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Fig.4 linear actuator mechanism
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T H < T3 Tl HHEETIOME, ¥ ¥ v 7 Hmh <% EJ) OEIZOWTHHI~ 7. FEM gt o 2
vV aFEBEOBG L LVEWMEEZGLI DI T —DNE LR WK b MERETHRE L.

Table 1 Specifications of the model used for analysis

Iron core width 46mm Rail pole pitch 15mm
Slot width 20mm Magnet width 10mm
Tooth height 21mm Magnet thickness 3mm
Turns per coil 300 Current 0A
Air gap 7.875~7.975mm

4.2 fRBTRE R (HEHETD)

HEHE ) D FEATRE R A 1T RNIEFAET HHEET &, KARA & BEMEIR DA J7 AL E O
BfR A2 R CTRI LT DO TH S, X 11 LV, #ELJJODk%é I%+0.015~ — 0.015N CJ& HI A (1
HERB L TWDZERHRTED. Fio, HEEDNR 00 — 1272 2R EAIL7.5mm, 22.5mm TH D &
R TEDH., =7 Xx v 7 % 7875mm, 7.975mm DK HE “Cﬁﬂﬁ’i’ﬁo?‘:ﬁ), T X x v ST K DHE
EDHOETR LN o T,

0.10
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Fig. 11 Thrust force when moving horizontally at each air gap
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Table 2 Symbol description

A amplitude x | Moving distance
A wavelength @ | initial phase
a intercept z | Air gap
] x C(2mx m
z = Asin2m (— + Q)) + a =0.05 sm{— - —} + 7.925 D
A 15 2
72
71 7.875mm 7.975mm IF LR E 6.60 [N ]
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Fig. 12 Levitation force when moving horizontally at each air gap

12



798

796

794

~
©
N

Air gap [mm]

7.88

7.86

0 5 10 15 20 25 30

Moving distance [mm]
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FEM &3ty 7 b =7 IMAG 2 FAWVWTC, X7 U7 LR Y =TIk o ), #EhoZit
2OV TN L7=. BT L7 3D 5 — 1% SolidWorks THRIME L7z, Sfhe LCaq ok
BUL 300 5, £/ 1AO MR AZL, AEFMAIZ30mm BEj 7. 2O, #1175
M < N1 THLHEET) DfE, Fv > 7 HEIE<F LN OME, ZEREVE LR ERI$D & 5 K
DBFAFZECONTHTH 2. FEM RIT O A v ¥ 2 1 ZEBEOH G L L0 EWVEEZ S -0z T —
WA TV S MR 2 TRROE L7z,

Table 3 Specifications of the model used for analysis

Iron core width 46mm Rail pole pitch 15mm
Slot width 20mm Magnet width 10mm
Tooth height 21lmm Magnet thickness 3mm
Turns per coil 300 Current 1A
Air gap 7.925mm

a4 VU, V, WIZADTLERL, I, 1,Z2XQ2), 3) GOITrT. EE A 1L HER O KK
EaEL, AP CHEAT 27 7OHEIATH S 0.1~2.0A Z#iFHE L-. —HMa8iiaE 1 JE 5
WIS T 21T o T2

Table 4 Symbol description

A | amplitude | W | angular velocity
I, = Asinwt ()
4
I, = Asin (ot +3m) 3)
2
I, = Asin(wt + gn) (4)
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E A EBEMBIRICFET D EBREERTE L. £z, MIS O EXFHTETH D 6.6N OFF EJ1H3%E
B TR E A OERMAHENIZICEEL, —bbbITe A CHEHSRICHEET S - & NER T
L. EoZ EnD, ZHRMOMME —AMSED &L 30mm i 2 ENTE, ZIEE EERE KA
Wata O AREALEORRRS — A & 7225 30mm & —FH T 5. LoT, 30mm LA EOHEAEIZEI L TH &
AL & KRR R OALE ORI D S D EE XD ENTE S,

14 0B ZERICK LT, % EXFE CTH DR E TIIBERAAIN/N S W EHEE X —, K&
We+ERENTND. U EDZ ENLEMRICBET L2LE R EEICMHEZ T T2 LiI2kY,
A ~OHEHER AT O ZEDBAIEETHH EE XN D.
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Fig. 14 Relationship of between stable point and phase of current (Thrust force)
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Levitation force [N]

30 T ~ 12
| P
11
g o
IEI J’J’ 10
g 20 = 9
§ > —
._g 5 — = — 8
20 - ~ 7
£ _
> _
5 10 i 6
= 7
5 P ] 5
]
~ — 4
] |
60 120 180 240 300 360

Phase of Current [°]

Fig. 15 Relationship of between stable point and phase of current (Levitation force)

AW CTIEARBRONLE D BN ZFIH T 2 Z Ll L 2 LR AT, K16 ICLERELY
BRALAD PR EVNLEIZ S DAHRBOHEAES), K17 IR ES LV /NS WVEFNAHONLE B D AR O
Hete Sy 2o g, Fio, MIBICREM L LER LV EBRNMAHNKEWNLEICH DARBONMAEZE, X 19
\CRERERELER I /NS WEFRNAR DN EIZ B 5 R ONAREE KT .

X 16 £ v, HEHET)OKE ZITK 0.74N~0.84N TREMIMICHRE L TV, REMR L EIRMHESK
TVLE IS DIRBOHEE T NTFIC+HOETH DL Z EDNHERTE D, Lo T, BEML Y EBRALFHH
REWVNEIZHDRBIAET 2 L XOBRMMETHL B2 6N, K18 KV, AR L E R
& D BIRALFZEITH 92°0~107°T/HHARGICHERS L TV 5 Z L MR TE 5. Lt OBEIRAHE 2 %2 T2
KL CHRIHTHZ LT, #HEERIBEINATREL 7eb B x D . AIERFOHERES), BN % T
ATELEbDOZH(]), RQIIRT.

Table 5 Symbol description

A amplitude x | Moving distance
A wavelength @ | initial phase
a intercept F | Thrust force

X 2mXx

F = Asin2m (i +0) +a= 00452 sin{g + E} +0.794 (5)
X 2MX T

F = Asin2m (I + (z)) + a =0.048 sin{E _E} —0.787 (6)

17 L0, #EHORE ST —0.74N~ —0.84N THEBIMICHRE L TBY, ZES LV BRI
MR EWNEIZD DIRBOHEE NI - DETH D Z EDPERTED. LoT, BERLY BN
B REVEICH DFHITIANET 2L EOBRMMHETHL L EAOLND. K19 LY, FitERO%R
E R L OBEWRMAEITKN—92° ~—107" THEICHER L TWH Z R TE 5. LitoERM
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MR R LCRIT 2 2 8T, HEEREATIEE 25 L B2 bNG. MEROHEES, &
ERR TR LE b DA RE), @R

%

Table 6 Symbol description

A amplitude
wavelength
a intercept

~

x | Moving distance
@ | initial phase

6 | phase contrast

0.9

0.88
— 0.86
<., 0.84
0.82

N

e
o

0.78
0.76
0.74
0.72

0.7

Thrust force

21X

X
0 = Asin2m (I +0)+a=7.545 sin{E} +99.625

] X . (2mx
0 = Asin2n (Z + (z)) +a=763 sm{E} —98.65

S

— Forward

approximate expression

10 15 20 25 30
Moving distance [mm]

Fig. 16 Propulsive force when consistent with the floating support load (Forward)
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approximate expression

/
/

Y
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Fig. 17 Propulsive force when consistent with the floating support load (backward)
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Fig. 18 Propulsive force when consistent with the floating support load (Forward)
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Fig. 19 Propulsive force when consistent with the floating support load (backward)
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L RT 72D, R TOFEENRFRETHLEBIDILENTE S, 2, M UNLEERNL — D
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%@%ﬁfi1A®;mxm@%ﬁ&m%@¢¢5:&Kiof,%ﬁﬁhﬁ@#é:&ﬁf%é
EEZLNE. L, BROMBEMET S ZLICk-> TR ES, #HitEHD ERE FRARD T
LED EEZOND. MEKOEEDHA TG AL VHEEN N MEL 2o G101, BRI E
1792 & TROBIEOIENRND B 2 To. RETITEMEHEB LM 2175 28Ik ->T, 20D
AREME A R o T2

5.2.1 fiR#r Ji ik

FEM B fENTY 7 b D =7 IMAG % FHIWC, XT YT VLAY =T AT A4 X TRAET HHEHES
ﬁiﬁ%%ﬁbk.%ﬁmﬁ%ttsD%%wm%mmm“fﬁﬁbt.%#&Lf:4w@%%ﬁ
13300 [F°& &, £ =A /112 0.1~2.0A O =AW A 0 L, AFH WIS 30mm B#) SH72. £ O,
ITH @< I ThHHEET O, X v 7 Hmc@ <z B o, KE,&ﬁLiﬁﬁE#%DA
9 B DB FAARZEIZ DOV TR, FEM fi#HT D A v ¥ 2 [T EBEOHRL L L0 tWEESD 720
T—NEURWEDMERETHE L.

Table 7 Specifications of the model used for analysis

Iron core width 46mm Rail pole pitch 15mm
Slot width 20mm Magnet width 10mm
Tooth height 21lmm Magnet thickness 3mm
Turns per coil 300 Current 0.1~2.0A
Air gap 7.925mm

a4 VU V, WIZANTDEERL, 1, 1,2X0), (10), ADIZRT. KiE A $2 R ERKO K
RKEzFRL, BB THEN 27 7OHNEHTH D 0.1~20A 2 E Lz, =M% 1Y
Gy A TR 24T o T2

Table 8 Symbol description
A | amplitude | W | angular velocity
I, = Asinwt 9)
4
I, =Asin (wt + En) (10)
2
I, = Asm((ut + gn) (11
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X 20 |22 E R OMTFERZ T, K20 IXBEHOKE SIS LT, REROBRMAR L, KABA
E MR OACEF ALE O BRI EZ R CRILLIZ DO TH L. K20 2 DOEROKE ST X - T
BEROEBRMMICKE 2B L, BERRICFEEL TN,

F 7z, X212 Omm Hi s TOLRE R OMHTAER A7 3. K21 12 0mm 1 5 T O % E mL D B L AE
EBMORESOBMRELZ "R T TRIALEZHOTH S, K21 5 0mm A TOLERITIZTEALE
0 CThoHN, BRN/NSL 2D EFHANALND. ZHITEROMEI/ NS 78D Z & TRARA
DEBNNRELBRDIETRETDIEZEZOND. U EOZ &b, BfizEELELEATYH, F
AN S WERDOEGE 2R W TEERICRE 2B RNV, REREZEEL T LHHIEHNETH
HEEBEZD.
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Fig.20 Horizontal position and phase of the stability point depending on the magnitude of the current
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Fig.21 Relationship between horizontal position and phase of the stability point for 0.1A
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X 22 |2 AT ERFOEFEO R E SITxP3 DHERE S, X 23 [TRHTERE O E RO K X S35 2 #HEdE S D
B AR, £, K24 ICRIERO B ORKE S\Txt 35487, X 25 [IZ%ERFOERO K E ST
*f3 % HEME S D B & R T,

X 22 IZFEMOK & STt LT, H#HEdES &, KARA & BEMERO KI5 ML o BfRM 2 — %k ot T
REL7ZbOTHD. X 23 15K 22 TORE CTHRAET HHEE ) OFL)E & EROKE S OBFRMES

TRILTRALTEBDOTH S, K22, M23NOLEMNPKEVIZEHEN N RELS RoTWND. £
DIz, K23 OHEHESZERIRICL TRIHTH 2T, BROKE IS X - T, HEMES) o HlH 2 A
RBLhdeBExoN5. AIEROBROKRE SICLHENZ TP TER LD 02X AT .

Table 9 Symbol description

F | Thrust force [ i | current

F =0.0775i% — 0.9203i 12)

B 24 X EWMOK & ZTxt LT, HEHES) &, KABEA & BAEROKIT5 L E O BfR M 2 — kot T
REL7ZbOTHD. X 2515M 24 TOREF THAET HHEME T OFL)E L EROKE S OREKMEE
TR TREALLEBDTH D, K24, H25DOEBRDBRKEWVIZIEHE SIS o TS, £
DIz, K25 OHEHENEZERIRIZL TRIHAT S 2 & T, BRROKE I L - T, HEMES) O FlH S 7T
BRERDEEZEZLND. AIEROBEROKRE L HEZ R TRLZS 02XA3)NTRT.

Table 10 Symbol description

F | Thrust force | i | current
F = —0.0556i2 + 0.8498i (13)
2
| —o 05 1 15 —2|

5 —— |

05

Thrust force [N]

-0.5

0 5 10 15 20 25 30
Moving distance [mm]

Fig.22 Propulsive force generated in horizontal position due to magnitude of current (Forward)
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Fig.23 Relationship between magnitude of current and propulsive force (Forward)
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Fig. 24 Propulsive force generated in horizontal position due to magnitude of current (backward)
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Fig.25 Relationship between magnitude of current and propulsive force (backward)
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BLEbDTHD. M2 LV, BEREFEIFME LSV GO R EOERVAZEL, EROKE
INENTHZLICEST, BT 22 LDNMHERTHERTES. Lo, BROZEICK LT, HF

DIEALDAT > TODERI EAT > TORWVERI BFET D, ZOZLICH L THEBAT 57201, K26
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Fig.26 Current phase difference when balanced with the floating support load, depending on the magnitude of

the current (Forward)
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Fig.27 Current phase difference when balanced with the floating support load for 0.1 to 0.5 A (Forward)
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Fig. 28 Current phase difference when balanced with the floating support load for 0.5 to 2.0 A (Forward)
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EMET DL ST, BT 52 EDRMEGRTHRTE S, Lo, BROEIIIH LT, HF
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5301 0.1A~05A OFEPHZ, X 3112 0.5A~2.0A D Z =~ .

31 £V, 0.5A~2.0A OFEPHOEN & BRI AHZOBIRIY, BERARE W EEBRMAHENR D &
WO RIEOBLEFIRL TWAD. LavL, K30 X0, 0.1A~05A O #FHOER & BHAAHZE D B
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Fig.29 Current phase difference when balanced with the floating support load, depending on the magnitude of

the current (backward)
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Fig.30 Current phase difference when balanced with the floating support load for 0.1 to 0.5 A (backward)
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Fig.31 Current phase difference when balanced with the floating support load for 0.5 to 2.0 A (backward)
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EDHERTE D, ZhuE, BROMEN/NILRDHTEICEY, KABADRET DT R ieolol
O, FRTHHLEEBERTLHZENTES., LoT, AEECBWTEROEIIC L DHH AT 5 5%
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Fig.32 Levitation controller with zero power control

Table 11 Symbol description

Current for apply to
u EMcoil A | coefficient matrix
state variable input matrix for the
X (displacent,velocity) | B | equation of state
K, proportional gain C | output matrix
K,s derivative gain D | disturbance vector
K, ) ) output
5 integral gain Y | (displacent,velocity)
f disturbance p | Output of an integrator
z Air gap
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—VIZIRET DI CHlm A ID 1072, BRE O FEBILE Tl ARA & OMERRIC L > THAET S
VT MAITHERRO VY 7 MNiE R & L REREE L b0, By T U7 bSOl %
MELL Lgw, LS T, HERIEOATEENAREE 2D . DT — A 7138 E ABS T 3D
TV ERAOCTEYEL, RS Y A Yo v 7 FEBIX o8 DTV I A H W=, HilHlv AT LT
VBT X v v T H2PIET D722 OMRON 8 DO A L — & 9 ZX-LD50L, /K5 [f O
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Fig.33 Experimental device
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sDPS= > hEr—F

Fig.34 DSP Controller (dSPACE company made MicroLab

Table 12 Specifications of DSP Controller

model MicroLabBox
Analog input Input voltage range —10~10V
Analog output Output voltage range —-10~10V
Output current +8mA

e XU —=T T

Fig.35 Servo amplifier (MAXON company made LSC 30/2, 4-Q-DC )

Table 13 Specifications of Servo amplifier

model

4-Q-DC Servo Control LSC 30/2

Electrical data Max output voltage Vmax 25V

Max output current Imax x 2A
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Fig.36 DC power supply (CUSTOM company made CPS-3030)

Table 14 Specifications of CPS-3030

model CPS-3030
Electrical data Output voltage 0~30.0V
Output current | 0~3.0A

- REACEIR(ER AR T —7 7 )

Fig.37 DC power supply (A&D company made AD_8722D)

Table 15 Specifications of AD _8722D

model AD_8722D
Electrical data Output voltage 0~20.0V
Output current 0~5.0A
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LDA)

Fig.38 Laser sensor (OMRON company made ZX2-LD50L), Amplifier(OMRON company made ZX2-

Table 16 Specification of laser sensor

model Sensor Heads

Amplifier Unit

ZX2-LD50L
7ZX2-LDA41

Measuring center distance

50mm

Measuring range

+10mm

Resolution

1.5um

KB L —F R BhE M)

LDA)

Fig.39 Laser sensor (OMRON company made ZX2-LD100L), Amplifier(OMRON company made ZX2-

Table 17 Specification of laser sensor

Sensor Heads
Amplifier Unit

model

7ZX2-LD100L
7ZX2-LDA41

Measuring center distance

100mm

Measuring range

+35mm

Resolution

5um
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0%, ZHZROEEZRAELZbOZ =2>OBRME LT 5. ZoMF, EMoE BSOS
THIOHER “FHZHOMERE LAEDLELZLON, F£aA L ~OMNERE L.

Control applied during propulsion

Asin 83

Asin(f3 + 240°)

Asin(63 + 120°) S e
I

i
i

i

ime > : phase contrast

i

i

i

+v + 6
i 85,550, BERGU o, )

Horizontal sensor signal

v + v +
X\ :
-ﬂﬂ[:*@ T TO1 -
‘ [ *’Q +,C>i4, iy
Vertical sensor signal Ref z; [«— : + X+
»&) 3O% 4

Fig.40 Block diagram of control system
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4 7, 5 EOMATRE XA RIS, HETHWD BEEOTT v v 7RO, HEERFOZLE RS DOE
WAL ZRE LT, B ST —F B O T Xv v 713 4 BOMPTHER L0, AKESF O E
L > TV AINENEEFE TE LR Z AV, #HEREEOZ T Xy v 712008 T
&5 7925mm & HEfEE Lic. Bu\U—iF EfllcaA L U, vV, WICANTLHER I, I, 1,
ZR(27), (28), QTR T. AR EIEONM AR IR RGEIZ & - T (b S, HEERIE 21T 5 BRI
IXEIRMABEINZ D, A B ERAAITATERTR(T), BERIN®)F A W5, BB T o R
DFERZBELTPIDA A 2RE L, ToNU—i EHl#E, kOHEERIE 21T 5.

Table 18 Symbol description

A amplitude o | angular velocity
B phase of current
I, = Asin(wt + ) Q7
4
I, = Asin (0t + 37+ f) (28)
2
I, = Asin(wt + 37 + ﬁ) (29)
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