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Table 1.1 Application example of ACM.

ACM type Automobile Developer Years
Negative pressure Harrier TOYOTA 1998
Electromagnetic Presage NISSAN 1998
Electromagnetic Serena NISSAN 1999
Negative pressure KLUGER V TOYOTA 2000
Electromagnetic Inspire HONDA 2003
Electromagnetic Elysion V6 HONDA 2004
Electromagnetic Accord IMA HONDA 2005
Electromagnetic Odyssey HONDA 2005
Negative pressure LEXUS ES350 TOYOTA 2006
Electromagnetic XJ JAGUAR 2006
Electromagnetic Pilot HONDA 2006
Electromagnetic Veracruz HYUNDAI 2007
Negative pressure LEXUS RX350 TOYOTA 2007
Negative pressure Camry TOYOTA 2007
Electromagnetic S6 AUDI 2013
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(a) NISSAN model. (b) HONDA model®.

Fig.1.4 Electromagnetic type ACM.
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Fig.1.5 Oil pressure type ACM 2.
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Table 1.2 Researches about ACM.

Developer(Year) NISSAN(1998) HONDA(2003) KAIST (2007) KAIST(2009)
Hydraulic mount is
Model using filter unused Same model with
ACM First model
and diaphragm Nissan model
Plate spring is used
Weight of mover is
considered
Transmission force
Simulation for Weight of mover
to frame isn’t Not described
ACM isn’t considered Transmission force to
directly calculated
frame is directly
calculated
Actuator for ACM
Light weight, high thrust, long stroke, impact resistance and heat resistance
(Guide)
Actuator for ACM
Solenoid Solenoid Voice coil motor Solenoid
(Type)
Synchronized Feed forward Feed forward
Vibration control Model based
Fx-LMS adaptive control using control using
method Feed Forward control
feed forward control | mapping mapping
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Fig.1.6 Operational principle of Solenoid.
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Fig.2.2 Patch mesh method.
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Calculation of electric circuit
Magnetic analysis

[ Calculation of thrust ]

( Calculation of motion equation |

[ Mesh modification ]

Fig.2.3 Flowchart of Dynamic analysis by FEM.
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: r[&ro‘g) aaj (2.45)
_od_od
"oz or

2. 3. 1. 2 JEZEFRERE
WEARERIZL Y B L Z R mBIRICx LTHEBREREZ v, 2 hoEHRE TX
Qmmimmm%m<omm: ST EIRNCR L CHERFREREL AV, FEZEORY
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MVRT o vy VB EFEROD DY MIVRT v )b &K & # - 7= R $ 5, Fig24
WOR LI ERICTHER L, EEORT MVRT oY VOFRFIEZHIT 5, B0 M L7 MmEiE
LR OLTAERIDE T le & L, FimUTHHLE 5 dE T 2 8iAE 5 me, ne L9 2%, BEHRDN
7 RVIRT )b AN DR MIVRT VX v A, X7 S VEIBEEL N, 2> B R TR
BHEnb,

6
A, = N4, (2.46)
le=1

HEFEI RIS N 12, IRATEFR SN D,

N, =2,.grad4,, — 1, gradd,, (2.47)
22T A KON JEE R Tme, nellxtiin T 2 FEIEIE T 5, IARFEIEAE & 1 3H X FERE 0> —
FECTFig2. 512/ T K D1, MR EIRE HmelZ M0 2 i 2 K & 2 KRR O W AR D IRFEY,,,.
EERBERORBEV, O TERINKATRIND,

]
o O HbuxrC,y+d, 2) (2.48)

‘me
e

6
= ™ ez = Yooz )4 5 ez = 22 )+ 50 e = Yza)) (2.49)
( D Do =200 4 Vil = 20 4 2 e (2 =2, )) (2.50)
o = 0 (e =5, )+ 2,0 (60 =, )+ 2,0 (3, = 3,0 ) (2.51)
4o- 1o (v —ype)+ %o e =0 )4 2, (00 = 320 ) (252)
K Dme, ne, oe. oplIFEERT HHXMHEAFEFEZRLTEBY . Bl 1Xme=2DKE, ne, oe, opld
zhnENn3, 4, LIRS 5,
RQAYTRER A7 BT v b A, DR SV N, 2 AR L LT, 2Rk
WXL TH T —F k5T 5 EER7E G 1TIRATRSI N, FL7ed,

Gy =G,;=Gp—G,,; =0 (2.53)
G, = _[N L rot(vrotd, )iV (2.54)
Vv
Gy = INze' Jydv (2.55)
V(.'
1
G = IN,e —rotM |dV (2.56)
Vlﬂ ﬂo

pe

me oe

ne

Fig.2.4 Edge element. Fig.2.5 Volume coordinate.
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AREEE, VATEBROMEE, 7, IXRER AR D EROMHEERE X O v, 13n ok &5,
K(Q2.53) 2 Z L T, FEFZOBERNRY SIVRT v v )b A, OFPBIELN S, Zh b0
RS Z LT, HFEFZORY MVRT UV VO URESD,

MEOBAL IR OIERIEMEX, 2. 2. 1. SECTRLIE=a—br T 7 YV EEAVWD D
LTHEET D, Fio, DHEFEAREFRIEIC LM RETHIRHHITINE 70 H DT, ICCGIEE
A LR A md b ST 5,

2. 3. 1. 3 =JAT/USHIECX HEREE
~ 7 A 2 )VDIEIHENSHESNIFTRKCTHEATX 5,

F= j@tnﬁ+j§ﬁ“+kgnﬁhs

Smover

2.57)

22T Sover (EATBNE A PHER PN, gy 1B TR dS DHATIERR A BV, T, T, T3V 7
Az VDIENT I A THY, WA THLDSND,

1 1 ..
T, =T, T, T.| T,= ﬂO{BB —5(%)32}, ((.j=r.y2) (2.58)
T

ZIT wlFER DB, B,y By, BATENENEE B O r. y, z ARG, 6 1FKI
KT Ry ADT VIR TH D,

ﬂ
DT
1
5 =1,

R@25SN%E bz oRlcES L, RRITRT,

(=
(i) (2.59)

m

T,= [(Tn+jT,n+KT.n)alrlds

Srotor

R (2.60)

T, T, XEHEEIAE T2 MV | S (XIEIHEES 2 BT PAM T, VX IBTHRHH 2> & PAER L2 7]
2O RXY R RIVIEERE O T EX 7 SV A ZEER G R OEALR7 ML Th D, 2D X IIT,
H(2.57)FB L ORKQ2.60)& H ., BEHRBEENOHES, M7 EFRTE 5,

hETHlRTEZ2. 3. 2. 1H2H2. 3. 2. 3HETOHECLVEHES, #1
AW MV BRDDZENTE D,

2. 3. 1. 4 Z=RHEREEREY

AE T, FTERSABEIR S L OREESE 2 BN, = RounFIX OB IEEEZ RS
AIEFR B O = o FIKE L & LT, MR & EIBIROSEIMZHE L, £ A7 v
T TOHREIRZ Z DD 2 DOSEIMOEEMEE D NIFT 5 2 LIk bR 5 ZEIKEE A
Wb, RFEZ, 73 Y XANREHETH D, Fig2.6 ([ DEIXEOFEMEZ R, &I
FE HAE ERLHR OISR E LR D KO RIS I&%%%ﬁ\%%%%aﬁ
%o 22T MR BRI 31T D ATENERALE > b A TEIR 3 FIKNZ 36 1T 2 TENEALE £ T
HilEE 1 PR DB OEE O 'S % Point, Point (253 2 Hf& TR 20 B O E O A
% Point’, Point DEFE%E Opyinen Point’ DEEREZ Opine & T Do IRIT, RIEIEOALE DS FIHITIR 45
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KNI DB E D Al OFIEIZH DD Point \ 23T A5 Ofi S Point” D JFEAZ
Opoi KD D, 1 & Al DFENE Ry (TR L 725,

Al

Roes = (2.61)

FIE Ryesn 2 VO THEEE Qpoin AF RN HEMH T E 5,

Oroini = R Qroint + (1= R Woine (2.62)
KR.62DFHFEEZ TR TOHIRTITI Z LT LV WEEROME SR S FIIC 31 2 v H)
EATE D Al ONLEIZ 8 2RO ZReEIKAE B D,

AL Fig.2.7 1R & 9 ISR I A T =R nEIKE BBICEET 5, ZOEIE
HEIE, S BIRE L RIS T LT Y XABEHETH D, IS IR & 72 5 RSB 2K L.
[ E D & BRI BT D 7o O OB AR ET D, I, BT L B2 0BT 2, 2 LT
B B (2 A RIS 2 [AlE S B 5, kI, BEEE & ESE o5 R Lof b S E +
AR L, AEIMEIEIET D,

IO ZRESEREEEE 2. 3. 1. 1H»H2. 3. 1. 4HETOHEEZHAVS
Z & T, A AENELE R KOS R A E COFMED) . AW ML BRDD LN TE D,

2. 3. 2 ZWorHBREFE L Matlab/simulink % #1745 18 7= B ERENT

AIFHT TIL RANT 2. 3. 1T TR L2 FRAT I & 0 SR B R BB 25 2 25 D 45 Al B
2 [T £ FE b 2 B HE D REPE. B0 AT R L REPE AR T 4, RIZ, Fig28 TR T &
INCEOFRMEE T —7 e LTHAL, EXEETEXSCER) TR LMD,
Matlab/simulink CHE< ., AU K 0 BEENRF O RTEVERAL &, HES), AfF h L2 2R D,

Mover
| Al Point™
. o o
Point i ) —
P ==
zé’; Sa -74'
Stator - =
e SEEEEE. Rt
(a) Initial shape. (b) Initial shape. (c) New Shape.
Fig.2.6 Two mesh method.
Rotation
g
Partition
@ plane

(a) initial mesh (b) separating mesh (c) rotating (d) connecting

Fig.2.7 Automatic re-generation of rotation mesh.
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e NS R 2 i T B 25 g oD [ i i & Sl [ & B 72 R O B ERF PR ARAT FHE IS D WD TR
%, SREIEE T — ERESEE TH L b D & L, FEHOER) IR T E T 5,

do
b _ o 2.63
" (2.63)

ZIT O, BEESHOEGRE, o XEHE T 5, BRI BERER T D R b
WD Tpaa i3, KA E 2D,

Tosaa = TaaieZ-O0) (2.64)
T Ty ATBIEBLE 2, [BHEALE 6, 1B 0 HEHOBAN M7 ThY, T ANDH
3%, AIBEOEIRXOER SRR TREN, My v XL B 2, &3
HY %,

d’z dz
m ~t+c—"*+k, *F =F,,\z,.0, 2.65
dtz dt m s statu( m ) ( )

T Ty Fo \XATENEALE 2, AR 0, (0BT 28N THY . T—TANLENT S,
WIZ, B— BB T 7 F 2z —K L LT, DC 77 E—F 0k o TR RIGE B 2 s
DIRIEE % [F1#E S 72 B OB ERMEAIAT FIE IO W TR R %, DC 7 J v F—Z T L » TlHEEE
W7 B O EEEE OEBY IR X OEB H IR TR S, FEBOBEEARE 6, 13V 72 v ZIEIC
Lo TiHET 5,

de, ,do,
motor 7 c 7 - Kmotor motor + T;tatic(zm 4 Hm)

(2.66)

Z 2T\ Jpoor 13 DC 7T T —F L BKGURHRE B A s ORI O BT — A > R OF0, ¢
1L DC 7T v F—& DRMHAREL. Kpoior 1L DC 7T T F—H D "IV 7 ER DD WHEEEIL. Livor
IEDC 77 V=X DERE LY RRXOBLRREHEX TV v XTIV FET S,

verR 1 wr Hwe g 49, (2.67)

motor— motor motor motor
dt dt

22T\ RuporEDC 7T 2T =S DI, Ly [EDC T T L= HDHCA 57 F A LS
%, AENEOEBITRQ.65)DOEBHRA TR SN, LY v FIIC L0 AEELE 2 &35

Static characteristics

/ ) m %Ea [
Ramp Ll
FAath
Function LUT-Torgue Torgue (Mm)
- '%BI - =
Input Anele (deg) Forca (M)
Calculation of
equation
120
Constant \—,
Z-pos (mim)

Fig.2.8 Dynamic analysis method.
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T 5, ZOX DI, FRrEZ WV EREES G R ACOER) SRR A2 < Z & T, BREIRF O AT B L
B, . AT b7 ZERRITRO D Z LR TE 5,

2. 4 ACM v Izlb—vayv

AFETIEH, ARERECEOVRDEZT 7 F oo —2EE. ACM O EETANLELN
7oEE R WA T LT Y XA A o, Matlab/simulink (2 8V FHR L, ACM Ol
REARDD, Y Ialb—rad AREREZHWEHEINCL DT 7 Fax— 2T —7
NVOVER, ) OWRE, T AN LE U@ F RO, HiRIzb 2 o
D4 EBETITO

2. 4. 1 NFEEFADLEWLEEHEROHEY
AECIEAFETADLEN U EB RO EIC OV TR, v ab—v 3V THER
&5 Fig2. 912" T ACM 1%, HEBR BB L7 ACM 2 X—X 2 LIET LV ER5> TN D,
ZD ACM ZHEBLT 572010, Fig2 10 [ZRTHFET A EMNND, ZORFD/RT A —ZRH
% Table 2.1 [Z"9, ZDHEET NS ACM FHOEH X 28T 5, Ay Ialb—g
VT, U U URENTEREIENAC L HIRE & Lis, 77 T 2 m— 2 oER R A kDR
R

m 5 (t)+ D %, (0)+ K x (6)= £, ()~ 4.P(c) (2.68)
T F a2z — BRI DINE. T 7 Faz— AN LikE~ T v ML BIEN DG LR
b0 TV Faxz—2{NORNGEL, FHTL7 7 Faxz—2ILoTRARD, FRfErIERT
JF 2 —2 Tl aA Vs ERE TBEONEND, 77 Faxz— BT —7 V24l
MU 77 Fax—2#NEHNT 5, TOEGRIE. KROBEBLIREEAGEANGRD D, Dk,
A NVOEZEFE VOILT 7 F 2= — 2Rt T —7 V&AL, BHT 5,

VQ)=AUQ}+NE%§Q (2.69)

E—H BB T 7 F 2 = —F TlL, B ORERAE & RO EN D, 77 F o =— X FET
—TINEFERAL, 77 Fax—2HNEH T 5, BIERE ORI 1X(2.66) & 2(2.67)0> b FHHE
T2, WIZ, AV 7 4 AEBLTCEREERIBETTERTDBRAEOHES 2 RET 5, ERE. &l

Rubber
Fluid in
Hydraulic chamber

mount

Actuator

Fig.2.9 Structure of the ACM.
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R, AV 7 ¢ A%, AR BEIRTHZSNTWDED, 4V 7 4 ANICH DIRIKORITHIC
—ETHD, TDOID, V7 4 ZANCH D —TEBEOEEEZWIREREL, ERERFRTEHY 7
4 ANDEEOENEZ KT Z LN TE D, EOERERFROER AL RKUTRT,

m%,(¢)+ D,x,(t)+ K, x,(£) = —4,P(¢) (2.70)
BARDEFERAZR S RADE BN D, WIRITERMEE L, HHIEE C, THRIEDIRELL & E
HEBEFT D DL L,

Ax,()+C,Pt)=A,x,(t)+ 4.x,(¢) (2.71)
ZH D HFEA A Matlab/simulink TEX | 77 F 2= — X a[@MONE, 4V 7 1 ANOHRIE
DIEE), RIEDOIENEERD D,

2. 4. 2 ACM OHRMERED AR

HRIAR DD ) G2 RNITTR T, HIRIAZD D 2RO D T-DITHE IR P ANE, T 7
Faz—Z W @EOMME, AV 7 4 ANOWKRDOIRE), WIKDE) DB, 77 F ax—2DHE
L, 2. 4. 1HEHTHEORIEE WS,

Gle)= K, x,(0)+ K.x,(0)+ D.x,(0)~ (4, = A4.)P)~ £..,,(¢) 2.72)
HARIABDD T, B 1HOTZ D OEUC L > TRAET L, FE2HOT 7 F ax—2HD
IR BIEOT 7 F a2 — ZEORMMERE T 5§ 4 HOBIKRDENEN, HESHOT 7 F =
T2 ORI TV D, ZORQRI)EMRE, BRI RO D ) %FHHE L, ACM Ofil#iE:
RE 2 A3 5,

2. 5

ARETILFFERIERLY 7 F 2 = — % OREZ 1525 70 D Ol IR =R oo A REFRIEIC X 5w
Hrds K OBMEMAT Fik 2ok Lz, WIS, B— X BREVI T 7 5 2 = — & 35 L O S K i (B Bh 28 46
FROFME AT D 12D O =R GTA IREEFRIEIT X 2§t Tk L O OFEMT & Matlab/simulink
2 & 2 B R L OVESREE R RG R A A G b IR kA R Lie, ki, /)

jxe(t)

Engine =

=)
ANNN\

¢ chassis /
’ vV ¢ v

Fig.2.10 Mechanical model of ACM.
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FETANLG LN EE RO A, FRERENGRDLT 7 F oz — 2R ST v
Y AL TR EE ARG DR ACM VR 2 L—ra VERLE, AETHELN
TERMRAZERTH &, LFD X 912725,

(1) flser B = RoT A BRERIEIC X 2 BGHNT Tl i Fr CH D728 0 HORR Y LR
TUVXIN Ag B I ORI Ar B3RO D Z & T, r FMB LD z HFROMREBEENHETE S Z
&R OIEESBRADN DR LTz, £ LT, HiREEARERELLIOT T —F iz 2
L THEROMRNY MVART o ¥ VOERERFHR TE 5 2 & MR OBERE FE O IERENE
Homa— R TV BRI TEETEDLZ L, v 7 AT 2 VOIGINEIZ K- THE % 3HER
TELZ L NENE 2 OHELENLEZMABDOEDL Ny F Ay v alfafld 2 LT, AJEiE
EE) LIRE D B A2 B HIAER T & 2 2 & | BRI & EH), BRI O T EZ B S
DT LTz, ZHBIZE o T, FHERERLT 7 F 2 =— & OFFFER K OB ERE DSBS rTiE T H
HZEEHLMIT LT,

(2) =ZWRTARERIEIC K DG Tl r. 2. 0 HTAOBERARY MVRT 2 %IV A4, A..
AgZRDDZE T r 2, 0 HEOWHBEENFHRE TE D 2 & AR OIS 205 el Lz,
ZLTCULEFARBRIEBIOH 7 —F EEZ WD 2L THEIEDOWRANT MVRT ¥ v
OEPBENFHATED L, v 7 AV 2 VOJRINEIC L D HEIIB X OV Vs O L, 9ITER
SEIR & AR DB Z B L2 D O EIK O R 2 N 25 2 &I X o TR BB B E)
L7=RE DB A B HIAER T & 2 2 & | BEV D BIRME RIS &0 [BIHRF- 23 [E1H5 L 72 RF o 43 HIX
ERICER TE A L 2R LE, INOLDZ LKV E—4BRET 7 Fax—2DO— T
& 2 B R Bl BV AR OFFEEN T CTE 5 Z L A LT L, &FBIC, ZRTAIRE S
BT X D RESGRHNT & Matlab/simulink (2 X 2 #E8h 2 ds L ONEI G R RGE R 2 A A b 7= 8h
VERRATIE 2 0% U BN RE E B #a P8 s L OVE — 2 BBV T 7 F o = — & O BEERMEDNigAT 7]
BRThLZEEHLNTI L,

Table 2.1 Variables and parameters.

Symbol Meaning Symbol Meaning
xe(?) Position of Engine Ae Mover plate area
x(t) Position of Actuator's Mover Me Mass of Actuator and Mover plate
Damping coefficient of Actuator and
xd?) Position of Fluid mass De
Mover plate
spring constant of Actuator and Mover
P(%) Pressure in Fluid chamber K.
plate
140) Input voltage N Turns of coil
1(?) Current R Resistance of coil
G(1) Transmission force A: Orifice area
e Thrust by Actuator mi Fluid mass
(1) Interlinkage flux of coil D Damping coefficient of Fluid mass
Equivalent piston area of
Ae Ki Spring constant of Fluid mass
rubber
K- Spring constant of rubber Ch Volumetric compliance
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(3) ACM > I a2l —a FEEZRL, FOVIalb—2 a3 TET 7 Fax—X M, H#l
7A=Y Xh, ACM DEFRZNEZBINDHZ AR L, LT, 20Oy Ial—i g
KX VEHERIEDD NEFHETE, ACM OHIEMENSTHMEI CX 22 L2 LM LT,
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Vivar =
3

o
ACM 7 7 F = —=— X O EI58F

3. 1 #H=

ACM A7 7 F 2 =— % OkEHE# & LT, /R E, s, RA Me—7 BBt &
MEWE, BREREESET O THDO, LnL, ACM OREEBE L-T 7 F 2T —H D%k
FHESHI R STV 2R,

KETIE, B2ETRRELIEACM 2 2 L—3 g b ACM ORtEZ R, T OFEN D
T Farz—HORFHEHEEBERT D,

ARETIE, 3. 2HITHI LD ACM BLUED ACM THWT 7 F 2= —# 2o\ Tk
%, 3. 3HITACM OFMEEZRL, BET D, 3. 4Hi T /7 Faxz— X ORGHEHEZEBR
35, 3. SHEiCHimaIR~5,

3. 2 X% ACM

FEATRI SR & 72 % ACMIZIE, 2. 48IT/RLIZ ACM OE~o > MEiEH W=, LT, £
DACMIZIE, 1. SHITRLELV Y rE—ZD—F Th 5 Moving Magnet 7 7 F = =— % (MM
T Faz—2) AL,

K7 Faxz—2L YL /A REOVEA M= ThHD R XA VLE—F LY EHEST
HY, 1. 3HTRLIZL YT rE—F L0 KB OBKIRTT /NS <HEAI A &V, Figd.l
WRT RO MM 77 Faxz—Z [ IaEFLEEFPOERSND, AIE IR A Y LA
(1.37), MRk CT&ma—7, MR TTE T 7 bk Tky ., Lok a
X EFMIC, THOBAIZTHFMIER SN TS, £ LT, BEFITI—7, A4V, FERME
ETTEIFRL, (T, V=77V IhbloTn5b,

Fig3.2 \Z/R L7 MM 7 7 F =2 = — Z OREREREE 2 AV T, EERE 239 5, il & b
B L COZRWIF XA B - ORA IS & Y Fig3. 20 vdRER 2N AT 5, Fig3.2(b)Rd 0 .

Springs
Linear bearings

Mover

Support parts

Fig.3.1 Basic construction of MM actuator.
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B A e L 72 IR = A VR D SRR I Do TS R0 | BER DN T L AL, AIE -1
LHMORETINRET H, ZORE, BIRORE S EEZ D & BERENE(L L, ZIUENHES
BT D, Fio, BROME 2T DH L, WO & i, FHMICHED BB ET D,
T F o — B Figl33 R, Figd3 aHb &, T4 Ty MEIBIETHY . HEIE
BB T OMLEICH L TUEEAE—ETho72, 22T T4 7 v MR L IZE—FDax
TR LRIZRTH Y, BIRZIEE L TR WIRHZHAET 2B Th 5,

3. 3 ACM FpE®O~D

ACM ¥ 2 b —va U LHERFFO ACM OJE BRI EEZ RO 5, =0 ¥ VKRB & RIE
0.0lmm, &% 20Hz 725 200Hz £ TOERERTH D & L, KDDL RN D X
T I Fax—RIZIEREROEEEZFMLUIZREO Y I 2 b—1 a UiER % Fig34 177,
Fig3.4 # %45 & | 120Hz CTHEME, Eit. ), 77 Fa=— X a[#) 7 ORE), KEOELNKE
IpoTWi=,

ZORKEZFOENTT D7D, TV UARBAFE L, 77 F o= —FITIRIE 2V, R
20Hz 7% 200Hz ¥ CTOIEKMIROETE A HII L 72RO BB FFEEZ > I 2 L—2 g LI L VR
. Fig3.5 12~ d, Figd5 2% 5 &, 120Hz (G TIXEWR, #). 727 F 2 — 2 w[#F DR

[ Yoke (Mover)  [] Magnet (Mover) B Yoke (Stator)  [_] Coil (Stator)

Flux by magnets Flux by Current

Strengthen l

(a) Without current. (b) With current.

Fig.3.2 Operation principle of MM actuator.
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Z
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2 0 z
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-10 ~ é
-15 =0
-1.0 0.0 1.0 -1.0 0.0 1.0
Poition, mm Position, mm
(a) Detent. (b) Thrust constant.

Fig.3.3 Actuator characteristics.
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B, WEDEBRRKEL 2o TWVADIZH LT, HIRIBD T2 ITREL o TV Tz,
W, 77 F ax—Fa@FOEMNFERIAzD HEE 2R L2 HiE 0 2%k TEHZ LT,
T ZOFHMBENEDOENLT 7 F a2 = — X a8 F ORI A BRI R o TV RN L &2 F
LTW3A,
,_lol.

X,
¢ damp

2Ty [Clam \THEARITARD D TIOIRE, [XJamp 13T 7 F =2 =— X A[E) 7|24 U7 REN O RIE T
HD, Figd s DV 2 b—a UERICH LU CHHE O # & L, Fig3.6 IZ7”"7, Fig3.6 b
120Hz CTFHAIE O 3/NS <o TWDH Z ERERTE ., 77 F o= — X al#) 1 OIRE) 3 AR~
B> TWRNWEDIZ, T 7 F o =—Z EEFINFED ACM O 8 35Uk Fig.3.5 128V T 120Hz
THRIEDD IBREL LRI EEZHLMNI LT, EHIZ, 20 120Hz THIRIZDZE
R OIVRNZ ERRIK &Y | HIIRFEOJE AR Fig3.4 [ZB\W\W T, EBIE, Eik. #E). nIHE)
FIRE), WEZRREL R BT,

WIZ, 120Hz TT 7 F a2 =— X OB FREINHERIE D> TR W 2B 58345, 207z
DIZ, BRI ED D) GOORARQIDICER L, KQINZT 7 F 2= — X /B 7O iES) )7 fE
RQRO6NERATHZ L THRAERD S,

G(6)= K x,(t)—m 3 (1)- 4.P(c) 32)
ROEOREMRIX, Table 2.1 IZfEH, Z ZTIE, Fig3.s Ov =2 b—ya Y Efichbd, =y
ViR ZFEE L, K@K KICESHRZ D,

G(t)=—m 5 (c)- 4.P() (3.3)
RGBEHD &, WEOTALUMNIT 7 F == — 2 BRENZ K DS m % (¢) 2SO TV
L2 ERMERTE I, WIS, WEDEP()ET 7 F 2—2 O RS x () DIRIE L Crado

3.1)

g 0.01 4
%“ > < Voltage
E 5% 2 v
= gt
an
=]
m 0 0
0 50 100 150 200 0 50 100 150 200
Frequency, Hz Frequency, Hz
(a) Engine position. (b) Voltage and Current.
40 0.8 40000 8 z
:‘t -§ E Q? g
z 30 ] 0.6 E g %30000 a 6 §
=% Q 2 o =]
20 04 < £ 520000 [ 45
=t °5 3 .2
= \ 35 & 10000 2 g
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—_— ~ -
0 0 0 —F————"—— 0
0 50 100 150 200 0 50 100 150 200
Frequency, Hz Frequency, Hz
(c) Thrust and position of actuator’s mover. (d) Pressure and Transmission force.

Fig.3.4 Frequency characteristics when ACM controlled actively.
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R TERT 5.

ratio [XCme
T F 2T —Z OHEEE) S TR0 ACM O JE I BURHE Fig.3.5 I28 1 2 IRIEEE Crano % Fig.3.7 IC
~%, Fig3.7 \Z/k 3 Y 100Hz 2> 5 200Hz F CTOE WA TIRIEIE—EfE 55X 10Pa/m (272 >
THY . 100Hz 75 200Hz £ TIEA Y 7 4 ZEFOLEN/NS WD T 7 F 2z —Z w[#) 1 DR
B EOEBFZEA LR ERD, ZhbDZ &G, 100Hz 235 200Hz F TOHPHTIX
HB3)NE Cranio - T, WAUTEESHZ SN D,

(3.4)

Gle)=-m i (1)-4C,,x.(0) (3.5)
K34 & AR HASER S TR T LUK L2 D,
G(jw)=mw'x (jw)-AC,.x.(jw) (3.6)
2 30 0.6
Voltage <
> < & \ \ = E
2B Z 20 04 2
£ g B 2 3
% E 6,5 \Thrust \ % £
£ g Current B a 2
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Fig.3.5 Frequency characteristics when actuator drove.
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Fig.3.8 Stationary characteristics when ACM controlled actively at 20Hz.
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Fig.3.9 Stationary characteristics when ACM controlled passively at 20Hz.
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Fig.3.10 Stationary characteristics when actuator drove at 20Hz.
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Fig.3.11 Stationary characteristics when ACM controlled actively at 100Hz.
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Table 4.1 Target value.

Target size Diameter 100 mm
Thrust 40 Namp or 80 Npipk
Target
o Stroke 2 mm
Characteristics
Drive frequency 60 Hz
Linear motion
— Spring
' Shatt ] Mover
Magnetic Movement Converter (only linear motion)
(MMC) )
Magnet & )
Yoke _ } Rotor

DC brush motor —

==

Fig.4.1 Basic construction of basic model.

Table 4.2 Dimension of magnets and yokes of basic model

Outer Diameter of magnets 16 mm
Height of magnets 3 mm
Outer Diameter of yokes 16 mm
Height of yokes 2 mm

Attractive
force

torques

(a) When thrust is generated. (a) When load torque is generated.

Fig.4.2 Operation principle of basic model.
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Fig.4.3 Static analyzed results of MMC of basic model against rotor angle.

——Thrust —=—Load torque
80 300

Thrust, N
N
(e
>
()

Load torque, mNm

0 T T T T 0
-1 -0.5 0 0.5 1
Mover position, mm

Fig.4.4 Static analyzed results of MMC of basic model against mover position.
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Table 4.3 Specifications of basic model.

Mass of mover 86¢g
Spring constant 60 N/mm
Viscous damping constant 0.02 Ns/m
Dynamic friction force 30N

Thrust —Load torque
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(a) Thrust and load torque. (b) Mover position.

Fig.4.5 Dynamic analyzed results of MMC of basic model.
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Fig.4.6 FFT analyzed results of MMC of basic model.
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Fig.4.7 Condition and assumption for theoretical formula of thrust at basic model.
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Fig.4.9 Condition and assumption for theoretical formula of load torque at basic model.
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Fig.4.10 FFT analyzed results of static load torque.
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Table 4.4 Specifications of prototype of basic model.

Mass of mover 85¢g
Spring constant 61 N/mm
Viscous damping constant 23 Ns/m

Bearing
Linear bearing

Rotor Stator

Spring Mover

(a) Overall.

Magnet with Yoke
{ N T
Output shaft
) Teflon part
Shaft Magnet with Yoke
(b) Rotor. (c) Mover.

Fig.4.11 Prototype of MMC of basic model.

Motor Torque meter MMC Displacement meter

Fig.4.12 Experimental equipment.
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Fig.4.13 Static measured results of MMC of basic model against rotor angle.
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Fig.4.14 Static measured results of MMC of basic model against mover position.

45



ZO X, WEETHEIE & RO, ACM 7 7 F 2o —4 & L COMEEZHRT
=

4. 3 EHERER L OAN ML EROEDOY A v a— s T
AITETC, AT T NV ORE AL E B A RE L m R I IR L KR & &l Vo 284 L,
BRI DL DC 7 7 v E— X ORI A EE 3720, BRET LA ACM IZEHT 5
ZEERNEETH T AW OGN LTz, ZOREZ RS D 72012, B LUWE R EE) 28
B E N — 2B T V Fax—F ThDVA L u—FEFVERETHO, KEF LI,
Table 4.1 |27~ L7z BARAE & 3 B C/R L7 FHESHIIEWBASE L 7=,

4. 3. 1 SN

VA ru—2ETVOMNEE Figd.16 |2, 1E% Table 4.5 12777, EARET /L EFREEIZ, DC
7T o —H LSRR E B RS D AR S AT D iR B A g O R LT
T AN AR SN BA D —ERE SN TR Y, v 7 MAZan#E#i ST\ b, MK
IR E B A s O [AlE 121X, Fig.4.17 ORBREAGR CTHEBE S L ioiian 2 8 872 8de Xk 5
ICELE SN TED | 2 OITIEMIERIZ K o THRICEERE ST 5, 7238, IS O fli A
O EEEB) 72 © DN ATH) 7 O [EEEB) X, FERA IR S TR Y | AL E T o R & & [H
LM O=T ¥+ » 7% 2mm & LT3,

4. 3. 2 B B

Figd4 17T L 212, YA ra—HET MIERET NV ER U LD ITBADRS] - [KFT)
W2 X o TEREI9 2,

VA ru—H2ET NVOMKAERREBIEBRIGFIII B 7O E N2 2 2O=T Xx v 7 RBH Y,
ENOHOZT XX v TORFHIAEB TAIEICE DT —ETH D, TS L > T, A ITATH)
TALEDOEBEEZFITL R0, #HAEBCIRBIEE Ok MMRRESh s, i,
Fig4.17(b)iZ/”" 3 & 512, [BlHEF A IZRAET HAM by L EEET B AT D AM MLy 23
HIANZ/R VFTHHE LA D 72, BT 2EOAR bV 7 MR S5,

4. 3. 3 BT = A A DRk S ARl I B 2 A 25 D R
VA u— S E TR OREA RO E ORI B B ITEH L, £ ORIt 2 g, B
A, AAEEEE O TZHEDN B3RO, AL R T 5,

4. 3. 3. 1 FEMTIZ K 5 ETAM

Fig.4.18 |2 AJ 8 1% [& & L [Al#5 1 % @i 001 [Blds S B 7= B O FfE ) 3 L OSRART b v 2 23,
AIE) % [EE L 7oL E IS E S KON OMLED D Imm BE) S 70E & Lo, WO
B FIHANLE ORFIZ, K 40Ny OHENBNFAEL T2, 2L T, Imm OFF T, =7 Xy v
DEFN—ETHDH = LITERKA L, EAET L ORI E B S Tk X - H ) O T %285
IET&E TV,

Aff bV Y H B D L AEFALESPINLE, Ilmm B E) W72 f7E TR K 0mNm, 72mNm &
72 o Tz, FEEE - TOARM ML 7 OFTTHLEWORIRIZE Y | BEE 2RO AR hLv 7 MK

46



—Analyzed —Measured

= 2

g

& 1

z

o

5 0

>

o

S
'1 T 1
-0.025 0 0.025

Time. ms
Fig.4.15 Dynamic measured results of MMC of basic model.

Linear motion
Spring

Magnetic Movement Converter Shaft

(MMCO) ™ (only linear motion) Mover

Rotor
DC brush motor
(a) Overall.
Coupling Rotor A B
Shaft
M ¢ (only linear motion)
agne
& Yoke Rotor B Magnet
(b) Rotor of MMC. (c) Mover of MMC.

Fig.4.16 Basic construction of Twin rotor model.

Table 4.5 Dimension of magnets and yokes of twin rotor model

Outer Diameter of magnets 18 mm
Inner Diameter of magnets 10 mm
Height of magnets 3 mm
Outer Diameter of yokes 18 mm
Inner Diameter of yokes 10 mm
Height of yokes 3 mm
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Fig.4.17 Operation principle of twin rotor model.
—— Thrust —— Thrust
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(a) When mover positon is initial position.  (b) When mover positon is shifted position.

Fig.4.18 Static analyzed results of MMC of twin rotor model against rotor angle.
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Fig.4.19 Static analyzed results of MMC of twin rotor model against mover position.

Table 4.6 Specifications of twin rotor model.

80 160 2
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-80 : ‘ ‘ ‘ -160 2 ‘ : ‘ ‘
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(a) Thrust and load torque. (b) Mover position.

Mass of mover 100 g
Spring constant 55 N/mm
Viscous damping constant 0.02 Ns/m
Dynamic friction force 30N

——Thrust ——Load torque

Fig.4.20 Dynamic analyzed results of MMC of twin rotor model.
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Fig.4.21 FFT analyzed results of MMC of twin rotor model.
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Fig.4.22 Condition and assumption of twin rotor model for theoretical formula of thrust.
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Fig.4.23 Comparison between analyzed results and theoretical results at twin rotor model.
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Fig.4.24 Condition and assumption of twin rotor model for theoretical formula of load torque.
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Table 4.7 Specifications of Prototype of twin rotor model.

Mass of mover 853 ¢g
Spring constant 58 N/mm
Viscous damping constant 3.6 Ns/m

Bearing

Linear bearing

Stator  Spring Mover

—_—T

Output shaft
Shat Magnets Teflon part
% with Yokes

(b) Rotor. (c) Mover.
Fig.4.25 Prototype of MMC of twin rotor model.
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Fig.4.26 Static measured results of MMC of twin rotor model against rotor angle.
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Fig.4.27 Static measured results of MMC of twin rotor model against mover position.
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Fig.4.28 Dynamic measured results of MMC of twin rotor model.
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Fig.4.29 Overview of RS-555VX. Fig.4.30 N-T characteristics of RS-555VX®,
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Table 4.8 Specification of RS-555VX.

Outer diameter 38.5 mm
Height 57 mm
Nominal voltage 12V
Nominal rotation speed 2860 rpm
Nominal torque 28 mNm
Nominal current 1 A
Starting torque 162 mNm

Table 4.9 Parameter of RS-555VX.

Inertia 5.8 kg/m?
Viscosity 14.3 X 10° Nm/(s * rad)
Torque constant 33.5X10° Nm/A
Back EMF constant 33.5X10° Vs/rad
Resistance of coil 1.9 Q
Inductance of coil 2 mH
) — Analyzed Measured
_1-0 05 0 ! 0.05
<¢\
£ —
&> "
4 2
-5
-6 :
Time, s

Fig.4.31 Current of DC brush motor when power is turn off.
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Fig.4.32 Dynamic analyzed results of twin rotor model.
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Fig.4.33 Dynamic measured results of twin rotor model.
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Fig.4.34 Schematic diagram about vibration control.

59



Engine position, mm

Thrust, N

0.15 0.15

g o O Votage  Curen
oltage [1¢!
005 > < 005 € urren
Zé 0 g,) § 0
S .0.05 = -0.05
o o~
2 01 Z9 1
g 015 -0.15
-0.025 -0.005 0.015 -0.025 -0.005 0.015
Time, s Time, s
(a-1) Engine vibration. (a-2) Voltage input and current.
60 1.5 s 3 0
= (]
40 1 g Z 0.1 &
Z 20 05 g’ q_;' 1 Load torque Rotor angle 02 3
o  Thrust - 2 T
2 0 \ 0 38 5 0 e e e N i S | 1 B~
= a, - =4
E -20 \ -0.5 5 =z -1 04 T
40 L 103 3 2 05 2
s =
-60 -1.5 -3 -0.6
-0.025 0 0.025 -0.025 0 0.025
Time, s Time, s
(a-3) Thrust and mover positon. (a-4) Load torque and rotor angle.
z 120
g 80
S 40
ER
é -40
Z 80
<
= -120
-0.025 0 0.025
Time, s
(a-5) Transmission force to frame.
(a) Input voltage is off.
0.15 7 0.15
0.1 <
0.05 > <
g 0 \ 0 8
0 %0 Voltage Current E
-0.05 <;: o
-0.1
-0.15 -7 -0.15
-0.025 0 0.025 -0.025 0 0.025
Time, s Time, s
(b-1) Engine vibration. (b-2) Voltage input and current.
60 1.5 g 30 360
Thrust Load torque y - angle 8
40 rus 1 Eﬁ % 20 / / Rotor ingl 300 %
20 05 § ¢ 10 240
0/ 0oz £ o 180 5
-20 v v \/ 05 5 g -10 120 &
Q 5] 3
-40 -1 5 =220 60 E
-60 -1.5 = -30 0
-0.025 .0 0.025 -0.025 .0 0.025
Time, s Time, s
(b-3) Thrust and mover positon. (b-4) Load torque and rotor angle.
z 120
s 80
2
S 40
£ 40
Z 80
2 -
= -120
-0.025 0 0.025
Time, s

(b-5) Transmission force to frame.
(b) Voltage input is on.
Fig.4.35 ACM simulation results.
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Fig.5.1 Schematic drawing of proposed actuator.

Table 5.1 Target value.

Target Diameter 100 mm
Size Height 50 mm

Thrust 40 Namp
Target

Stroke 2 mm
Characteristics

Drive frequency 20-200 Hz
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5. 2. 1 SN
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Support
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Outer coil
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Switching Circuit \ |

ollo-

Power supply\@

Fig.5.2 Basic construction of 2 coil model.

Table 5.2 Specifications of 2 coil model.

Resistance of outer coil 0.2 Q | Capacitor 1 mF

Resistance of inner coil 0.05 Q | Mass of mover 137 ¢

Turns of outer coil 77 turns | Spring constant 46 N/mm
Viscous damping

Turns of inner coil 48 turns 10 Ns/m
constant
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[ Yoke (Mover) [ Magnet (Stator) [ Yoke (Stator)
[ ] Outer Coil (Stator) [l Inner coil (Stator)

Flux by magnets

Al

z

T__>, : Flux by outer coil current
1

(a) Magnetic circuit when outer coil current flows.

[ Yoke (Mover) [ ] Magnet (Stator) [l Yoke (Stator)
[ ] Outer Coil (Stator) [l Inner coil (Stator)

! Flux by magnets

Thrust I

T_>, . Flux by inner coil current

(b) Magnetic circuit when inner coil current flows.

Fig.5.3 Operation principle of 2 coil actuator.
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Table 5.3 Static analysis condition of 2 coil model.

No. | Outer coil | Inner coil
1 100 AT 0 AT
2 0AT 100 AT
3 100 AT 100 AT
60 60
30 \
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é 0 é’ 30 f)i
= =
E \ - —
30 /_(—(m
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-60 0 ; )
-1 0 1 -1 0 -1
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(a) Detent. (b) Current thrust.

Fig.5.4 Static characteristics of 2 coil actuator.
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Fig.5.5 Dynamic characteristics of 2 coil actuator.
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Fig.5.6 Dynamic characteristics of 2 coil actuator when condition was open at 100 Hz.
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Fig.5.7 Dynamic characteristics of 2 coil actuator when condition was insertion of capacitor at 100 Hz.
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o ZOMERRKREWVIZE, DRVERCTRERHEINFEATE D,

[F()l.,
[2,. @)L, (5.8)

Fig. 5.5(e) & # % & |, BARCIRREDHE N EHRHEIX—E L 720 . 20T B NIRREDHE T E S
JEREIZ Ko TRBKEE L 0 /hE < b LKIFREL o7, KGY)ZEFBEHX -RAMNDH Z D
RO ER %5 2 %,
A1 ()+41 (¢
[ WJW,[(IO)MO)];,”( L., 5.9)
BIRCIRRE Tl A v —a A VTN BN FIC AR D O WS ERBEILT v 2 —a A LD R
B & I U IR OHE S EEE Ao £ 7250 A T —aA N 2T o PITHRA LTIREETIE, 1
WERFEIC RS2 7 7 % — a A )W o BRI xS 2 WTB) 7 O E OFRZE, A v B — 2
WCEET B AE - OBEICRTT B4 v — a3 MICRNEBIROMAEIZ LT T4 —2
A JAZTANIZEI & A T —aA RN BRI S U < XPHIZ 2 5, RFERHEA T —
I A SN T ERSEE 2 EET Ak & LTS BEIMREE L 0 bHETEE N KE L 20,
MBI A v —a A VTN EBRN 7 L—F iy & LTl & BRckE L v %)?Ejjﬂ&%mvb
<72 %,
Fig.5.5(0) D IRFFEIZEIR D & O A B OIRIE K3 5 "8 OIRENOIRIETH v |, kAT
EFR LT, ZOEPRKEWVIZE, DRVWERCRIRENSE LD,
x\t
GO 51
Fig.5.5(D% &5 & BARCIRAEIZHMBVILIRIC LV 150HZz (i CE— 272> T\ b, T o
FREARAETIE, Fig.5.5(e)DHET ERRFE & BN LIRIC LV | 130Hz TE—2 L2 > Tz,
Wiz, RO v — 7 O HmAZ KD, Z OGN O DIV B2 RHTRE R & ik L,
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R0 B HIRFFIED A T —a A L DIRBRIZ KL > TEET 25 Z & 2R T0,
PG RE D IR D & — 7 HITR A TR O b 5,

1 [K
=—|— 5.11
Sope 2r \ M 1D

TR, BHMICETRET D20, MIERREOX B T ORI K DB R ER L T D,
KIZa T B AREBOIRF MO U — 7 HZ2 KD D, a7 U ARETIEA v —=
A PRI D B Ln (ZRGE NP O/ONLD, FHEA VX7 Z A THCA VX7 Z L AD 1/8
Wb l-omE L, kxR AW,

in”in in”in

0=R1ﬁu;i+%jgm+ag (5.12)

A(5.12) 2 G DITRA L, (G 10)DIRFFED Fe RKIZ 72 5 B E A Rk, RAUTRT,

g hw+4&p+KaQiﬂM+4ﬁp+Kaw%4Mm1J (5.13)
v~ 22\ 2KCL,

I TRMEFEOIS, KRR, BHoX v IR K DB ELA L TVD,

LG AN EXG )N HBBCIRIE, 2T U HFARECO R EO Y — 7 HERD D & |
152Hz, 127Hz & 720 | fEMTHESR & —B L7z, (51170 5 BARCKRAE D IIRFRM: D v — 7 {1 38
FERE S L 220 . (5.13)0 D 3 T YR ARRE O IARAE D ©— 7 I3 & L IXRE
WA A F—aAf VOB E % L 2RO Eds L OWREEER, T —a L
DACA VH I B ABLOA L2 T U ORENLRO LD Z ERbholz,

ZOXHIT, BCRRE, 20T U AREE TR O B — V7 HOF RN R o T D 2
b, BECRIEL 2T YR ARRE TR e B R Z FF O Z & AR LT,

Fig.5.5(2) D3RR EITIR AN B R D72,

jF(t)ic(t)dt )
[V,

e TERR MRS R OMREBFEN R E WL DR WERR TEHED B LOKRIRIEX O D729,
BRI D, DO LIZEIF L, 20~110Hz TlEa 7 o HEANREREHETH D, 120~
200Hz TIEBARCREERN EhR & Zr o7, ZORNREMEIZHE, A T — a3 A )L Dkt DR B Z H])
VR D Z LT, JRWEEREH TOEmMRIENFEIRTE T,

A DR REFPEIZTE . B KT LT A2 U0 B R 5 & HET EBURRME O R AR E 1
169N/A & 725, ZDOR;, BAEE 40N 23E S W 57 DITIIMERERIT 3.1A 720 FFRE
it SA LAPN T 20~200Hz T 40N OHESI N FAETE B,

INLEEELDD L, BERMEND 2 a4 VBT AT, BEMEOER. B0 RIZE, JEVE
WA COEZNRNATREIC /2 5 2 & AR T & 1o,

LinL7aM s RET /UL, HANS & 5 [ EF LARE RN & 2 8 E 1 O M "8 7038 E 4
HHEIE & 72> TV D T OBUEME MRV, S BT, FrtE A v R T 2O - OIThA 2 L T
WAHT2D, 2 A VBT IVTFHEZE FIEICT DRSO TWRNWT 7 F 22— Z [T TRA
DIFERENZL 05, ZOLIRBERDH LD, KRETVIACM AT 7 Faxz—x L LTl
LT,

Efficiency = 100 (5.14)
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5. 3 BEMERM EBIOEBAILDTZHD 2 2 AL MM E7 /L

2 AANETNADT AV v b TH DR EGEECREA O KB &k L. ACM (25 vl hE
PR R[S T 7 F o T 7 ARG A R T S Fam— 233, 2 TR LY MM E
FNER—ZZaf NE 2FELEETFTATHY . 2 I/ MM EF/L LIRS, KETFLIT,
Table 5.1 (27~ L7 AARE & 3 3T/ L7 FHaSHI e - ThI%E Lz,

5. 3.1 SN

2 aAJ)VET VOIS Fig5.8, #6JL% Table 5.4 (27, FEHOEmIIL2 2/ LVET VL
[FARIZ 50mm, ZMEIT 100mm & 72> TW 5D, RET/VOEEIL 2 FaA o> T D LISANT
3. 2HITRLIE MM ETVERM U TH D, 2 F =4 /LIE Fig.5.9 O K 5 IZEFIREE & W5k EE
ZUID R ZTE DRI STV 5, EANRBBIZEIR & 2 1= A VA2 BEHNCHER L72Rkg T
B HMREBITERE A/ V1 ZHEL. a7 o e aq L2 286 LA LTRETH D,
ARETNTIE, BE TN AE) 72 ETIERVO T, 2 a4 VET VORKREEEZ%ET
TTWD,

5. 3. 2 R
ARETNVOMEFREIL 2 24 VET VLRI /B 7 OBEE) & FED A0 B S v D, Al
X3, 2HIT/RLIZ MM E7 /L EREROFELCERENT %, = LT, B a2 IXEdIREE

= = Shaft
’—Spring Magnets — Mover
Support Yoke
parts
Stator Coil 1
7 Coil 2
Yokes
- -
Switching Circuit | O—O—==
Lo 0—o—
I
o—o—
Lo Power supply
O O]

Fig.5.8 Basic construction of 2 coil MM model.
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EFNIRRED 2 SORFHEZ[EIKIC L > TUI W B x 5 2 & THRIT L, EIMRETIX, RO =
AV, 2~EREIET D2 LT, HEORRAEL, AIEAREET 5, WHNIREE TIXEIR S
AV NS N ER R EEE I AN 2 DA F X R a T I o TN
EIRIC Lo THEAR AL, B FRET 5, 2O X 91T, EAMREE & WEFIIREE TR 2 BRE)
FiELRD,

I, AT 7 Faxz—2F, BHIMREBTH D 2B ET D720 0m4a, MR CHE) 238 4&
#ék@@@ﬁﬁﬁt@ﬁ?%ék@\234»%7»@%:%ﬁ%ﬂ%:¢6%%@t (2
& LA DFIE Ly,

5. 3. 3 T U F 2 — X O

2 aAL MM E7 /L CHEMEOER, FrEO AL, IRWEEEE COmMFEIEEBTE S
MERRDT-DIT, T E1T -7,

T4 T MR & ER R TR BB RHE ) B R DN DR T, FENTSRIE % Table 5.5 127 L, FRNTHESR
% Fig.5.10 127”7, Fig.5.10(a) A5 &, T 4 7 MEMEIZIERIEEDN S 5 & O O /8 7L & (2
LT, HBIICZ(L L TRY, 2 a4 VET VRV HE N/ NEhodz, EHIT, BERIEIR DN f
WS TWADT, BRHESNL2 a4 VEF ALY B FALEICH L T—ETH o7,

WAz, EARRE, IFMRRE L Bz AL 1, 2 IZERBIND Z EnD . Fig5.10b)D5M: 3
WCHEET S, 325508, TREND AT 100 T 27 ¥ — U fiblg L 72 REI2 -4 57.6N

Table 5.4 Specifications of 2 coil MM model.

Resistance of coil 1 0.1 Q | Capacitor 1 mF
Resistance of coil 2 0.1 Q | Mass of mover 319¢g
Turns of coil 1 39 turns | Spring constant 106 N/mm
Turns of coil 2 38 turns | Viscous damping constant 10 Ns/m

Hk

©

Series Parallel

Fig.5.9 Conditions of 2 coil MM model.
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Lo TEY, BE 4N BETLOIITaA N1, A2 69T X7 % — O],
1.8A DEWRPLEIIRD, DT b, BIRFFAME SA LU CTES, WHNKRET 40N OH#ET)
WHRAERBETH D Z ENbh o,

Fig.5.100)x &% &, S 1 O L &b 2 oY OFnix, FE3IOHEN EE LS o7, Z
DZEND AV VBERICE > TRAELIHES & aA V2 BHIC L o TRAE LIHE 23N T
HY ., AETICRAET HHNIEN S OIS D T E DR TE I,

DX TR EN D AAEEA T D RE L, SR EEZEZ LT T HE A LM
YA RER TE T,

e 1.2V, 5 20Hz 2> 5 200Hz O ESLREEZHINLZRE | EARER, SRR TO
BN ERRIE Z AT )N DR oD, Z OfEH 4 Fig5.11 [2R"$, Z LT, EAIREE, WHIIREETD 130Hz
OENERFE A Fig.5.12, Fig.5.13 [Z7°7,

Fig5.12 7% &, EAFPMRRETIE, BROBEICL > TaA v 1, 2oL 2 [ZERPRIL. £
DEINHENHEI I A L, ATEVT-2MEE) L TUhiz, Figs.11(a), (¢). (A)DEFNRIED B S
btk S iodEuR, HEF). WENFORE 2 D & BN LT FRMEAICSH D . 110~ 120Hz
FHETRE L 2o T e, RAOET G EXEIKEGERND 2 OREOERNZEET D,

Mi(e)+ Di(e)+ Kx{e) = A1 (0)+ 4,1, (¢) = F(¢) (5.15)
/0= k1 0+ LGN, A0y, 0 510

ZIT, A Fa A1 OBERETIE LTREOHE T ERL, A 1X3 AV 2 OREFE b L 72
DHEFERL, L= AV 1IN D EIR, hOIX=A L 2 12N 5 Ef. VOITBROEE, R
X2 AL 1 OEPL, RAZ A2 DIEPL, N T 2A NV T DX =28 MiTaA 2 02— 1%,
g, (XA VIR LIZRERE. ¢, OIT AV 2 (ZBEAS LT SR & 95, EAIREE TId,
AA1 LA 2N D ERITEFEL 2D (NG15)BLOAXG16)ITRAA~FEZ L END,

Table 5.5 Static analysis condition of 2 coil MM model.

No. Coil 1 Coil 2
1 100 AT 0 AT
2 0 AT 0 AT
3 100 AT 100 AT
60 60
Condition1+condition2
30 Z
Z -
g g Tm—— E
5 0 — é 30
= = Condition1 Condition2
-30
-60 0 ‘ )
-1 0 1 -1 0 -1
Position, mm Position, mm
(a) Detent. (b) Current thrust.

Fig.5.10 Static characteristics of 2 coil MM model.
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(a) Current from power supply.
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(e) Thrust constant characteristics.
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0.6
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£ Parallel
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a,
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1.2
Series
-
5
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g5
=
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8=
o
<
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T
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O
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T
[}
F

—

T T T
o o O
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(f) Resonance characteristics.

Series

Parallel

80
X
=
Q
3 40
5
=
D
0

(g) Efficiency.

Fig.5.11 Dynamic characteristics of 2 coil MM model.
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M5(2)+ Dx(e)+ Kx(t) = (4, + 4, )1,(t) = F () (5.17)

V(e)=(R + R (¢)+ (L, + L, + M, +M,)i (¢)+ (B, +B,)x(t) (5.18)
ZIZT, Lis My, BiliZ=aA v 1 OBCA VF 7 XA FHEA VE T B A WEEEER.
Ly My, BolZ=aA V2 ODHCA Y HE I HZ VA MEA U F 7 H A WREEERE 78> TW
Do RA(5.17). N(GS.18) D, BN FITHMAVILIR, EIRICH A v ¥ 7 2 U AB K OHEA &
BRI EDBRERDNAEL D, £ LT, AEIFOREIFESEE U CERIC, |EiidE e L
CA[E) ORI E L 52 5728 ATE) 1 O#RE I L OVER ISR KO v 7 7 2 v
AWK DWENAEL D, O, fEITHER TEIR, PTB)TOREIAE IR LT TR 5
720 FEDFEE CREL oz, EIMREBOHEIL, READCHALNLDL L HIT=aA v
1. 2AV2 OHNEREBROF L /e, BB L FKIZRY . BRI L TR
T AR, FFEDOREHE TREL 2ot

Fig.5.13 A% &, WHIRE TIXEROELEIZ L > TaA b LIZERS RN D & FRIFFIC, 2>
FUTMNE A2 ~NEBRDFENTZ, 130Hz TIEIA L2 DA L E—F o 2Dz LY, EIR

DEFEIZL>Tas 1IN EBIRE 2T VD af V2~ ERMEIZEMRIZ -
TEY ., 2T oD aAf )L 2 ~iIVZERIC & - THAT HHE PNEE) 22T Dk &

—_
[\
(e
S
[\

Thrust

WaVaVavava
NANATN

S
(9]
J—
o
=]
—_

D
C

D>
<>
-

)
ww ‘uvonisod 19A0IN

- -1 -0.1
0-5 0 Mover position 0
-1 -20 -0.2
-0.01 0 0.01 -0.01 0 0.01
Time, s Time, s
(a) Current from power supply. (b) Current thrust and mover position.

Fig.5.12 Dynamic characteristics of 2 coil MM model when condition was series at 130 Hz.

Current from capacitor
/Current from power supply

Ol”\/ ANA

[\
S
=}
[\

Thrust Mover position
KA NN NS

< v 10 0.1 §
< Z ‘ é
5, g E
: £ 0 0 g
; " ANANANN LS
0.5 -10 01°%
VALVAAVALVAAVAR VRS
-1 =20 -0.2
-0.01 0 0.01 -0.01 0 0.01
Time, s Time, s
(a) Current from power supply and capacitor. (b) Current thrust and mover position.

Fig.5.13 Dynamic characteristics of 2 coil MM model when condition was parallel at 130 Hz.
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TENWN T2, Fig5.11()D SR IE TOEIRD S i S iz Ei e &5 & EREICH L TF
B 2EmICH Y . 110Hz I CREL 22D, 70Hz & 140Hz (L T/hE < 7o TR Y, B
ReL BB ThH o7z, Figsll(b)yaAHsd &, WHNRRETIEa T o0 D 3 A L 2 [ZERN
AL TWe, £ LT, Fig5.11(c), ()DWHMRAETOHES), FE)FOIRENVE H D & | JEHEIT 3
LTFRELTHEY 120Hz FHETREL 2D LD 7, EIMRRE L R CHAIC />, Nz T, #
71, AIEFOIRENI T N TOBEE TEIMREL Y b K& hoT,

ZORMEOER A BT Do, EEHEREX(S.15), kROBBRERE FRXICERT 5.

V(e)=RI,(t)+ N, %t(t) (5.19)

0=&50ﬁmgﬂ%9 (5.20)

X(5.19F L ORXG20) TR AA~EE N Z SN D,
V()= R1,(¢)+ L (¢)+ ML, (c)+ Bx(r) (5.21)

0=R,1,(t)+ L,1,(t)+ M,I,(t)+ B,x(¢)+ j[ t)dt (5.22)

(522D AUOHE 4 HTHREE, AUOF 2HEFH SHTERQMNIILIENEL, a4 1212
BIRBTAND Z R0 D, £72, 2 a4V MM ETATIEaANL 1 Eaf L2 BEEELTE
0. HESFAEREORKEIEAILE L TS, ZOZLICEY lHAEA VX7 X A FREL 2o
TEBY, HCA v E IRV ALRBREL > TWD, D, RS20 DH 3 18, (5.22)
OADOE 3 HIZ L WVHAFERAEC D, ZOMEFEOERNHES), rIE I EZ KIF L,
IR O OEIRILESNREE & Bp DM, #HED) & vl FIRENZESNREE & [[) I 72 > 72,
EFPRETIXAGA)DE 1 HICALINLD L)1, BROEEICKT L2EBRBIUT=A L 1,
a2 OEPUE L 72D, WHNRRE TIERG2DDOHE 1 HIZALN D X 22 aA /v 1 OHPUZ X
S TOHRBROBEIIK L TELREINAEL D, 2072, WHRRETIL 2 A /L 1 IZERD AL
T <y, MRELT, HE, WEFOREINESIRELY K& hoT,
Fig.5.11(e) DHE S EFAFFEIL I 6 O A S EBIRIRIE I T 2 D ok E L, R TERL
776

F(t

or o2
Fig. 5.11(e) % A% & . BEHNRIEDHE N EEAFETIZIE—E L 720 . WHNRREDHES EHAFE
ﬁ&m;ofﬁﬂ%%ibmé<\%L<ﬁk%<&otoK@mﬁ%%@zkﬁﬂﬂ%_@
FEDBEREE 2 5,

[4.1,(e)+ 4,1,()],,,,

()., 529

ESPRETIZaA NV 1ERE AV 2 EBIRNPE L 2D, HEIERRIEIIRA & 22D,

[(4, + 4,)1, ()],

7 (t)]ump =(4,+4,) (5.25)

ZDX DI, EHNRRETOHE S ER ML, AV 1 OIRTEBRZ R L= oM el e a4
/uz@#:%m%ﬁmbtﬁwﬁﬁmﬁ®ﬁ&&@ —EMEE 725, WHMRETE, =41 1
BHNZ X9 B A B DR E DN FHZE, A v =& L RIZERNT A A8 F O EICKTH a1 12
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BIEOMNMHZEIZ L > TUREKEEICLE > Tas vIERE AN 2ERPFEMS L ITHHEIZ 5,
[FIFARRE (L = A L 2 BN EEY 2T 2 a5y & LTl HRE L 2 A L 2 IR 7 L —Fplisy
ELTEIK, £ LT, [AfEKREDDZE DR OEE) 2Rt D 2R R(5.25) DA A 2 THDO = A )L
2 DB i LT R OREITES L D KE W& X1, BEAPRIEL U b ERENKRE L o
7
Fig.5. 11(D D HARFFEIXEIR ) © DA S EIR ORI 9 2 Al#) FIRB) ORE TH H . kAT
EF LT,
x\¢
% (5.26)
Fig.5.11(D& A5 & EAPR AR LR R S0 X > T 100Hz fHE TE— 2712725 T 5,
AFFLRAETIx, AR 2 & Fig.5.11(e)DHE ERHEIZ X V. 70Hz & 140Hz TE—7
kpol,
Fig.5.11(g) DI EFMEIZIR AN B3R D 7=,

[ Fle)e(e)ar

7o)

HE ) TERRME & SHRAFMEICEEI] L, 20, 30, 100~120, 160~200Hz TIXESREEMN @BHE TH
V. 40~90, 130~150Hz TiXIFFPRER @R L o7z, ZDLHIZ, 22/ MM ET /LT
RVRRME R FIEIZ TE T2, T ORNREEICHE, BEeRIBZ I 0 BE 2 5 2 & T, IRV EEUT D

SR ES (Y T2y (N

AT D FEFHEIZE N, JEIRE TR U CHEE A B W R 2. D & | HE T EBURFIME D BARAE I 4.1N/A
LD, TOWE, HEEE 40N 2 3/E S 572 OIIIHBERERIL 9.8A L7200 | FFREH SA L
bLE7n, ZOREEZEZE L, 20~110Hz, 160~200Hz TEFIIKAE, 130~150Hz TR EE
TUIW X 2281075, ZOUVBERXANCHED &, #EERFEORAKEIX 9.0N/A, Bl
40N ZFE X T D72 DICHLEREIIL 44A TH Y, FFRERSALLF CTAN BETE D,

INHEFEDDE. BERENDS 2 240 MM EF LTI, BEEOZER., FrEo a2,
IRV R CORmMMBITED Z L 2R TE T, Sbic, MEEbE, AMAETHDL Z
EMBH, 234V MMETLTIZIACMEHFRETCHD LB HND,

Efficiency = x100 (5.27)

5. 3. 4  ACM ¥ 2 b—=3 3 02 K A HIERMERE O3

232/ MM ET /LA ACM I L7z OHIRMEREZ 5 2 B CIRE LI ACM v I 2 L—¥
3 N Ko TR 2, = P U 3HRIE 0.0lmm, &% 20Hz 7> 5 200Hz DIELIE TIRENIT 5
bDEL, T/ Faxz—2DOAINIFEIRD D IR /NI 5 K5 724RI0E, fifE, B OE
WEEE L7, 5. 3. 3. 1 T/RLEZ2 IA/LMM ETLVOREZ ACM 2L —v3
SNTHW =,

ACM ¥R = b— 3 URER % Fig5.14 12”7, Fig5.14@) D ANEEE B 5 & EFRIZHT 5
BERIPLOZEIT L BEYPRRE & WHNREBIZ =D E U Tz, 3 B TR LI EMEIC K D HKIEDFT
HLICK Y FEE D ER ST B i )1k X OWAE 72 v ) O#REN 2 K & < 72 % O T, Fig.5.14(a).
(b). (¢). (DFELE, EHt. #S1. FTEIFORENVFFEIZIB VT 120Hz THRKREE U T,
Fig.5.14b)DEREH5 & T 7 F ax—F OO EIZ X 0 EFPRAE & W FPRRREIC 22
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AL TV, Ky Ialb—va TR AMLTH D0 U U IRBNIESPREE & W HIREECH T
&% DT, MRS X OV @ ORBNIEFNREE L WHMREETHE L o T, THICE
V. Fig.5.14(c) & (A)DHE T 3 X VA B 7 D IRENFEME X E SR EE & W HPKRRE TR Ll e o 72,
Fig.5.14(e)ILHIRFF O BRI/ o 72 )1 L FEFHRFF O HARIT/AR D 5 To 1 B RO TARJE TH 5.
IKBERITIEME S L DIEEOFTHE LIEAIC XY 120Hz TR T2 00, 13&AEDOREEKT
BIFICHIE TE T e, Figs 4(O)DOMBEEBENFIEE 2D & FEREMT 7 F o =—2 O%hE
(2 &V 20~40Hz TEFIKAE, 60Hz TIFIIRRE, 80~200Hz THEINRREDIHEE /18NS < 72 o
TV,

UL, HEEDRIEOBEMIZS. 3. 3. 2 H ORLEDRBEOMEN & — L T\ ieho
T2 R R E R T 7 F o = — Z (T AT E - ORI DA U 2 EE A2 L TRt 2 b s 8T
WD, BT ORBICEGRT S EB RN EETHDH, 5. 3. 3. 2HTOT IV Fax—X
HARE ARTHOT 7 F 2= —H % ACM THWERFTIX, EERNReD, 202 LiI2L-T,
REOHEENFEOBINITS. 3. 3. 2 H TR LIZZEEEOMR & —B Loz, £,
AT 7 F 2 — X IWMERIBREOSFEEEEL T RVOT. ENLEBE L-HHG AL
LD,

Fig.5.14(NDIEEE O & — 7 HIXIEMEINC L 2T LIERIC X Y 120Hz £ 72> TH D,
ELFRAE LA FNRRE TR Cic 72 o7z, ZOEBEAZH LN T 572012, 3T TROZIEMEIIC X
DURIEDOFTIE LAERADE Z 2 B O A A iR 5.

AC. .

f‘;

mﬂﬁﬁvﬁyk%®#& Cratio VXIRIKFFE, m (X7 7/ Faz— a8 T EETHD, 77T
2T —HEFHOENONG2)EHRDLE, T/ Fax—F @i TOEEEZEZRVRY | KED
FIE AR Z 2833, 2 LT, TOFEHICERT 2EBENNREL RDERBLEDS
20N 2 AL MM BT VT, BhREIIE DL, FETEEIED LRV, HEE
HDOREL 2D HEBAERITIED L Rh o7z,

ZORIZEL OBERDH D LD, FHERERT J Faz— 2% ACMIZH#EAT 5 Z & TA
A AR OIRBNIX L TEBTHIETE 5 2 L2 LT LT,

(5.28)

5. 4 #E

ARETIE, 9, HHRATREEREH N AHAR ACM T 7 Fa-—H2 L LT, 22 VET
NERE LT, i, BEREUC R0 . B, FRMERTZE, TRV E B T o E s B & R
L7z, WIT, ACM B H Z [HET 2RI Toh D IRRENE, WA &2 Mk LIoED 2 =24 /0 MM
BT VERE LTz, RATIC L0 . BB EERR, Feitk rT 28| TRV ER BT COEshF b 2 iR LT,
WEBIC, ACM ¥R a2 b—a b, 234 /b MM E5 /L&A L7172 ACM [ ZE & 3 50 o
RENAZEE N CTHIRCEDZLBIORET 7/ Fax— X OEE /R L2, KETHE LI F R

DFEMZ LLFIZR T,

(1) BRAEHGT 2T vE—aA L, BBKEE 27 o HAIRREZ U] D B 2 WREZR A T
—aAANERTDH2 AL NETNERE LT ABREBTITER»ORND T U F—a A LDE
WMOI, arT RN TILT U X —aA VIR ER & WREEBEEB IO, v E—H R
WZEoTNDA T —aA VOBRTHNZREIE A FZ2BET5, 202 LItk -7,
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Fig.5.14 ACM simulation results.
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Fig.6.5 Block diagram of Least Means Square adaptive control method with phase compensation.
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Table 6.1 Specifications of LMS adaptive control method.

Control period 0.5 ms
Tap number of adaptive filter / 500
Step size parameter a 20000

Table 6.2 Specifications of LMS adaptive control method with phase compensation.

Control period 0.5 ms
Tap number of adaptive filter / 500
Step size parameter o 20000
Time width j 500 steps
Time width o 100 steps
Maximum of step m 500 steps
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Fig.6.8 ACM simulation results.
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