

　　　In　fact，　permanent　magnets　should　have　a　high　heat　resistance．　The　Curie

temperature　of　Nd－Fe・B　magnets　is　less　than　that　of　Sm－Co　magnets．　Furthermore，　the

coercive　fbrce　of　Nd－Fe・B　magnets　drasticaUy　decreases　with　an　increase　in

temperature←0．69％瓜in　Nd15Fe77B8　magnets）．　To　compensate　fer　heating　resistance，

Dy　or　Tb　are　substituted　fbr　part　of　the　Nd，　and　Sm・Fe－N　magnets，　which　have　about

the　same　saturation　magnetic　polarizationルfs，　a　high　Curie　temperature　Tc，　and　a　high

corrosion　resistance　are　expected　to　be　substituted　fbr　Nd・Fe・B　magnets．　The　addition

of　Dy　or　Tb　to　Nd・Fe・B　magnets，　however，　decreases　the　saturation　magnetic

polarization　M．，　and　it　is　d逝cult　to　manUfacture　Sm・Fe・N　sintered　magnets　because

the　Sm・Fe・N　mate亘als　dissolve　into　Sm・N　and　Fe　at　600°C【OzaO8］．且ence，　it　is

necessary　to　improve　the　magnetic　characteristics　of　permanent　magnets．
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122．Magnetic　CircUits

　　　In　MDOF　actuators，　the　design　of　magnetic　circuits，　which　involve　Inagnetic

materials，　is　absolutely　essential　in　generating　the　MDOF　d亘ving　forces．　MDOF

actuators　have　a　magnetic　circuit　structure　that　basically　extends　the　magnetic　ch℃uit

of　linear　or　rotary　Motol’s，　and　is　based　on　〔lrive　principles　such　as　stepPing　type，

induction　type，　or　synchronous　type．

　　　Stepping　MDOF　actuators　can　position　a　mover　without　position　sensors，　and　were

丘rst　put　into　practical　use　as　drafting　too］s［MDDO5］．Induction　MDOF　actuators　have　a

simple，　firm　secondary　conductor，　and　are　being　studied　for　apphcation　in　transport

switch　systems　in　factories．　Synchronous　MDOF　actuators　offer　good　controllabihty　of

the　di’iving　forces，　and　therefbre　are　being　studied　fbr　use　in　the　high・precision　stages　of

semiconductor　manufacturi皿g，　and　in　robot　elements　such　as　joints　and　eyes．

Synchronous　MDOF　actuators　often　include　permanent　magnets　to　simpliftlt　and

miniaturize　their　structure．　Further皿ore，　to　improve　their　dエive　perforrnance　in　terms

of　such　factors　as　speed　and　precision，　synchronous　MDOF　actuators　with　a　2－D

Halbach　permanent－magnet　array　as　shown　in　Fig．1．2．2・1　have　been　studied．　A

Halbach　per皿anent・magnet　array　generates　a　higher　flux　density　and　quasi・sinusoidal

distribution　with　lower　harmonic　in　the　arranging　direction　than　a　NS　permanent・

magnet　array　does．　Figure　1．2．2・2　shows　the　flux　lines　of　NS　and　quasi・Halbach

permanent’magnet　arrays，　and　shows　that　the　flux　lines　of　the　Halbach　magnet　array

on　one　side　are　more　densely　and　smoothly　drawn　than　those　of　tlle　NS　magnet　array

［JanO7］．　These　Halbach　magnetized　actuators　generate　larger　electromaglletic　fbrces

with　less　fbrce　ripples［HowOll，
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　　　Fig．1．2．2・2：　　Magnetic　fields　of　Halbach　and　NS　magnet　arrays［JanO7］．
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1．2．3．Position・Sensing　Systems

　　　The　MDOF　position・sensing　systems　of　a　mover　are　of　particular註nportance　for

high・perfbrmance　motion　contro1．　T（）date，　the　fbllowing　method　of　position　sensing　with

⊃V．旺）OF　have　been　used：

〉

〉

〉

〉

〉

Laser　interferometer［且asO1，且OhO　7，　Kim97，　Kim98，　Tom94，　Tom96］．

Combination　of　laser　and　photodetector【EbiO3，　EbiO5，　Ebi89，　Ebi91，　GKiO　1，

GKig4，0hio6］．

Magnetic　sensor［ComO3，　ComO4，　ComO7，　Ish97，且0198，　PhiO6］．

Inductive　sensor　or　capacitance　sensor［且OhO7，］［（im97，　Kim98，　JanO　7，　VianO7a，

VanO　7b］．

Optical　encoder［Chi99，　DonOO，　DonO2，　KiyO4，　KiyO5a，　KyOsb，　NisO7，　ToyO7，

Toy95，　Toy96，　TShO6，　YanO　7］．

　　　In　the　high・precision　stages　of　semiconductor　manUfacturing，　fbr　which　planar

actuators　are　mostly　applied，　position・sensing　systems　are　req血ed　to　measure　the

mover　position　with　resolutions　of　several　nanometers，　and　therefbre　often　include

mUltiple　laser　interferometers，　as　shown　in　Fig．1．2．3－1［Kim97］．　In　these　applications，　a

position－sensing　method　with　MDOF　that　utilizes　a　2・D　angle　grid　an．d　a　2・D　angle

sensor，　called　a　Surface　Encoder，　as　shown　in　Fig．1．2．3・2，　is　an　emerging　technology

［KiyO4，　KyOsa，　KiyO5b］．　The　surface　of　the　2・D　angle　grid　instaUed　on　the　mover　is

patterned　three・d皿ensionally　and　cyclica皿y．　The丘ve－degrees・of－freedom　positions　of

the　mover，　which　are　the　x－，ナ，α一，β一，　and　7一positions　de丘ned　by　Fig．1．2．3・2，　can　be

measured　by　detecting　the　d避raction　pattern　generated　by　irradiating　the　surface　of

the　2－D　angle　grid　with　mUltiple　laser　beams．

　　　Some　synchronous　MD　OF　actuators　with　permanent　magnebS　measure　siX・degree・

of’freedom（6・DOF）mover　positions　l）y　detecting　the　magnetic　field　using且al　elements，

as　shown　in　Fig．12．3・3［ComO3，　ComO4，　ComO7］．　Some　variable　reluctance’stepPing’

type　planar　actuators，　often　ca皿ed　Sawyer　Motors，　measure　the　x－and　y－positions　of

the　mover　using　mUltiple　differentia1　transformers，　which　are　extremely　easy　to　instaU

in　variable　reluctance・stepping・type　planar　actuators，　as　shown　in　Fig．1．2．3・4［Ho198］．

Most　spherica1　actuators　measure　the　mover　position　using　optical　encoders，　as　shown

in　Fig．1．2．3・5［YanO7］．
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Fig．1．2．3・3：　　　Configuration　of　synchronous　planar　actuators　with　a　position“sensing

system　that　has　multiple　Hall　elements［ComO7、　JanO7］．

43



戸＝　

1ntegrated

3－DOF　sensor

15cm－一一一・一一一一一●t

雪

Air－bearing

or而ce

Differential

trar｜S「ormer

（1－DOF　sensor）

Fig．12．3・4：　　Mover　configur’ation　of　variable　reluctance－stepping－type　planar

actuators　with　a　position・sensing　system　that　has　multiple　diffbrential　transformers

［Hol98］．

Fig．12．3・5：　　　Con丘guration　of　synchronous　spherical

sensing　system　that　has　multiple　optica1　enceders丘mO7］．
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1．2．4．Suspension　and　GUide　Mechani8ms

　　　Suspension　mechanisms，　which　guide　a　mover　in　the　driVing　directions　and

suppress　it　in　the　other　directions，　are　a　p　articUlarly　important　part　of　MD　OF　actuators．

So　far，　the　following　methods　of　suspension　and　gUide　f（）r　the　mover　have　been　used：

〉

〉

〉

〉

Oil　1ubrication［DonOO，　DonO2］

Ba皿bearings［Chi99，　Ebi89，　Ebi91，　GKiO　1，　GKi94，0hi98，　RauO6，　Y…mO　7］

Air　bearings［HasO　1，且ol98，　KiyO4，　KiyO5a，　KiyO5b，　Ohi98，　Saw68，　TshO6，

Tom94，　Tom96］

Magnetic　bearings［ComO3，　ComO4，　ComO7，且ig90，且OhO7，　KimO5，　Kim97，

Kim98，　KorO6，　KosO4，0hiO6，　PhiO6，［［ruO6，　VanO6，　VanO　7a，　VanO　7b］

　　　Oil　lubrication　on　a　contact　surface　between　the　stator　and　mover　is　extremely　easy

to　realize，　although　it　cannot　be　expected　to　smoothly　drive　the　mover　because　of　the

viscosity　resistance［MDDO7］．Ball　bea〕rings　are　relatively　easy　to血stall　in　the　statOr　or

mover　a　nd　they　can　suspend　and　guide　the　mover　relatively　smoothly［MDDO7］．

　　　Contactless　suspension　of　the　mover　by　ahr　bearings　or　magnetic　bearings　enables

the　mover　to　smoothly　move　because　there　is　no　friction　between　the　mover　and　stator

【MDDO7］．　Ah！suspension　has　a　much　higher　sti£f±tess　at　a　shorter　gap　between　the

mover　and　stator，　which　is　several　pm！N　on　a　10・pm　gap［KiyO4］．　Therefbre，　air　bearings

are　used　in　most　planar　actuators．　The　design　of　the　air　condUit　and　the　compressor　are

extremely　imp　ortant　paエts　of　air　bearings．　Magnetic　suspension　req血es　not　the　design

of　an　air　conduit，　but　that　of　a　magnetic　circuit　so　that　the　suspension　fbrces　of　the

mover　are　generated　without　interfering　with　the　driving　forces．

1．3． Technical　188ues　With　MD　O　F　Actuators

　　　MDOF　actuators　have　three　prmcipally　important　element　technologies：MDOF

driving　fbrce　generation，　MDOF　position　sensing，　and　mover　suspension　and　guides・

Currently，　the　driving　fbrces　are　generated　multi・directionally，　forming　multiple

magnetic　ch℃uits　fbr　unidirectional　drive；mover　positions　are　detected　by　a

combmation　of　positioll　sensors　fbr㎜idirectiona1　displacement；and　most　movers　are

suspended　and　guided　with　ball　bearings．

　　　In　most　MDOF　actuators　that　have　been　proposed，　the　magnetic　chrcUits　are　all

spatiaUy　separated丘om　one　another　to　make　it　easy　to　independently　control　the
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driving　forces　with　each　de　gree　of　freedom．　The　configuration　of　the　magnetic　circuits，

however，　often　makes　the　movable　area　of　the　mover　extremely　narrow，　unless

numerous　coils　are　used．　If　numerous　coils　were　utilized　to　extend　the　movable　area，

then　the　power・supPly　system　would　become　more　complicated．　In　an　MDOF

position・sensing　system　that　combines　multiple°positioll　sen80rs　fbr　unidirectional

displacement，　the　measurable　area，　where　aU　po8ition　sensors　can　measure　each

displacement，　also　is　extremely　narrow．

　　　As　stated　above，　the　following　improvements　in　M］）OF　actuators　are　reqv血ed：

　　　＞　Extension　of　the　MDOF　movable　area　without　a　complicated　power・supply

　　　　　　　system．

　　　＞　Extension　of　the　measurable　area　with　MD　OF．

1．4．Contr丑）utions　of　thi8　Thesi8

　　　This　section　presents　the　purl）ose　of　this　study　and　the　approach　ta』sen　to　this　goa1，

and　clari丘es　the　assertions　and　contributions　of　this　thesis．

1．4．1．Purpose　of　this　Study

　　　This　study　targets　the　design　of　driving　force－generation　mechanisms　and　motion－

contro18ystems　of　a　planar　actuator　that　has　a　mover　capable　of　travehng　over　large

displacements　along　a　plane．　In　this　study，　to　realize　a　high・performance　drive　for　the

mover，　a　planar　actuator　that　has　the　following　speci丘cations　is　designed；

〉

〉

〉

〉

〉

　　　First，　to　rea五ze　a　planar　actuator　that　can　control　the　driVing　fbrces　over　a

movable　area，　I　have　to　design　the　planar　actuator　so　that　the　movable　area　can　be

given，　regardless　of　the　number　of　the　armature　coils．　For　that　purpose，　I　propose

magnetic　ch℃Uits　that　are　not　separated　spatially　due　to　overlapped　armature

conductors．　The　configu．ration　of　the　magnetic　chrcUitS　is　the　mOst　novel　feature　in　this

decoupled　eontrol　for　3・DOF　motions　on　a　plane．

a　wide　movable　area　that　can　be　extended　regardless　of　the　number　of　armature

coilS．

ease　of　mover　mmiaturization．

absence　of　problematic　wiring　that　can　hnder　drive　performance．

asma皿number　of　armature　currents　to　contro1．

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　wide
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study　and　enables　the　extension　of　the　movable　area　by　lengthening　all　the　conductors，

regardless　of　the　number　of　conductors．且owever，　the　con丘guration　of　the　magnetic

circUits　is　not　suitable］eor　decoupled　control　of　the　MDOF　driving　fbrces　because　the

magnetic丘elds，　as　a　resUlt　of　armature　currents，　are　superimposed，　and　so　a　planar

actuator　with　this　type　of　magnetic　circuit　configuration　has　never　been　studied．　This

study　asserts　that　it　is　possible　to　design　a　planar　actuator　so　that　the　MDOF　driving

forces　can　be　independently　controlled　using　spatially　superimposed　magnetic　chrcUits，

and　this　assertion　is　the　main　contribution　of　this　thesis．

　　　SpatiaUy　super血posed　magnetic　circUits　also　allow　the　miniaturization　of　planar

actuators，　which　was　conventionally　difficUlt．　I　see　an　application　for　this　planar

actuator　fbr　use　as　lens・dri・ving・actuators　in　electronic　devices，　and　this　study　involves

the　design　of　a　planar　actuator　with　a　small　mover－－in　the　order　of　severa1　tens　of　mm．

　　　Fina皿y，　as　a　fUndamenta1　investigation　of　incrementa1　improvements　and　to　avoid

deterioration　of　the　drive　characte亘stics　caused　by　friction　fbrces　between　the　mover

and　stator，　this　study　includes　an　investigation　into　the　feasibility　of　magnetic

suspension　of　the　mover．　This　magnetically　levitated　planar　actuator　is　de丘ned　as

haVing　siX　armature　conductors，　which　is　the　mmimum　number　of　armature　conductors

needed　to　realize　both　magnetic　suspension　and　planar　motion　contro1．

　　　To　perform　an　eXperimental　verification　of　this　planar　actuator，　I　have　to　design　the

driVing　force－control　system　and　position・sensing　system　with　M　D　OF．　In　this　study，　the

MDOF　mover　positions　are　detected　using　mUltiple　laser・clisplacement　sensors　because

of　their丘ne　precision．　This　sensing　method　gives　a　relatively　wide　measurable　area，

which　is　wide　enough　to　investigate　the　drive　characteristics　of　the　proposed　planar

actuator．

1．4．2．Procedures　used　in　Conducting　this　Study

　　　This　thesis　presents　an　investigation　．　into　the］feasibility　of　my　targeted　planar

actuator　by　going　through　the　following　four，　ordered　stages；

（1） Conceptual　Design　of　a　Long－Stroke　3・DOF　PIanar　Actuator：

　　　In　this　stage，　a　planar　actuator　with　spatially　superimposed　magnetic

　　　circUits　for　3・DOF　motion　control　is　conceptually　designed　to　drive　the

　　　mover　over　a　wide　movable　area　on　a　plane　by　controUing　only　two

　　　pahrs　of　three－phase　currents・Then，　the　fundamental　characteristics
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of　the　planar　actuator　are　clari丘ed　and

motion・control　system　is　designed．

a　3・DOF　decoupled

（II） Design　of　an　Experimental　System　fbr「Veniication　of　the　Motion・Control

Characteristics　of　the　Planar　Actuator：

　　　In　this　stage，　an　experimental　system　fbr　the　verification　of　the

　　　　motion・control　characteristics　of　the　planar　actuator　proposed　in　Stage

　　　　（1）is　designed，　fbr　example，　the　position・sensing　system　and　the

　　　　suspension　and　guide　mechanisms．　Speci丘cations　and　characteristics

　　　　of　a皿the　experimenta1　apparatu8es　are　described．

（III） Experimental　Verification　of　the　3・DOF　Motion・Control　Characteristics　of

the　Planar　Actuator：

　　　　In　this　part，　experiments　on　the　motion・control　characteristics　of　the

　　　planar　actuator　proposed　in　Stage（1）are　conducted．　There　are　two

　　　　major　eXperimental　objectives：丘rst，　veritication　of　decoupled　control

　　　　for　the　3・DOF　motion　of　the　mover；and，　second，　inveStigation　of　the

　　　　movable　area　of　the　mover　in　the　yaw　direction．

（rv） Feasib血ty　Study　on　Planar　Motion　Control　of　the　Planar　Actuator　with

the　Mover　MagneticaUy　Levitated：

　　　In　this　stage，　a　planar　actuator　having　the　same　con丘guration　as　the

　　　　magnetic　ch℃uits　fbr　planar　motion　control　is　conceptuaUy　designed　so

　　　that　the　mover　can　be　magnetically　suspended．　The　mover　has　6・DOF

　　　　motions（3・DOF　translational　and　rotational　motions），　and　so　this

　　　　stage　introduces　the　3・DOF　translational　and　1－DOF　rotational

　　　　motion・control　system，　which　offers　the　other　2・DOF　stable　rotational

　　　　motion，　and　an　investigation　of　the　motion・control　characteristics　by

　　　　nUmeriCal　analySiS．
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1．5．The　8i80verview

　　　First　of　aU，　Chapter　l　comments　upon　the　background　and　purpose　of　this　study，

and　cla】d丘es　positions，　assertions，　and　contributions　of　this　thesis．　Chapter　2　introduces

previous　techniques　used　in　motion　control　with　MOD耳and　comments　upon　their

features　and　issues　in　detail．　Chapter　3　presents　f　lndamentally　conceptua1　design　of　a

long－stroke　3・DOF　planar　actuator．　Chapter　4　presents　the　design　of　an　experimental

system　fbr　ve亘丘cation　of　the　motion・control　characteristics　of　the　planar　actuator．

Chapter　5　des磁bes　experimental　results　of　the　motion℃ontrol　characte亘stics　of　the

planar　actuator，　and　suggests　incremental　improvements　to　the　planar　actuato蛤

Chapter　6　proposes　conceptual　design　of　the　plallar　actuator　with　the　same

configuration　of　magnetic　circuits　for　the　planar　motion　control，　so　that　the　mover　can

be　magnetically　suspended，　and　presents　a　fbasibiUty　veri丘cation　of　the　motion℃ontrol

characteristics　by　numerical　analysis．　Fina皿y，　Chapter　7　concludes　this　thesis　and

suggests　future　work．　Figure　1．5．O・1　shows　the　structure　of　this　thesis．
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