
Chapter　2

Technical　Trends　in　Motion　Contro1

with　MDOFI

　　This　chapter　introduces　preVious　techniques　used　in　motion　contro1　with

MDOF，　and　remarks　upon　their　features　and　issues　in　detail．
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2．Technical　lhrends　in　Motion　Control　with　MD　O　F

　　　One－degree・of’freedom　translational　or　rotational　motion　controls　are　the　most　basic，

and　have　been　researched　and　developed　actively．　The　motion・control　performance　of

1・DOF　actuators　has　been　completely　improved．

　　　MDOF　motion　controls　are　conventionaUy　realized　by　a　combination　of　multiple

1・DOF　actuators．　Recently，　however，　technical　demands　for　improvements　in

MD　OF・drive　technologies　have　become　increasingly　sophisticated，　and　various

actuators　that　have　a　novel　structure　suitable　for　mDOF　drives　have　l）een　proposed．

　　　This　chapter　introduces　previous　techniques　used　in　motion　control　with　M　D　OF，　and

comments　upon　their　features　and　issues　in　detail．　In　this　the　sis，　preVious　techniques

are　classi丘ed　by　the　number　of　moving　pa　rts（mUltiple　or　single），　driving　direction

（translation　or　rotation），　and　drive　principle（stepping，　induction，　synchronous，　and　so

on）．　First，　multiple　moving・part　actuators，　which　conventionally　combine　1・DOF

actuators，　are　commented　upon．　Then，　single　moving・part　actuators，　called　MDOF

actuators　in　this　thesis，　are　commented　upon　and　classified　as　follows：one　is　a　planar

actuator　that　can　drive　in　2・DOF　translational（血ections，　another　is　a　sphe亘cal

actuator　that　can　drive　in　2・D　OF　rotationa1　directions，　and　the　other　is　an　actuator　that

can　drive　in　1・DOF　translational　and　rotational　djrections．

2．1． MUItiple　Moving・Part　ActuatOrs

　　　Generally，　MDOF　motion　can　be　realized　l）y　combination　of　1・DOF　motions．

Therefbre，　it　is　practically　easy　to　realize　a　MDOF　drive　system　by　a　coml）ination　of

1・DOF　actuators．　In　fact，　most　MDOF　drive　systems　used　in　machine　tools　and

industrial　robots　have　been　fabricated　by　stacking　1・DOF　actuators　as　shown　in　Fig・

2．1．0・1［MDDO5，　MDDO7，　MDDO8］．

　　　MDOF　drive　systems，　however，　often　have　the　following　three　serious　proble】ms

［MDDO5］：

　　　＞　　La　rger　and　heavier　structures・

　　　＞　Comphcated　multi・body　dynamics（fluctuation　of　center　of　graVity）．

　　　＞　Often　generating　Abbe　errors・

　　　These　problems　make　it　diilicult　to　improve　upon　thehr　drive　perf（）rmance　in　such

terms　as　high　speed　and　high　precision，　and　therefore　need　tO　be　solved・
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P：Pivot，　R：Rotation

しン「

（a）Robot　manipulator　with　seven　degrees　of丘eedom．

Fig．2．1．0・1：

dlj）a．、xls

　　　　　　　　（b）Pick－and・place　eqUipment．

MDOF　drive　system　achieved　by　stacking　1・DOF　actuators［MDDO8］．
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2．2． Spherical　Actuator8

　　　Spherical　actuators　（lirectly　drive　a　mover　in　2・or　3・DOF　rotational　directions，　and

have　been　studied　fbr　apPhcations　m　robot　elemellts　such　as　joints　and　eyes［MDDO8］．

Tb　date，　various　types　of　spherical　actuators［YanO4］，　including　electromagnetic　types

（stepPing，　induction，　synchronous，　an（斗resonant），　piezoelectric　types（non・resonant　or

resonant），　and　magnetostrictive　type，　have　been　proposed．　Electromagnetic　spherical

actuators　often　have　a　magnetic　circUit，　m　which　the　magnetic　circuits　of　rotary　motors

are　two・dimensionaUy　extended　so　that　driving　torque　can　be　generated．　The　spherical

mover　often　is　suspended　by　ba皿bearings　because　it　is　extremely　difficult　to　practically

血bricate　a　contactless　suspension　mechanisms　fbr　the　mover［MDDO7］．　In　piezoelectric

spherical　actuators，　the　mover　is　always　in　contact　with　the　stator，　and　therefbre　no

additional　suspension　mechanism　is　required．　Most　spherical　actuators　detect　mover

positions　l）y　using　optical　encoders［M］）DO7］．

2．2．1．Stepping　Ty1）e

　　　Lee，　Georgia　Institute　of　Technology，　developed　a　stepping　sphe亘cal　actuator　with

3・DOF　rotation，　as　shown　in　Fig．2．2．1・1［LeeO8，　Lee91］．　The　mover　has　eight

permanent　magnets　a　long　an”equator，”as　on　a　globe，　and　the　stator　has　24　air・core

coils　arranged　on　two　circurnferences　of　the　stator．　Xia，’I　ianjin　University，　proposed　the

application　of　a且albach　permanent－magnet　array　on　the　equator　to　this　type　of

（developed　by　Lee）spherical　actuator［XiaO　7］．

　　　Doncker，　RWT且Aachen，　developed　a　stepping　spherical　actuator　with　3・DOF

rotation　as　shown　in　Fig．2．2．1・2　［DonOO，　DonO2］．　The　mover　is　supported　by　hydrostatic

oil　bea】dngs　and　has　112　permanent　magnets　arranged　in　longitudinal　and　latitudinal

lines，　again　as　on　a　globe．　The　stator　has　96　electromagnets　controUed　indiVidually

because　of　the　variable　pole　pitch　resulting　from　the　（lifferent　sizes　of　the　magnets　and

the　variable　tilt　of　the　mover．
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（a）Prototype　of　a　stepping　spherical　actuator．
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（f）Single　mover　pole．

herical　actuator　developed　by　Lee［LeeO8，　Lee91］．
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　　　Chirikjian，　Johns　Hopkins　University，　and　Yano，　the　National工nstitute　ofAdvanced

Industrial　Science　and　Technology，　proposed　stepping　spherical　actuators　based　on　a

polyhedron［Chi99，　YanO8bユ．　Concretely，　electromagnets　on　the　stator　and　permanent

magnets　on　the　mover　are　arranged　on　vertices　of　different　polyhedra（for　example，　as

shown　i皿Fig．2．2．1・3）．　They　suggested　that　this　kind　of　spherical　actuators　could　drive

the　mover　over　infinite　rotational　displacements　with　3　DOF．　Ch姪ikjian　prototyped　a

spherical　actuator　with　16　electromagnets　arranged　on　the　stator　and　80　permanent

皿agnets　arranged　on　the　inner　side　of　the　hollow　spherical　mover　as　shown　in　Fig．

2．2．1・4［Chig9］．
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　　　　　（a）Prototype［DonO2］．　　　　　　　（b）Fundamental　structure［DonOOユ．

Fig．2．2．1・2：　　Stepping　spherical　actuator　developed　by　Doncker［DonOO，　DonO2］、

＼
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Fig．2．2．1・3： Polyhedron　samples［YanO81〕］．
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　（b）Stator　assembly［Chi99］．　　　　　　　（c）Inside　of　half　mover［Chi99］．

Fig．2．2．壬4：　　　Stepping　spherical　actuator　developed　by　Chirikjian［Chi99］．

2．2．2．Induction　T！ype

　　　An　induction　spherical　actuator　consists　of　primary　windings　and　structu1・ally

simple　secondari｝・　conductors，　including　an　iron　core．　Theref（）re，　the　mover　is　designed　as

asecondary　conductive　sphere　to　simplify　the　mover　stl・uctu1℃．（Although　the　nユover　is

designed　to　use　squirre1・cage　windings，　fabrication　of　rnulti－d血ensionally　squirre1・cage

windings　is　difficult　in　practice［Yan93］．）

　　　Raucent，　Catholic　University　of　Leuven，　developed　induction　spherical　actuators

with　a　mover　capable　of　infinite・stroke　2－DOF　rotation（the炉and］一directions　shown

in　Fig．2．2．2・1）［RauO6］．Exciting　two　mutually・orthogonal　three・phase　windings　on　the

bottom，　and　f｛〕ur　three・phase　windings　on　the　lateral　sides　of　the　stator　generates阜

and　r－directional　torques．　Spherical　actuators　potentially　have　applications　to

omnimobile　robot　platfbrms　at　crossroads　in　industrial　conveyors．　Raucent　prototyped

two　spherical　movers；one　is　manufactured　by　welding　Cu・Sn・Zn　allo｝㌧which　has　a　high

electrical　conductivity，　excellent　weldability　and　high　mechanical　hardness，　onto　the

surface　of　a　hollow正on　sphere［RauO2］；and　the　other　has企rromagnetic　teeth　and　is

made　f已om　magnetic　powder　and　pure　copper　to　improve　actuator　performance　by

reducing　the　equivalent　air　gap［RauO6］．
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（a）Prototype　of　an　induction　spherical　actuator，

OnL’・Dor　ladudor
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（b）Fundamental　structure　ofinduction　spherical　actuator．

（c）］Mover　with　welded　Cu－Sn・Zn　alloy．

Fig．2．2．2・1：

（d）Mover　with　ferromagnetic　teeth．

Induction　spherical　actuator　developed　by　Raucent［RauO61．
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　　Ebihara，　Musashi　lnstitute　of　Technology，　developed　an　induction　spherical　actuator

with　a　mover　capable　of　infinite・stroke　3・DOF　rotation（the　cr－，βand／－directions

shown　in　Fig．2．2．2・2）［EbiO2］．The　spherjcal　actuator　has　three　windings；one　is　for　the

α一directional　drive　and　is　installed　around　the　z－axis，　the　others　are　for　theβ一and

フ←directional　di’ives，　and　are　installed　halfway　around　they－and　x－axes，　respectively．

　　　L
（a）Prototype　ofinduction　spherical　actuator［YanO4］．
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　　　　　　　（b）Tc）p　view［E，ll）DO5］．　　　　　　　　　　　（c）Side　view［MDDO5］．

Fig，2．2．2・2：　　Induction　spherical　actuator　developed　by　Ebihara［MDDO5，　YanO4］．
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2．2．3．Synchronous　Tlype

　　　Yano，　the　National　Institute　of　Advanced　Industrial　Science　and　Technology，

prototyped　a　synchronous　spherical　actuator　with　a　mover　capable　of　infinite・stroke

2・DOF　rotation（theβ一andナdirections　shown　in　Fig，2．2．3・1）［YanO’t，　YanO8a］．　The

stator　has　two　arエnature　windings（Armature　A　and　A）f（）r　the　rotational　d亘ve　around

the　x－axis，　and　two　armature　windings（Ai・mature　B　and　B’）fbr　the　rotational　drive

around　the　y－axis．　There　are　260　permanent　magnets　arranged　in　a　concentric　pattern

around　ちhe　x－　and　y－axes．　The　pole　pitch　is　always　constant，　regardless　of

displacements　around　the　x－and　y－axes　because　of　the　concentric　pattern　of　the

permanent　magnets．　The　mover　positions　are　detected　by　two　optical　encoders．　Two

PW］M【（RUIse・辺idth・亙odulation）inverters　supply　three・phase　alternating　current　to　the

ar皿ature　windings　fbr　the　rotational　dエive　around　the　x－and）トaxes．

P’ Yaxis

Fig，2．2．3・1：

Armature
N

Armature

（a）prototype．　　　　　　　　（b）Fundamental　structure．

　　　Synchronous　spherical　actuator　developed　by　Yano［YanO7，　YanO8a］．

2．2．4．Resonant　Type

　　　Hirata，　Osaka　University，　developed　a　resonant　spherical　actuator　with　2　DOF　as

shown　in　Fig，2．2．4－1［HirO8］．　The　con丘guration　of　the　mover　and　stator　is　centrany

symmetric．　The　mover　has　a　cross’shape　iron　core　and　fbur　permanent　magnets　with

iron　cores．　The　stator　has　a　cross・shape　iron　core　“rith　four　coils．Figure　2．2．4・1（c）shows

across・section　of　the　actuator　at　x一二plane　and　indicates　the　drive　principle．“アhen　not
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exciting　the　coils，　the　magnetic　circuits　expressed　by　solid　lines　in　Fig．2．2．4－1（c）are

fol’皿ed，　and　therefbre　torque　cannot　be　generated．　Exciting　the　coils　as　shown　in　Fig．

2．2、4－1（c）fbrms　an　additional　magnetic　circuit　expressed　by　a　dashed　line，　and

therefbre　clockwise　torque　is　generated」nverting　the　d亡ection　of　the　exciting　currents

generates　counterclockwise　torque，　Reciprocating　motions　of　the　mover　can　be　rea五zed

by　AC　excitation，　and　controlled　by　the　f（）ur　currents，

Resonant　spring

（a）Protot｝r）e　of　resonant　spherical　actuator．
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　　　　　（b）Fundamental　structure．　　　　　　　（c）Drive　principle（cross・section）．

Fig．2．2．4・1：　　Resonant　spherical　actuator　developed　by　Hirata［HhrO8、　MDDO8］．
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2．2．5．Piezoelect］ric　Type

　　　Piezoelectric　actuators　drive　the　mover　by　means　of　the　inverse　piezoelectric　effect，

and　generally　have　advantages　in　terms　of　precise　positioning　because　of　the　minute

strain　output，　high・torque　d亘ving，　and　high　retaining　fbrces［MDDO5］．　They　are　often

classi丘ed　as　resonant　or　non・resonant　type8．　The　non－resonant　type　of　piezoelectric

actuators（lirectly　output　mi皿te　piezoelec垣c　strains　as　their　actuations．　Resonant・

type　piezoelectric　actuators　expand　the　piezoelectric’　strains　by　means　of　resonance　and

are　a　lso　known　as　Ultrasonic　motors．

　　　Sasae，　Kawasaki　Heavy　Indust亘es　Ltd．，　and　Nishimura，　Toshiba　Corporation，

developed　non－resonant　piezoelectric　spherical　actuators　with　3　DOF　as　shown　in　Figs．

2．2．5・1［Sas96】and　2．2．5・2［NisO8］．　These　spherical　actuators　have　more　than　three

drive　ullits．　The　drive　unit　consists　of　three　piezoelectric　elements　assembled　like　a

truss　structure，　and　can　be　displaced　in　the　3・DOF　translational　d血rection　by　supplying

the　piezoelectric　elements　with　voltage．　The　spherical　mover　is　supported　by　the　tips　of

the　piezoelectric　elements．　When　displacillg　the　drive　units，　the　mover　can　be　driven　in

the　3・DOF　rotatiollal　direction．

　　　Toyama，　Tokyo　University　of　Agriculture　and　Technology，　developed　a　3・DOF

spherical　ultrasonic　motor（non・resonant・type　piezoelectric　actuator）as　shown　in　Fig．

2．2．5・3［TbyO7，　Toy95，　Toy96］．　The　spherical　actuator　has　three血g・shaped　vibrators

surrounding　the　spherica1　mover．　Exciting　the　Vibrations　of　the　stator　supplies　the

mover　driving　torque　through　the丘iction　fbrces　between　the　mover　and　the　stator．　The

3・DOF　rotationa1　motions　of　the　mover　can　be　controlled　by　a　combination　of　the　driving

torque　generated　l〕y　each　Vibrator．　Tbyama　proposed　applying　the　spherical　actuator　fbr

use　ill　surgical　robots［TbyO　7］．

　　　Ueha，　Tokyo　lnstitute　of　Technology，　and　Maeno，　Keio　University，　developed　3・D　OF

spherical　ultrasonic　motors　using　longitudinal　vibration　and　two　bending　vibrations　as

shown　in　Fig．2．2．5・4［MaeO1，　UehO5］．　The　Ultrasonic　motors　consist　of　a　cyhn面．cal

stator　and　a　spherical　mover．　Figure　2．2．5・4　shows　the　drive　principle　of　the　Ultrasonic

motors　fbr　rotation　around　the　2－and　x－axes．　Combining　the　two　natural　vibration

modes　A　and　B，　generates　the　rotational　motions　of　the　stator　around　the　2－axis　as

shown　in　Fig．2．2．5・4（a），　and　then　the　spherical　mover，　which　is　in　contact　with　the

stator　head，　also　rotates　aro㎜d　the　axis　due　to舳tion　fbrces．　Similarly，　combining　the

two　natural　vibration　modes　C　and　B　generates　the　rotational　motions　of　the　mover

around　the　x－aXis　as　shown　in　Fig．2．2．5－4（b）．
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Fig，2．2．5・1：

［Sas96］．
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Fig．2．2．5“3： Spherical　Ultrasonic　motor　develop　ed　by　Toyama［ToyO7］．
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Mode　A：Bending　mode　in之一x　plane

Mode　B　Bending　mode　in　y－z　plane
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　　　　　　　　　　　　　　　　（iii）　MOde　A　　　　　　　　　　　　　　｛iii）MOde　C

　　　　　　　（a）Rotation　arouDd　the　z－axis．　　　　（b）Rotation　around　the　x－－axis．

Fig．2．2．5－4：　　Spherical　Ultrasonic　motor　with　a　cylindrical　vibrator　developed　by

Ueha　and　Maeno　［MaeOl】．
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　　　Maeno，1〈eio　University，　developed　a　3－DOF　spherical　ultrasonic　motor　with　a　small

plate－shaped　stator　as　shown　in　Fig．2．2．5・5［MaeO4，　MaeO5］．　The　spherical　actuator

drives　the　mover　in　the　3・DOF　dii’ection　by　the七hree　out・of’plane　vibration　modes

shown　in　Fig．2．2．5’5．　The　volume　ofthe　stator　is　O．66　ti皿e　as　large　as　that　of　theロ10ver，

and　so　the　spherical　actuator　is　extremely　compact．

　　　Aoyagi，　Muroran　lnstitute　of　Technology，　developed　a　disk’shaped　3・DOF　ultrasonic

motor　as　shown　in　Fig．2．2．5・6［AoyO3，　AoyO4］．　The　disk　vibrator　excites　three　vibration

modes　independently　and　simultaneously，　Combining　two　or　thi’ee　Vibration　modes

generates　driVing　torques　around　each　axis．

z

（a）Prot・type．

v

2

1・，

（b）Rotation　around　the　z－axis．

z

y

z

　　　　　　　　　（c）Rotation　around　the〕一axis，　　（d）Rotation　around　theエーaXis．

Fig．2．2．5－5：　　Spherical　ultrasonic　motor　with　a　smaH　plate－shaped　vibrator

developed　by　Maeno［MaeO4］．

65



T“：，．’

　　　　　　　　　　　　　（a）Prototype．

Fig．2．2．5－6：　　Piezoelectric　spherical　actuator　with　a　disk・shaped　vibrator　developed

by　Aoyagi［AoyO3，　AoyO4］．

　　　　　　　　　　R．mode

　　　　　　　　　、締（

。鼻縫＼善栖

　　　　B－mode　　　　　BLmode
　　　　　　　　　　　Ct　コ　－
　　　　　　　　　　　　∠』＞Y

　　　　　　　　　　X

　　　　　（b）Drive　principle．

22．6．Magnetostrictive　［［yrpe

　　Magnetostrictive　actuators　drive　the　move1・by　rneans　of　the　magnetostriction　effect，

and　generally　have　higher　mechanical　and　temperature　characteristics　than

piezoelectric　actuators［HigO7，　HigO8a，　HigO8b］．　Higuchi，　The　University　of　Tokyo，

developed　a　magnetostrictive　spherical　actuator　as　shown　in　Fig，22．6・1．　The　spherical

actuator　has　fbur　stationary　Galfeno1（lron－Gallium　alloy）rods，　which　are　a

magnetostrictive　material，　and　have　axis　of　easy　Inagnetization　along　the　longitudinal

direction．　Exciting　a　coil　extends　the　rod　in　the　longitudinal　direction　due　to　the

magrletostriction　effect．Aper皿anent　magnet　placed　in　center　of　the　four　rods　forms　the

magnetic　circuits　shown　in　Fig．22．6・1（c），　attracting　the　iron　spherical　mover　to　the

fbur　stationary　rods　and　generating　magnetostriction　in　the　fbur　rods．　Exciting　two　coils

as　shown　in　Fig．2．2．6・1（d）generates　an　extension　of　rod　AI　and　shrinkage　of　rod　A2，

and，　consequently　torque　that　acts　upon　the　mover．
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　　　　　　（d）］NCagnetic　circuits　with　excitation．

Magnetostrictive　spherical　actuator　developed　by　Higuchi［HigO8bユ．
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2．3． Planar　Actuator8

　　　Planar　actuators　directly　drive　the　mover　jn　2・DOF　translational（血ections　on　a

plane，　and　have　been　studied　fbr　apphcation　in　the　high・precision　stages　of

semiconductor　manUfacturing，　transport　and　switch　devices　in　factories，　and　other

apphcations［MDDO8］．　They　are　often　classi丘ed　by　the丘drive　p亘nciple，　such　as

electromagnetic　type（including　stepping，《血ect・current，　induction，　synchronous，　and

resonant　types），　piezoelectric　type，　and　electro8tatic　type．　Electromagnetic　planar

actuators　have　magnetic　circUits　corresponding　to　the　two・dimensionaUy　extending

magnetic　circUits　of　linear　motors．　Each　type　of　electromagnetic　actuator（stepping，

direct・current，　induction，　synchronous，　and　　resonant）　has　the　　same　　drive

charaeteristics　as　its　respective　linear　motor．　Piezoelectric　plana　r　actuators　often　have　a

smal　structure（less　than　several　cm），　generate　high　propulsion　forces　and　retah血lg

forces，　and　position　movers　with　high　precision．　Electrostatic　planar　actuators　generate

larger　d　t　iving・force　density　in　minute　scale　and　a　high　vacuum　according　tO　Paschen’s

law［Acto4］．

2．3．1．Stepping　’1lype

　　　Stepping・type　planar　actuators　are　classified　into　three　major　types；variable

reluctance，　permanent　magnet，　and　hybrid．　Via亘able・reluctance　planar　actuators　were

invented　earHest　by　B．　A．　Sawyer［Saw68］，　and　are　oftell　caned”Sawyer　motors．”Since

the磁ginal　invention，　many　planar　actuators　based　on　the　Sawyer　motor　have　been

developed【MDDO5】．　A　Sawyer　motor　has　two　mutually－orthogonal　magnetic　circUits

arranged　according　to　the　magnetic　circuits　of　variable・reluctance　hnear　stepping

motors　as　shown　in　Fig．2．3．1・1．　The　mover　has　armature　windings　fbr　the　x－and

y－clhrectional《irives，　and　there　is　a　stationary　iron　core　slotted　into　a　lattice　pattern．

　　　Exciting　the　armature　coils　generates　strong　attraction　fbrces　between　the　mover

and　the　stator．　The　mover　has　pneumatic　lines　fbr　the　air　bearings，　and　is　suspended

and　guided　on　a　plane　by　air　bearings．　The　excitation　pattern　of　the　armature　coils

determines　the　mover　positions，　and　therefbre　the　planar　actuators　do　not　always

require　position　sensors　fbr　theh↓positioning［MDDO5］．　In飴ct，　the　positions　of　the

mover　are　often　detected　using　d遜erential　transfbrmers　and　laser　interfbrometers　fbr

position－fbedback　controls　because　they　offbr　high・precision　positioning．　In　the　fbedback

controls，　the　micro・step・d亘ve　method　is　often　utilized，　which　controls　mover　positions
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with　high・・p・・iti・ning・es・1・ti・n　by丘・・1y・・nt・・lli・g　th・amplitud・・f　the　e・，iti。g

currents．

　　　In　a　Sawyer　motor，　the　mover　can　travel　over　a　wide　stator　area．　Therefbre，

two・dimensionally　extending　the　stationary　iron　core　also　extends　the　movable　area　on

the　plane．　However，　wires　fbr　fbeding　power　to　the　armature　co且s　and　pneumatic　lines

fbr　the　air　bearings　in　practical　terms　limit　the皿ovable　area，　and　the　tension　caused　by

these　problematic　wires　and　lines　often　deteriorate　drive　characteristics．

　　　Higuchi，　The　University　ofrT（〕kyo，　developed　a　variable・reluctance－stepping　planar

actuator　with　a　magnetically　levitated　mover　as　shown　in　Fig．23，1－2［Hig89］．　Figure

2．3．1・2（b）shows　the　one・dimensional　drive　principle　of　the　planar　act岨tor．　The

combination　of　the　magnetic　ci1℃uits　of　the　double－sided　linear　stepping　motors

generates　suspension　and　propulsion　fbrces　sinUltaneously，　ControUing　the　currents　in

the　upper　and　lower　stators　offsets　the　strong　attraction　forces　between　the　stators　and

the　mover．　The　two　orthogonal－axis　magrletic　circuits　fξom　the　stepping　motors　control

the　2・DOF　translational　motion　of　the　mover．　The　mover　positions　are　detected　with

multiple　induction　sensors．　Higuchi　proposed　applying　the　planar　actuator　to　linear

conveyer　systems，　．x－），　table，　direct－dエive　robots，　product　handling　machines，　and　so　on．

4～　　　ヘ　ー～　～　s

Mover

墜

Stato「

（a）Perspective　view　of　the　planar　actuator． （b）Mover　structure．

Coil

Core

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Stato「
　　　　　　　　　A　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　A‘

　　　　　（c）Cross－section　view　of　the　planar　actuator　along　the　line　A－A’．

Fig．2．3．1・1：　　　Stepping・type　planar　actuator　proposed　by　Sawyer［Saw68］．
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（b）Drive　principle　of　the　planar　actuator．　　　　　　（c）Cross・section　view．

　　　　　Fig．2．3、1・2：　　　Steppingplanar　actuator　developed　by　Higuchi［Hig89］．

　　　Ebihara，　．Musashi　lnstitute　of　Technologrr，　developed　a　permanent－magnet　stepping

planar　actuator　with　2DOF　translational皿otions　as　shown　in　Fig．23．1・3［Ebi89，

Ebi91］．　The　planar　actuator　has　stationary　permanent　magnets　arranged　checker－wise

on　a　back　iron，　and　a　single　Inover　with　eight　electromagnets．　The　mover　is　suspended

on　two　rails　and　on　bearings　lbr　the　x－and）一directional　guides．　The　mover　positions　in

the　．v－　and　J一directions　are　detected　with　laser・displacement　sensors．　Figure　2．3．1－3（b）

shows　the　positional　relation　of　the　poles　of　the　per皿anent　rnagnets　and　electromagnets．

Four・phase（phase　A，　B，　C，　or　D）currents　are　supplied　to　the　eight　electromagnets．　The

electromagnets　of　phases　B　and　C　are　arranged　at　a　position　half　the　distance　of　the

pole　pitch丘om　those　of　phase　A　in　the　x－and〕一directions，　respectively．　The

electromagnets　of　phase　D　are　arranged　at　a　position　half　the　distance　of　the　pole　pitch

fi℃m　those　of　phase　A　in　both　the　r－and　S－directions．　Therefore，　this　planar　actuator

operates　like　a　permanent・magtiet　stepping　motor　in　both　the　x－and　i一directions．
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（b）Positional　relation　ofpoles　of　stator　and　mover．

　Stepping　planar　actuator　developed　by　Ebihara［Ebi89，　Ebi91］．

　　　Ifimui’a　and　Tsuchiya，　Tokyo　Metropohtan　University，　developed　a　permanent・

magnet　stepping　pIanar　actuator　with　2・DOF　translational　and　1・DOF　rotational

motions　as　shown　in　Fig．2．3ユー3［GKiO1，　GKi94，　TsuO7］、The　mover　has　two　single・pole

（five　segments）Halbach　permanent　magnets　in　both　the　．r－and　v－directions．　There　are

49stationary　electromagnets　arranged　at　regular　intervaL　Independent　excitation　of

these　electromagnets　controls　the　3・DOF　Ci’，〕・，　andα）motions　of　the　mover．　The　mover

is　suspended　on　fbur　ball　bearings．　The　3－DOF　mover　positions　are　detected　using　a
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1aser・scan　microsensor．　Fundamentally，　the　excitation　pattern　of　the　electromagnets

determines　the　mover　positions　without　position　sensing．

　　　　　　　　　　11・・Z’・・　』1＞「’1〕9

　　　　　　　　　繧…・．議、．（・・／；……｝i；…ii妻・1／i

　　　　　　　　　　　　　　　　　　．　　　　　　　　　　　　　　．　　」　　．
　　　　　　　　　　　　　　　’

ft’ass　b°a「d

　　　　　　　　　　　　ilaibachayρe

　　　　　　　　　　　　PemtntienT　Ma田ie

　　　　・　　，、＿訪
　　　　　y　　　　　　　　　　　　　　　　stato「

（a）Perspective　view　of　the　planar　actuator．

c“

　　　　　　　　（b）Halbach－magnetized　permanent・magnet　mover．

Fig．2．3．1・4：　　　Stepping　planar　aetuator　developed　Kimura［TsuO7］．
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2．32．Direct・Current　［［3TI）e

　　Direct’current　planar　actuators　often　have　permanent　magnets　and　arエnature　coils，

and　utilize　Lorentz　forces，　which　can　be　calculated　simply，　fc）r　motion　control，

　　Buckley，　Perkin・Elmer　Corporation，　developed　a　3・DOF（x，　y，　andα）d丘ect℃urrent

pl。nar・・t・・t・r・with・tw・P・・man・nt　m・g・・t・as　sh・w・i・Fig・23・2・1［B・・89］・Th・

stator　has　two　pairs　of　mutually・orthogonal　two　armature　coils　fol’the　x－and

アーdi・ecti卯・．　E・・iting　th・f・u・’・・il・i・d・p・nd・ntly…t・・1・th・t・an・1・ti・nal　f・rce・in

the　x－and　y－directions　and　torque　in　the　a－direction．　The　mover　is　suspended　and

guided　on　the　x一ッplane　by　air　bearings．

　　　Galburt，　Perkin・Elmer　Corporation，　proposed　a　3・DOF　G，　y，　alldα）direct℃urrent

planar　actuator　with　permanent・magnet　assemblies　that　apply　a　unipolar　magnetic

丘eld　to　each　armature　coil　as　shown　in　Fig．2．32・2［Ga185］．　The　mover　has　foul’

ar皿ature　coils　in　unipolar　magnetic　fields，　and　is　suspended　by　four　air　bearings　at

each　corner．　Exciting　the　four　coils　independently　controls　the　translational　forces　in　the

．x－and　y－directions　and　torque　in　theα一direction．
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Fig．2．3．2・1・Direct・・u・・ent　pl・n・・a・乞・・t・・p・・p・sed　by　B・・kl・y［B・・89］・
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Fig．2、3．2・2：

　（b）Perspective　view　of　planar　actuator．

Direct・current　planar　actuator　proposed　by　Galburt［Gal85］．
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　　　Tomita，　Sumitomo且eavy　lndustries，　Ltd．，　developed　a　3・DOF（x，．y，　andα）clirect・

current　planar　actuator　shown　in　Fig．2．3．2・3［Tom94，　Tom96】．　The　planar　actuator

consists　of　three　pairs　of　al’mature・coil　assembhes　and　permanent・magnet　arrays（one

fbr　the　x－dj　rectiona　1　drive，　and　two　for　the　y－andα一directiona1　drives），　which　form　the

same　magnetic　circUits　as　tWo・phase　linear　direct・current　motors．　The　mover　has

pneumatic　hnes　fbr　air　l）earings，　and　i88uspended　and　guided　on　a　plane　by　three　a丘

bearings．　The　mover　positions　are　precisely　detected　by　three　laser　interferometers．

Two・phase　excitations　of　the　armature・coil　assemblies　generate　the　tra　nslational　forces

in　the　x－　and　y－directions　and　torque　in　the　a・－direction，　and　control　the　3・DOF　motions

of　the　mover．

　　　Furthermore，　T（）mita　developed　a　6・DOF　planar　actuator　by　applying　three　levelmg

皿its　to　a　previously　developed　3・DOF　planar　actuator［Tom96】．　Each　levelng㎜it

consists　of　a　piezoelectric　element　with　a　spherical　hnge，　expanding　displacement　by

means　of　piezoelectric　strain　and　permanent　magnets　as　a　precompression　mechanism．

There　are　capacitance　sensors　on　the　mover　to　detect　the　2－，　G，　andγ一displacements．

The　combination　of　three　leveling　units　precisely　controls　the　z－，β一，　a　nd　r一positions　of

the　mover．

　　　Kiyono，　Tohoku　University，　developed　a　3・DOF（x，　y，　andα）direct・current　planar

actuator　with　a　sophisticated　position　sensor　as　shown　in　Fig．2．3．2・4［KiyO4］．　As

mentioned　in　Subsection　1．2．3，　the　position　sensor，　ca皿ed　a　surface　encoder，　consists　of　a

2・D　angle　grid　and　a　2・D　angle　sensor．　The　surface　encoder　detects　MD　OF

displacements，　and　simplifies　the　position・sensing　system．　The　mover　is　suspended　by

four　ak　bearings，　and　has　four　permanellt・magnet　arrays，　a　2・D　angle　grid，　and　no

problematic　wires．　Excitations　of　the　fbur　stationary　armature・coil　assemblies　control

the　3・DOF　motions　of　the　mover．

　　　Viarious　types　of　surface　encoders　have　been　developed，　offering　three（x，ア，　andα）

［KiyO4，　KiyO5a】or丘ve（x，　y，α，βandカ［KiyO5b】degrees・of’freedom　deteetion．　There　is

all　extremely　thin　angle　grid，　made　from　100・pm　polyethylene　terephthalate（PET）

inserted　in　the　angle　grid　in　the　air　gap　through　which　the　flux　p　asses［KiyO5a］．
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，Piezoelectric　actuator
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　Air　bearing　pad

　　　　Flux　pass

Movable　stage

　　　　　　　o

　　　　Spherical　hinge

　　Permanent　magnet

　　　hBase　plate　plane　mirr。，

　　　　　　　　　　　　　　　　　　　　　Permanent一

舗　　magneta「「ay
　　　　　　　　　　　　　　　　　　　　　Laser〃～．

Base　plate
　　　　　　　　Laser〃～　　　　　　　　　　目　　　　　　　Coil　assemb［y

　　　　　　　　　　　　　　　Laser〃i．　　　　　　　　　　　　　　　　　　　Coil　base

　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　　Leve｜ing　unit

　　　　　　　　　　　　　Ai「bea「ing　Pad　C、pacitive・t・ansduce・

　　　　　　　　　　　　　（a）Configuration　of　planar　actuator．

．1．’窒р窒奄魔?@element

　w－drive　element

C｝う＝（α2，β〕）

Air　bearir）g　pad

@　　　　　向）う＝（αs，β3）　　　　　　　’

A
F　．v A

樗ト

_

剖．／

s　s 覧

Capacitive

狽窒≠獅唐р浮モ?
r 申

7

～じ ｜・．－drive　elem
ementψ1、，　　　　　　　．

、’

奄

　　　．－

A’

L’－

　Coil．’．　（A）

@Coil－・（B）

一馳

開

，へ1 4．こ

　　　　　　　［
@　　　　　：
lovable

イΩ、v、．

stage
一

．、

D’ iτ，y）＝（αいβ1）

…e「1ﾕ⊇1…；紫tage

Fig．2．3．2・3：

　　（b）．4i’rangement　of　di’ive　elements　on　a　plane．

Direct・current　planar　actuator　developed　by　Tomita［T（〕m94，　Tom96】．
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（a）Configuratien　of　planar　actuator．
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（b）Experirnenta1　system　of　planar　actuator．

Fig。2．3．2－4：

（c）Configuration　of　3・DOF（v，」・，α）surface　encoder．

　　　Direct・current　planar　actuator　developed　by　Kiyono［1量yO4］．
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2．3．3．lnduction　Type

　　　Induction　planar　actuators　have　a　structurally　simple　secondary，　often　consisting　of

aconductive　plate　including　an　iron　core．　Ohira　and　Inui，　Nihon　University，　developed

an　induction　planar　actuator　with　2・DOF　translational　motions［OhiO4，0hi98】．　Figure

2・3・3’1shows　the　primary　windings　of　the　planar　actuator，　which　structurany

corresponds　to　the　two・dimensionally　extending　primary　windings　of　lineai’　motors．　The

priエnary　core　consists　of　a　yoke　and　teeth，　which　are　made　by　laminatilg　multiple

magnetic　steel　sheets　along七he其一and　J；－dii’ections，　respectively．　Therefc）re，　exciting　the

armature　windings　fbr　the　x－　and　アーdirectional　drives　by　applying　three・phase

alternating　current　generates　strong　propulsion　fbrces　in　the　x－and　J，－directions　with

less　eddy・current　losses．　The　mover　is　suspended　by　bal　bearings　or　air　bearings．

　　　Fujii，　Kyushu　University，　proposed　a　circular　induction　planar　actuator　with　2・DOF

translational　and　1・DOF　rotational　nユotions　as　shown　in　Fig，2．3．3・2［Fuj99ユ．　The

primary　windings　structurally　correspond　to　ch℃ularly　closed　primary　windings　of

linear　motors．　A　rotational　magnetic丘eld　around　the∫－axis，　which　excites　the　armature

windings　as　shown　in　Fig．2．3．3・2（c），　generates　torque　around　the∫－aXis，　and　two

mutually・opposite　rotational　magnetic丘elds　around　the　z－axis，　as　shown　in　Fig．2．3．3・2

（d），generate　translational　fbrces　on　the　plane．　Therefbre，　appropriate　combination　of

multiple　rotationa！magnetic丘elds　independently　controls　the　2－DOF　translational

fbrces　and　1・DOF　torques　on　the　plane．

Fig．2．3．3・1：

［Ohio4］．

2－Dprimary　windings　of　inductioll　planar　actuator　developed　by　Ohira
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　　　Koseki，　The　University　of　Tokyo，　proposed　an　induction・type　planar　actuator　svith　6

DOF　as　shown　in　Fig．2．3．3・3［KosO4］．　The　mover　has　three　primary　windings　from

linear　induction　motors（LIM）for　the　x－，　y－，　and　a・一皿otion　controls，　and　three　hybrid

electromagnets　fbr　the　z－，β一，　and　r－motion　controls．　The　stator　consists　of　a

structurally　simple　iron　plate．　The　hybrid　electromagnets，　which　have　per皿anent

magnets　and　coils　with　iron　cores，　generate　suspension　forces　equal　to　the　force　of

gravity　acting　on　the　mover　without　excitation　at　the　nomi皿al　position．　This　system　is

often　referred　to　as”zero・power’controlled　magnetic　levitation．”

Fig．23．3・3： 6－DOF　induct・ion　planai’　actuator　proposed　by　Koseki［KosO4］．
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2．3・4・Synchronous　Type

　　　Synchronous　planar　actuators　consist　of　armature　conductors　that　supply　mUltiple

currents　and　a　permanent・magnet　array　that　generate8　multip　ole　magnetic丘elds，　and

these　components　are　two’dimensionally　arranged．　The　driving　forces　are　proportional

to　the　intensity　of　the　magnetic　field　generated　by　the　armature　currents，　and

sinusoidal　to　thehr　phase．　There」eore，　synchronous・type　pla　nar　actuators　offer　good

controllability　of　thehr　driVing　forces，　and　are　absolutely　sUitable　for　high・performance

（high・speed，　high・precision）drives．

　　　The　mover　is　often　suspended　by　ak　bearings　or　magnetic　bearings．　The　mover

positions　are　detected　l）y　various　sensors；laser　interferometers，　optical　encoders，

magnetic　sensors，　capacitance　sensors，　induction　sensors，　and　photodetectors　Oaser

triangulation）．　These　position・sensing　methods　are　selected　by　detection　resolution，

detectable　area，　ease　of　instaUation，　and　other　means．

　　　To　generate　mUltipole　magnetic　fields，　various　2・D　p　ermanent・magnet　arrays　have

been　proposed；acheckerboard　type［Asa85，　Chi99］，　the且all）ach　type［Tru97，　ComO3］，

and　another　type［」皿02】．A　Halbach　permanent・magnet　array　generates　a　higher且ux

density　with　a　distribution　that　is　more　s皿ilar　to　that　of　a　sinusoidal　wave，　alld

therefbre　generates　higher　driving　forces　with　fewer　force　ripples［且owO1，　JanO7］．

　　　Synchronous　planar　actuators　are　classj五ed　into　two　types；those　which　uti五ze

polyphase　alternating　cunrents　for　the　armature　conductors［ComO4，　ComO　7，　Hin87，

且OhO7，　JunO2，　Kim97，　KorO6，0hiO6，　TShO6】，　and　those　which　do　not［Asa85，　BinO3a，

BinO3b，　UetO3a，　UetO3b，　VanO　7a］．

　　　Although　synchronous　planar　actuators　that　do　not　use　polyphase　currents　have　a

high　fleXibility　in　their　structural　design，　their　driving　fbrces　often　has　a　strongly

nonlinear　dependence　on　their　mover　positions，　and　consequently　the　control　system　for

their　driVing　forces　becomes　more　complicate　［VanO7b］．

　　　Asakawa，　Binnard，　and　Ueta　proposed　3・DOF　synchronous　planar　actuators　that

did　not　use　polyphase　currents　［Asa85，　BinO3a，　UetO3a，　UetO3b］．Their　proposed　Planar

actuatOrs　have　a　mover　with　more　than　four　coils　as　shown　in　Figs．2．3．4・1　and　2．3．4・2，

they　claimed　that　independent　excitation　of　the　coils　controls　the　x－一，　y－，　andα一positions

of　the　mover（including　the　coils）［Asa85】．　Furthermore，　Binnard　claimed　that　feedmg

eight　d遜erent　sources　of　current　to　the　armature　conductors　controls　the　mover

motions　with　six　degrees　of　freedom（3・DOF　translations　and　rotations）［BinO3b］．

　　　Vandenput，　Eindhoven　University　of　Technology，　developed　a　6－DOF　planar

actuator　with　a　2・D　Halbach　permanent・magnet　array　levitated　magneticaUy　as　shown
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in　Fig．2．3．4←3［JanO7，　VanO7a，　VanO7b】．The　mover　has　Halbach　magnetizations　along

the　x－andアーdirections・The　stator　has　84　armature　conductors　separately　connected　to

84power　supPhes・The　dimensions　of　each　permanent－magnet　component　and

armature　coil　are　designed　so　that　the　driving－fbrce　ripples　and　power（五ssipations　are

opti皿ally　decreased［JanO7，　VanO7a】．Exciting　15　to　24　armature　coils　below　the皿over

independently　controls　the　6・DOF　forces，　which　nonlinearly　depend　upon　the　6・DOF

positions　of　the　mover．　The　planar　actuator　has　numerous　armature　coils　on　the　plane，

and　therefbre　switching　the　armature　coils　to　the　mover　positions　allows　the　mover　to

travel　over　large　displacements　on　the　plane．　Conversely，　increasing　the　number　of　the

armatuエe　coils　is　required　to　extend　the　movable　area，　and　consequently　results　in

making　the　power・supply　system　more　cornplicated．

　　　The　6・DOF　mover　positions　over　the　wide　movable　area　are　detected　by　eight

induction　sensors　installed　on　a　sensor　丘・ame　positioned　by　a　long－stroke

H・shaped・gantry　x「y　stage．
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（a）Perspective　view　of　planar　actuator．
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　（b）Permanent－magnet　assemblies．　　　（c）Armature・co且assemblies．

Fig．2．3．4・2：　　　Synchronous　planar　actuator　proposed　by　Bi皿nard［BinO3］．
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　　　Synchronous　planar　actuators　using　polyphase　currents　can　easily　control　the　phase

of　the　multipole　si皿soidal　magnetic　fields　generated　by　the　polyphase　currents．

Therefbre，　the　nonlinear　dependence　of　the　driVing　f（）rces　on　the　mover　positions　can　be

weakened，　and　contronabiity　of　the　mover　motions　can　be　easily　improved．

　　　Hinds，　proposed　a　synchronous　3・DOF（x，γ，　andα）planar　actuator　as　shown　in　Fig．

2．3．4－4［且jLn87】．The　planar　actuator　has　four　siX・phase　windings（two　and　two　for　the　x－

alldアー（lirectional　clrives，　respectively），　and　permanent　magnets　arranged　checker・wise

on　a　plane．　Thi8　means　the　planar　actuator　generate82－D　driving　fbrces　like　two　linear

synchronous　motors．　The　mover　is　suspended　by　three　ah！bearings．　Fuj亘，　Kyushu

University，　also　proposed　a　similar　planar　actuator，　except　that　his　design　had

double・1ayered　three・phase　armature　windings　fbr　2－DOF　translational　motion　contro1

匝ujo2］．

　　　Shikayama，　Yaskawa　Electric　Corporation，　developed　a　Ilovel　3・DOF（x，．y，　alldα）

synchronous　planar　actuator　with　a　s皿ple　structure　as　shown　in　Fig．2．3．4・5［TShO6］．

The　mover　has　two　and　two　drive　units　for　the　x－and〕vecli　rectiona　1　drives，　respectively．

The　drive　unit　consists　of　three　concentrated　armature　cois　and　two　four’pole

permanent・magnet　arrays．　Exciting　the　armature　coi　generates　a　multipole　magnetic

丘eld　on　the　surface　of　the　stationary　iron　core　slotted　into　a　lattice　pattern　by　the　teeth，

and　in　length，　the　pole　pitch　of　the　magnetic　field　generated　by　the　armature　is　equal　to

the　pole　pitch　of　the　permanent－magnet　array．　Three　armature　coils　are　arranged　so

that　the　phases　of　the　three　mUltipole　magnetic丘elds　generated　by　the　three　armature

coils　are　out　of　phase　by　120　deg，　and　therefbre　supplying　three・phase　current　to　the

three　armature　coils　generates　driVing　fbrces　using　the　same　principle　as　linear

synchronous　motors．　The　mover　positions　are　detected　by　a　planar　optical　encoder　that

consists　of　a　glass　scale　mounted　on　the　surface　of　an　iron　core　and　four　sensor　heads

mounted　on　the　mover．　The　mover　is　suspended　by　air　bearings　and　has　pneumatic　lines．

This　p1anar　actuator　is　easily　fabricated　because　of　the　structurally・s皿ple　mover　and

stator，　and　can　control　mUltiple　movers　on　a　single　stator．

　　　Ohira　and　InUi，　Nihon　University，　and　Koseki，　The　University　of　Tokyo，　prop　osed　a

synchronous　planar　actuator　with　a　magneticaUy　levitated　mover　as　shown　in　Fig．

2．3．4・6［KosO　1，0hiO6］．　The　mover　consists　of　four　hybrid　electromagnets　including　four

windings　with　h℃n　cores，　fbur　permanent　magnets，　and　a　yoke．　Controled　attraction

forces　between　the　electromagnets　and　the　stationary　iron　cores　suspend　and　drive　the

mover　in　the　z－，チ，　and　7』directions．　The　permanent　magnets　enable　the　mover　to　be

suspended　at　a　nominal　position　without　excitation　of　the　electromagnets．　As　stated

above，　this　system　is　often　referred　to　as　”zero・power・controlled　magnetic　levitation．”
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　　The　stationary　iron　cores　have　2・D　primailr　windings　as　proposed　by　Ohira　and　as

shown　in　Fig．2．3．3・1，　and　exciting　the　armature　windings　generates　the　translational

fbrces　in　the　x－and　y－directions．
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（a）Bottom　view　of　planar　actuator．
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（b）Top　view　of　magnets　and　coils．
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Fig．2．3．4・4

　（c）Configuration　of　planar　actuator．

Synchronous　planar　actuatov　proposed　by　Hinds［Hin87］．
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　　　Jung，　Seoul　National　University，　proposed　a　3・DOF　synchronous　planar　actuator

with　a　novel　2°D　permanent・magnet　array　as　shown　in　Fig．2．3．4・7［JunO2】．　The　mover

has　fbur　three－phase　concentrated　armature　co皿s（two　and　two　for　the　be－and

y－directional　drives，　respectively）．　The　permanent・magnet　array　has　quasi・且albach

magnetization　in　l〕oth　the　x－andγ一directions，　achieved　by　inserting　mUltiple　quarter・

sized　permanent　magnets　into且inds’　proposed　permanent・magnet　array，　as　a　resUlt　of

which　it　generates　a　sinusoida1且ux　density、Bz　i　jLn　both　the　x－and　y－directions　as　shown

in　the　following　equation：

晦・）＝
ｩ…〔9・）＋…倒〕・…………・……・…・………・・………・………・⑳

　　　Equation（2．3．4・1）shows　that　a　simply　structured　magnet　array　can　subject

superimposed　magnetic丘elds　upon　the　x－and　y－directionaユdrives　for　a11　armature　coils

anywhere　above　itself　Therefbre，　extending　the　stationary　magnet　array　oll　a　plane

ellables　the　movable　area　of　the　mover　to　l）e　widened．

　　　Compter，　Royal　Phihps　Electronics，　also　developed　a　6・DOF　synchronous　planar

actuator　with　a　2・D且albach　permanent・magnet　array　a8　shown　in　Fig．2．3．4・8［ComO3，

ComO4】．The　p　ermanent・magnet　array　generates　a　sinusoidaUy・distributed　flux　density

B。2　i1　both　the　x，－and　yi　一《lirections　as　shown　in　the　following　equation：

』・・）＝B・m・（・）・…〔。元x・〕・…〔。ky・〕・◆…・…………・……・・………………（2・3・4－2）

　　　The且ux　density　Bz2　can　also　be　expressed　by　the　coordmate　x一ッrotated　45　deg

around　the　z－axis　from　the　coordinate　x，－y，　as　shown　in　the　fbllowing　equatiol1：

』r）〔…〔：x〕＋…〔：y〕〕ト・＝諺）・……・・…………（2・3・4－3）

　　　As　mentioned　in　Eq．（2．3．4・1），　Eq．（2．3．4・3）also　indicates　that　the　stationary　magnet

array　generates　magnetic丘elds　fbr　the　x－and　y一曲rectional　drives　anywhere　above

itself．
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Fig．2．3．4・7：

（b）2・D　quasi－Halbach　permanent・magnet　array．

　　　　Synchronous　planar　actuator　proposed　by　Jung［JunO2ユ．

89



（a）EXperimental　setup　of　planar　actuator．
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　　　　　　　　　　　　（d）Hall　element　arrays　fbr　position　sensing　ofthe　mover．

Fig、2．3．4・8：　　Moving・coil－synchronous　planar　actuator　with　6　DOF

C・mpter［C・mO3，　C。mO4］．

developed　by
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　　　K工m，Massachusetts　lnstitute　of　Technology，　developed　a　6・DOF　synchronous　planar

actuator　with　a　magneticaUy　levitated　mover　as　shown　in　Fig8．2．3．4－9，　and　2．3．4・10

［Kim97，　Kim98，！仕u96】．　The　planar　actuator　consists　of　a　mQver　on　which　is　mounted

fbur　Halbach　permanent・magnet　arrays　and　fbur　stationa　ry　three・phase　armature

windings．　A　single　magnet　amray　pair　and　the　three・phase　current　of　the　armature

windings　s皿ultaneously　generate　2・DOF（x　or　y，　and　2）translationa1　forces　like　a　linear

synchronous　motor．　Exciting　fbur　three・phase　windings（like　a　combination　of　fbur

且near　synchronous　motors）generates　independently℃ontrolled　6・DOF　driVing　forces．

The　6・DOF　mover　positions　can　be　detected　using　a　combination　of　three　laser

interferometers　on　a　plane　and　three　capacitance　sensors　on　the　surface　of　the　statoエ

Although　the　planar　actuator　was　reported　to　have　an　extremely・high　precision　in

6・DOF　positioning，　the　movable　area　is　extremely　narrow　due　tO　the　separation　of　the

magnet　array　pairs　and　armature　windings　due　to　the　1arge　displacement　of　the　mover．

　　　Compter，　Royal　Ph江ips　Electronics，　also　developed　a　6・DOF　synchronous－type

planar　actuator　with　a　magneticaly　levitated　mover　as　shown　in　Fig．2．3．4・11［ComO7，

PhiO6］．　The　planar　actuator　consists　of　a　2・D且albach・magnetized　mover　and　nine

stationary　concentrated　three・phase　armature　coils．　As　shown　in　Eq．（2．3．4・3），　the

mover　generates　2・D　sinusoida1　flux　density．　Measuring　the　magnetic且ux　generated　by

the　mover　using　27且a皿elements　detects　the　mover　positions　without　need　of　large　or

complicate　position　sensors．　The　mover　can　travel　over　armature　coils　and且aU

elements．

　　　To　extend　a　movable　area　of　a　mover　on　a　plane，　Oh，　Korea　Electrotechnology

Research　Institute，　developed　a　6・DOF　synchronous・type　planar　actuator　that　has

numerous　armature　cois（100　three・phase　coils）as　shown　in　Fig．2．3．4－12［HOhO7］．The

mover　consists　of　a　2・D　Halbach　permanent・magnet　array．　The　mover　positions　are

detected　using　a　combination　of　three　laser　interferometers　and　three　capacitallce

sensors．　In　this　planar　actuator，　increasing　the　number　of　the　armature　coils　extends

the　movable　area，　but　makes　the　power・supPly　system　more　complicated．

　　　Korenaga，　Canon　Inc．，　proposed　a　MDOF（x，．y，　andα）synchronous　planar　actuator

with　only　two　two・phase　armature　coils　as　shown　in　Fig．2．3．4・13［KorO6］．　In　this　planar

actuator，　lengthening　all　the　armature　coils　extends　the　movable　area　without

increasing　the皿mber　of　coils　and　without　comp五cating　the　power・supPly　system．　Two

two’phase　armature　coils　are　arranged　over　the　stator，　and　the　magnetic且uxes

generated　by　the　two　two・phase　current　are　mutually　supe亘mposed．　The　mover　has

mUltiple　2・D　Halbach　permanent・magnet　arrays，　which　also　generate　mutuaUy・

superimposed　magnetic　fields　for　the　x－and　y－directional　driVes．　For　these　reasons，　the
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di・iving　forces　among　the　6　DOF　tend　to　be　coupled　to　one　another．　Therefore，　decoupled

contro1　of　MDOF　driving　forces　is　extremely　important．

Fig．2，3．4’9：

Kim［“・U96］．

．：

c●ぜ

Prototype　of　6・DOF　synchronous・type　planar　actuator　developed　by
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2．3．5．Resonant　type

　　　Ebihara，　Musashi　Institute　ofrTechnology，　developed　a　resonant　Planar　actuatol・as

shown　in　Fig．2．3．5・1．　The　planar　actuator　has　a　moving　iron　core　containing　two

permanent　magnets，　and　eight　stationary　electromagnets．　The　moving　core　is

suspended　and　guided　by　stacked　two　linear　guides，　and　is　connected　with　the　stator

through　fbur　and　two　resonant　spri　ngs　in　the　x－andアー（hrections，　respectivelyL　Figure

23．5－1（b）shows　the　excitation　patterns　of　the　eight　electromagnets　fbr　the　x－andγ一

directional　drives・Switching　these　excitations　generates　reciprocating　motions　of　the

mover　in　the　．r－　and　）Fdirections，

PC「n］anent．卜i自grlet．

．．．Linear　Guide

　　　　　　　　　　　　　　　　　　　　　　　　ヘレy

　　　　　．Spring

（a）Perspective　view　ofplanar　actuator．

Fig，23．5・1：
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1・－di「ectiolial　dri、se

　　　（b）Drive　principle　of　planar　actuator，

Resonant　planar　actuator　developed　by　Ebihara［EbiO3，　EbiO5］．
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2．3．6．Piezoelectric　Ty］pe

　　　piezoelectric　actuators　drive　the　mover　by　means　of　the　inverse　piezoelectric　effect，

and　generally　have　advantages　in　terms　of　precise　positioning　because　of　the　minute

strain　output，　high・torque　driving，　and　high　retaining　forces［MDDO5］．　Fontaine，

Bourges　Higher　National　School　of　Engineering，　developed　a　piezoelectric　planar

actuator’iconveyer）with　multiple　micro　standing－wave　ultrasonic　motors（micro－

SWUM）as　shown　in　Fig．2．3．6・1［FonO3】．　Selective　excitation　of　multiple　bend血g

vibrations　of　the　micro　ultrasonic　motors　drives　the　mover　in　the　x－andノーdirections．

Maeno，　Keio　University，　also　developed　a　piezoelectric　planar　actuator　with　fbur

plate・Ultrasonic　motors［MaeO5］．The　combination　of　the　four　vibrations，　which　includes

three　vibration皿odes，　drives　the　mover　in　the　translational　and　rotational　directions

on　the　plane．
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Piezoelectric　planar　actuator　developed　by　Fontaine［FonO3］．
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2．3．7．Electro8tatic　Type

　　　Electrostatic　forces　act　on　various　dielectric　materia18．　Generally，　the　fbrce　density

acting　on　smaller　objects　becomes　larger　［ActO4】．　Therefbre，　electrostatic　actuators　are

often　apPlied　to　MEMS．　In　several・cm　manipulations，　electrostatic　forces　are　often　as

weak　as　electromagnetic　fbrces，　but　electrostatic　actuators　have　an　advantage－the

mover　can　consist　of　only　one　dielectric　material，（for　example，　paper　and　film）and　the

mover　structure　is　extremely　simple［HigO6］．且iguchi，　The　University　of　Tokyo，

developed　an　electrostatic　planar　actuator　with　2　DOF　as　shown　in　Fig．2．3．7・1［mgO4］．

The　mover　consists　of　a　PET　Mm　coated　with　carbon　black　haVing　high　resistiVit’．The

stator　has　three・phase　co皿ected　mesh　electrodes．　Figure　2．3．7・1（b）shows　the　drive

p亘nciple　of　the　actuator；（1）丘rst，　inducing　electric　charges　on　the　mover　surface，（2）

second，　generation　of　attraction　forces，（3）third，　switchng　three・phase　voltage，　and（4）

丘nally・　mover　translation・Higuchi　demonstrated　the　2・D　drives　of　the　mover［且igO4】．
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（a）Electrostatic　planar　aetuator．
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Electrostatic　planar　actuator　developed　by　Higuchi［HigO4］．
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2．4． Other　M　D　OF　Actuators

　　　So　far，　I　have　introduced　previously　designed　planar　actuators，　which（h元ve　in　two

translational（血ections，　and　a　sphe亘cal　actuator，　which　drives　in　two　rotational

clirections．　In　this　section，　I　wil　introduce　other　MDOF　actuators　that　have　been

studied　as　f（）Uows；2・DOF　actuators　that　drive　m　single　translational　and　rotational

directions，　and　6・DOF　actuators．

2．4．1．inear・and・Rotary　ACtuatOrs

　　　Higuchi，　The　University　of　Tokyo，　developed　a　magnetically　leVitated　actuator　that

chives　the　mover　in　the　z－translational　andα一rotational　directions　as　shown　in　Fig．

2．4．1・1［且ig90］．　The　actuator　consists　of　a　moving　iron　core　slotted　intO　the　z－or

a－directions，　and　stationary　windings　with　iron　cores　slotted　into　them　for　the　z－or

α一directional　drives，　which　d亘ves　the　mover　in　the　2－and　a－directions　using　the　same

principle　as　stepping　motOrs．　Exciting　the　windings　generates　not　only　driving　forces　in

the　z－　andα一directions，　but　also　the　attraction　forces　between　the　mover　and　stator．　To

suspend　the　mover　without　contact，　the　mover　positions　in　the　r－（radia1）and

z－directions　are　contro皿ed　by　position　feedback．　The　mover　positions　in　the　rt　and

z－clirections　are　measured　by　induction　sensors，　and　those　in　theα一direction　are

measured　using　a　va亘able・reluctance　resolver．

　　　Ebihara，　Musashi　lnstitute　of　Technology，　developed　a　resonant　actuator　that　drives

the　mover　in　the　z－translational　and　a－rotational　directions　as　shown　in　Fig．2．4．1・2

［EbiO5］．　The　actuator　consists　of　a　moVing　iron　core　containing　a　permanent　magnet，

and　two　pairs　of　four　stationary　electromagnets　with　yokes．　The　moving　core　is

connected　with　the　two　stationary　yokes　through　two　resonant　sp亘ngs．　Figure　2．4．1・2

（c）shows　the　excitation　patterns　of　the　eight　electromagnets　for　the　：・・－and　a－directional

drives・SwitChng　these　excitations　generates　reciprocating　motions　of　the　mover　in　the

z－andα」directions．

　　　Hirata，　Osaka　University，　developed　a　resonant　actuatOr　that　drives　the　mover　in

the　z－translational　andα一rotational　directions　as　shown　in　Fig．2．4．1・3［且irO4，且丘05］．

The　actuator　consists　of　a　moving　iron　shaft　mounting　two　ring・shaped　permanent

magnets・　and　a　stator　that　has　two　E・shaped　and　two　C・shaped　yokes．　The　moving　shaft

ls　connected　with　the　stationary　part　through　a　resonant　sp亘ng　along　the　axial

direction・Figures　2．4．1・3（b）and（c）show　the　drive　p血ciple’in　the　z－　and　a－　directions．
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The　actuator　generates　the　driving　forces　by

generated　by　the　permanent　magnets，

unba正ancing　the　magnetic　flux　distribution

（a）Mover（rotor）and　stator．
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Resonant　linear・and・rotary　actuator　developed　by　Ebihara［EbiO5］、
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104



2．42．6・DOF　Actuators

　　　Vandenput，　Eindhoven　University　of　Technology，　proposed　a　6・DOF　magnetically

levitated　actuator　with　long’stroke　manipulation　in　only　the　x－direction　as　shown　in　Fig．

2．4．2・1［V・nO6，　Va・07・］・The　a・tu・t・・，　whi・h　h・・p・t・nti・1・f・・apPli・ati・n　i・。pti，al

disc・rnastering　equipment，　has　three　drive　units　that　generate　2・DOF　translational

皿otions．　The　drive　unit　consists　of　two　perrnanent　magnets，　two　U・shaped　cores　with

two　propulsion　coils　and　a　suspension　coi1，　and　a　moving　core．　The　per皿anent　magnet

creates　a　bias　magnetic　flux　through　the　mover，　and　consequently　generates　suspension

forces　equal　to　the　force　of　gravity　acting　upon　the　mover　at　the　nominal　position

without　excitation　of　the　suspension　coils．　Exciting　the　suspension　coils　contrbls　the

suspension　fbrces．　In　the　air　gap　between　the　mover　and　stator，　the　interaction　of　the

magnetic　flux　and　eurrents　of　the　propulsion　coils　generates　the　x－directional　forces．

　　　Kim，　Texas　A＆M　University，　developed　a　6DOF　magneticaUy　levitated　actuator

with　a　minimum　number　of　drive　units　requi1℃d　to　control　6・DOF　motions　as　shown　in

Fig．2．4．2－2［KimO5L　The　drive　unit　consists　of　a　stationary　coil　and　a　mover　having　one

or　two　permanent　magnets．　The　mover　positions　with　6　DOF　are　detected　by　three　laser

interferometers　and　three　capaeitance　sensors。

Stationary　part

　　　　　　　＼

Moving　part

Move

N▲’
・◆

▲ Permanent

OIl

　　　　（a）Perspective　ltiew．　　　　　　　　（b）2・DOF　drive　unit．

Fig．2．4．2・1：　　6・DOF　actuator　proposed　by　Vandenput［XTanO6，　VanO7c］．
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（a）Front　view　of　the　actuator．
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Fig．2．4．2・2：　　6－DOF　actuator　developed　by　1〈im［KimO5］．
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2．5．Cla8si丘cation80f　Previous　MDOF　Drive　Sy8tem8

　　　A皿the　M　DOF　drive　systems　introduced　in　this　chapter　can　be　classified　as　shown　in

Fig．2．5．0－1・First，　MDOF　drive　systems　can　be　classt丘ed　by　the皿mber　of　moving

parts：single　or　multiple．　Single　moving・part　actuators，　such　as　planar　actuators，

spherical　actuators　offer　excelent　advantages　in　structural　s皿Plicity　and　drive

performance　because　of　their　direct　drive　with　M］）OF．　Second，　MD　OF　actuators　can　be

classt丘ed　by　type　of　driving　fbrce；electromagnetic（versatile　use），　piezoelectric

（small・machine　apPlications　fbr　precise　positioning），　electrostatic（micro　or　structuraUy

s皿ple　machine　apPhcations），　and　magnetostrictive（smaU・machine　apPhcations　with

high　mechanical　characteristics）．　Finally，　these　kinds　of　actuators　can　be　classi丘ed　by

their　drive　p匝nciple・This　study　deals　with　electromagnetic　synchronous　planar

actuators，　which　have　especially　good　controllabdity　of　their　driving　forces．

　　　Synchronous　planar　actuators　have　a　single　moving　part　mo皿ting　armature　coils

or　permanent－magnet　arrays，　and　can　be　classified　as　these　two　types．　Although

moving・coil　planar　actuators　have　an　advantage　in　offering　an　extendible　movable　area

regardless　of　the　number　of　armature　coils，　they　have　some　drawbacks；deterioration　of

dr　iving　characteristics　caused　by　the　tension　exerted　l）y　associated　w亡es，　and

position－detection　errors　caused　by　thermal　expansion　of　the　mover　due　to　the　heat

generated　by　the　coils．　On　the　other　hand，　moving・magnet　planar　actuators　drives　are

sophisticated　because　there　are　no　problematic　wires，　and　are　suitable　fbr　extremely

precise　positioning．

　　　Tables　2・5・0・1　and　2．5．0・2　show　the　classifications　of　previous　synchronous　planar

actuators　by　magnet　array，　coil　assembly，　and　DOF　of　controled　motion．　In　the　latter

half　of　the　1990s，　Kim，　Massachusetts　Institute　of　Technology，　first　achieved

development　of　a　6・DOF　magneticany　levitated　planar　actuato正The　planar　actuator

consists　of　a　mover　mounting　mUltiple　one－dimensional　permanent－magnet　arrays　and

separated　mUltiple　coil　assemblies　on　a　stator，　which　form　spatially・separated　multiple

magnetic　ch℃Uits．　However，　the　large　displacements　of　the　mov6r　cause　problems　in

separating　each　magnet　array　from　paired　coil　assembly，　and　drasticaUy　decrease　the

driVing　forces．　Therefbre，　the　movable　area　of　Kim’s　proposed　planar　actuator　is　qUite

narrow，　as　shown　in　Fig．2．5．0・2．

　　　Next，　Compter，　Royal　Philip　s　Electronics，　developed　a　6・DOF　magnetica且y　levitated

planar　a・tuat・r　with　a・ingle・magnet　a・・ay　tw・・dim・n・i・na皿y　m・・ma・d．　Th・magn，t

a「「ay　produces　spatiaUy・superimposed　magnetic　fields　fbr　the　x－and．y－directiona1

血v…The　c・mbinati・n・f　th・magn・t㎜ay　and、patially・・epa・ated　multiple　c。il
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assemblies　drives　the　magnet　array（mover）anywhere　along　a　planar　region　where　the

coil　assemb五es　are　placed・in　other　words，　extending　the　movable　area　by　increasing

that　number　of　sep　arated　coil　assemblies．

　　　Then，　Vandenput，　Eindhoven　University　of　Technology，　and　Oh，　Korea

Electrotechnology　Research　In8titute，　achieved　development　of　6・DOF　magneticaUy

levitated　planar　actuators　with　a　wide　movable　area　by　utMzing　numerou8　separated

coils（specifica皿y，84　and　300，　respectively）as　shown　in　Fig．2．5．0・3．　However，　the

power・supPly　systems　of　these　planar　actuators　were　complicated．

　　　To　eh血nate　these　problem8，　I　propose　a　novel　planar　actuator　consisting　of

overlapPed　2°D　conductors　and　a　single・moving　2・D　permanent・magnet　array　as　shown

in　Fig．2．5．0－4，　which　can　fbrm　superimposed　magnetic　chrcUits　fbr　a　2・D　drive．　The

configUration　of　the　magnetic　chrcUits　can　in丘nitely　extend　the　movable　area　by

lengthening　all　the　conductors　without　need　to　increase　their　number．　At　the　same　time，

the　con丘guration　of　the　magnetic　circUits　makes　it　dillicUlt　to　independently　control　the

driving　fbrces　with　each　degree　of　freedom　because　of　the　superimposition　of　the

magnetic　circuits．　This　study　demonstrates　how　to　design　a　pla　nar　actuator　so　that

MD　OF　driving　forces　can　be　controlled　using　sp　atially－superimposed　magnetic　circUits，

and　this　novel　assertion　is　the　main　contribution　of　this　thesis．

2．6．Summary　of　Chapter　2

　　　This　chapter　introduced　previous　teclmiques　in　motion．　con，trol　with　M　DOF，　their

classi丘cation，　features　and　technical　trends．　In　p　a　rticular，　this　chapter　introdueed

technical　deta且s　and　issues　related　to　synchronous　planar　actuators，　which　have

especiaUy　good　controllabihty　of　the　driving　fbrces，　and　clari丘ed　the　position　of

synchronous　planar　actuators，　which　feature　in　the　background　to　this　thesis．
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Table　2．5．O－1：　Classification　of　synchronous　planar　actuators　by　rnover　type，　coil，　and

DOF　of　controUed　motion．
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Fig．2．5．O・4：
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Conceptual　View　of　MDOF　planar　actuator　proposed　in　this　study．
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