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EDM gap:
Several micrometers
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Fig. 1. 1 Schematic illustration of electrical discharge machining
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3 g 8ﬁmachining fluide Arc column

(a) Electronic emission  (b) Dielectric breakdown (c) Generation of arc
column

N x?

/P o o o
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(e) Recovery of (d) Generation of bubble
dielectric breakdown and melt of workpiece

Fig. 1. 2 Mechanism of electrical discharge phenomenon



B1E & M

T Tore

A applied voltage

Time

Gap voltage
|

Time

lp

Discharge current

Time
Fig. 1. 3 Typical discharge waveforms
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Fig. 1. 4 Block diagram of existing EDM servo control system
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Fig. 1. 5 Typical discharge waveforms
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Vo @ 7 VT IVEER BN 2 A Vo1 (O 7 ) il 4E A )
L V7R ZaA N BT 2 A

R : V7 VEEKENS 2 A VK

ke @7 VT VR 2 0 B L EE ) AR

2,.3.3 ARSAMEEAMRZIVIO—5 D E

A2 RNV EZE G I ERDSIE T 57200, a2 be—J2RiT 5.
2. 8ic, ZE#hHFmEM s 2T 2070y 7 HRERT. avy he—J %, &
WRAZROBRS oo o eE, X (2. 24) OBEMEKRE)TRIND,
LX¥alb—FxHMH L.

b2232 + b1S + bo:
RZ(S): —
S” +a1:S + Aoz

2. 8I2BWT, B AEZNSLAE Y RLDEMNMZETO, AL — S5
¥z, X (2. 25) okrickrsb.

Z ]éKiz( bZzS2 +bus + bOz)

- = A(5) s (2. 25)
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=L, mEEEOREETEXAG)E, X (2. 26) TREND.

A(S) = MLZSG +{ ML:a1: + ( MR: + L.C; }55
+ {( MRZ + LzCz )alz + MLzaOZ +( RZCZ + Lsz + Kiszz )}54
+{ Kibaz + ( R.C: + L:K: + Kiszz)alz +( MR: + LzCz )aOz + RK: }53 ( 2. 20 )

+{ R:K:a1: + ( R:C: + L:K: + KizKvz )aOZ + %KizbZz + Kib1: }32
+ ( R:K:a0: + }éKizblz + Kizo: )S + ]éKizbOz

:EtEFI, /\0:7‘7{_‘&72, alz, aOZ1 b221 b]_z, bOzﬁiy Yk@q‘:“@:wc‘y&ﬁiﬂéné. ij—‘l’ it
(2. 27) OXHz, BEMBAC)PERZ L O LY Fimo £ Eiz, 6&E
REFHSYL WMo,z ET 5.

A(S) = MLA(SH+ ) o (2. 27)

£ (2. 26) BLWY (2. 27) 26, aiy, ag, by, X (2. 28) ko
iz, HEIMICkkEINS.

L,c, +mR,
a1z = 6az -
mL,

, L,c,+mR Lk, +R,c, +k Kk,

aOz::I'Saz - alz_ ........ (2 2 8)
mL, mL,
20imL, Lk, +Rc, +kk, L.c, +mR RK,

bZZ = - a’lz - aOz -

k. k. k. k.

1z 1z 1z 1z

WIZ, R+ 53BN (2. 29) 2, TOEEMERLLETDH.

kb, 7d +{R,c, + Lk, +k.k,, Jag, +R.k,a,, —15a‘mLjy?

12" vz

+(6a’mL, —Rk,a,, Jy, —a’mL, =0

BRI, RESNT-a, ag, %2, & (2. 30) fRATDHZ LIS T, by,
bo, MIRTEEZND.

b - 6a;mL, -Rk,a, amL

v 7/zkiz ]/sziz
aimlb

bOz = 21,.
}/Z kIZ

RKEETOMHEREBBIOCHIB AT A —F2E£2. 1, £2. 2I2FLDD.
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Z 4 2 |t byz8?+byz8+byz | + G ! -I; Kiz z
- s |- s2+a,,8+a,; + E L,s+R, Ms2+C,s+K,
KyzS

LPF (1000Hz) 4—*

Fig. 2. 8 Block diagram of MLA control system in Z direction

Table 2. 1 Parameter Table 2. 2 Control parameter of MLA

of MLA system in Z direction system in Z direction

m 0.597 kg oz 27x180

C, 10 Ns/m | Yz 4.42x10?

k, 2.04x103 N/m | gz 1.66x107

L 17.6 mH | ayz 6.39x103

R 660 by | 4.91x10"

K, 11.0vsim by, | 1.49x10°

K 11.N/A | b, 2.30%10°

2.3.4 SO7INHAMZFBaIO—5DEE
FUTNEREZ Oy b —FRFICOWTHHAT L. 7 VT VBRI

T, aANVEROEBNZMET 720, K2, 917, Pl bo—J %
WHLZER T 4 — KNy 7 )L—7(CFL : Current Feedback Loop) % ¥ A L 7-.
A NVEROBEMNMNS a4 VERE COLER L, X (2. 31) &45.

1 (s) _ ARSE
IrX(S) - LXSZ+(RX +ﬂe )S+7/e

B, HERBNVeIAEEE LTH ).

2. 10, K2. 11, X@#ELU0 #@MimiconT, ThZhoE
RBHABEHENPDO ALY RANALE - BB ETo, 7y 7H{RERT. Kot
I, 2. 3. 2HETHEA L, ALY RAOWHE L OMEX HH o ESIC
STRAETD, M IZBIXONTHSD.

B—ANT 7 Faz—FOXHGTMEB LU T OMEBERD 2 Fa— T,
ZEh i L RARIS, EHRAEZRYBRSBEIGBLIC, aRF2K, S F2KO L
Fal—ZZHML, MMELFAKOHEZHNT, FHE AT A —F2REL
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7=. I=72L, K<L, a2y be—IFFF2fMHICTHsEZ0, X (2. 3 1)
DIcEMEEY, X (2. 32) oL, 1KENRZTEELE.

I,(s) 1
l,(S) Tus+1

ZIZT, TaxldiEP L1 RENKROBERTHD. KEIZ, 2. 3. 2HN)N
OAREHETOWEHERB LOHI NI A =2 Z2FK2., 3, £2. 4ICFLD5D.

lx + B+ Yo + 1 lx
g e™’s ’_ Of < Lys+Ry
Vax
Fig. 2. 9 Block diagram of current feedback
°1
oF!
®
X
X
N c @ c
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b o - o
= X : ©)
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frar] d fra)
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Table 2. 3 Parameter of MLA
system in X and © directions

Table 2. 4 Control parameter of MLA

system in X and © directions

m 0.597 kg
-3 2
‘ Jo | 2.16x107kgm X direction O direction Bias current
C 5.0 Ns/m
— ay | 27nx380 | oo | 2nx240 | i, | 0.5A
C 0 Nms/rad
— - w | 200x108 | v, | 2.70x10° Current
kx| 3.6x10°N/m = 09107 1 50x 107 feedback
Ko 1,066 Nm/rad Box i 800 ‘ Pl controller
| 1.12x10% 5.91x103
K, 45.0Vs/m 21 a1 B, | 150
' 10 8
K 25 ON/A box | 7.32x10 boo | 3.34%10 | 1.000
] 3.3 mH by | 1.95%x108 | b,y | 1.91x10°
- P bo | 1.23%105 | by | 1.43x10° |
L 0.3mH
2,.3.5 MRBRLO—ALTIOFa1I—EHBRTLOME
R—ANT I FaT— S AT LAOMBERKER 2. 1208 T. BhE

BX, Zdh G iz onTix, WMERNXEN ' ¥ (PU-05 AEC Corp.), X, Y,

OB Lo Mz oW TIEEHEREXNLNMN BV

Corp.) ZMWTHT -7, FEh G mAMFRAEyOMELEK 2.

(MicroSense 5502,

ADE

512/~ .

O—HNT IV Faz—XDOMMERDGHIE a2 e —F1X, DSPY 27 & (PXI-

Thrust displacement signal

Voltage
signal

Fig. 2. 12 Experimental set-up of MLA system
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Table 2. 5 Performances of displacement sensors

Thrust Radial
sensor sensor
Manufacturer AEC Corp. ADE Corp.
MicroSense
Probe model PU-05 5502
Console MicroSense
model AEC-5505 5130
Resolution 0.5 um 20 nm
Positioning 2 mm £100 um
range
Bandwidth 30 kHz 5kHz
Output x5V 10V

DSP26701, Comex Electronics Co.,Ltd) ZfEfH L 7-.

o7 T E B E X 10kHz

ThsbH. KAPAT AT, DSPR— RICTHE LE-HIEIES %, DIAa > R—4%
(16bit) 72»5H AL, TET > 7 (DCV-304A, Uniel Corp.) CHilE L7-1%, EHAO
EBRENTS. £, SHHEFMOZEM Yy PBLOER7 4 — Ry 7 A&
¥ ¥ (LA25-NP, LEM Japan Co., Ltd.) ®H 1%, AID= > /X— % (16bit)

ZHLT, 2y —JICWYiAtrZ & T, 74— KNy 7l EZITo7. &
N—FRT =27 OMREEZE2. 6~2. 87T, v b —F&HIT, KMEMHF
Hrv 7 k=7 (MATLAB/Simulink, MathWorks, Inc) ZfffH L 7-.
2. 12ZrEniz, XBLXUOefFmoOZEMGFTHHOE - HESS;, S&
&, E8x, o0FEfEzEZ0 (2. 33) IZ77.

S, =x+L,60

S, LT (2. 33)
ZIZT, Lg, Lo AECY RAELALREVVHIEAE TCOHBECTH 5. X
(2. 33) b, AV FALOMEX: ok, X (2. 34) OXHITR
S5
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‘= L,S, +

L, +

L,+L

sl s

Sl_SZ

LSISZ
LSZ

2

Table 2. 6 Performances of linear amp.

Table 2. 7 Performances of current sensor

Manufacturer Uniel Corp. Manufacturer LEM Corp.
Model DCV-304A Model LA25-NP
Max. output voltage 35V Rated current +5A
Max. output current t5A Max current +7A
Bandwidth 100 kHz Bandwidth(-1dB) 150 kHz
Table 2. 8 Performances of DSP system
DSP board Manufacturer Systems Design Service Corp.
Model PCI-DSP26701
Manufacturer Systems Design Service Corp.
Model PCI-SAD2080D
A/bl:())’a?c;A A/D, D/A channel number 8
Resolution 16 bit
A/D, D/A voltage 5V

2,.3.6 WRZFELO—ALTFTIFaI—2DEXMERE

B—=ANT 7 Fax—ZOMMERDHIE AT 22, X, Y, Z 87 m IR bE
10um B X 'O, Ol )5 A I IElE 10 prad O ESLIIRBEMZ 5 272 & & O &
3T, Ny REIE X, Y, Z, 0B X Ood i LT,
ZiILE AL, 260Hz, 240Hz, 240Hz, 140Hz 35 L OV 140Hz Th - 7=

JSERE 2.1
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Fig. 2. 13 Bode diagram of MLA

2.1 412, X, Y,Z, 0B L0 HH DA KLOAERD S EGEE R,

MLE RO DMREEENE, X, Y, Z, OB X ot Fmicx LT, £ 0.15um,

0.25um, 0.5um, 2urad B LW 4urad o7z, /2, M2. 15— L7 7

F a2z —XOMBERDEHE S 2T A2, X, Y, Z8HEICES 10um B XL 00,
I S 10prad D27 v ZHRBAEEZ AN LI L ED, AE Y FALDORE

KR CThHD., A RARF—N—va—b, EEREARLS, BEMEICEREL
TWDH I LNMERTED.
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0.60 — 1.00
g S
Z 045 Z o
2 0.30 g 050
3 015 8 025
© o
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0 -0.15 b — 2 025
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< g — 16
Zo ¢ 12
é 4 £ 8
g 2 5 4
8 g &
7} =
L2 .2 %)
a C I I ] A -4
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Time s Time s
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% 2.0
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§ 0.5
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a
05— |
00 0.2 04 06 08 10 12 14
Time s
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Fig. 2. 14 Positioning resolution of MLA

X2.161%, AU FKLad X VY Z, 6B XOo# FHilcx LT, 7/VA b
— 7 CEEEN L - O CTh b, AL RAOMEROEHHIZ, X, Y Z 05 &
O 7 H 2% LT, Zi L4 200pm, 200um, 2mm, 2mrad B X O2mrad T&H -

7=.
E -

LN/ a7 N A

X 2.1 7WZHEBNLPICBITS, Ay RFLOY Yy r 7BXOHEED

xRN LK T ETORMIZBLE 30ms TH Y, BEFEKE

MTHICBTAY Yy 7FEKEMO 1 0450 1RBRETHD. EEE K KX,
300Hz TH Y, BEFHEM LH CIIXERANRNE S HEES 2 RZH L TWVWD. &
B, a—INT IV Faz—HDOAKRMEREL, £2. 9ICEFEHDH.
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Fig. 2. 15 Step response of MLA
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Fig. 2. 16 Positioning stroke of MLA
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Trajectory of
jump motion |

|

, Reference |

0.00
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Time s

Displacement in Y direction um
O N R O Fr N oW

R i
i // \\
'_xk W,
- wkl _

-3 -2

-1 01 2 3

Displacement in X direction um

Fig. 2. 17 Jump and orbital motion

Table 2. 9 Positioning performances of MLA

Directions Band width Poisoning Poisoning
resolution stroke
X 260Hz 0.15um 200um
Y 240Hz 0.25um 200pum
z 240Hz 0.5um 2mm
© 140Hz 2urad 2mrad
® 140Hz 4prad 2mrad

2.4 BEHRENMIWEO—AILTIOFoLI—3%
AVW-HRRHEHEENISRXTLA

2.4.1 EEHENIMOXEKRERE
2.1 8ITAMIETHEM L, BEFCEM T (EA-12E, Mitsubishi electric

corp.) MEH, F*2.
— X LR =R CEHWNT,

10 DEARMERELTRT. MEMTHEIL, ACY —aR=E
B DONLER D 21TV, MEROHEEIL, X, Y, Z

fl G Eckt LT, FHF L 400m, 300mm, 300mm TdHh 5. H Y {F1F 7] FE 72 B Hi
BHEIIHK K 50kg THY, KETHWLIHEE 26kg D — I NV T JFax—H%
B AFiFafgeTdh 5.
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Table 2. 10 Performances of
conventional EDM machine

ltems Specification
X:400 mm
Stroke Y: 300 mm
Z: 300 mm
Max. size of work 800%550%250 mm
Max. mass of work 700 kg
Max. mass of
electrode 50kg

Fig. 2. 18 Photograph of
conventional EDM machine

BEMTEO Z whi7moBEBISEREE, TioTEIC K> THAL .
AR THAT 2 BHEMTHEOMBER D > AT LTI, MEELEOHZEMEETE
Vi &7 40— Ry Z&EE Vyp ODIRZE Ve=Vp-V,, BT ERD AT —
O T 7 A BAEE v l2 20T, R (2. 35) OBEREMNEKY LD,

ZIZT, K IFEHETHD. Ve R —EDLDWNIE, ZTOEBBESLRGE, EE
DAT =V BHIEE Voage &, HERBEM Ve 1T —BT 25525,

k OEZREST 2720121, BEMLEOMMERD AT L2, DSP 7264
e L7z, BEREE Ve=Vi+tV Z AT 5. 2ok &, L—¥ENE (LK-G51,
KEYENCE CORP.) 12k » T, A7 —V Z i mOEMEZFH L, ToOBEE
JE Votage @ KD D . VEELSE, TOHE, BEIEE Ve PP Z1T 5 Z &1
FoT, M2.19D0X957, V & Vyeee DEBENRGEONT. 77 7DHE D,
k=-2.03 X10°m/Vs & 72 > 7=.

ELVE A5y Ve, BRI a[V], JE B f[HZ] D 523k BT V.=V, +asin2zft &, LD
PMERD AT LIZAS Lz & &, Ve=V-Vi=asin2aft t e b-0, 27—V
FEEHRE verdZ, X (2. 36) ©OXHT/kd.

Vi =KaSIN2 7L .o (2. 36)

£ (2. 36) 2O TH5ZLIick-T, (2. 37) OXoiz, MITEAT—
COENBEZNELND.
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()

E 200 |G g
b m
S Q100 T ) O=0
oI N 5 \
o " 0 N \
%) ccj) c -4 Q@g
g g -100 C 8 -6 ‘O
L= -200 O—— -8

8 -10

o -15 -1.0 -05 00 05 10 15 0.1 1 10

Applied voltage V Frequency Hz
Fig. 2. 19 Relationship between feed speed of Fig. 2. 20 Bode diagram of positioning
positioning stage and applied voltage stage of conventional EDM machine
. 2.03x10°
Z, =]v,dt :jkasm2:zftdt:—MaCOSZ7zft ......................... (2. 37)

2.2010%, DSP 2»b A LT, K a=1V O IEXIEIEE 5 Z ME N Tk
DALERD AT HZADL, MIEAT =V OEMZHT L EICL-T
HELETA VK THL. REROFREID, MIEAT -0 FiEE,
SHZBETH L LEZEZXLND.

2.4.2 GRATERENI AT LA

2. 21, 221, WEMIHBES AT L20FEBIOERKZ RS, N
TYRATATIE, v— AT 7 Fax—2%, BEFKEMNLEOBMILY i
HICEEFEINTRY, MELZWHABESE, KEMTLZ2IT5. BLF, RINTv
AT N, WREEBENLY A7 5 ERT.

Fig. 2. 21 Photograph of EDM system
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R Sensor PC
amp.
s, Radial DSP
' ] displacement
! Isp ADC | DAC
i | signal —
W | Voltage
I J: -y signal > Sensor
TJWT £ | amp. |Current Control
'l signal _on ro
TJ = S [ signal
) S ju;_::—=—“ ®
I“‘?E_qé=—
mHL Current " Power ]
sensor amp.

Fig. 2. 22 Experimental system of EDM

M2. 2312, WMABEKENTLS AT 2070y 7B REZRY. KINTY
AT ATIE, MILY-EmEomBEEVENTHE=2V 7L, ZTxwtE,
YLl bDE, 74— KNy 7EEVE LTHIHT 2. BEMLZHOPI=
yhue—J01%, EEBBEMEV,EVeDRENS, LG mOEMA;EHEE 2%
BT D Z0%, a— AN T I Faxz— X DOMERD AT A ATT I,
FEEEE X RIS A o E B EICHEIND. v, zoEE
W Y BRWeb ok, BEFEKENTEAEORIE S 27 A,

a—/NA 7 4 )VHIT

WMEMTEIIe — LT IV Faxz—FDA ba—rRNfafailLenk 5>, 77 F
2T —Z T L, EBWMAEESOICEET S, M, ZJIN THEMERD 2T — Y
DBEETHY, ZJIn — AN T 7V Faxz— X I L AMMEHOFREE L 5.

Flo, MEBABORMZITEMOBBE R LR L. WEML Y vt 2%, MILELK
WOEBEN WS, IPholL7ew 2070y 70X 5, B-INTHHE
O R EE B & M B EVIC K > TE T L & 5 ®0 FE L T s Bl L
R EEEE 2S00 A, MEEEVIZOTH 5. MEEREOILKIZHEWVIZEINT 5
2, MHEEHES —EEXZBR DL, VIZEML, ZOEIZNLTEREEZD S D
275, Tay 2B, Z, X, Y)IEZERER, MTLEEHOZO DY v o7

BLXORBOHEM TS S.

2. 241, MENLTHPI = ro—J0FMTHD. WMEEHES —TE
LB 2L, MBEEIL, BEBELTOLD LS. 20X ) RIRE A B
LIRS, BT, MITH=a e —F1%, EMAEANIYICHETSE S X5 E

TEEH T D, L2 AT, MEROMBEEH?, 10um BETHLOITX LT,
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LPF Conventional |z
(1HZ) | EDM machine

system \Y
Vo EDM 4 i Vv
'ﬁ?’ E’ A >
controller

r EDM
Vi + MLA Z, gap
+ system EDM process

Zj: Reference

of jump motion { X., Y, }:References

of orbital motion

Amp. and LPF (1,000Hz) |€————

Fig. 2. 23 Block diagram of cooperative control system

Uy ry7BEEIIEEumU ETHh LD, Yy L, BRRETHDS.
D, Yy TR, MTHay he—JCFEND2M o0t )i%, SR
T BT+ 2 F MUK, Yy 7HOBMBN Y v o 7RO E I
MNLTRYVWBETCLES. Zobx, EMEMIyNEA, #F2EL, FEEIH
AT LN T, KA EBEmR TIX, TABROMBRENS S.

ZFIT, VX UTBHBEIPOKRTET, BEo#fEEIREL, HhE - EEICR
FTaliezar vae—J ML, Py 7HThD20ENPOHNIX, ¥
YU HEM Z; R LTI, Z AR WD EE, Yx TR ThH
HLl. REOREIE, B/ A XBBEMEEEX 20X D ol 2 ERIICH
L 3um & L7,

2. 25%, BEoWKLBEREROFEIZLD, Yy 7o, Mool
AV RVOMBITH L. MOaEMELIRIEE LR WSS TIE, Yy 7H, oo
FOWDNREIMUEE T, Yy 7R TROBEMNMEIL, ¥ v 7B KBAE I
LTRYBEBET WD, K2, 2610F, M2, 25 LRAFMTEICRTD, 71—
RNy ZEEDOKETH L. MOaBEEZKRIELRWK2. 26 (a) b, &
MORVBEITHES, EESER XL, K LT, Bo@siEazkitds
2. 25 (b) TiE, VY r7HofEoat h? —EIlhkiFsh, EROR
DBEETRMBEIN TS, £, M2. 26 (b) OLEMKITIMAR SN,
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Fig. 2. 24 EDM controller
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Fig. 2. 25 Displacement of electrode and output of integrator
of EDM PI controller during jump motion
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(a) Without stop function of integrator (b) With stop function of integrator
Fig. 2. 26 Feedback voltage during jump
2.5 MBI RR
2.5.1 mIF&

R—HNT I Fax—R LD, WEEMO&G®E - SREEFRE, i LE kY
DIcHD, V¥ TBIXORBONRLHBE T 2720, £2. 1 1IZR-T 518
DOMLGECEREKRENMLEREIT-7. LTI, £#MLFEZHET 5.
MTIXERPIN I AE B BT 5 E TITo 7.

MIFED BEFERENIHEEREERAL, Yy 7, BHHEiTbiaun,
MIFE2 : HAEEKENLS AT 2 2@EML, Py 7, LTV,
MIAES HHFEBENT AT LAE2HENL, Pv o T%2175.
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Table 2. 11 Machining methods

Machining MLA Jump motion [ Orbital motion
method
1
2 Ve
3 v v
4 v
5 v v

MIFES  HBRGIEHCEN L AT 2R L, BEIZ1TD.

MIFES  HAGIEHAEN L AT L2EHL, Py 7, BE#HE21TH
L, MIGELITE, v—hAT 7 Faxz—2 2 NTENGEYSL,
THEICE AR A2 Y A1 72,

2.5.2 mI&#

FEMTEEEZRT. BEWBIL, 4 BLU090.1 THREMHERE LE. EME X
%, 25mm & L7z, @EME, IMLTH Z #@hE Y ICEESE TRy, AE S R
Z BiE D ICRRNCHR S TR v, BEOHEP TIX, Ay Ko R
BTCEZeoiz. IMIMWix, 7V — Kl (NAK-80, Daido Steel Co., Ltd.) %
VY, BRI, BEREARICEIY, 4mm (41)EB L OV Imm (¢0.1) & L.

IMLEREE, BEAEKREMLIECHBE SN, RCEIKAHEMN L. MILEKROD
BHEB L=z T o PR EEFEALTN, 1.1kQFB L 0.01pFE L. MEEE
X, BROERIZIEC T, 150V (41), 90V (¢0.1)E L=, F£7=, KEMTHPI=
Y ha—F OB A Peam, BT AV eaml T T NLE I, 2.15%10°, 0.25%x10°% L
L.

ﬁ

HExm<, Y¥yor7ma, #EZzRESTL5ZLI2LY, T
JBOHFEHDREITIELS 25, RFRTIE, 1EOZYOY Y U 7REEZEL, 22O
T VTEIRER SR ERBEP R TR E, mS 2 ERMICHAEL, HE
BELOESIE, EMELPL, 40.1TEHNZEH, 25.0mm/s, 750umips L OF 16.0mm/s,
480umée L7, Uy 7o BEEE, K2, 17 LREC, EEAY Y T E
AL, RRESETTREIRMBELY, Yy r7RRKEBEINL Vv T
MEICEDEFTORMPEFELVWE S 2, ZHFEL=ABROWEEL L.

Tx CTHENG, Yy T HBROBENRERT S E TORMITE L Z30msT
HO, VryrZICLAMIEERBABRINLIKEROERE LD LS, Yy o7

Ty v,
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B, 1BHEY 1EELE. Py FTEIMEREOLE, RLEICHD LT,
EMMICER S, — NI, Py 73100720 e oMEE THEE S I,
FOFERMIIHREMsTH D720, RIMTEMICED S, Yy FIcksmTE
EREFROEIEIEIREND, B — DN T 7 Fax—FIZLDZOREBIEFOMT
HiEL w2 /3. GEEEEDX, EMERCELL T, BEFKEML
M CITEBLN 7, JEI%K300Hz, E MR IE2.50m T £ M L 7.

2.5.3 MIXBRER
(1) o1 DEEZAWE=RMI
(a)BEEYRIEM I EE
X 2. 2712, MWIEBE»OKTETO, BEEKRENTE 2 #2757 —Y 0k

W& Z Ak RT. AT —YOEMIE, L—WEMF (LC-2010, KEYENCE CORP.)
ICk o> THBEIL, F—#% 1L a2 —K(EZ7510, NF CORP)Z W THRE LK. MT
BETHROBMREY &2, NMTYWHRE 4mm 28 2 T3 0%, EmRHEEICER
T5.

IMTHKETOHBIZTROLH>ICITo. 2. 28 (a) LT, EWMDOLg
D —H AN I EBET 2L, BEMIVWE LI IESRI~PEH S
Do, MERENSZEL, EMOBHNEBEIND. FICMIAEL, B
FTumE BIAN M L2 BB T 5 &, MHEEENPABIREL 257D, Emo
THE~OREY EENZBIZHMT S (K2, 28 (b)) . BEAFOKENTE
DEY R Z,EMITYH, FYF LA A a—F(MEMORY HiCORDER 8855,
HIOKI E.E. CORP)ZHWTE=XVU 7L, M2. 29D kHiz, #EHEMN
AWMICE L L2 ERL, MILETA2 L.

O -
2 € othe S
é £-1 V Method!d 2 %
¢ N2 21
S o L  Method 4 & ¢
a3 B.3 L Q0
n 2 c =
5 5 F =
- 204 -
N T
L o-5
Method § Method 3 Method 2
_6 L L L L
0 200 400 600 800

Time min.
Fig. 2. 27 Feed displacement of electrode
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! Electrode
Machined

hole

FFr
Workpiece !
(a) Initial step (b) Completion
of penetration of penetration

Fig. 2. 28 Configuration of workpiece penetration

(b) Com.pletion
LM of penetration

(a) Initial ste
of penetratio

-4.50

-4.75

(4

o]

EDM stop

-5.00 AN "
245.0 2475 250.0 2525 255.0
Time min.

Fig. 2. 29 Feed displacement of electrode at the moment of penetration

Feed displacement of
electrode Z in Z direction mm

BOXK2., 2712RbE, MLHFELTE, EMAREIIREELTND I & 2HH
REND. BYHETIREBELS, ML/RS OBy, B K& EHL,
T EfkGE S 2 2 ENWEEE 2oz, ML 720 s CTHrEnz. ZHicxtL
T, MILGE2TE, MILHEL EHELT, EMOREHN /I, B EEITK
EL otz BEfFMTHERZ H WM T T, A KE ERHLZRKIZONT
ERY 5. BRAFMREM THRBEAR CRERBEOMEZIT O HE, MIBOMREIZL-
T, MERENARLZENT DL, HERELMBIET 2720, BB BEN T
X o TIMT AR & XL MICESHCBET S, —JF, BRblEEz 254,
2. 30T LI, AL EETDLE, £7, IWEMHOGVE—ILT 7 F
2T — 2 RIEMLTLED =D OBEMERE 2 BME L, ZIIZEREL TRFEDKE
IMTHERBEE SN D, EREEOTZO OEMEEEI 20— LT 7 Fax—F04HH 9
ZEIZ R o T, BEFRCEN T O mIREI MR S D .

T3 T, MLHE2 LR LT, MTRERBERIE, EBICRKESREOR
FHHIVRVA, KD BN 2.7Tmm BB BIE, BROEYEERKREL 2o T
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L2 LDER S,

THELY, EROEY

M54 TiX, LB A6 E %I

5. LarLl, XD ENK 3mm
WCIRE & AR T

HWERKE Lo Tz,
mHEEBEZLND.

Trx B IOREBIOMAHICEDY

B DN /AR ES
gt =

E£9 5 &,
CORKNOFEMIARHETH DN,
W LML EHEZHET 2 X 5 2Tk

ZOZEMND, MIRNESOHEMIEY

5

N, TR O 4 %
MHBLLIZEEZ NS, 61T, MLAES TIEX, MIBRBOERNS, o

)

TWDZ & DR

AL Z fh 5 s LT, &

IR S I L 724

MANELTNDZENBEZLND. AMLGETIE, MLALKNE 480 43 T

il

T

TA2HFErLTW5D.

2. 31TICMI®HEZRYT. MITEEDL, MTRES N THik

ol cERZ L. 2720, B

1H A

&) &m

T AL L2 TS >0 T,

BWMOKRED BEPDOEMBEHERIELELIIWVEELZMTAES & L.

73
(

S
=

%, 3% 7 UNLGikEL,

1) 0.08um/s, (2) 0.17um/s,

=

(3) 0.26umi/s,
osmwSkﬁ@,%ﬁ EMTHOARERT S, ML HFELT LT, ML
(5) 4.5 fFilzk
S, 7, WREEIEKEN T AT AE24H L, I TTJEPEH o E R E)

R LWL iE2 LT 5L,

5

B3

(3) 1.51%,
Feed

Feedback voltage displacement Z,

Feedback voltage V V

Reference
voltage

Time s

Fig. 2. 30 Feedback voltage and
feed displacement Z, and Z,

Feed displacement of
electrode in Z direction um
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(3) 2.9 f%,

Removal rate um/s

Feed displacement Z,

(4)

o
fe))

(4) 0.13um/s,

1.7 %,

AT

411 7)) O¥H|EIL, T,

(5)

VY 7B IOEERICEL - T, M
(5) 21 f2lcthkEwEINT.

I
N
|

o
o

| ® Averaged value

Ave. 0.26

Ave.0.17N =3

o
)
|
Z o
I o
- 0
QO))

Ave. 0.13
N =

O

Ave. 0.3
N=3

2

1

7

2

3

4

Machining method

Fig. 2. 31 Removal rate
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b)BEBEOERMEDA—FNRvIBRERE
2. 321, £MLHEECEBNT, BEHBOLYHEENKFL, MLEOE

BN FEICENTWEEEZOND, EMEDD & 3mm TOEMREY K Z, T
HAH. F7-, 2. 3312, 2. 32 LREKMECBITS, 74— KXy r
BE Ve 2R T. 74— KXy I7EEOT—X1X, 2. 270EMEYEED

T=AHRBIAHHA L D ERLC LV a—2z v Tl L.

Vibration of
electrode

T

Displacement
of electrode Zc mm
Displacement
of electrode Zc mm

-4 -4
160.0 160.5 161.0 110.0 110.5 111.0
_Ti_me min. Time min.
Machining method 1 Machining method 2
) -2
£ £
4 E 4
QC) O 8 <
g N =H
o9 . — Q - A~
a5 [ 3]
) (2]
a2 ol
5 -4 © -4
105.0 105.5 106.0 78.0 78.5 79.0
Time min. Time min.
Machining method 3 Machining method 4
-2
£
s 5
e N
8 % _3 — et P s P
S 9
25
2]
53
5 4
60.0 60.5 61.0

Time min.
Machining method 5

Fig. 2. 32 Displacement of electrode
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Open

>5 ......... .., > 5

) S

ISRl | i c— g 4

3 Short g3

§° £

al o1

D 2

00 o 0

LL LL

160.0 160.5 161.0 111.0 1115 112.0
Time min. Time min.
Machining method 1 Machining method 2
>
Q
(@]
s
©
>
-
Q
@
o]
©
Q
(5]
LL
105.0 105.5 106.0 78.0 78.5 79.0
Time min. Time min.
Machining method 3 Machining method 4

> 5

o~k

g4

o3

—:fé 2

ol

2

o0

LL

60.0 60.5 61.0
Time min.

Machining method 5
Fig. 2. 33 Feedback voltage

2. 32, M2. 33XV, MLHFELTIE, EARESIEHL, £0
M, e oW ITEERBEZHATEL. MLHFE2 TIE, MLHELD & B
LT, WEIZ/hIWR, EmMAEH L. —FH, Py 72 HEMBRAHH, BIO
Vx 7 ERBOFHEZEMATAOMLEEIBIOS T, EMORE D &F
SN, I, IMITREPSRBHICAZEMA LM GE4 TIE, IMLGE2
CRIBEDBMOIREMDERTE 5.

Bl2. 341%, XVEFHENMETLKEDL, XV E 2.7mm AL EHEEBE TO,
EMTHECBT S, FEEETHD. EERE, 74— RNy 7EE Ve OHA
#iPH, OV~5.0V X LT, Z® F{L 20%, 72 H 0~1.0V 2 HKEEL & &%
L, MIPIZE/LET7 4 — PRy JEEBIOEMEELEOT — 2D L L
oo MITFE T T, EAEIR 142%E720, MLEE2, 3B8LW5 &K
LCHEEHETES o/, ML FE4L T, EREIX 184t H KL o7,
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Ave. 18.4

® Averaged value ~  _4

20

150

10_§ N=3

Rate of short circuit %

Machining method

Fig. 2. 34 Rate of short circuit

(c)BIEBRAR

2. 35ICEMMHEEZRT. EMPFEERIT, EMMoOE T MHEERES LM
TRESOLTER L., EMEHERESIE, BEBBRXYEND EIMIARES D

EHAMBRD -, BRIEERILZ, ThAEFoML ET, (1) 21.9%,

(2)

24.9%, (3) 22.0%, (4) 15.8%, (5) 21.1%& 7o 7-. EMIHEMERIL, W
FEIE S AT Ay, Yy BRI OREBHAEMA LY, LA E2 &g
LT, MTHES, sl ckESNL. £, MTZHBLAEMT HEL,
4B 2EMEERITZOMMIGIELERLT/ASY. ZiE, BEET
T 2@ CTHEFLAELZD TH Y, ML EMELZES, BHMEERITE/L
THEZExLND. K2, 361%, SEM (JSM-5610, JEOL Ltd.,) |2 & > THE L
o, FMLFEICHE T L, BMERBOTETHL. MLFELICENT, %

IER OHAENM L <, EEVNKROMNIL TN ZENHERTES.

40
L R ® Averaged value
Q N=3
= 30 _
e N @ N=3 N=3
©
e 20O 8 n-1 @
3 : O
g0
T : : : : Method 1 | Method 2 | Method 3 | Method 5
0 . . X . .
1 2 3 4 5 Fig. 2. 36 Photograph of electrode

Machining method
Fig. 2. 35 Electrode wear rate
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(d)in Ty
2. 371lc, a7 x+—HLEMEE (HD100D, Lasertec CORP.) Z L

TR L, MLAARELHBODOEREZRY. MLGELT THADODERENRRS
TRV, EBRZPBLIZZLICks. £/, AODBEREHELT,
DEEDMHENL TND O, KEICLY EREMRBSNSHEELZZEICLD. &
AmAT 2854, MTAAYD OBEROKIERINIMRE SN, 202k
M, ESAKRERHICEID, MLAOEMBOEEBHIREL TV ARNWEEZILND.
2. 3815, MLKFEL, 412X 1@, hoMTHIEIZLD 3EOMIR
DARDEZREZRT. MLHE2, 3, 585, BEROEL-XE, ThE
ho(2) 68um, (3) 35um, (5) 29um &2 0, Vv FROFEHEZMND Z L
LT, I 2ENHBINLIMBEMER>TVNDL I LENERTED.

Machining methods

Entrance

Exit

Fig. 2. 37 Photographs of machined hole

1200

| ® Averaged value

1150 |- Ave.1,075

1,090 N=3
" N=1 Ave. 1065 11078 Ave. 1,069

1mo—C§-—@ N=3 N=1 N=3
B %@2 @
1050 | G\

1000 : . :
1 2 3 4 5
Machining method

Diameter of machined hole um

Fig. 2. 38 Diameter of machined hole

48



F2E wibESaHERERRICIIBHRANIOREL

(2) ¢0.1 DEEZRAVENT
(a)MAEEYH I & I & E
2. 39I1C, BMEKRENTHE Z#MAT V0% & Z. 277, ¢0.1 OEH

Tldgl CITRZ2Y, BRAGEH AT 22 0y, 8oLz @HT M T L4
ZBWTY, ERIIEHT L2, MIWEzE@BLZ., MLGELD L LK
THE, MLFE22H5 T, MIEHKEZLG, EVHENKEINL T
L2 ENHERTE L. MEOEMIL, EMOMEBEN/ NS R0, LY
OMITGmRER, BiGmOEMBERERESIHMNT L. 2oy, INLTH,
FEEBEOLEE N KX, MEBLEMHERT HI0IE, BEICHMERZAET 2 0E
NWhoblEZOEND., Lo Tua—INAT 7 Fax—FITKD, &% mE Nk
PEOFRIEN, KVBEEZFIERNDIEEZEIADLND.

Dy VTR L DRV EEOKELERTHIEDFARETH DN, 41 O
BRAEHWESEE LB LT, ZORIT/NDESL Lol BMENM /LI
O, WIEKENIC KD, MTHEOEHBIRPMMETLEZZ &, —D2DERTH D
EEZLND. K2, 4018, MLEEZRT. FMLHECENT, 4%
TN (LML EEL, Ao I Aridenzanl, 2) OMmIEED¥
BEE, £ (1) 0.80um/s, (2) 4.2ium/s, (3) 4.92um/s, (4)
5.18um/s , (5) 5.30um/s &7 0, ML GELERELT, TN
7T, (2) 53fF, (3)62ff (4) 651, (5) 6.6 fFICwHBEINT.
7o, BHAFGEGKEM L A7 A5 ERH L, LB BB 2 FEif Lk
WINT HiE2 i+ 2 &, MITEEE (3) 1.2 4%, (4) 124, (5) 1.3
fFelol. MILEEICK TS, MLEHEHOZOOBEMEEB DR RIT, 41 O
B FHAT 256 LT 5 L/ 0.

Feed displacement
of electrode Z mm

: 8 ® Averaged value
Method 1 @ = N=4 N =4
-1 g 6 |- N=2
3 N=4 6
o i Method 4 | 5 A . 0] @
23 T ,L @ Q- z
2 ~ @0l = 4 ~ z ~
s Methpd 2 cgl £ Ot ©) :
3 ethod 3 \ 2 g £ 2|
Pmmoj5 = e N3O :
4 1 1 1 1 1 ] 0 . : :
0 5 10 15 20 25 1 2 3 4 5
Time min. Machining method
Fig. 2. 39Feed displacement of electrode Fig. 2. 40 Removal rate
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(b) 48 K #E
M2. 4 1ICEBHEREERT. EEEERTIEAZAOMTIIET, (1)

217.0%, (2) 128.3%, (3) 132.8%, (4) 129.0%, (5) 144.0%& 7Y,
MMITHEL S LT, MIHE2~5 T, BMEERNRE RRL .
R—=ANT 7 Faxz—FORMICE->T, MIRMAENRLEZZ &R, Ok

KThde&EXDLILD. 2170

N=1 ® Averaged value
° - Ave. 1440
ﬁzm)—g) N=4
@ L AVE- }248-3 Ave. 129.0
§ 150 (— = @ N=2 ®
= i @ @ :
o 100 : : : :
S N : Ave.132.8 :
B 50 |- N =4
2 .
w e : : : :

1 2 3 4 5

Machining method
Fig. 2. 41 Electrode wear rate

(c)Mm IRk
X 2. 422, ary7x—NVEMBELFEHAL R Lz, ML ADEH

NOBEEZRT. MLHEELTE, MLARAOBRKRBINOEDICR -7, ZhiE,
ML A LT, MLIEICHENEAL, BAMICMIYRREINLTE
HDThiHEBEZLNLD.

2. 432, MLEROAADERZZ T, MLAROERZ, 150umfEE TH
D, MLAROT A7 FHIFRTITHD. £12, AOEmEZ A VL E & FEEIC,
RENCL DML REROILRITHER SN 2ol &b, EROLTT MRS
ERERAEAL T RNWEEBEXOLNDS. BEEOEXLSXIE, T0EN (2) 22um,
(3) 10um, (5) 13umé 72V, PLEHBOLA LFEEEIC, Y v 7B X OEH
LT, MIREZEOIELSERNEKE .

Entrance

Exit

S D

-

Method 1 Method 2 | Method 3 | Method 5

Fig. 2. 42 Photographs of machined hole
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£ Ave. 189 ¢ Averaged value

o 200 N=1 |
° - O Ave. 147

S 1801 T "\, Ave.151  Ave.152
g T N=4 S
£ 160 ! O Ave. 139

g -y @ N=2

= 140 — o @

= : L :

£ 120

£ - : : : :
2 100 — : : ' :
a 1 2 3 4 5

Machining method
Fig. 2. 43 Diameter of machined hole

2.5.4 S0P OMIBEORERE HERN

AT, YT EMTBOHHIRBL Y ¥ o 7 h O MmH RS %2
AT D720, gl OBMEZMEN LLKEMNTIZENT, EBOY ¥ > TR D
LT ETIMLKN %, BMKIAK S F/H Y 7 &~ (STAR-CD, CD-adapco
JAPAN Co.,LTD.) MW/, ARAEEIEICKL > THELLL. @Bire 7 VOB
2. 4410273 F. AT, MEEEROESFREEE LTy, oMl E
2°L L7z,

LRI, RE 4mm, JBRIZEMBEREIC L 2N LT AWEO T — SAIXEZEYE
T, A MV —RFEENRE L., IMLABXOEMRO EEITENE I 540um,
500um TH V. EEMTRMEORMIE 40um & L=, £/, ¥ 7Bh
KFoD, BMEE &M TSmO MM EBEX 20um & L7z, ERERIZ6 @K T
bV, EHREHIL 59,717 Th - 7.

ITLE B LI TR ORABIC S KIa X B EE T, MEIEN LK B HFET
LZHOL Lz, MTEOBRES X OEEIL, ThEh 1.9mm%s, 0.77g/cm® T
5. VxrrEems, EEIE, 0.8mm, 26.7mm/s & Lz, MEHIEEES Y v v
TRB L, BBMEICRKAET, Yy TEELIRIGICONWTITo 2.
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3%

Z.,er@

Electrode Machining fluid
} Workpiece
0 40pm
1 <
S R4
5 -
Z v IT
r | === <& N
1 < >
© 500pm

Fig. 2. 44 Analysis model

Machining fluid
Electrode

500.0mm/s
392.9mm/s

250.0mm/s
107.10mm/s

0.0mm/s

JJ

Fig. 2. 45 Flow speed of machining fluid at bottom of hole

(c) At the end of jump
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Electrode Machining fluid

les

3mm

(b) Atthe max ¢y At the end of jum
(a) At the start of jump stroke of jump (c) jump

Fig. 2. 46 Particle tracking 1

P o, EMAGREERR T AR 21.0mm® O TIE A, LU A L, BT
Filx, WEBOM LTSI LTANLRE T 5. 20D, MLROMEF v v
TIE, Z WHCEEARME ICBIT D, NTHROELHEIL 160.5mm/s & 72 5. X
%ﬁé%,%@%i@%lﬁ%ﬁ@%%yfﬁ%4Wm,ﬁ%ﬁﬁ%lmﬁwm

ELTEEE, LA VR EIE, 338 b, KEITI, FEEEHEKETT L
TR 24T - 1=
X 2. 4512, Y r7HoMNMTEOWHEERT. K2. 45 (a) X, &

WMoY Y 7BRBEZD, WEHESMTH L. WHEIX, LTHSME THRKE
20, I TS 493mm/s THAT S, M2, 45 (b) &, @K
KEICBEE LG, SIERINTHBEOLEZO, WESMTHD. miEIE, X
H, T80 TR 227Tmm/s & 720, MTHRIEM TR LT 5.
2. 45 (c) &, V¥ r7HRTHEO, MEZMTHD. mEX, LTH-.
Ay TR 44lmm/s L 720, NTHEIIIN TR T 5.

2. 46I12%, WMLREE?D, K 3mm EFOMN TR ¥ v 7 ICiiE
KiFa2REL, PY CTHBNORTET, WA TFZE LR R Z T,
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M2. 46 (a) I, vy 7HAfoORER FORETHL. o, K2.
46 (b) X, BMAEE 0.8mm OHFICEIZE L L ETDOREZRT. 20k
&, WKL, MIAREEOFLMEICBEBHLTBY, KEX Y v 7B T
HMLIBRER, —RHHIZEI RoTWHLEZLND.

M2. 4712, V¥ rTORBMNOKRTETD, 74— Xy 7 EEDFY
WA 7T, EHEBIE, M2, 2712B80WT, 2V FHENET LB, %
DE27Tmm A HEBEE TCORMEHICONT, Yy 7B LKTETO 1B
MZEll, 74— "Ry 7EERELZRELEDLYE, VY 7FRIETE L Z LI
Lo Tk, Vy o7 TEE, BEMEE V=30V 2 LT, EEMMET
L, —FFMICEBRENREAL TS, M2, 46 (b) OFEMT O KRR
AT LI, VryrTICLoT, MIRIERFREFTISMIBEATRAL, —’KH
WZZEDIREN LR L), Yy Uy 7R TEHE, EERERBEL TNWD LS
Zbhd.

2. 46 (c) X, BBV vy THBMBEBICRDY, VX TEERKT
THEMOKETH D, WK FIXHO, ML e EmE I BE L
TBY, —#HiEMmTRrbEHESA TS, 72, B2, 4 8120, MMTK
o AT 20pmx20pum O SIS AR A2 BLE L, v o TENMERT R O (L
BEERHE LM RERT. M2, 48 (a), M2. 48 (b) ¥, Th*
n, Vxr7RBERBLIOYC Y KR THEHAO, MLREEHOK T THD.
X UTHIET, MR FOMEBEILIRES AL TE LT, L RKEICHE
Ll EFTholn., EEOKEBEBMTIZBNTIL, YUY 7EIEIXHRVIELITD
N5k, MLENEEEOY ¥ 7 THRA2ICMLISA~HFHE TN D &%
AbND. BEEOY Yy 7B T 5, MLTEOKAOHFHEILZ, 4%OBET
b5 .

-~ 50
>£ 45 Max stroke of jump (0.01s)
S 40} Start of jump
g 35 | Reference gap voltage (3V)
% 30 ¢ Attty oty ity s s
£ 5] \/ﬂ’
o End of jump (0.03s)
$ 20 z//. !
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Fig. 3. 3 Configuration of electrode runout compensation
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Fig. 3. 4 Methodology for expansion of positioning stroke
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Table 3. 1 Physical constants
calculated by FEM analysis

Coefficients Value
K. 2.2x10°N/m |
K, 190Nm/rad
Kox 1.90x10°N/rad
Ko 1.95x10°N
K. 46N/A
K 1.11Nm/A

AV R OEEBFETFHHIBENCOW TP 5. M3, 1212, T b7 my Z#i M 4R
I AEE ST (@Hh 5 1)) 2B AEE 7 A (X il 5 1)) 0, JETURHIETIE, AE U RAIZ, Kkpdls
LhE5 20380, 22T, afVOIRENEE S THHELT, Bt Y2V TEHIIL
7o, ALV RMEZ O, -Kodkix Z 40T 72 B AEE L A2 2 A /W ICHUINU 72, e 5 s D E
MOFETHIL, RIERICLT, MLk ZAE U RIUTINZ DT80, AL RAALE X 12, KelKig
TR BAR AR L.

TA— Ry ZHIEEEHE, X dil7 3 KOO T e L E NN T o7, BT EFIUS,
filfE= b =213, BBl O R, 407 IROLFalb—22 v, BEEESLNL
ETOMAN— RGBS ORI TR, #1322 e 1 0 FE il 126 EARA RO L5 1T Hik
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Table 3. 2 Control parameters of MLA system in X and ©® directions

X direction O direction
Ol 27x245 O 27x185 |
Yx 3.13x102 Yo 2.57x102
Agx 2.04x107 A0 9.91x108
aix 0.70x104 4o 5.01x103
box 2.24x101" boe 4.04x10°
by 4.67x108 bre 1.25% 105
box 1.66x10° boe 4.30x10°

3.2.3 WAZRLO—ANTI/F1LI—5HEL AT LOMEL

=WV T I F 2= AT LOERRE XS, 131289, Z8i5 O ZBALEHINE, 25 & FH
U, MERREA LY, X, Y, OBLOOH 5 OB FHIC L, #EXREXEM Y
(CPL190, Lion Precision) Z f\ 7=, R &AM BV OMEREEZ K3, 3ITRT. AL VR
VAR O —#1E, ACH —HRE—# (SGMIV-ASA, YASKAWA Electric Corp.) % v 7=
0=V T I F 2t —LDarta—7%, DSPY AT A (DS1005, dSPACE. Inc.) Zfi L, ¥
TV T JEREITI0kHZE LTz, B, Bt P RBLUCACE—Z DT a—Z /L AD
H771%, 16bitA/ID= > /X —Z B EIA F4, DSPA —RIZ T L 7=l 15 1%, 16bitD/A=
=L hEND. HIEE B, BIET 7 CHEESH, B ABREISNS. avha
—Z O FHBIOWIENIL, f#FTY 7 =7 (MATLAB/Simulink, MathWorks, Inc.) Zf# L
7z,
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Fig. 3. 13 Experimental setup of MLA system

Table 3. 3 Performances of radial displacement sensor

Manufacturer Lion precision
Probe model C23
Console model CPL190
Resolution 40nm
Positioning range 1,250pum
Bandwidth 15kHz
Output +10V

3.2. 4 MAFLO—AINTHIOFrI—2NERERE
3.141%, AU ERLE XY, OB XOo#FHIcx LT, JEEE IHz I T, 7V

Z ho— 7 BE LB TH D, A RADMBEROHIIL, X, Y, 0k L Ol fm
(%t LC, 400um, 400um, 8mrad, 8mrad T - 7=. ¥ 3.1 51, [EIHEZHE 1,000rpm (235
FDEMSNEDVMIEEZAETE L, A2 RLd X flidrmicx L, F{ARiE 100 um,
16.7Hz TIELEEEI L7 & &0, X BLUQEF MDA RALE « BETHD. FF
FHHENC LY, A R0 X @i mEE NG, o mEER~OF W ER S nr-.

£/, K3.1610%, efiFmicx LT, AA#RIE 1mrad, 16.7Hz TIERLHEBRE) L 72K D,
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Fig. 3. 16 Motion interference from ® to X direction
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Table 3. 4 Positioning performances of MLA

Directions | Band width | FOiSoning | Poisoning

resolution stroke

X 150Hz 2um 400pm

Y 170Hz 2um 400pm

Z 250Hz 0.6um 2mm

© 110Hz 25prad 8mrad

o 110Hz 25prad 8mrad
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Fig. 3. 17 Setting error and runout of electrode
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Fig. 3. 18 Pulse signal of rotary encoder
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Fig. 3. 19 Experimental set-up of electrode runout measuring system
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Transmitter
Laser
light

Receiver

Z,¥

Electrode

Y ® Digital micrometer
’ Runout

Fig. 3. 20 Electrode runout measurement in X and Y directions

(3) ShEDLYEE A MBS DR

WA, SNEDVO, d(HX) ST, Roo (P), Roo (PDEHIITEICOWTHATS. Zh
51, Rx(¥), Ry(PEITERD, 3. 21K IINE, v—h T I F a2 —ZOBENVZED R
WZAT 72, BB AT RSB 5 EDY, R(PEBED Ry(P)EFHAIL =%, KFEM
THOABRDAT —PZFALT, B—WVT I Fax—F%, Z 5l L 7210 E5-
SHD. D%, BREIWAT AEFERIC, SNEDVEEHITS. ZbZ, Rix(P), Ry(P)EE
F#T D, SILEDY Rye(P), Roa( P)1F, (3. 6) IZIVEIHATRETHD.

Ros(# ) = tan [ R (F)=Rox(¥) 4

L
.................................................. (3. 6)
RM(T):tan_l[RLY(Y/)[ROY(S”)]
Positioning
stage . b4 €

Eﬁg]}ﬁle Transmitter
Z Receiver
Electrode
X, ®
Ove

Fig. 3. 21 Electrode runout measurement in ® and ® directions
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3.3.3 SMMEHYRESF %
[X3. 2212, SNFEDOVMIEL AT LD T oy K ERT . fHE AT X, a— V7T 75

2T —H AT A, BEOATIAZE, S EOVMIE B ER ARSI D, Kd, P 1T,
A RIVONLE BB, BLOEEATHY, (3. 7) TREND.

P=[X, Y, Z, O, @, )] oo, (3. 7)

R, BV AET vy 7 ~DAT] PICHTHH I THY, BRI RICBITD, &
o SivEbYEARL, (3. 8) T/rRESND.

R=[Rx(¥), R(¥), Ro(¥), Ra(P)]" «ooiieiiiiiiiiiiiiiiiiciiieciee (3. 8)

ABFFETIE, R 2K 572012, SIVEDLVME BIERAELEND, SILEDVAHIEDTZD
D, AEURILVONLE BB A R(P)EH AL, AE VRV AR X OMEE J7 A% H H
BRENT 5. SHIEDLVAIEBEE R(PIE, ROINTRESND. X3, 231, SNEDLVEHZ (O,
D7 [0]) )5y DI EAHIELTZ RO AL VR VA, X-Z TR )7 80355 7= L& O Wi X ¢
H5. KIRTINNG, MIEATO S EDYO T AL Rio( V)T, AL RLZ Y BD[EIDIZ,
Roo( P)FHRSEHTEIZLY, FiEFHETHD. ZOEX, X Bl I ETH5FEDY Ry(P)
1%, (3. 9) TERbEh5.

Re(#) = LeSin(Roe( %))~ Rox(# )COS(RO6( ) rvverereveesrrereerererennnen (3. 9)
a4V
) ~ |
R, P R

Compensation |:> MLA Setting :'\‘/
reference system :> error

Fig. 3. 22 Block diagram of electrode runout compensation system

Spindle
/Shaft
< Gravity
center of
spindle shaft

Z, Y iU 5 Center axis of
Roe(¥)  TISA spindle shaft
X, @ = (,"") < Electrode
¥
AL sie | Ry
(@] Y. ® 0( )

Fig. 3. 23 Electrode compensation reference
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TINERIET HI0IIE, AE RV E X G AIS-Ry(P) BRENTALZLV. Y B OOH ()
IZOWTHRIERICE 258, fiFE BIEEE R(P)IX, (3. 10) DIIITRESND.

—[ Lesin(Roe( ¥ ))— Rox( ¥ )cos(Roe( ¥))]

— [ Lesin(Roa( ¥ ))— Rov( ¥ )cos(Roa( )]
—Roo(¥) | (3. 10)
—Roao(¥)

Rr(l[/) =

SUEDLVRIEFEICOW T T 5. MU L, BEEZHIEL e — LT 7 F ax—
273, FEMREIERTT 1] (Z #hiE]0) RS 0° 2R 9%k, MiiiE B AR A G IME AR R(09%H
HBET 5. ZO%IZ, BAGS A W° B2 01, BEEOHIEFERHL, ARV OAL
& LB LY, SNEDVITHIEShS.

LIATTZra—H 7V ADNLS EDZRH LT, Mk BAEA T8 5 LRt ok %X
3. 24DINZ, /AR~ REWEREE TlE, =oa—4 7 ULADNES ERDREMR TSN,
BARE LA 2 EREICEHI T2 N R EEL 225, SR AETHE, MIEICLE RN E L
BEIEE, SNEDVFHERERNOOH NTHENAED, MIEONRMET 5. 2zl
T2, Z S VAEFI A LRSS AFIALC, SBMEER A P95 0° DL, ik BAER
gtz R (07 )2V N 2EEE, M IET VIVXMTENT 5. 7271210, E—X[Ali5fA
0° DX, BMmEIERMA I, 0° , 120° , 240° OWTHrHDH-H, Uty N, T—FH 3[R
(BB 2[B1HR) T~ D FEITATO.

Uty MERED I RAERETT 5729, 10 O SN EDVRIEEZIT 7245 R%, X3, 251277
T EZRIX, 41 OB —VEEHL, SVEDY O (XY) F R s MiED AT 7.
ARV OEHELSHEE X 33rpm LTz, Uy MEREZ WV WEE T, REFofREEEH Iz
PSNVASES BRSO OFERR DR U AL, SIVEDVIRIENZELL TWDD, Uty MERED
ALY, 10 2 EkE L CTHLED B3 Il Sz,

Pulse signal

|
‘ ‘ VTise

Fig. 3. 24 False detection of rotational angle

Time
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Compensation Before

without reset function compensation
g \\ g Compensation
§ 40 g 40 with reset function
8 g . T \
= 20 = 20
> > B ”\K\é
€ 0 S 0
= 5 | k
o o
S -20 5 -20
® o |
8 -0 . 8 -40
o 1 1 1 1 5 i i i i
m -40 -20 0 20 40 o 40 20 0 20 40

Electrode runoutin X direction um Electrode runout in X direction um
Fig. 3. 25 Runout of rotary electrode

RIS DM IE T, v— W T I F oz —Z DAL 3R37E, MARENUIZE-T, fiiiEH
R EAE RV DNLE « BENARZDEL, ML RIMET T 5. AR TIE, Z o
IR LT, MR LEIECOZEH L-fMES AT AR5, Mok UHIEE, Fe2e
HEEA AT SN B> 2T 5D BEEFEGEREMED R Bk L TR FIETH 5.
43, 2612, (LERDEMEICIITD, —RNRBIELHIER O T oy 7# Xz R~ 7T ay 7

X, P(s), C(s)iEiillfl*f G LOHIMELR 2 ELDIzd Da =T DIREREERT. Z0
HAE R 1L, AL D BAREX D JE LIS IS 32 Te 72 IR B R AL — 725 7, Tl
2SR D, 1AMRTE TORAZFHLHEE 52 H A T25Z8128- T, WA ANZ#ES
N et > 7l A

AW CH AT — DT I F a2 —H L, AEURAOEERTHICE > C, [AldEEE (228
BVEL, AMILAEE IZIE—E TRV, 22T, [ ofSIcIE 5%, 22 iRk
U RZAER LTZ. 3. 2 712, MR LHI#EZHWEMES AT A0 7 1y 7K
2T, RBLUPORANE, MiKLarha—ZIZ A )Snd. kL arha—20%, 1EERH]
ETCORAEDTHEREFE S LT 5. AHIEHTIL, AL RV1EERE 7Y 7 AP TNE
SEIL, BERE LU minf 2 L U, KL= b —F% WD, o7 U7 AYD K
HiE, ACH—RE—XNED, Toa—F L A&EF| AL,

Repetitive controller

X, +

O)

O cis) | Pes) >
= e e e - a
%,

Fig. 3. 26 Block diagram of repetitive control system
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Fig. 3. 28 Detail of repetitive controller
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3. 2812, HRLMEIRDO T a vy 7 BIKEZRT. MERIL, T72kRMHE
FE, JAXXBOTDO, EHHRMMEE O — 27 0V F ()8 X OLE S
A UK bR EnD . FBENIAIVITEEMEHLE, =27 4 X
Fis)iz (3. 11) Transd %,

Fu(z)=hniz+hniz-12 4 hmia-2z7? +---
+hiz ™ 4oz ™2 haz ™D 4 Az

ho=£a) .......... (3. 11)

w

he = kiSin(kATﬂ){O.54+0.46COS[%)} (k=123;-m/2)
T m

ZZT,

AT RRLa ha—Z 087 E

) 1y N7 JE
THY, AWFFETIL, ©=300X2nrad/s& L7z, ZEMTEHICB T D50 TV Z AT, LT O
X (3. 12) CHRESND.

ne ALV RIVEHREL
L, TA4NVHAF@@)DREmM, 7 4 VX LA DEEE T O n, DB
Nik, X (3. 13) OofffEmMZTLELHL. 22T, NOEIZ, AR
NVTEERSH T2 ) D a—F N L ZEITHE L.

LEZAT, B—HDEHLEEN nyrpm OLX, 1S VICE= a— b hsid /A
U N(=2/3N)i%, (3. 14) TREND.

_n 360 (3. 14)

SNEDLVMIEZNENICIT O DL, N KX 20, £ — % [Ol#iMFE
SIREE A W /NS T HZENEETH LN, N.DOEMIZEV, DSPIZ L 5,
T a—H NPV ANL ENY O PNREEIC/RD. £ 2T, B S E
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n, =1,000rpm(n,=1,500rpm)iZ T, DSPY AT A, = a—Z X)L ADNH RN

RFATRE M L LT, Ne=2500% R L7=. ZDLx, A¥=36" ThHY,
AE Y RIVOHESRRE A VE24° ThHD.

T ANEF()D R EW A S S 2 0IIE, REmEEL TOLERD
L0, DSPY AT LANTOHAEENE KT 5. £2 T, DSPOY 7 U vV
HI10kHZ THIE R OB ELH A FTREZR KRB E LT, m=l6x W L7z, ZDL &,
X (3. 13) kv, noEix142L 72 %.

3. 3.4 ShFHYMIERE
X13. 291%, MuEUHIE O REMER T D202, ¢l ORBEY 7 —V2HWT, ShvEb

VX, Y BRSOV T, [ElEEE 1,000rpm THANEDVIEZ T4 R Th 5. Mkl

HEZ FAWRWEES, MHIE HAEEIZk 5, AV RLVOIBREGEAZEIC LT, MilEHOSNED
DIRFEAL TWDLD, #RLHIENZE ST, KRS EDY B IESIL TV DI LD R
T&D. T2, KEIZBWOREN TICHEHTLOLRC, ¢0.5 OX 7 A7 S fEE A
fEAL, 50rpm 725 1,000rpm D [EIHEREFEIZFUVT, SivEDD A E 3 LONEHE ST M2 [FIRE
FIEL7=AE 2%, X, Y FHHDICOWTHS. 30, 0, ®H KT IOV TS. 31ITRT.
1,000rpm T O [EIHE# FEFIRIC VT, S0 iifilSir-.

Before compensation Without

/ repetitive control

( /\\
T Q,g#

_20 \

L With
repetitive control

1 1 1 1
20 10 0 10 20
Electrode runout in X direction pm

Electrode runout in Y direction pm

Fig. 3. 29 Runout of rotary electrode in radial direction
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Electrode runout in Y direction pm

Electrode runout in Y direction pm

SROE MMGES B BEMEIERY <& SR/ UN T ORREEL
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1S
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40 5 40
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20 = 20
N > N
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40 20 0 20 40 Uij 40 20 0 20 40
Electrode runout in X direction um Electrode runout in X direction um
(a) 50rpm (b) 200rpm
1S
=%
40 5 40
= "g -
20 = 20
©
N > N
0 £ 0
N 5 N
g
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N o N
-40 S -40
3]
40 -20 O 20 40 ﬁ 40 -20 O 20 40
Electrode runout in X direction um Electrode runout in X direction pm
(c) 600rpm (d) 1,000rpm

Fig. 3. 30 Runout of rotary electrode in X and Y directions
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After Before compensation After
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o " 5] .
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u Electrode runout in ® direction mrad Electrode runout in ® direction mrad
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2 E
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S 10 5 10

o = B =
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2 00 S 00
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Electrode runout in ® direction mrad = Electrode runout in ® direction mrad
(c) 600rpm (d) 1,000rpm
Fig. 3. 31 Runout of rotary electrode in ® and ® directions
& i
3.4 ShFHYRMEZAVLE=RENMT
3.4.1 mI&H

FERLUICSIVEDVMIE LA AW, E 7N LA E L. BN Tl 27 A0,
F2BEFIRRIC, m— N T I F a2 — 5 LEEAFEN T &R 2 & 87z, Z @70 T
O FHIE LB T AT 2 A L. T I7EE, T E@NT.E U=, Eiidg0.5,
£ 25mm QMRS 72T ok Tz, BERREREEEE X 1,000rpm THY, I TEHEH O
TeODOT T, BENIATDRW. T, 7V —R 8 (NAK-80), AN TR, FE
DTz AU, N TERE, PEAFACEMN THO RC RIEA AL, BCETE, #HE,
2T UV RBEEZNEN, 120V, 1.1kQ, 0.01pF LL7-.
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Workpieces

Matching surface
High precision
vise

Fig. 3. 32 Photograph and configuration of workple%

vom-h

Electrode

Flg 3. 33 Setting of |n|t|al machining posmon

Collet \f(
LR

Fig. 3. 34 Chucking tool and spindle shaft with electrode

3. 321 THDFEL IO XA R34, %, REERA BT 5720, 28D
IR Z R, TR U TN T & o B ATREZIN T &2 BYELTZ. N T ORUYETF
EIX, kDB THS. £F, ZNENOIMTHOEPYEE (YZ #) %, mFEEICHHIL, €0
%, WHHIEZ X S, B A A2 W TREELZ. RIZ, B (XY m) 203252812k
ST, MTAAEbEHOERAELZRELE.

R R A BT 27-0100E, TR GOEmO Y B, SR .00 Y JFEE
BT HIOBMENLERDL, M L2 206580305, TR M RORE Tikz,
3. 33ZEHWTCHIIT 5. £, BEFHGEIN TARICH Sz, RSN T o Btk mikee
AFIHL, BR300 AR S B3 2 s, AL ERD 35 (X3, 33(a)).
WIAZ, FERA B T IC g€ B 72 (K3, 33(b)), Y #liG Wiz, LR ORAITE
(10mm) 720 B EISE 5 (143, 33(c)) . ZONLENS, EiEZ Z #7mic FRSE, Tyl
Pefih AN EZ I TR S E L7, BMIXKS. 34 Tmd, ko=l vk (NBC6, Big
Daishowa Seiki Co., Ltd.) Z - THEFF =41, F-F (NBN6, Big Daishowa Seiki Co., Ltd.) (ZX
v, AERIZEOAS Tz, BOAHT IR, BREE D DN E 350 22 B EIT R RIS
DY, AERZEELT.

Spindle shaft Nut

lectrode
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3. 4.2 mMIER
X3. 3512, TV XN~ A 7 v Aa—7 (VHX-1000, Keyence Corp.) (ZXk-> Tz,

IMTRAADEELERT . SAVEDVORIEIZLD, I TICERD 674um >0 600um ~fE/
L7z, 3. 361%, T ROWH G HE THH. WTILoHEh, ADERICRLT, MO EER
/U7, ZaUE, IEIZE-S T, Bk AHET 2L ERFR THLHEEZLND.
TARAAEHOOEZRZKS. 3TICRT. SHEDLVHEEITIHA, HADOEEED2Y
VT IAZIT D EIEE, 86pm (S AVEDVRIEAREN), 98um (S EDLVMIER ) &, #f
IEWCEDIERL, Wit DT —/ AN RELR DM S e Sz,

ZOBBIZOWTELET 2. X3, 381, EMANIN L% B8 T D0 /W 27~ LA
X TH5. X3, 38(a) TIL, BHOSNEDVICE ST, BRI OMEE IR,
IN LIRS N DT80, LK EEIC R LI LA A, SNEA~EBET5. ZOLE,
INLIEEI T LT feEDS, INLXMIE TRAL, HAOEEPILRLIZbDEZ 26N, — 7,
3. 38 (b) TiX, SNLFELVAIEDMMICEY, BMOBENDMINHEISIL, M TIROFFRER D
K2, 2o, MBI TRERNOBEILR2VEEFREL, SNEDOMIEZEHL
RN A TRAT HAEREOHEIXIK T 5. ML EOBEEND, SNEDVAIEIZLY, I
TRBEOT — 3L LIZEE 2 DbND. ZOXI7RT — SO IEIC OV TIE, REIT
BErd 2.

Vv—ithout )
compensation compensation

Fig 3. 35 Photographs of
machined hole (entrance)

Without With
compensation compensation

Fig 3. 36 Photographs of
machined hole (cross section)
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Fig 3. 37 Diameter of machined hole

82



OE WiLES Bt BRI < & S B UNT O R

Debris

ffff!f!fﬂffffffffj

(a) Without runout (b) With runout
compensation compensation

Fig 3. 38 Cross section of machined holes at penetrating workpiece

3.4.3 BEDXYHEE, EHERESMNIERE
[X3. 391, INLTHOMEM T Z 2T — ok E2 4. I LRRKBERIL, fiEs

1T, BEVHENRKZ. SNEDVRTIEICEY, I TRERH/NL, 87O Tk
RSB 25y, N5 (Z 7)) ISR LT, LN E<BRESNIZZENERFIAT
HHEZZBID. LINLIRIAG, LIRS HAEENINT D106V, Al AT kD, 808 3K
TLz. =07, SUEDVEMIELRWEE, BilEE T, R0 E O TITMGE &R0 oTe.
[X3. 4012, MTRAADS 1,200 Bk th D7 4 —R 7 EIE, X3, 41ICHRE LT 7T
2T —RZLDEMOEY &E2 AT, SVEDVREAITOM LTI, &%, BRI AL,
BT S, (KE R CIREIL QO AZED MR TED. — 07, SNEDLVEMIELRN
B, BERREIZBAFTHY, BRIRENIR AL TR, 2, RIECTHALZEY, B0
SNEDVICEST, I TEAHEESN, I TEOSEHER RSN -2 ICLbEB 2 N5,
(3. 42|12, ML/RSEERETOM LR O TERLIMN THREZ RS, 297 L0
SEEIETE, 1.18um/s (5L EDVHIEZRL), 0.58um/s (S EDLVHIIEDHY) E72h, SivEDVE
RN B RE2R U, AR TR LA TOREERBLOGEBELEm S5
1%, SHEDVHIEL N TIEPEH O Ol G 012 Y 723570 E BB THHEE XD
ns.

0 . . 1 N
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o £ - 2 8
E E 3 With 3 2
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< ' O O
o £ N £ 2
S 8 - ~ 5
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© © 9 ) :
- ] ] ] X :
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Fig. 3. 39 Feed displacement of electrode
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Fig 3. 40 Feedback voltage Fig 3. 41 Feed displacement of electrode
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Fig 3. 42 Removal rate
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Fig 3. 44 Discharge area of
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Fig 3. 45 Electrode wear rate
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7o, ZhiE, BRSNS Lo TIHEEL, EEM oM TREEN M/ 5Z &,
TRARETIE, LB LoMERERE LG Ee, BHMICHERRESN, B
BPPEREND Z ENFEEDFRNTHH®P. KETIHE, BHEEMEZX3. 46DL91C
Witk KOMEE Gici# L, HOMEREELIERT 52 LIk -T, 77— ROFIERK
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85



OE WiLES Bt BRI < & S B UNT O R

Spindle
shaft :

Electrode

IIIIIIIT IS S
Fig 3. 46 Configuration of taper hole compensation
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taper compensation Hole
taper compensatlon

Hole with .
taper compensation
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taper compensation taper compensation t'é%'&"&’g*r},"#énsauon

(a) (b)
Fig 3. 47 Cross section of machined hole with taper shape compensation

EARONLE - LB D X, O 77 B EIZOW TR T 5. Y, OISOV TH R THS.
T RIRAHIE T, TR A DERZILR T 27280, B0 87 M5 EDY
DHINSELD—T5 T, INLRA R DOEREIITEZ 5272010, Bz BiEi 52828 ->T
FMS 2. X3, A7TITHIE A8 ] L7556 0 /Wi ORIE X 2 7~ 9. R O X vy 7 13—
ETHLEET DL, B MOMIERTZT, BEEIFILRTHLEALND. X3, 47 (a) DL
I, MIEEN—EEA B2 5L, MLABELYT — SRIZ25. Z0X57254, ILH, K
BICL o CTHEEL B RE EEL, MEEBEZRETIZENEETHD. —F, KAETH
FTHMIETIE, K3, 47 (b) DI, T/ F a2 —X DA EROHFHFHORR NG, #i7—3
FTIGIRDFETHIETRNEB OIS, 0T, HEICLDEMRBIRIIBEET, 77—
FERAH IEZ T L 7=

ARV OB (HE) BAEEEL T, AETIXSNEDOVEIET DHIO, Bl EHo 7
[ 5NEDY R PZIEZEITEIL, ZOMAHZ 180° KEsSE-bDAF ML, 2k
Roo( V) LEFHT D, 77— IRM IEICEB N T, ARV X il 5 6 ONOLE R BHE Ry(P) 1%
FIRU =AY R L@l 5 18] HEEE Roe( V) 2 VT, AU RAEBREN 5212k »> TR AT
5, LA DIZERTHEM X dl 7 M5 EDVZHER T HI0ICET S, BIRIIZIE, A
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EURVE DS EMBD T E TOHEEE Ls, BB AT ER2 5 TN 1 £ T A
&% L, BMOPEARV TR > TRAETHEEREMO X BLOOf T H.5EHY
Rox(P), Roo( P)Z T, (3. 15) TREND.

Rx(¥)'=(Ls + Le)Roo( ¥ ) +LeRoo( # )+ Rox (¥') covvviiiiiiiiiiiiiiieen (3. 15)

PLEXY, 77— \SHHIEDT=O D, 4H HEHF AL U RANLE - KB BiE%E Ry(P)ET5E, A (8.
16) DIHIT7e5.

(Le + Le)Roo( ¥ )'+LeRoo( ¥ )+ Rox (¥')

| (Ls + Le)Roo( ¥ )'+LeRoa( ¥)+ Rov (¥)
Roo(¥) |, (3. 16)
Roo(¥)'

R(¥) =

3. 4812, M TEHIIBNT, B—HNT I F ax—H AT AL, Ri(3. 16) DALERD
ARl Z AN UTZ8& 0, BMICIE ORI M OB Z 7~ 9. M EREo ElHR5E X 1,000rpm
Tho. HAYOOELEAEL, T— SR IEICE-> T, 10um BERD T2 FRENS. i

IZRBWTC, I/ AY O ICBTDEAEEL 104um THY, [K3. 481~ T EMREB) T
L, HiEEDPRTTHLIN, ELTEAL RN VIEEZ W=7 — S IEDO A 2 M2 FEE 3
BT, SN TAaFER LTz,

Prospective runout
10

5

o /

N\
N\

-10

-15 1 1 1 1 1 1
-15 -10 -5 0 5 10 15

Electrode runout in X direction pm
Fig 3. 48 Electrode runout at the tip

Electrode runout in Y direction um

of electrode during taper compensation

3.5.2 T—NERAEZAVV-HREB7UNT
S ST, SN BRI TR BN BT LT L S CRAET D720, R

BEOME/ NI LR A AHE T ChD. 7— NIRRT T B & (2T HZ
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BHENTHLHEZZONDTD, X3, AN FIETEMUZ. I TR DEMD KD &3,
—ERIZETHETIE, ATHTETEREERIC, SNEDVMIELFIHL, FTEAE N LA £
THATYT). — 5T, BN T Z AT —0OR0EN—~EBZB2 5L, T ROM
B OB CIRIER, AR CIIZELARN KD, AE U RILEHE R K OMEE J5 [ S BRE 5
H(ATv72).

A& RIERIC, BEMILEREg0.5mm DX 7 AT AR E A L, W T $ T
DOIRIE 2mm O TV N—R O BB T A2 T>7-. EMOESIX 256mm &L, AL R/VE G
NOEME T ETORRE L, BBFFOEREBAT LI T RAOETOEMES
Lo 1, IR ETHS 2mm ZEMES 25mm ZLH5|W =, 23mm SL7-. INLER I

C B ThHY, BAEL, BIUE, 2> T PREEENE, 120V, 1.1kQ, 0.01uF LL7-.
RO NN T 7 AL E PO Z1E, WAl RN T A7 2% Wiz, TR iGN D, BEfFD
B THED Z AT — P OREV RN 1.8mm 22 5% T, BiiEREEC, SEbYEH
ELIII T, E0ED 1.8mm 2B R T, 77— SWHEZBAL 7. LT T, 7—
ANIERAEE W T k%, INTI5ELEL, igo7=o, TGN Ty o BiEE
T, SNELVMIED A2 2N T hiE%, jJquﬂfzka“Za

Electrode

~ i - H ; :
P RS H - :
L Ry K :
VN ) :
JIS V" H
b i '
. !
!
| ‘ 4 | \

F T e i i Fa LI i e g i ]

Step1 Step2 "
Fig 3. 49 Machining method for taper hole compensation

With taper Without taper
compensation compensation
(Machining method1) (Machining method2)
Fig 3. 50 Cross section of machined holes
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Before machining
Erosion of edge

With taper Without taper
compensation compensation
(Machining method1)  (Machining method2)

Fig 3. 51 Tip of electrodes after EDM
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o
£ 3 3
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< 2 2
Q
81 1
©
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1200 1201 1202 1203 1200 1201 1202 1203
Time s Time s
Without taper compensation With taper compensation
(Machining method?2) (Machining method1)

Fig 3. 52 Feedback voltage

(13. 501, ML AWEOEFEEA RS . I LHELCED AR ERL, THE@Y, INTHiE
2WCBITHANDDOEEEL S, 02T 4um &, 1ZIERIZETHD. —J7, T k2L LT,
INTHENCEAANAERE, 17um OZENFEAEL TWD.

HAODERZET, SNEDVHIEOHRITHIMITGE2D 104um 15, T HIE1IOLEA
83um ~ESINIZ. T HIELCERTS, BICEEOMIEE 10um 25 FHISNDERZE
% 94um THY, FHHELV T — SBIRBBESN 281225, ZORKEL T, SHEPDIZ
0D TR A O T8 23l i ~FE B L, TS 240 U720 TR ORI i B S B L 7= 2
EMEZBND. 1220, T—7 RO EZ RII AR +53THY, RFik%, K0 IRHPHIZ B
DOBREN S FTREZLNL B OFE IS L Gl 52N EELNEEZ BN,

3. 5147 R, 7— AR E A3 H L7 T4 OB O G B Thsd. kD7
O, INTHT(E), B, T EEETSIEDOMIEZEH L BRI O Tk
2, H F)OGELEDE TRY . BMOESAHOEEET, SHEDMIEDZwE A3 5%
HEBLBAE Loz, ZOBBIZOWTELRET D, 77— SR IE T, BSOS
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AVEDICEY, TR M E I, i O BN T5. 272, ERIEhmEi
WD BEEINT 2. E7, AR L2257, I LIgof#Re, Lg% L7 i E o
G, —~RHELTEZLNA.

3. 5212, MILIFELIRWT, T—SRRATEZE T 2R1#% 281D, 74—R v

BEERT. TR EE2EH L, T HELCE T, 84, B BCRIED HERR
TRY, EKRENOIX, T HEL, 20ROEEREIICE T, B2 RI3MERS e
o7z, M3, 53T, EROM L MEVEIEE RS . RO, SHEPVMIED 4w HL
PN T I #2) I8 550 A2 A b ORT. 77— SBIRAIE N T 5 %1) o T
TR AT, BBV EN 1.8mm ETHE, SNEDVHTIE (N LJ7ik2) LRk B MBS %
179728, MEENDOREREWVIIMR CE oz, —F, 7— " iELXEH T 5, XV &
1.8mm LARETiX, SNEDOVMIEL Ei T 256 LR C, SV EICSEER AL, Zh

X, BT A CIRBISE A 2828 T, I TR SN 28I L DB 2 LS.
FOBRF SRR LN TR RNE, SIVEDVRIED 7, T — SR EDHFH T, 2,450 7,
2,190 #plieoiz. Fie, K3, 541%, M THEUZEBWT, 7— YRl B4 3 28112
BUIFDH, AL RO (X, Y) BLOMEE 5 H(0, ®)DONLE - KA THD.

0 With taper compensation_| /
(Machining method1) K
B With runout K
compensation !

(Machining method2)| «
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Fig. 3. 53 Feed displacement of electrode
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Fig. 3. 54 Displacement of spindle shaft during taper compensation
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3.6 ¥ B

ARETIE, ME/XMLoEEZBRNELT, B Er—INT7Fax—2 285,
BB B B EEEZ W, INLENCERO RO AT RELFHIIL, ZhMERSh 8012
FERRAYIZAE S RV ONLE - BROFI AT, FEEREMRO SN EPVIET ik, BLOUIT
NT—AORESEZREU, Fio, ELLCFELHANT, |E/UN L2 EmLZ. &
ECRLNIZR R E L TIORT.

® SiE DbV AEHIEOFEMEEFERR TIL, 50rpm 25 1,000rpm FECTO[EEAFH
BB T, WS CIE 100um OS5 EDY A Eum, EX 7Tl 2mrad @
SNFEDVZ SR TR 5L,

® 40.5mm DOEMAMH AL, S 2mm OEE SIEM T TIE, S EDVMHIEID
Lo T, DT /ELEA 670um 735 593um (/N7

® T — U IER T LI iR SN T, TR A D25, BRD Sy
2% 104um >0 84um ~LES L.

AT, BROARETIE, @B -ZHAED— LT VF ax—2% W BB N Lo

B EEEACICOWT, MRtz T o7, IRFEETIE, TRV IREIN oL B TemE bice L
T, BRBRE — VT I F a2 — 2% TG I EOETE1T.
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BIE BERLEZEHERERRICED
EREYBREMIICHTSELTFMIOREE

4.1 & B

FIETIE, MBEBNINTOEBENLD D, AL R IL~OEMBEY AR
WL CTHATD, RIEEMROSNELOOMIEFIEEREL, REARINT2EML. £
7o, BROWEREIZL>THRAETD, 7— SRIN LR Wik %z, EMm% 5 W EBRE) ZL0E
ETHHEZHWCEE N TAEMLUL. KETIE, BRVKEMLIZERL, £ E
FIMTomEERZANETD.

BTN T, RN T & R s U ) BB 232 <, 0 T8 o B YEME T 35720
FRLWSRMEDOLETHEMEINDZEIIRD. AETIE, IZLDIZ, FH2ETHWE, 5HH
JE A BB R Ea— VT I Fam—2E W, BEAF ORI T8 TIXE LA 7l 58

BROE A+ Hz L Lo B RS, 805 Hz om B EBUNMEE (F4%), md Ty
7, JAE AR 200Hz LA B oo d [E] BEEERR B A2, BB 5WITE S IS NS ¥k
B LE2ITH. KIS, FBEDONRTA=Z2EN TR EORBRREZRHET L0, FE8) O JE K
B, BEEZNZ1 1~300Hz, 5~20um O#: P TEL S8, &l b 0@ L-fB 8/ <T 2
—BERFT D, B KIS, KVERMREME O EFIn T #E ko, B
) L [0 5 46 SR AT RE CREE AN 5 7, 2Bl AL S 8 B e — AT 7 F 2z — 2 LI
RIGRLOCEM L7 s I 5w LT, BEMLE2179.

4.2 £ EFMIJ/ELDT-HORIERRM S &

RV ECE N T T, M THICRAETLHMTIEOESCOHRIEMPNEE CTHLH. {1k
FINL T, MEZRLFPRONDTD, E BRSNS, 2072, EF v
TR TENHEE LT <s. o, ROWHEX v 7128 W, EIREBLEHERT
HIZOITIE, M T el U, X0 kG B () R A GR T T 2 L E 03 d 5.

KRBT, BREVEEMN TICB05, £ LT EE ko FEBR o=, 5H i il
Ba—NT 7 Fax—2HWTcat a1t o7z, BARIZIE, MR OB MR ZH L
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JE I T2 W, 28 ORI A Uiz, M &8 IS Z8ih 5 1) & G 2 - & AL
R D, ZBh 7 18 7, X, Yl T R @R R B A1TH. L2 AT, TRV i E N
LTI, B mMICEmEZEE 758, iGN LR Th28 N1 HLH. €T,
INTIARIC S B % G- 2 72 B T2 72 BREN v E L UC, I J7 1) (Zdilh J5 1)) 12, 78 AR 2 HiR e 2K
v AraA—Mv, JE B E VY TR IR B ST D EREY U (T ) #7210 A
L, Z4H 0 M B E) 4 Bl & 5\ N R RIS HE 226 72 L7 B IS 38WC, I s B

RS e IVAYIE S By

4.3 BEMIFAESRTL

4.3.1 MEMIMBRTL
SRR TRBRIE, H2RETHEMLASEHERBA - T 7 Fax—22 W,

B—HNT IF aT—B VAT LON—RT =T, AERALE, BEDT 4—R Ry
JHIE 51, BEOZOHIE ST A—ZFZEEL TRV, 72720, 4 B E 925 k&N
TCIE, MTIREN, - ~A78A— L THY, B—VT 7 F a2z —H 2 J5 [ DL &
YR o i FH 2mmUT i LT -4y /AN ST, LA B N T2 A7 AN, m— A
TIF 2t —ZEAREM LT, AL E RO EIT 7.

4. 112, Z8hI5 1IN T&2AT 5720 O, BN LHH S A7 L0070y 7 M2 7R 9.
A TR 27 20%, BEBEMTHAOPIa e—I 2, 74—RK 7 EE Ve B EEE
JEV. DR ZZSH SIS, Mo LhmiE Bz 24k, Z4Irn—hNT 7 Faxz—X
DN ERDEE AT DA T SND. MEEREHIr— AT 7 F 2z —2BRKICE-T
RIS,

Zd_ref

XYO_ref

Vit PI
)_9 controller

Vfb

|
Power
supply
-

EDM process

Amp. and LPF (1,000Hz) <€

Fig. 4. 1 Block diagram of EDM control system to machine in Z direction
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Tay B KH, BEM LHar e —Jia— AT I F a2z — LU AT ARICHA S
NIz — 327 4 )V B (1 A7 JE I #15Hz) 1%, BEAFTEIR D s in Ti 2 v T4
BT 022 HB9EL, T J7 m O @S E LR R T D72DICH W, W, Zj e,
XYo et BEOZy rerld, ZNEN, V¥ 7, HEBBIOT AV OEEM THS.

4.3.2 T+HEBOERF*
AREI T, T4V OEZFERFIEBIOEBERE HIEICOWTHHATSL. T4V 0E
FRAL & D B AR Zg X, (4. 1) TRIIERHEELTZ.

Zy o =A o SIN2ZEGE (4. 1)

ZIT, I T PR ETH L. @ E e T, BEERE ) LT, ERE N AT
B2, Ag rerld, AEURAZEN G WO AR EEBEL, FTEORBADEONDED
\ZRX E STz,

EIAT, TaHE, T WIS LT, M & E O @Iz H-5<, B EKE) &3 7
LCTEEIND. LEEN->T, K4, 201512, M EEg 2, I FZIRMEALL T ORI
TT A4V EENT 256, BN TIBEADDVIIEZEL, B OE R LM HE R
ETHRNDNDD. BWMEN T OWE LR T L0, MEEMgAEBE LT AP HE
IZDOW TR 9%,

4. 312, KFEOT7r—F ¥ — R 3. DSPY AT LADOH LTI T % Até LT,
MTBRAGGIR BT 7Sz, ZE 5 A RAALEZZ(I AT 5. £,
Z(0), Z(4t), Z(2 4Y),...2(1 A)YD e /MEZE, Znin(l A)ETEFR L, ZNEZ BRI T ITHE
filt U7 8 S AR E T 5. Znin(i AL, IROILIICL TR IE SN, £, Z(0)=Znin(0)=0&
T5.MTH, ZEAYBIR, 1TV T RIETO, Znin((i-1) A%, VT VH A LT
i, (4. 2)DEEY, i TV T BICEBITDZnin(i AP EFHSND.

Electrode

Contact between

electrode and
workpiece =
<
—
Workpiece / ,..-""'
'’

Fig. 4. 2 Contact between electrode and workpiece
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| EDMstart |

Z(0)=0
Zmin(o) =0

N|
L

i<M. T/ at No
YES
Z(iat) = Z([i+1]at)
NO
YES
Zmin(iAt) = Zmin(iAt)
Z(i4t) = Zmin([i'1]‘1t)

NO

G (iat) - AZ8g,

i
Zd_ref(iAt) 7 )= 0
= Ay osin2nfy(iat) d_ref(i4t)
< |
v

(EDMend ] ‘M- T.:Machining time

Fig. 4. 3 Flow chart of ditherl

Time

Feed displacement
of electrode

Fig. 4. 4 Configuration of Zand Z
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if Z(iAt) < Z mn((1—i)At)
then Z mn(i4t) = Z(iAt)
e L) Zen((Liyat) (4. 2)

Z(i A EZnin( ADDOBLRIT, K4, 4D I0ITREN5.
i AUCH DM FEREge (i AT, Z( A)BEOZnin(i A)ZFANT, K (4. 3) TH
bans.

Qi) = Z(PA) = Z min(IAL) +vevoeeeeeeeeeeeeeeeeeee e, (4. 3)

TAPEHIEZy erld, (4. 4) DI, W EEBEgel T Il FEIRIEAD 22, B fE
G Ll LAt B— AT I F a2 —H L AT AN SND. 72770, 801, ZHl )7
BN A O /A XREDORESELE.

Ge(iAL) = AG = e v, (4. 4)

L b, MR R ge D KR ESICE ST, T4V OEMZ HWr T 2 EMERE 54, T4 1EL
7.

EIAT, TAPICEoT, MHEBg N E B T 57280, iE T T D, BER
EIRRE T CEMSNDT A, HEREBEAMOERNLRDATEENRDD. T T, K
WF7EClx, MM EHg N %, 74— KNy 7B IEVeDIERICESE, T4V 2T D
EERRET L. 4. 51%, ME Mg C K ST A LIC, 51T, Ml 8 E 545 IR 8
ThoOIEE ERFMEL TEMULIZEMBKE FiEOT7r—F ¥y —MITHDH. KAFIET
X, 74—y IBEVeA, (4. 5) DX, HEEEMVLL T ERn56, FikIR
RECHLEHWIL, TP &K T 5

MR EERE ge BE T4 —R ARV EBE Vo o7 W E a2 W32 5 1E%, 74220
7=
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| EDMstart |

i<M. T,/ at NO
YES
Z(iat) = Z([i+1]4t)
NO
\ 4
" YES Zmin(iAt)
Zin(iat) = = Z(Ji-1] 4t)
Z(iat)

NO

G (iat) - AZ3g,

Vi (iat) € Vy(iat)

\ 4
Zd,ref(i‘it) . _
= Ay sin2nf,(iat) Zy rei(iat) =0
<€ |
(EDMeng ) - T- - Machining time

Fig. 4. 5 Flow chart of dither2

4.4 HEMI KR

4.4.1 mMIF&

FA. U, RECTHRF L, EMORENEICE T 278N T AiEERT. INLH
EITHE, MIESEH OO0 EmERE)N I L T 67, MEEE Vi, OfF Hhaebiil,
T FE BE B2, &S B O ERE IS L. N k2 ik, MR 0D 0 Z
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Table 4. 1 Machining methods

Method : B"?‘”dV.V‘dth . Ju_mp . 2;2:2?: : Dif[her_
in Z direction (Hz) in Z direction in X-Y plane in Z direction
| 1 240

2 15 v

3 240 v

4 15 v v

5 240 v v

6 240 v v (Ditehrl)
7 240 v v (Ditehr2)

#l 7 [A) EEAR  A H  A 1BHZ ISR L2, £72, P Ik, LB A ey 128k
HU7Z N 53T, MM EEEZ &S S EICHEL, Yy 720 L
JFEATIE, BSE A 15HZ ICHIRL, Py 7 RBI ORI 2 5 b TR HL

T2 N TJ7IES T, A BREE O S - kg AR, v T, B A ORI L.
M5 3E67TIE, M BB OIS & - SRR, Uy 7B IO, MR g 12k
SWTTAVEERT D, T4 1E2FH L. ML HIETTIE, SIGE - @R ERE, &

YT BIO, W g &7 4 — RNV EBIE Vip (IZIE S EAIRREND T 43 D L it &
42, 7o 22F H L.

4. 4.2 mMI&H

B g2mm O MR E A s, REE A~ A 7aA—MVEEE O Z i 5 1 B EE N
T&2AT o7, B EHIE, N TIHRB IO Ty ixzh i, E i T Al (EDF-K,
Nippon Qil Corp.), 7’V ,»—K 8 (NAK-80, Daido Steel Co., Ltd.) ZF|FHL7=. I L&
JIXRC B2 L, HHE 1.1kQ, 2> 7 R E0.01pF, Bl EE 90V O L
RREE U MBI, N T AR, ERAAE L. T, AR [0 2 [m] s S
FTWARV. I TEBIE 1704720 1,200 BEL. BN T Pl arha—F08
FA=BL, Hom LFME L L.

ML D72 DT 7%, 0.5sHIFETITVY, AT ZERF[#0.03s, %) 4 EE6.7mm/s,
ES0.AmmEL7c. BB OE LR, B EIZENE N 15um, 50HzE L. T, Al
FIRMEAg, I, 2N 1umB L O800HzEL, K (4. 4) BLO(4. 5) 2>\ T
8geZlum, Vg, BRIIRF D7 4 —R Ny 7 EE2.6VD50% Th D, 1.3VELT.
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4.4.3 BEZEVR
4. 612, FMTHIECHITH, BWOEVRERT. EVROT —ZF, ALV

Z b o7 AL EE RO o ER AN GO I E, 7 — %13 —% (EZ7510, NF
Cooperation) # flWWCTHUG L7z, 7 —Z V%7V T OB #IE 10kHz THHN, 777
(21X, ZivE 25,000 43 D LIS GIWb &R L, Z8 G MYy 72 FE 45T
EIZOWTIE, ZOEEZFRVE.

4. 70X, MLFEBITHNT, M4, 60D, LS 200 B #&8 £ T
KFf Ml 2 2 K L7 O THhDH. I L5 100 B ETOEVEDN, BELE 20um THD

DIZHFL T, 100 #7235 200 B ClE, 10pum 2 EE LD, I T oM ICfE LV, B A E
WL WD R INT.

B ED D, LR MAERITRE, MIRBEICEVR T L B, (M4, 8
(a), (b)) DEMEM LY ORELEZRNTHI TS, LR ME %, FEmED®EE N K
ENZLICH LT, BAONLHE — O HIX, X4. 8(a) DI, EMED TR ECIE
WRRZZICEY, EWE E AN TS5 M LRnizd, 0oL —HIZ, RENE
N 22LThD. 207D, TG0 (Z d5m) Ikt 35, I TykkEEN#EML, %
DIHENEIMT5EZ 2005, 8 OB I, I T/RIRID/PNSVIREETIL, E
BERRZEMIELETOMLIERHE LN ETHS.

— 77, MILRETeE, K4, 8(b) D&, EMEE KL TR+ 52L8, K
BRI T A A 8L, Z# 5 ROBRERME T 528, BROI T RIESOH
INZEDMN LG O O ZIZX0, ML E RO LIYREREME TLEEE 260
2.

51 Method1 g1
oy 0 c
5 3 AL | 58 °
28 w20 ~ R j £ 8 -
@ 5 - V% Method2 g 3 .
g < - Method3 & < B
S o -60 S
o o e '20 ™\
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L o n Method4 L 9 i
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Fig. 4. 6 Feed displacement Fig. 4. 7 Feed displacement

of electrode of electrode
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Electrode

Debris

Workpiece

'
(a) Beginning of EDM (b) After several minutes

Fig. 4. 8 Relationship between electrode and workpiece

F4. 1TRLE, EBMEEEEORRICHOVWTHRE 75720, B4, 62 H TN
THEZLD, BREVWE I OWNTE LT 5. M B s AL, 0 Tg Pk o
7O OEMEEE 21T DR, T HIETTE, EMAREIREIL THDHTENHER
B, UK LT, B A MY 7SS, T E2 T, il T o RS
PEZISHZIZHI R L7210 b b3, D& INIFED, EMED OE R OREIX/hE
Motz Fiz, BRI EEEZHRET, vy 72U T HE3 T, T k2
LR LT, REREVWR LN o72. DL EXY, INT HELINS N S
NE=DX, XY 7T O/MBENELDIER ThoT2EE 2615,

INLTT5 M OEARISZE w4 15Hz T, @i 7 m oy 72 Wi LiiE2Ic L, &6

(CHREEN Z AU T 54T, ML k2L L TRV E RS HEINT. £,
Dyl AL, 1 PR m R IR LN T YES T, N T k4L
L, B HE NS ESN.

TA—R NV EE Ve ODIREBE B EETEMIND, T4V 122N LH5E6T
&, L5 E2, 3L L TRERUEF LR TE o7z, THITKL, 74—y
WIE Vi O RAEDEID, BERFICT P2 £ 342500 L5777 T IZHED D
hiz. LnL, TORRIZBEZ WA T HIESLD/ASW. Bl EXY, KETHRFLE
TOOMLIFETIE, LG MEmBISEMEEZ 240Hz LU, Ead v 7 BB S
LM LTHIESICEBNT, EMA RS ZNRITELILTWD I LD HER Sz,

4.4.4 ERMICETIEMBELRESER
4. 91%, MT 5L, 3, 4, 5, TICBITD, 74—R v s &IE Vy %, I TR 900

B#HNS 5 BHIZOWTRRLELOTHY, 4. 101F, KM ICIIF5, Bk
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flEA L. 4. 107, 0.5 B THRAL TWDAL IV RTEMDO Y v 7T THS.
T, MLBEHHOTZDOT Y7, FEBLOT A FONThbIThRhol, ML
HE1THE, K4, 99, BTSRRI 12 W T, Fifit e m& sk AE Lz, X4, 10&
D, ZORFMHFIZBWT, IREER +~ A7 A=V TOEMOIRE RS,

Feedback voltage V Feedback voltage V

Feedback voltage V
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Fig. 4. 9 Feedback voltage
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Fig. 4. 10 Feed displacement of electrode
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B4, 10&Y, BMOKERIRE SR INTD, TNOOFRAEREIL, Vrr 7BLD
BERIZOFH L, LA ESICB N TRBIR.

T—/RAT A NVEICE > T, RO OB MRS EAHI B L, T FEAT
%, 74—y ZEIEDOWRTEN, B Hz TIREN T 5L RARITR->TEY, K RFHEOELHKE,
P B ITHRDIRL TW 5. 4. 10K, ZOB LA L TWIZREF A T, ERS
B~A70A—MLORETIREN L7, EMRICEELHIRTL22LI2XY, BEREBIZA
ZEASNEEBZONS.
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4.4.5 MIRFS
4. 1112, 73V LHEICE TS, I LK fE e F o R ESH ik U7,

FHENCIE, BT 3 (New view 5032, Zygo corp.) Z R H L7-. 3 o 7 D ¥ E 1%

L ERZ, £, (1)37um, (2)50um, (3)52um, (4)61lum, (5)73um, (6)
55um, (7)62um &, T 5iES TR ARERD, N T HiE1EE T2 97T% ML=, 7
AP ERWSINT I (6), (7) MOl TIE, 70—y IEE Vp DE#REZLEIC, MR

FRREEAZ B L CEMT D, 74920280 TC, I LIRERSITHEML.
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Fig. 4. 11 Depth of machined hole
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BB R R SISO, TS T 570, ZhEmRE I HE T2

EPEDNETT, L RIESBHEMLIDREETHLHEEZBND. £Z2T, M4, 6D EM
KW A, I TR 4E 600 B0 DN T T £ TORF M4 CREARTEIL, 2O &% 4 i
PEVHEELER L. M4, 1212, 7TEVOIN T BB T 2BMEVELZ RS, 3 Y
T HEX, Fh 4, (1)0.035um/s, (2)0.043um/s, (3)0.044um/s, (4)
0.058um/s, (5)0.071um/s, (6)0.039um/s, (7)0.050um/s &720, i T.oREEEEF AR
MTAESTHR R, ML HET TR/ ol RV, ML HELEELT, T
TEST, 103% AN L7, E7o, M LIRIRSEFERIS, T4 1L T, T F202817)

BV E R IML TS,
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Fig. 4. 12 Feed speed of electrode
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4.4.7 EmHES

4. 1312 TS OF M SR AR T, KIS, 207+ — DV ME
(HD100D, Lasertec CORP.) Z T, J1 L7CH L ERImm X ImmO FE I IZ- DWW CEHIIL
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Fig. 4. 13 Surface roughness

4.5 FERIEEE-REHEMIEEOWE

4.5.1 BMEHSIUMI&H
BT ETICRE LT, R4, 10T OOBBLE 15125 C, R0 BN 10w ik
IR A R ThoTleDlL, Vx> 7, fEEhzft AL, T J5 mEMm S &R &, T
FIESTHoT-. AEITIE, ML HIESIZBWT, fE81 /3T A—& L0 T FE O BER %25
ALz BARMICIE, £4. 205512, #2808 3 5% 1~300Hz, £ %5~20um i
FHCE b, mdfbiCE L7cfRE AT A—F 2 mat Lz, ERSEFIE, 4. 4. 1HE[H
BRELT.

Table 4. 2 Diameter and frequency of orbital motion

Frequency Hz

1 20 50 100 | 200 | 300
. 5 v v v v 7
e [10 / / v v

§2 [ 15 v v v v v

0 20 v v v v
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4.5.2 BREVYER
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WA 327 =213, 4. 4. 3HHELFEMKIZ, 10kHz TR L7zb D& 25,000 43 D
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Fig. 4. 14 Feed displacement of electrode

in Z direction um

Feed displacement of electrode
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JE % % 200Hz TiE 10pm, 100Hz TIE 20pum Z O D J8 3 5 Tl 15um oL Ke7e
ST TT70, RIESIE, FHEEZOEMICENEN T2, HEBEAN —E&
HZHEWAD T HMEMNFHER CTEH. ZOMB LT, B EXZNH M5, I TLIEH»
BRICHE R ESND — 5T, I TR T ~O S B AR EE SN L, £ 7 ISk LTh, N
THOBRENZRENLGIENRE 2 ONDL. £, BEIER 15um ([ZBWT, J& K 1Hz ©
REFREB LTS5 AL, TOMORE E KL LT, NKESIT/NERo7. 20
7o, FEENZE WA+ Hz DL ETITH2en, ML Em#Efb TIXEETHLIEE BN
5.

105



B4R BEHESAHETERRICISEEYRRNICSET 38 LIFMIORRL

g0 ., Without
orbital motion \

£

3.

@

2 70

3 | \ 100Hz

£

5 60 E

g | & /L/

250 7 20Hz 77 8

& || 300Hz l

la) 1 1 1 1
40—5 5 10 15 20

Diameter of orbital motion pm
Fig. 4. 15 Depth of machined hole
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(a) TI, 777 BT EN B AR L, BRI LICELD . M LIRS ERER, B
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T, RV EE MR T L.
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Fig. 4. 16 Feed speed of electrode
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Fig. 4. 17 Diameter of machined hole
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4.6 BRYEBRNI - EIFMIKRALO=HDKE
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Fig. 4. 21 Configuration of orbital motion and machined shape
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ARHEITHE, AEERE W OECEN T80 204 B T#E OB EIZO0n
THEZ1TY. 2o, 7, AU AfRE 2 EI 7570 OEMERE) HiEREL,
EH A EEE R L 2@l — VT I F o —2%, RO BEM T8 M L.
Fio, ML LT, BMEYEISCT, M LERZREZ, I Lot EFmTE
TEPEMICEIVEE 25, NWHMZRIERZVEM L7 a7 22F H L.

4.6.2 HP¥E O2EHEFIHBEKBARNO—AILTIFAI—20MAE
4. 22|12, BEBWMERYATZ, 28io—D VT 7 F 2> — X HKDHERK

M, BHE, BLIOBEY HEMTICERY FF72REBOEELZ R, 28—
NT I Fax—ZE MY AFTEHIL, B RN THFEEATEY, &
X, WA S TH DI XY B ERE, BB EnD. 2@in—h T
JFax—FKIKEEME, BEXMICHEET D0, EMIRYAATHITZECT
=TV T I ATy s EWTRER ST, 28— AT I F 2T —
H BRI L OENFH A Y, BB T 7, B KON o i fE A R s o BY
A, M4, 2 3R, BMALZOEAMEFHRNICIL, b ERALAE 9 (PU-05,
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W —20y NEOHIHF v v 7 gold 0.8mm & L 7=.

Electro magnet Elastic hinge

Z X

Fig. 4. 22 Configuration and photographs of elastic hinge local actuator
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Fig. 4. 23 Local actuator experimental system

T R L Z DAL E O 1%, DSP ¥ A2 7 A (DS1103, dSPACE Corp.,) & i C
T, o7 0 o ZEEHIL 10 kHz & Lz, Bt o TS LEZEEE I
A/D =t /3 — % (16bit , 210 V)& /F L T DSP R — RIC|R VW IAEN 5. HELPFEE O
4 FE EAS 1% DIA =28 —%(16bit, £10V)% /LT, V=7 7> 7 (DCV-304A , Uniel
Corp.,) THtR S, A /VICHIINEN S, BALFHINS, 1TH HEHIZV4AA, 28 H E TFF
SARDYB Y A~D, ZRIHALZE AL, BT rFan—Fpaar—aOfjE%
BT 2720, BLOBCYOIRERIZIBRLOaE T — RN AXLHETLHHOTHS.

AR A VA B ES O HE T AN X, y, Z S E Y OB 2yl BsLlE, Ao
EX Y, wEDRERIL, (4. 6) TRESND. I272L, ST IXRERIZ MO EEZ R DT .

Ai=X- Ly +oT
Ao=-x+ Ly + 0T
Bi=x+ L +JT
Bo=-Xx- Ly +6T
Com yo Lot 8T oo
Co=-y+Lay+oT

Di=y+ Loy +6T
Do=-y-Lay+0oT

&, ERRARALZ OIWHETT RN x, y 1%, (4. 7), (4. 8) &%,
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Ai— A2+ Bi1—B:
X=

...................................................................... (4. 7)
4
—Cl_czle_Dz ..................................................................... (4. 8)

2 — AT 7 F 2 — Z0%, HlH S5 LS o A - [\ D5 [ ORHAE— R
HlH TERWD, FRERF ISR D, ORIEE—RIZ, I TREICEEZXRITTLEE X
bd. EIT, AREREICED, e UEBORE T —NEN 21T o7, I,
3D-CAD (Solidworks 2010, Dassault Systemes Solidworks Corp.) (2} @95, ## i fig
Mr7urZ I8 H 0Ty, ITET VO SEBIOERZEIIZNE 98,579,
57,847 Tholo. R LML, n—INT I F 2z — 2 &Y EMN LI T5
BRLERIS, 77F a2z —ZEEMOEER~DTEBE L. X4, 24T &
Remd . Z#EY OREEE—F (3RET—F) OB A KRB %L 329Hz THY, 5 RIRFTL
7z, B K 150Hz ETOM#EE), 50Hz T 78 0 8§ F N 123\ T, IRE)
BN ORI, /SN EB Z615.
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W : L o O L
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Fig. 4. 24 Modal analysis of elastic hinge
4,6.3 A—ALTFIFaI—46BROEB X TL

HB—NT IV Fax—ZOMBEROI  a—FF%EHT, 58 W E RN RE be—
ANT I F ax—ZLFERRIZ, AT ABRELZH T T o7, AN DNAT AE
Jitid, L5A LTz, M4, 2518, BRI BRRIBAL S AL, X Ml 5 m AL E R O il i & AT L
D7 ay M ER Y. 122l Tay 7RI O BEERIL, WOIDICERIND.
7z, 4. 312, FREGIZFEELL, BAERNREZRT.

+ 1 | K: X
Crec(s %%_) Ls+R _)|Ms2+Cs+K
K,s

! i

Fig. 4. 25 Block diagram of MA control system
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Table 4. 3 Model parameters

M 0.883 kg

C 3.94 Ns/m
K -5.00x10* N/m
K, 59.3 Vs/m
K; 59.3 N/A

R 10

L 14.5 mH

3

AR B (AR )

TR R 2K

ESAVIE
D R R ) E K

B - )

A VT

AANALETH A

flf=a hr—20%, FEBOFEMITE R T2, AIXROREELMEL, v A7 2%
BEALTDTEODLF 2l —H Cree(s) , EFMZAZREBIOVSE ML EDZDO PID
I k=7 Cpp(s), MBI EBEDT-OD T 4 —R 74U —R@i1E 2 Ce(s), MAREEICE
TG ROV ZRFICH AT DRBZME T 5720 DORTF vy Ababra—7 Cpc(s)0 D
RSN TS,

arhe—J G FIEEFHA 35, 77, Cpn(s), Crc(s), Cr(9)%, fillfElz hr—I0 0
IOBRWNTZIRAE T, Crec(S)IZXY, B A BLOMMEL VNGRS, LV —7r
i BB ORI T R 2 A(S) DSBS E AR DR AR LD,

T 2 232209

A(S) = ML(S + P ) ettt (4. 9)

EL, EHIZ, Ce(s)E Cop(s)Z B MUTIRFE T, NURNIED 100HZ DL EE72 b9, /XTA—
ZEix LTz, (4. 10)1Z, Ce(s) DI A Z R T . Ce(s)IX, N RARAT AL ZDTE
wEY, Ko f ik, BB THD. NURASZT 2L, B+ E~ Y O B
AT TS, B BENOEENETORN—TIRZEREDOT A OIR T 24 18
FTHIDIT W,
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C.9=— 2 S e (4. 10)

§2 +20(2f:)s + (27 )2

LXal—# Crec(S)DInZEB LT, FH2FLEARICH (4. 11) TREN, N"TA—=HZF
iop 2FRETHIEICKY, HEIMICEShT-.

CREG()w ............................................................... (4. 11)

s®+aiS+ao

%72, PID 2 b —J 08y B D(s)i2iE, (4. 12) D, By zH iz,

D) = o e (4. 12)

ZIT, To WEREH, Ko 1, O EROTAL ThHD. NITA—ZOWREIZIL, HfEzt
%7+ (Matlab, Mathworks Japan) Z il 72332l —varBIWY, o= L7 /F 2T
—HFE LD —RTF T4 (FRA5022, NF cooperation) % V7= J8 i 2506 & il Br iz &
STHRIELT.

RO BEM TIZEWT, B4 — \—ra—NE, ZOEENN TYICEEE S
D120, BHOBBIMHITEE CTHD. ZHICH LT, AT, BOFr AN Y%
WHLEZ. M4, 2612, RYXFYAME DR 2R . fLERO VAT LDAT v TIGE
WZBITD, A== a— b BIOIREBE W, TS, T,CohHiHETH. Z0LH7ey
AT MM LT, @& UQA+6), ATy 7 HIEZANL, T2 %12, M1+ DAT v
Bz, ATy FICHEREDETANTH. Z0LE, VAT LOIREIL, 20D E
P A ICxH T 26 E OERADEERY, & — =Y a— M XUIRB B Hl SN 5.

72770, EWRU7FER, MLERDVATLADAN S Thd, A7y 7 BEZEBL, 21
EHRBEEELTCANTEFRETHD. 20D, VAT ADONRTA—ZEBICH LT,
BEANAMEBENEWVO TR HD. T3 LT, AL TIE, A —7NICRTFr X
harho—J% & el 8 7 ECONC LD B FH 21T, 7T ay 7RI H, Cec(s)iL, RY
FrAraLbr—7THY, 7uy 7 KBLIMEER ST, 2nzinix4. 27, (4. 13)
EIR%.

i[_“e—s(n/z)} .............................................................. (4. 13)
1+6

RYF¥Abarbn—7OREHE, £, A7y T AEEZ AN TS RIS, HONTAT
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O, A ha—FEHSBIOTS2 #RELT. X4, 2812, BBOAT v T IRERKE, X4.
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With band
30 ﬁ\ pass filter With posicast control
\

Fig. 4. 27 Block diagram
of posicast controller

um

and band pass filter
) |

Without posicast control and
band pass filter

0.10 0.15
Time s

20

10

Feed displacement of

0 1 1
0.00 0.05

electrode in X direction

0.20

Fig. 4. 28 Step response of electrode (Experimental)

«

With band pass filter
| -

With posicast and
L band pass filter

0 Without pokicast
i 5\7\ and band pass filter

-180

_360 L11l 1 L1 1 1111 1 11 1l

10 100 1000
Frequency Hz

Phase deg. Gain X/Xr dB
oy
o

Fig. 4. 29 Frequency response of electrode (Experimental)
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Table 4. 4 Control parameters of local actuator

p 21x127 B 0.01
A, 6.04x108 v 180

a, 3.92x10° o 0.016
bo 1.33x10" | K, [ 3.98x10°%
b, 7.67x107 5 0.48
b, 1.94x105 | T2 0.007
f 20

Table 4. 5 Positioning performance of local actuator

Directions |Band width| " 0Stioning| Positioning
resolution stroke
X, Y 130Hz | 1um p—

4.6.4 £ EFMIWELO=HDORIEHERY
4 B > A AL v H AR I, 3R (4. 14) TRSND BB E LT

Xt | | AxCOS27f ot
yo_,ef B ArySin27Z'fot

ZIZT, RIIMEE ORI THD, o, An AyTIEE B EMERTHY, n—HLT
IFax—BDT5 AR EZEL, & ERERE TIXERELPFTLOM L5,

4. 259, F(S)TRT, A BILUMNLAH

HERH 7NV Eear e —FIBIML TV,

— 77, WA FE @A J2 8L 2 X 7 W 0w ELE 1, (4. 15), K4, 300LHI12—
Jiia (Xgh 7 ) 2 5L, BIIROWEIE LML, 12720, N, r, TIZRBE ORIE B LT

JE 3 2= 9.
iy
T
Xs_ref =
-ﬂt+2r
T
-r
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A 1/4f,

nnn

[ \_(\J\“me

fo: Frequency of

Displacement
of electrode
r

1o orbital motion
Fig. 4. 30 Positioning reference of square motion (Low frequency)
Ty AN T
& <2 P
A 2 T 5
wA TwB
B j W EEE——— —
Pe*(t)
Time
Trajectory
of electrode
R e— . _—
Pg(t)
Al PA()
Tal2
Fig. 4. 31 Positioning reference and trajectory of square motion (High frequency)
15 50Hz
€10

Rnwnnn

-15 -10 -5 0 5 10 15
Displacement X um

'
(¢]

isplacement Y
o (6]

Dis
R
o

=
1

Fig. 4. 32 Trajectory of orbital motion (square)

REE D, B~V RE SR EXE, K (4. 15) DX o, BEHBEEELT, 1
—INT IF a2 —HDOMER DT AT LIEHEAN T HIEI. — 05, &mENEEH O
Y, A= ANT 7 F 2z —ZBERENRE AL, WAREBOFEIRNRNEELRD.

VU £ 5% 8 2 5~y TR T 55 A OB MERE) 5L IC oW TS, fREhix
BEONSVZRON BRSO BIEE, 0= VT I F 2 —FONERD VAT KNS
THILICE > TT o, M4, B1TICHEEOME 2R 3. N A& SA, Mk LA #
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Ta(E1/fo), 7SIV AR TAaw THHIE B AP ()ET 5. Fi2, 7L AES-A, #IKUE#, 3
JVARERIEPAT () EZE LUVME B 2P ()T 5. Pa()IZPA*(O)ICx LT A AR TRY, &
DOENFFRIZ, TAl2THD. Fio, MBH DMEZPALT D, [AARIZLT, 7LV AESB, kL
J& I Ta(=1/fo), 7SV ZBE [ Tew D 73V 245 B 2Pt (), 7SV A &-B, Mk UE S, v
AR IEP () EHE LWME 5 &P (1) EL T, WFH DOFIZP(t)&T 5. Pe(t)D, Pa(t)iZxf 7
DENREHIT, ToaTHD. (4. 16) TRIND, 42DV AE FOM%Z, 8 B E
Xs rer& L7C.

S P A PAT A PE A P (4. 16)

s ref

7eds, VU A HE B S b R L, FEE A B AT, BEOVEIRENCK LT, AL D)L

B2, X (4. 15) HHDOEIITIESEDIZ, K4, 31D/TA—=%, A, B, Taw, TewB LW
Toa, EBRAVICRE L. 4. 321, KFELZHWT, 50Hz, — 4 20pum D+ #) % %
fEL7=BE D, BRI Z OXYFif N Chd. 72720, fE B EE D/ XxF2A—4A, B,
Taw, TewB LT i, 15.5um, 10um, 0.0023s, 0.0027sF5 5 1%0.0023s: L 7=.

4.6.5 tklhu:&x-?—.&thu::ﬁz#
X4, 3312, KEIZBWTE L, BREVKEN Lo e R%Rm3. ZOMIT5iE

T, BN TR O TEIREEEZA TN T2, BIREMEE, T oIk
VD, N T REEESRE T 2L E012, #tE EFSME0I10t EiF &b~ 26n5.
LT T, MEZIAXNELS, @M TREIZHLT, MTYORERREIND.
AT T, ALK 700 Tk E &, A SI3IEICREn. Zhicx LT, %
B, AR BT T, I Tl A L B A7, B kLRI 5. ik
I T oZ e L THR<RY, TR OPEH AN E#ELR 5.

AKEITHWE, BUEM T AT L0 %Z, 4. 341TRT. KM LU AT LTI, B
TEH BN T DB OAT IS, a—h T 7 F 22— RNROLHTHN TR, &l
X —ANT I F ax—ZOFEENEIZEE SN TWD. I LW Thd, ZihH n D 7E R
BREN X, BEAF BRI T8 To. BARRIZIE, M EEVE, BEFKREMN T T
HAE DAL E R DT AT DI, T4 —R3w 75 5L TA NS, Zih 77 m) AR AL E R O
PITOND. a—INT 7Fax—4E, MLEZHRTEL, N LEHEHEEZSET 5720
(2, X, Y N TR A BRE) 3 5.
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<4
SIS Y IS S S LSS

(a) Rough (b) Semi-finish (c) Finish
Fig. 4. 33 Procedure of die-sinking EDM

Conventional
EDM machine

Gap voltage

direction

—_ 10
Orbital motion

Fig. 4. 34 Configuration of EDM system Fig. 4. 35 Photograph of electrode

Table 4. 6 Input parameters
of machining conditions

S
S
o Electrode Copper
E 15
= 0.5s
2 r Workpiece Stainless
5 1.0 A A
©
% N /\ /\ = Machined depth 0.5mm
— E
8 0.5 \ N Dimension of 20um
s | / \ / - orbital motion K
> o-olb Machining area]  100mm?
9o 1 1 1
ol ,
.%, 0.0 0.5 1.0 15 Shape S:f orbital Circle, Square
= Time s motion

Fig. 4. 36 Trajectory of electrode EIectrrrc]):deewear Super low

during jump motion Surface ourm(R
roughness MM (Rimax)
N Satin finished
Finishing
surface __
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Table 4. 7 Power supply conditions

. Power supply
EDM [ Feed displacement P
step in Z direction um [Pcérlca:?iltty] A | Tonks | Torus
1 393 6 96 16
2 411 5.5 64 64
3 426 4.5 64 64
4 439 : 3.5 64 64
Transistor
5 452 SC [+] 25| 32 32
6 463 Rough 25| 16 | 16
7 473 1.5 16 16
8 481 1 8 8
9 488 1 4 8
10 492 RC circuit 2.5 2 8
PS [-]
11 495 Finish 2.5 2 4
Total 495

FEAR 22N TARARIZOWTHL 35, ML, X4, 350010 X 10mm A H: 1Y § 75 15 4
ML, TRE0.5mmdFE E 7 Il TA2175. L8, I TRIE, £nEi, 7V —R8
(NAK-80, Daido Steel Co., Ltd.), /%71 T A i (EDF-K, Nippon Qil Corporation) %
AW, ZE G M O 7%, BN THEIZE>TIT 272, K4, 3612Y % 7 O LR
AT UXCTO, mS, prERER, FAHITEREN1.2mm, 0.55, 0.855TH5. V¥
TR ERRNL, SH HERE KRR L — VTV F a2 —H LAYy Tl L
T, 105 E TH2.

BIRSML, WRVBCEN TR IS SN, ML &K A7 L (ESS.PER.T,
Mitsubishi Electric Corporation) Z H W T E L7, ZALiE, M1 LRTIZ, I T 7RO
MMTRS, mAAE, EMOM BB - ~FE, TR, 8Tk, I TiROREE R
EDFEHE, M ITEE=0NOANNT2L, 7 —F_X=2{LINTIN LU ATIZEE SN
7=, 1l )72 IR SR A, BN LAY B B ISR E T A RE ThDH. K4, 61T, L&
=X A =M~ A DU T4, £4. TICA D FED LR ESNIZER K2R T,
F4. 6T, Ry TFE IESNIZ I THDD, M THEDO R E b, RARTA—FEfH LK.

BIRSME, 11BEMIC TRy, BEFABEN THEOZE AT — Y DRk &3,
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K47, B2 OMEICH ZE

ETDHE,

B I E

lp, TonBEWlopeld, #NF N, HEER,

AT, HEMEBEBOZXAFIE, pbBILOTonxd KEL
3, I IZHE, TR AT RRONDZLENRNOHER TED.
R E T UK, 9B H £TIEN T A2 (SCHIE) ,

GO FEIRHE!

EY=R:EDY

CIRDAT T ~GOKEDS. FH,

JEE S A DR R R TR, d6 JOVA Ik B ] &

RIETHIEICE>THEINT 5728

10, 11 HIZRC[H &

(PSIEIE) L720, MR O MM 1L, SCEIBE TIXIEMmM:, PSEIEE CIXAMMETHD. AHi

THI A LIZJE R 0 Jic e i T4 T
D8, RAFFEIZENTH, 108, 118 HZ2{: B T&&E

N LEF 2L PR3N FEZEIc L.
Fd4. SITHEEN HIEZ LI LN T kA9, N T 5 E1 T, #FEdirben
ST ML HFE2B L8N, BEFKEMN TEOX, YHiAT —UE2E L, ZiEivH,

, PSIEBE 3B Ml A1 B0 T A3 &L RIS

EL, M EFIMTIcE L

WA FEENZ 1T 72, FE 8 ~HRIRV b, 20umE L7, FRENEE, Il THAT —2 O XYl
05 B By E 1T, 24mmimin. THY, fRBYELE 18 5 O, BROAT Y OB B H
ENbRMIND, FEEEEEL, ML hE2(M), MLAGE3I(NMA) T, 2Rt
0.8Hz, 0.5Hz TH 5. M T HEA~TTIE, B—HNAT I F ax—2E AW TIEE % E ML
7o FEESTEIIWT RO A L20umTHY, B EiE, M Tld1~150Hz, £ 5T

1B X OB0HzE L. 8L, I TR FEM L7z,

Table 4. 8 Machining methods

Machining Orbital Frequenc Amplitude of
method motion 9 y orbital motion
Method 1 - - -
20um
Method 2 T Gonventional | 9-°H2 9@6 "
Method 3 | EDM machine | g4, ﬁ@“m
Method 4 1Hz 20um
Method 5
Local
actuator 50Hz ﬂ@“m
Method 6
20um
Method 7 150Hz | >O<="
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4.6.6 ERHBR

4. 3712, f BT o TR 2R 3. &0 L5 ECOERIE, —EFT 21T
o M TEERN, 2o TJ7 kT, 1)2928, 2)274%), 3) 2255, 4) 210, 5)
289, 6)223%), 7)86%0&72Y, 150Hz TH BN A FEH 972, I L HIE7TTRE LT,
M52 8h 24T 500 T3 T, 8B o BNV I TR R OB #E STV AT LD R
AECHD. 72720, WA RENIC OV TE, MTIES, 60N D, 78 & 3 A A3
FTHIHE, A BN TR 2ME R L2, ZOBKRELT, B mE oI HE a7
EENCAL K LT, I TR OB A8 FAEL, TR NRATIICHEE LIz e R, &6 It i
HMOWREN 2 ENZZOLNDLD, FEMIE A ThD. B i (R AT 2 H iz, FE8 R on
TR OFTA, %8 K OB OZMFHPRER, 5 %IILETHD.

4. 38ITHN TR i - ¥ M SR A 7Rk 3. S 1 L &1, fil B 203 i 0k 0 E #R
(SurfTest SJ-400, Mitutoyo CORP.) & F\C, Il T 5% A0 #B4mmod (B B e 4 5 L 7=
THWOOIMTIETIE, TR ENDOIM T HIEICEOTHSICRERERITH N o7,
2O, EF Lo EICHE ) ThHDE MO & E R ENE, I TR IR LT
RG22 NEEZBND.

4. 3912, @EIEEH O EN/ERSNM T HIET, BEOIEE2E L2 -7
MITAETIZEWT, BERSEMF10BH ToO, HBRMEO7 4 —R Ay 7EEK B LR T.
o, AR TP S 72 R R A7 (23T, BoE YRk L TR M) BB E 230V E72 2 DI, TERZY
JREM TR, Z8 MYy 7, MEBEROMGEZE L3555, EIEHIELZZL
28D, F7o, TO% O E IV O R LB BOR BB I, AR &N T4 O 2855 1k 7
D, MLEEAT =20, LY ~HnT5BEEELHRLIZZEICIVIE AL, L
BETTIIMTIELEHB LT, 74—y 7B EMEDS, 0.75VH152.0VO#i P CTHIREIL T
WAHZLEDHEFRTES. M4, 4001, EM LHEOM LY OEETHS. T mizix,
T IRAL LT ik M D R (2 — L) CONWR L TODIEDNHER TES. KEDN
THIE AT LTI, M EES B REEMEIC— BT 585, EE 7 miclESh
5. X4, 410352, Z— VB AERR UK BT, MmEEES BAREIC— B L2RET
BMMEILL, BT — VI ESH, Fif AR EEL25. — 0, BEckoT,
INTIB QR MEESNDE, MBI L TRAEL, MEMIEICI MM EEOR T,
Mg [ IZ LD EED LR BEVIRISNDT-0, M4, 3907 4—R Ay 7EEITH
B Z D TR BY 5.

TA4—R Ry 7 EEDOREZFEM ISR A T 5720, 10B: B 0BRSS o Lizkn
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T, Vp230.75Vr52.0VETO, 1.25VO#HNICHL T —F 2L, ZhbHm0.125VT
NAAEFHRELUEREZX4. 42107 F. WTRoOHAED, 1.125VH51.375VETIZ,
E— IR o50, I TR 2 b Ff SV T ETTIE, Zotoln T ks
T, =2 fEn/hs7ieot.
AR CENE L 7oA BT T, I TR AN b <R o7z, 150HZ R E T, 7
A =Ry 7BEREICR D, ZOMOIFELER LT, BR5ZENMHERINT. B
JEM Lo B TIZHBWT, Mok EEE LN TiEE ORIV TE, 4%,

k=11 \ll

Machining time s

300

200

100

REABICHRE TR ERHHEEZOLND.

Il \Vithout orbital motion
Orbital motion

by conventional EDM macine
I Circular motion

a

Surface ruoghness R_ um

I Square motion
Orbital motion
by local actuator
I Circular motion (1Hz)
I Circular motion (50Hz)
Il Square motion (50Hz)
I Circular motion (150Hz)

15

05 |

0.0

1 2 3 4 5 6 7
Machining method
Fig. 4. 38 Surface roughness

Without orbital motion Orbital motion
(Method 1)\ _, 150Hz (Method 7)

[ g

Feedback Voltage V

0.0 0.5 1.0 15 2.0

. Time s
Fig. 4. 39 Feedback voltage
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iTar

Fig. 4. 40 Photograph of workpiece Fig. 4. 41 Contamination of tar
O\O
% 40
B -
> AN
?g 30 —e— Method1
2 i —0— Method2
o 20 —e— Method3
% B —O— Method4
c 10 —e— Method5
o
g N —O0— Method6
2 0 =9 —e— Method7
-é) 0.75 100 125 150 1.75 2.00

Feed back voltage V

Fig. 4. 42 Distribution of feedback voltage

4.7 & B

AETIE, @@ - BREBRIE . —IALT 7 Faxz—F 20, BRYIK
BN TAZEB T 24 EF M Lo EBIZONTRFTZITo72. 1IZUDIE, TiEREL
TH2ETHWE, @ISE @ ES A H EHER R T LT 7F 2z —2I285, Eik
BREhiE 2Rt L, RIS, TRV IEIN ToE M2 BIEL T, iz alds 5 m 24 )
AIRE T, MEIE M B A, 2R S TV F am— A2 W TR A FE R L7z
ARE TR K2 L FIRT.

® E £ g2mm o A TG EE R A N2 O T, A - R AR
BEFHEE, Yrr 7, REOE A RICKY, T RIES, TR0
KERY, 3V T IVOFEEIZENZE I, 73um, 0.072um/s Th-o7z.
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o REOERLZILKTIE, MLARERS, EMEVENLEINLD, HBEHHE
BEN3, 15um~20pum OFEIK TiX, 2O T 26 M AR Sz, ZE)
BRI T DL, N TJE B2 RAICHEH S s — 05 ¢, I Tl i~
S BEE RSEENML, BT ISR LTh, ML ORRENRINDIENE D
ns.

® IRENEFE 15um [ZHEEL, A B EZ (ST TER TIE, HEER 1Hz
DARHEFLZ ' 21T o725 61, 20Hz DL ECERML-EE LR LT, RS,
EVHE N NSK ot B E AR ES Hz DL ETITo 280, I LEd
L TCIXEETHLEEZE ZDND.

® 2fhm—ANT IFax—2Z8D, B ECEMN T A B ToseE i,
FBEZITDRWE S LR LT, 150Hz O EE M2 InsE 54 T
W, AR BTN TS E AR DY, 292 oo 86 RV SALDH T E D HE T
nie.

TELIE, AREICBITARETHS.

® 2fim—HNTIFaxz—HERWIMTIZBNT, MAFEEICOWT, Tk
TN TR Ot B TR TE o7, ZOJRIK OB LT, T H o
o 5 Ui S O 4R B O A, BB VR AR ) AT 2 e, BB T o TR
NN DL THD.

@ T U Fax—INRHERTELI2EMOEEN K7 T LTHTNR,
B2 2B R 0 BCE N TN BRI RIS T 272, KE &0 &2 HRE) ]
RE7e, MILBER—AINT 7 Fax—HORBNRLEEND.

® FEEhICIY, I TR E RS AL, BT ISR LTI T RRESND.
ZOXO7Y A, BRI -0 OO T oA EBEIN T 5EE AL
N1, I J5 1 (Z Hh 7 m) &Rbed J7 1 O dE MR BEZ, 4 % ITR a5
VEDNDD.
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oK & R

5. 1 AWIXDELD

AR, AR - B, 6, B, KRS, BEIEEICRWT, mEREREE AT D
BB AHEA TR Y, WEROM TEAN TSN R EEZ, B UWEERTORRE X
OFENPRSEENTWD. BEMTIE, EEMMETH T SRR Z N3]
HE, UM THROED, HEHANMBROAES 2 EORRERT 55T, BAFHENT#O
BREhHIS A MR &, IMTEOMREIC LY, MTEEME T2 2 &, TREEMD
B AT RN S 2 [EHREMR O S E D D REMOHFEIZ L - T, ITRENMET
TAHZENREE LTETOND. DLED LS i EIcx LT, AMFETIE, HEE/N
ToOEM®E « @EEL, BIXOEREY KEN O EFMTosE#E bz BHE LT, &k
BemELHBET—INT 7 F a2 — 2 AW EN T2 R Lz BRI,
FEIZBWTLL T Of i & 1572

%28 [mISE S A M EEMERENC L2 E /N TomE ) T, M7OnmLosEE b
ZHEYE Lz, 1XUI, 5 BHHRERERBESE e —a 0T 7 F 2x—2 %2 BEfFE
INTHEICHAE D, WALER OIS A BN E S 5 EM LY AT L2 EE LT,
F7-, WEEEEEE SIS - mREEEICTRIE L, ORISR L2 TR O A ek
D7, BARE N THE A OEEIC— BB L, BErSEHhmy v 7 L, 850
(CFIRGE 24 < XD BB S 5 SR B A2 A IS A S D DN TEO N THEE ~0
AR RE L.

ERRD R D 2 FHO P HBREMR Z W E /O TS\, BEFEN TR
LG LN TORE DM EEE RS, LITRT. glmm OBEBMTIE, V¥ 7BLUE
I L A TIEHEH OEN R E <, ¢0.1mm OEMTIE, WEEEEO &S « Sk
FREOMENRE BN, ZuE, ER-HENRKREWSGEIE, EmREREIC X > TINT
WD AELLT L, MTEHEHOTZOOEMEFEN LV ENTHDLZ &, £z, &
RO EDR /NS WAL, LTIk 2 MR FERED LA KREW20, KIS
Ok R R EEREN BRI N A TSI LD EBE X OND. £72, flmm OB L 5T T
X, Vv T HONMTEORE AT 572018, BERE 2T 2 T, TR
MALDEES I 2 b—a &2 7ol ITORE, 1EOY Y 72BN ThH, ME
X ¥ v FICHE L2 LR O—E0, ML/~ HEH S 5D 2 & PR S 7.
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Table 5. 1 Progress of removal rate (times)

Diameter
of electrode ¢1 $0.1 .
High respo.r?se. 1.9 5.3
electrode positioning
Jump 2.9 6.2
Orbital motion 1.7 6.5
Jump and
orbital motion 4.5 6.6

LI EXY, 28T, K% Ea— N T I F ax—2 255, M EEREO G2 - ms
BB IO TEEH OO OV v 7, FEE O XL T, E /N Lo E kA 8
L7c. BRSHVZAREE LT, BRI D V% o 7 Sofw 8 R O BB AR ) AT A3 28 1T B s,

93 [RISEL B EBMERENC X2 MESIN Lo mEE] TiE, MyunLos
FEARZBERE L, 2ok, EMORYHITREICL > THRAET D, HEREMD S5
WEDY &G 2 HEA IR L. MiEEO B MEEFRR T, 50rpm 75 1,000rpm
FCORERFEIRIZ BT, GFE 7Tk 100um O S EDDEHum 12, X J7 1Tk 2mrad
DENEDVE R RREEFTIRBT2ZLITRIILT-. £, #0.5mm OEMmAEH L, RS
2mm DIEESEM T TIE, SNEDVAIEICL>T, M LRNEED 670um 535 593um (2
Ma/h Uiz, o, SREDYVOMIEIZE T, BMORE DT SIDI20, MIEZTTHRN
HEHI LT, ML ENME T 220 BNERT.

THEBEMOIEFREIC L > TEMICmRSM<ARD, I TROEE IR 2T — SRR D IS
RUC, 5HE HEGIER RS Ea— VT 7F 2 —2 D% A HERE A s, EROT
WZEEIL-T, MLSRTGIREAEIET DG EEREL, BE SN LIZBWT, ZOED
WRETEAT ST, T — NG IEZ L2 E 7O LT, LRI AY RIZB TS, EED
253 D3 104pum M5 84um ~HES L.

PLEXD, HE3FTETIE, MRF Ea— N T 7 F ax—2285, EMOE B HEEEICE -
T, BERFEMRO S EDY D EAARBL, BN LOEAEEZ FEB L. RSNzl
ELTC, T SEFRE R 40T, LR A AL A EROAENECTZI2D, HE 7RIS
RLUT, LOKREBROHBEEET AT —INT 7 Fax—FDOFRBNRETOND.

4 EIEINE S B HEEMEKE)NC X 2B 0 BEM TR T 248 BF Lo @@t )
TUX, BRVREMN TIZHR 5, £ B ToEdE{bz BrEL7-. £3°. 58 i fil AR
R br—INT I F oz =B AU, BMROB+ Hz UL L om EFE), 55 Hz o

127



SRoH & M

1 JE O NREY (748, @l Yy 7, AR I 200HZ LA 1 0 i R - R R A
] A B %, BB D\ VITE A IS NS S BN T2 FEmL, B ISE - &R
[EIFERER RS, Vv 7, B A A G ORIG G IV UNL/ORS, BEMEDEE LS Tk
R&dgole, BT, FEO/RTA=L LN TR EOBUR AT T 57280, FEEIOEAL JEHE
ZZIEH 1~300Hz, 5~20um OFiH TE(L I, & ECIZHE L2 B ST A— &
FtL7o. JEBE S, EARAY 50HZ, 15um ORE, FEMRED S IXZ L4 73um, 0.072um/s &
Ke&ieoT-.

¥72, KOFEMBZRBRYBEMTICHWT, A BT om#E s ZB 45720, B
iy J7 [ L [B1#E P 3R AT REZR 28 A B i — L T 7 F o — 2 L, BROEY BITIEU T,
DN CREIRER E 2 ¥ Lo AL BN T ETRFEAICEIVE 25, ILHINZRIZICY i in .27
0y L AW EM T2 ML, @8O R e MRTLZ. 22T, BIEETIZEML
T HEEBIOIED, BRS04 78 %5 A L=

INTEBROKEF, MBI T, #EIZ1ThRW A LB L, 150Hz O &k M fR8h 210
SHIEE, M BTINTRERZR, 292 #0705 86 Fhlzdssisz. LaL, WAREE T, fREE
BN DIZLEN, A1 BTN TR R<po7c. ZORKREL T, B & #H DI
Tt B 72 E B RE R 2 0 TIR O I (LB N TIE O [ A7 i 8, ERSE S D IR B 7L
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