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ABSTRACT

Advanced Control Methods
for Performance Improvement in EDM/LBM

Yoshihito IMAI
(Supervised by Prof. M.NAKANO)

In this thesis, advanced control methods for performance improvement in
Electrical Discharge Machining and Laser Beam Machining are described.

In EDM, the author has developed two new methods, one utilizing a
disturbance observer to compensate for machining accuracy and the other utilizing
a high frequency response actuator for stabilizing the machining states. When
using a large electrode, the machining force deforms the machine and causes an
error in the machined depth of between several tens and hundreds of micrometers.
According to the value of the deformation estimated by the observer, the error can
be compensated to within a few micrometers without additional machining, and
the total machining time can be reduced by about 40%. In finish machining, a
conventional electrode positioning system has difficulties in stabilizing the
machining states because its frequency response is not high enough to control the
- states. With the developed high frequency response actuator, quite stable states

are realized, and the machining speed is improved by roughly 1.5-2.5 times.

In LBM, adaptive feedforward control in addition to conventional CO , laser
power feedback control is proposed. In a conventional system, the slow transient
response of the laser power requires an extra dwell time, resulting in low
productivity in the machining. With the proposed system, the response time is

-reduced to less than ten milliseconds without overshoot. As a result, the dwell
time can be eliminated, and the machining speed improved by 30%.
These advanced control methods will have practical application in machine

product.
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Fig. 1.1 Schematic illustration of electrical discharge machining.
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Fig. 1.2 Schematic illustration of laser beam machining.
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machining parameters

p| jump motion |

controller ‘
fluid flushing
planetary motion
controller +

@O?Q@

" electrode/workpiece EDM
Xyzc - / positioning system process
. 1
\ - gap distance| o,
i controller
i £4ap SeNnsor |t
Vo, ip_,
tons Loff = pulse supply '
\ - - . - |
adaptive | machining state
algorithm recognition  |eg———

skillful operator

Fig. 1.3(a) Conventional control system for EDM process.
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machining parameters

14 P-|  assist gas |
» pulse
\' generator )
- -

+l power
@_ 1 controller

LBM
laser resonator process —?—b
)

power sensor j——————————

@ p-| beam/workpiece
positioning system
__________ adaptive PR machining state e

algorithm recognition

Fig. 1.3(b) Conventional control system for LBM process.
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BT EMTEIESELRHIET S 2 & 2RA5 [30],[31],[32], [33]. BLT, #22
B G, fEROBCEMIARII BT 5 ITHER O &, TR IAEL 25 W&, B
LU CTRETANELF T —NEFH LN THERICOWTHBET 5. 8235
T, AELA T = N2 BRT 5 DILEE 2 H5WRETVEE— NI )
BLAERIIOWTORT., £24 8T, $£23HTHRE LZET VIS L THELA
THF—=NERETL, FOFTHF—NOMEE Y I 2V - aVICL BT 5. 25
EBiTiE, EMTICBWTRBEROHE 21T o 18R, BLUEoHEEZHThn
THRSESMEEMELABEOMTRIBESB L UM TRROWUSEEREERT.

11
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2.2 WEMIHKICHTIMIHEESR
2.21 EXROMIHER

WEIMTEIZB T B ITHEER OB % Fig. 21 287, AETHRET S ERE
BAKRELZHRENTIX ZEFROMITH 5720, ZEHHOBBEB)EEICX 5N
THIBRICRE L CHBT 5. Fig. 2.1 1IRT & 912, BEMIIZER & BimTY % i
BEMIEBIGE L CREL, FRUODOMIC/SIVAROBEZENL, BET — 2
MBE2REESEMLELT). COLEBMSNLMI/ VAR, Fig. 22 1 0RT & ) %
BRI 4 DDOBRBICHETEL, — kI, BELZHEMTIREL IZA/S—7 27 —
7 DREFHERE L TRELTWAERRTH Y, AEELEREMTREL 34— %
v a— bPOBEBHPEHELTHERNTHA.

BEMIBTIE, COL) 2ERELZREINTIRE L RS 2 220 1B EHH R
HENRTWE, ZOHERIE, BEFHEE (BRLENTYEOFYEE) kit
L, ZOMRBENFREDREMEE 25 X912, IS ZRB L5055 B & #n
THOMMNEZRAEKTS. Thbb, IO 7 14— KNy 7 ROREICEBAED
TA— Ny R ENTWE, ZHIZEY, 7k 34— TV OEBFE Vg
EREBEBZHNIYICES T, ¥ a— FOEEBFEVWEACIERZHN IS5
EETL L) ICHBET 5. |

L Lads, MLESHWECRSLE, BREEMIHOM BE) »5mT¢
PEERENIC L 2, BESIERZ T CREEEREMTREL T2 2 L PH
B 2s, TRICHLT, BREFPNICETESSE L L cHblfcmI<$%
e T2 ¥ % v TEMERIE YT b S. Fig. 23 1IRT L )12, V% v TEERE T
VYU TTy TRy Ty VRH (U Y TEELE Vv v TEMEDO B O L
BRR) ZFEL, ML $TOHME & AR % HE T 5 [17], [18], [19], [20] .

Ju—>{ jump motion 1
ja—>| controller _1 o
positioning | | .=
z v —° controller S
[72]
y,* gap dtistidlnce j ' | electrode
controller N dielectric
nr L) gee
gap voltage ™, (
sensor ’ | =
< L ]
Vo —> pulse
i, —>| generator / i
to, ——— A debris discharge
toff workpiece column

bubble-

Fig. 2.1 Conventional control system for EDM.
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e R
J L

T

voltage

é;_____f*L_
: ]
© | open spark arc short pulse parameters
Fig. 2.2 Typical discharge waveforms.
A
g | - .
S machining period
g | Ju L :
Q. jumping period
3
g :
W, |
© :
 ERCEEETEEEEEEPEEEE L EREEEEEEE L]
|
time

Fig. 2.3 Electrode position during machining with jump motion.

2.22 KEEMIROMER

BRMERVPAEX 25 L, Vv vy TEERICIIIN TR O EIRE 3 5 TR 48
ZEL, REMTEABICEMER 242 EES, ZORMZELLLFARDL DI, 2
5RO BB REEOE— WIS Y fFiF ooy a—%, BLXUHNTYH»E
ey BRI L —FEMFHC L ) BBMEZRE L7-#H R % Fig. 24 10778
A X, L4 Fig. 24 1 CRTEBYTHAS, Fig.24 LDVEBEBET I TV
e, TV a—FICXABEETITEFEICHK > TEBT EH LTS LHEITE2
A, LV—WEAFHT L A RIBE TR EBIERICED T ) A2 H ST WIREASD
A, L, Vv v TEWENKRT LBRINLTHEIESHE SIS &, REPRET S
T ORI Z R TA0BME XY 72295, LRI OFAEC L ) B EELL
S BHMICEWEREZEL, FOLDEBEIOIIENZTOTH S,

WE, KICFig. 24 ISR T L) ZMITERS BEEIRESINTVwE LT AL, ML
HfEF Iy - IZ X 52 ERMERBEICE DINTHR T 2 HE§ 5720, SAIC
TILEKRTTA., Thbd, REMIBRIBRBEEBLELIEHEILORELNT
RKOBRET HIHBEITIE, EROMTIRSIAFEEMTRS L) 3%+ um Pl EH &L
HEXoTLEFOMIHEEO R THEN DS, MEOMLES 255720121, &5
WCHBEEREICL ABMIALEEL R, MIRMOBTHHMEL 2 5.
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Fig. 2.4 Deformation of EDM machine by machining force.
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223 HEATH—NERWEMIEHEHR

B Gl 7 KEREIN TR OB 2 WET 5 72012, LK % SR~ OEL
&R LIAVELA 79— N [34], [35] RS 4. MELA 7 —NIZ TR ETIZH Y —
RNE— 7 ZTORKBIBOHEE & £ OREICF A S 61 [36], [37], [38] 2 & &
TWBA, Z2TE, HHLA 7N VAR ELHEL, COHEMHEICED
EMTIRSEORMIEEITH) L2 RET A, T4bb, Fig. 25 1233 & 9 2 hnLHl#
REERT S, COL ENEATHF—INE, E—FERE Ty a—yhEE AN, %
WEREOHEMZIL I LT 5.

| disturbance [€
observer

jump motion A—
ja—>| controller —l ©
. _ positioning 2
Z v —® controller =
\ ye % gap distance J § electrode
controller J—LI- N dielectric
fluid
gap voltage ° /
sensor = lg=-
vo — |  pulse o7
ip generator
- ___A / / debris dxscharge
toff workpiece bibble column

Fig. 2.5 Conventional control system with disturbance observer for EDM.
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23 E— FEMICLIEHROET IV
2.3.1 E— NEEtR

F— NI 2BMENTEDOEFVLIZOWTHRNRS. E— FEFIZLTHE
INTHED & ) RER LM RADLEREZ BN BEZICELZ &N TE 5, F/2NT
KH5 b EEOBWNE F TOMEMBTENT 52 L 2 BITNICELIENTE
5.

FF, BWROE— FEELMICT 7010, ZHMOBMEEE— % 2IHEL, %
DBEDOENERECON 2 S REMTAEOL HITRY ST -MERE Y 7 7 v TOHT
il OmEREE) T CORBEERMEZNET 5.

Fig. 2.6(a) 3 & U'Fig.2.6(b) I3 NEE Y v 7 7 v Sk sl S & RT. 7, Fig.
2.7 \IIERN R WERIIBIT 5 Z BiOBBEE) € — & OEHBREI £ DETO
AL E CORBEENZRT. 22 CTEMIE, EEE Y 77 v TR Sk
BEx 2AES LTROTVS, Z2OMORERICBIT 2 BT EIAEAICEED
B, IO ORI LI 3 2 IR L 25Hz, 75Hz, 85Hz TH5H
Ebprb, €T, TNENOREFRLTOEE (71 ) LA L INTAERE
DE— FEFFEE% Fig. 2.8(a) ~ Fig. 2.8(c) IR T. MEVUTOZ L2%bh b,

(1) 25Hz DRI M THEEERZRES LT 5,
(2) 25Hz DIFNEB B FHTH D HEHFRI~NEH T Y B 2\,
(3) 75Hz DRI BB T L DENTH 5.
@) BB Iy FIZRMEE A LT,
(5) 85Hz DIIBIIB DI~ Y FOIZNTH 2.
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T .%8 32 (rail)
A —_—
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|
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Fig. 2.6(a) Measurement locations in YZ-plane.
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Fig. 2.6(b) Measurement locations in XZ-plane.
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(to be continued )
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Fig. 2.7 Frequency responses at typical locations.
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0.Q112 29 (v)
0.0251
HI— ]
|
28
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Fig. 2.8(a) Mode diagram at 25Hz.
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Fig. 2.8(b) Mode diagram at 75Hz.
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Fig. 2.8(c) Mode diagram at 85Hz.
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232 E—KREFILDORE

E— FEHORERE S 212, B4 TF =N EHERT 2 720 OBMGRE TV ORE
%479 . Fig. 29 KEF MBI 2 HEHERT. BBV TS ZE—-5 ICL 0
MRICINZ SN BT, fIEBIERTAMITED, £I38mIwIcERT 2 MK
7, 77, 5 BIVI—FICL VRSN BRBONE, x ZBBOME, x 380
TYHOMNEBETHS. NESRBLTEERETVE 2.1a), IDRDI I ICE#HKL, #
NENDIEER I Z & — PR 39112 & D iET 5.

X(s) | | Hy(s) Hip(s) Hiz(s) || Fi(s)
Xo(s) |=| Hy(s) Hyp(s) Hy(s) || Fa(s) (2.1a)
X 5(s) H (s) Hqy(s) Hys(s) || Fs(s)
X. - . O
RO N S .16

Fi(s) = m,s*+c s+k,

Z2C, FTEMBBAE— 5 S X VMR EIIRL, €OBOE— 5 Biitfl, T
v a—F O, BB L OB TR {1 2 iEE L o 2ERIL,
E—F 2L VEHARICA DRBTIf, B ENEROME %, x, x, T COEEBK
RHET S, ZOMRR%L Fig. 210 ICERCTRT. e L BRBICE LY Z s
TOMTHEOIIREWEIL 75Hz L 85Hz TH D Z L b 5.

OFME LIMR (M) PO =TT 4y ML DE=F W8T A= 5 E P
L, 1EEBEH, (), Hy@s), Hy(s) &RKDB, T2 TOH—T77 14 v b, LiED 75Hz,
85Hz DIRARIHIL Y 5“0 DT — FLHBEHILDHOE R GbE L L Tr/h SREI
L0179 . ZOFRE Fig210 ICHBTRTY, FFFICILWAI—=77 1 v Fhrbh
TWABZ ERDLLL., EHITQRI1NITIREINLFKR Y DIEER KL H,\(s), Hy(s), Hy(s)
D ORISR D B . WBCEED O Hy(s)=H,(5), Hyy(s)=Hy(s), Hy(s)=Hy(s) D3 Y 3L
S, Fig. 201 129E L7 § < CORBEIE 2 R | u

121 (2.1a), (2.1b) OIZEREBFI S NEMSROE TV & (2.22) ~ (2.2b) D
REZEMRBICERT S, 2 a—-FOREBREFE2BNE LI2HED (A, B,, C,»
N) % (2.2¢) UTTRT .

(M RDETIV]
%xp(t)=Apxp(t)+Bpup(t)+Nd(t) (2.22)

¥,(0=C,x (1) (2.2b)
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[ 759 -2.25X10° 0 0 0 0 |
1 0 0 0 0 0
Ao O 0 -4.27X10' -2.85X10° 0 0
P 0 0 1 0 0 0
0 0 0 0 0 0
0 0 0 0 1 0 |
9.36 ] [ 3.47%10% ]
0 0
1 2.76X 10! _| -2.21x103
B,= 0 , N= 6
4.37X10? 4.06 X102
0 ] i 0
C,=[0 936 0 2.76X10' 0 4.37X10% ] (2.2¢)
X encoder
Nl i
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Z-axis motor \ !
> /
head ~ L
N [* ]
dh
L— ball screw
- electrode
- workpiece
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f
— /5 —

Fig. 2.9 Definition of inputs and outputs of mechanical model.
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Fig. 2.10 Curve fitting on measured frequency responses.
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Fig. 2.11 Frequency responses of modal model.
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2.4 HELA TH—/NDIERK

TR A (2.22) ~ (2.20) T, FMEAFMEDT 2.3a), 2.3b) R, Z DAL (2.42) ~
QAN TRMB SN & &, ZOURRIINT A T —NPERTE L% 0T, 20
IREEH ENELOWM G 2 HEETE 5 [35] .

[HELDEFIV]
d
< SO=IE0 (2.3a)
d(t)=HE@) (2.3b)
[P KR]
—gt—x(t) =Ax(f) + Bu,, () (2.4a)
¥, () =Cx() (2.4b)
x,(0) A, NH B
“ﬂ=[éﬂ]’A lo 1ﬂJ a=|’y | ety 0] (24¢)

EEOIMIKINGERICELL TS, 22T, MIKHEAT v TIRAELE
RETAH. ZDHE, (2.2a) ~ 22) N TEEINLHIEXSIITERTH L Z 005, 3
KR T B4 THF=NEIUTOL ) ITHRTES., 28, 25)RTBIT5 KidA
TH—=NT A, Qﬂ»ﬁbbﬁ%q,cimﬁ%%h%hﬁm BB L UHEL L
TLODITRT P VTH 5B, ‘

[ 79 —=]
d ~ A A : '
ZEx(ﬂ=Ax(ﬂ+Bmxﬂ+KKygﬁ-Cx(ﬂ) (2.52)
ym [ %@ (2.5b)

F T —=NTF A Y ORENIBOT % ¥ AT 2T A R ERIEERG 2 F T 5 [40] .
Thbb, 2.6)RD2RKENFEHMEEM T R/ E T B4 T -\ 1 ik A=AT, B=C"
ELTRDADV Ay T A HBERXOBERPEZHNCTR)XNTELLND. 72721,
R WZIEELZMNHATH], Q 3IEAELRNBATYITH 5.
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J=% L (x(O)TQx (1) + u(® T Ru(r))dt (2.6)
ATP+PA+Q-PBR'RB"P=0 (2.7)
K=-R'BTP (2.8)

ZZT, R Qa2 E, A T7TH—NOBBEDL I IZHKBEINE D ERN, %
Ftanet 7 —NOWEEL Y I 2 b - a VI DIMET A, I 2 — vayﬁ
i, Fig. 212 12" &)1, AIEiCHRONEBHRETVEAY, BHRLERSIEE
AR AWMLY ~NEDIT AL L, RHPICRTAZ A — XM%LI%MIﬁﬁ
PRETHIDETAH, BREHITREEINIZRE Q, T —NOBIILTD L)
7% 5. QORIIBNVT, LiZ(6X6)DHAITHIZH ST, F72, Fig. 2131213
PIal—=TarsERERTY, REHLA T NEY I 2L =2 a v ilBIT A
WEFEB L UMLK NOEEL BIFICHEETE TN

I, O
3 6
Q=1X10 [ %1 3], R=0.1 (2.9)

[+ T — D]

- 4.3799 X 104,
-6.2262X10* % j 4.7434 X102,
-2.7439X 10" + j5.3301 X102,

-8.0789X 10" + j7.9467 X 10° (2.10)
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Fig. 2.13 Simulation results of disturbance observer.
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25 MMIxEER
251 BREMBOHE

HIETCRET L 724MEL A 7 — N % SEREIC DSP(Digital Signal Processor) % F 725
Ty —JZERL, EMTCBWTERBERESCNI IR IOHEEZTR) . &
T, ATHICREI L@ BEROF T =05, Y2 7)) ZEH 200us & L, B—
REWI L DGR A 7 — N E2 R T % . Photo 2.1 I TEEROWM % /R34, 4
TH=NIZLHHEERER L EBOBRUE Y BT 57012 V- 22 EE L
T3, BRI ¢ 250mm OFEBIRD 7T 7 7 4 DER, BN THIE SKD-11 Th 5.
ERRIE, MIKAHPFEET S L) KK, Tobb 3REIZEMIETY, MIES
259 0.7mm 13 12 o 2R T ETMTSRMAIC X DT o 72, Fig.24 I > a0 —%
WX DB LABBME, LY —BMEHC L ORI L2 BRNE, BL O T
NZEVEELBBNELRYT. NE) Ly a— ok DB L BENE L L —
F—ZMEHC & DR L22BEMER, ¥y ¥ TEHERTHROMT 2 130pum D=
HELTBY, MR L B5BMERESFHEEL TNEZ EPlbh b, £, &+ 7H—
NIZE DB LAEBBAE L L —F—ZBMEHC & OBl LB E & idgEE I X<
—FHLTW5E., ZThid, F 7P —N"OHEEE & L THELSHEBRW - < ) &2
fELCWwWahb o eEZONS,

Photo 2.1 Experimental set-up.
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memememe encoder
laser position sensor '
R o S observer ﬁ"
£ 200
g electrode: Gr, ¢ 250mm
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= workpiece: carbon steel
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Fig. 2.14 Estimation results at finish machining with jump motion.
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AMEIICBWT, TN L DV EBOBRBMVE Y BIFICHE TE 52 LR T
XDT, TITREEMIIIBNT, %mbtmmfmiklbaﬁu%%ﬁmﬁ
HIEIZE)IMTREHEDYELZAASL. (Fig.2.5 £ BR).

ZBRIT &%, IREOMIHRZ EML 2 S5 EFMIANEEHOMTetTmT
%Mkuﬁb%MIEféa.::f@MI%#&ﬂM&JKi&@%.EK%#%
T (1~ FMITEHEZRY. Figls ICIIFEROMTHERICE O MTLHE&LC
CTRELZFHRICE VML LB EDZFNFRONMTERICBIT A IMTHESMES
AR, R DRk R TR LTI 25 I EMTIEIEESE AL TWA S
EDbhb ._ni,ﬁLHmI@ﬁ# PR BEMEDSS < 2 DML ISR & v & ¥
WEhs, —h, RETHHMRTIIZLAEMIREIBELRBEL T RVWT &8
b5

L?ﬁ.iﬁo'( PEROHIHZRTIIFTEDOINLES 255 - OIBNMIAATRE L 5.
CHEE, BMTEIEWMELEZ HAATRETLALESH Y, iz ET S LH
RRIC 1 EOEMLCTHEDRI ZEHRTE L LIIBL 2\, (Fig. 215 IZBWTEML
ROBREIIELZHODIEZIDOTH L) THIIH L TRET 2HER TILENTO
VIRV, ZOR, EMTREIZFEROGIHEGRIZ L 2 M TIZHTH40% 12850
HTHZLWREE B o7,



252

TR SHE O

Table 2.1 Stepping machining parameters.

n | Vo(V) [ ip(A) | ton(1i8) |tgrr (US)| jul Hm) | ja(S)
1| 8 | 550 | 256 | 128 | 600 | 1.54
2| 80 | 350 | 218 32 | 600 | 1.54
3| 8 | 250 | 166 32 | 600 | 1.99
4 80 | 150 | 102 32 | 600 | 1.99
5| 8 | 100 | 78 32 | 600 | 1.99
6 | 150 80 | 64 32 | 600 | 1.99
7 150 55 | 32 32 | 600 | 1.99
8 | 150 3.5 4 8 | 600 | 1.99
9 | 150 3.5 4 8 | 600 | 1.99

electrode: Gr, ¢ 250mm
200 [ workpiece: carbon steel
O with observer \
— 150 ' m without observer \
g \
g I additional
'qsﬂ)-‘ 100 machining
=1 "
=] \
‘g 501
53
final machining
_50 1 1 1 1

0 2 4 6 8
rough —® finish

Machining step »

Total machining time(hour)

=
W
T

—
(o]
T

tn
machining step1-8
machining step1-9

with - without
observer observer

Controller type

Fig. 2.15 Improvement of machining accuracy and time in stepping

machining using disturbance observer.
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26 BBbHYI
BUEMIAEATIREBMIRFIIB T, RERMIKPHE LN TSR
AT L) BHEAI, BHLAMIERS LY BEA LSS L) MEND - 72,
RETI, TOMELRZBRT 27200 EF T — N2 T, MK B & OB
EREiEEL, BHATEOHEMEICL VINTHESEZHE TSI L 2RELL.
T, AT NERITHICHD, RENMIEOBMARDE T VL E E— FIRHTIC
Loz, DX, BONCEMROET VERA, MLRIE AT v TIRSEL L
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Fig. 3.1 Schematic diagram of H.F.R. actuator.

Table 3.1 Specifications of H.F.R. actuator.

shape of piezo-element (mm) | cylinder (inner=8, outer=20, hight=52)
driving voltage(v) 0-800

maximum stroke(lLm) +14 (£7 at load=1kg, freq.=800Hz)
freq. of position loop(Hz) max. 800

resolution in position(lm) <0.1

position error (dB) <-30 (X/Z, Y/Z at 0-1kHz)
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Fig. 3.2 Block diagram of gap distance control system with H.F.R. actuator.
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Fig. 3.3 Bode diagram of position loop.
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Photo 3.1 H.F.R. actuator attached to conventional EDM machine.
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Table 3.2 Machining parameters.

finish machining(1) finish machining(2) micro-hole machining*

Vvo=230(V), ip=3.5(A) | vo=300(V), ip=2.5(A) Vo=150(V)
ton=16(Us), toff=16(us) | ton=1.0(us), tofr=3.6(us) | C=2200(pF), R=428(Q)

pulse settings

electrode Cu(+) Cu () AgW (+)

workpiece SK-3 () SK-3 (+) SUS306 (-)
jump motion Ju=800(num) Ju=800(pm)

settings** Jd=500(ms) Ja=500(ms)

“*: RC-circuit is used, **: no jump motion during fluid flushing
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Fig. 3.4 Waveforms of average gap Voltéges in machining using jump motion.
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Fig. 3.5 Machining speed and electrode wear with respect to
frequency response in machining using jump motion.
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Fig. 3.7 Machining speed and electrode wear with respect to
frequency response in machining using fluid flushing.



42 FIE HEEMRIEIREIC L HHRENLERE G E

3.3.3 fHENAIT

Fig. 3.8 127~ T HH /O LIS 38 W C R ARERE) R OIS RIS & DA O BILR 2 Fi -~
%, B ¢ 024mm 2 AL, HE 0.7Tmm D7 — 7 IZKEPITFIMIEFAH LCTE®
RINT2477% 9. STOMLTIE Table 3.2 ISR T AMLO&GETa Y TV RESL
EHT5.

Fig. 3.9 [T R E2RT. S 2CR, MEELFMT 22 L L TR EET
HOET LT, FLTEBRERIRSHERELIE L Tns., BERHIZEMREK
BROBEREKREE L THICONTEARALELL %Y, 100Hz & 800Hz DA%
By A L MTHEEE LTH 25l o TWD, —J7, ERERIFIILALED

k) ThHA.

electrode

~

dielectric fluid

workpiece

electrode: AgW (+), ¢ 0.24mm
workpiece: SUS306 (-), 0.7mm thick
RC circuit: v,=150(V), C=2200(pF), R=428(£2)

Fig. 3.8 Shcematic of micro-hole machining.
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Fig. 3.9 Machining time and electrode wear with respect to
frequency response in machining of micro-hole.
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Fig. 3.10 Electrode position driven by H.F.R. actuator

in machining using jump motion.
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(a) machining using jump action (b) machining using fluid flushing

Fig. 3.11 Behavior of debris in different machining conditions.
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Fig. 4.1 Adaptive feedforward + feedback control system for CO, laser.
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Fig. 4.2 Schematic illustration of a transverse-flow laser.
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ERBTE, BREN w, XNEER i, * N ARATEZEM % @89 5 R A 720
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Fig. 4.3 Characteristics of w,, vs i,".
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Fig. 4.4 Relationships among (a)discharge current, (b)discharge power
and (c)laser output power.

!
wﬂ:l{Jiﬂnm-%At W, (5>0) (4.52)
t

AtiJa

=0 w,(H=0) (4.5b)

ZZ T, $9 Fig. 42 DWESRMIIIE L T @.52) BL T @.56) X 2 HWTRD 7
FHEYBES w, L EHL—FHD w, EOBME, Thbb w,w, % Fig. 4.5 1<
/Y. Fig.4.5 Tif, BRO - RENEFKOUFE KT 200ps, F ARAHEZZH 2 @
TAHWE % A=160us & L7z, w,,-w, B, BBEOT2—T4 7775, #ELHA
BRI LCESE LB E Y, ALFa—74 7727 %, #ELAERKIIB
TR APHE LG — 2O e 25, ZoZ iy, FHANEN %
25 2 ETHALGNE UIGEICS V—FRIBHGO AR KIS 2 &
BTEBLILRRLTVA, F72, LEVEER i, 37 ARBE KB LIETH Y,
H AL GHE L TCETFVBIEDNRT A= L LTAHNTH DI L ERBL TN,

K2, 4.6) X 2T w,,-w, FHEHBOEEHIELZTY, EEOT2—T1477
75, ¥R UEEBICBIT S w,-w, FEEE CW BRO w,,-w, FETRBTLZ L %
HAAD.

W o =0(d, W, (4.6)

@G.6) XD oA, HiE, Fa—F 1477275 LR LEERICE VRIS 2HEWIER
¥ Td 5. Fig 4.6 |2 Fig. 4.5(a), (b) ZWIEL THELNIzw,,-w, FEZRT.
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Fig. 4.5 Characteristics of w,, vs w,,.
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Fig. 4.6 Characteristics of w,, vs w',,.
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432 WY XF LOWERK
B CRD LV —HFRIBRDETADNS T 4 — F 747 — FEIBICOE R L —F5
BEHOB VAT L ZERTE. Tbb @) RIIH L TR ERD B,

l'p=F-l(Wm, d, f, Sgas) (47)

9, Fig.4.6 D w,,-w, FlE L ¢(d,p DMEEHIERID T — ¥ % Tabled.1 & Table
42D L HICFNEFNERLTBL. EYL—-YHPw,, Ta—-F1777%d, &
WUTBEE fARESNL L, w, i Table4.1 25 , w,, 1& Table 4.2 % & A2
LYRDLENG,

KIZ, W, & LEWEEN i, 25 (4.52), @5b) REFIHL T — 7 Bl i, 2 Ko
ML X WS, COMEEIIMEITEIIINETH 5. Fig.4.7 1%, Fig. 431241, (4.5a),
@.50) XEFFALTE— 2Bt i, & FHERNE w,, L OB, T4abbi-w,, Bk
70y FLI2bDTHSL. bL, TDi-w, HEZERTELTES 2 51E, kil
DYHEBEEBHICER]T LI EVTRETH S, 22T, LToRI L ) EHEMZIT
).

Wo=di,+b,  a=d, b=, f i (4.8)

po )

Fig. 4.7 1213 (4.8) RO EME FIFFIZRT 25, IEFIC L VBB E 2o T, Lizdto
T, AT ALHLRETO L EWEEBR ¢, 2BEAZ% 51, EHEHRICX ) Table 4.3

po

o ZDRED od f,i,) KD, DTDOL)IEHEENEBR TS 5.
i = Wem™ ¢(d’ f’ ip())

) p 4.9)

DEXDV—FRIRZOHE Y AT 2%, FYL—FHTIw, Ta—T4777%d,
Wk LRIES s s E s, LEWEER i, 255 2 bhid, Tabled.l, 42, 43, B
JPAHRICI VR TEL, B, TOFTATFAIIZLY, ERICHEHSNSNL
EHEDOHBIICBNTEI0% DL TOMETTIA—F 747 - FEEBLIENTELZ
LR LTWA, (182 B 2 21R)
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4w

Table 4.1 w',, - w,, at CW.

Win(W) | Win(W)
0.0114 10
0.2258 200
0.5825 500
1.2397 1000
2.1861 1600

Table 4.2 ¢ (d,f).

BT 4 — F7 37— FHEIEIZE 5 CO, L — I EEYE

d f(HZ) 500 1500 2500

1.000 1.000 1.000 1.000

0.750 0.966 0.996 0.968

0.500 0.915 0.905 0.943

0.250 0.807 0.741 0.808

0.125 0.734 — _—

Tabled.3 o (d,f, i,).
d 0.75 0.125

! 1.832 2.280 1.832 2.280
f(Hz) A (statel) | (state2) (statel) (state2)
-0 -1.832 | -2.280 -1.832 | -2.280
50 -1.383 | -1.722 -0.259 | -0.325
200 -1.409 | -1.758 -0.352 | -0.452
500 -1.461 | -1.830 ~0.532 | -0.706
1500 -1.517 | -1.963 -0.730 | -1.169
2500 -1.527 | -1.975 -0.765 | -1.211
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Fig. 4.7 Straight line approximation of characteristics of w,,, vs i,.
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433 #HXF LOBEIEIER!

L — RGO T AL T AREERIC I VEFHTH05, HICRFR L —
FHOREZ/L 701, ZROOEENI LTH Y AT A2 EIBIET 2L ED
Hb, INFTIHFIATL2OBIMEIEICHEE L T, HIMNROBEZEEmME LT
KEHGENGA—F P ERIELEFOM I AT L E2ERT AT TTF4 T 74— F
7 4 77— FHIHR [58], [59]1 %, =2 —F NVt vy V2 HWEZT 4 — F7 37— Filfif s
WA LT 74— RNy ZERESERIC X D HY AT & 2 W 5 HIf5% [60], [61] 72 &AF
REINTWVES, |

L —HEEF OB DR T, B, PV —FRNOBREEw, ATy TAT
EB. FIZT, 74— NNy 7BEFEERDEIIL, ATy TIBRHD T 4 — F)Ny
HIBEBORHESOEFRMAE L LB X HITHI AT LD L X WVEER 2 M
F3 5, BEEEL L—FRIBEBROBE S AT ABEN LRI AT L ERLRYE, L1d
L —FH D OREMEw, B L OCECEMEIHE) 74— F 7+ 7 — FlflgzoH1E
B i DAT v TIREALISH LT T 4 — FNy 7Kg0 IES i, 2SEEMEIEL
TWBEARLRELF 7YV FETTS.

DL E, kEHOBEEERD T 4 — F Ny 2B OMNESOEHMEE i,k),
74— N7 47— Fl#BORIET T i), LEVERRE i (k) &T5LBICE
EHNEARTHEZ N5,

Lpo(k+1)=1,,(k) + ¥d i pp(k)ipp(k) (4.10a)

O<y<

: (4.10b)
i (k)

T yRBERT A Y, dINL/SVADTFa—F 17727 %, old Table4.3 (2R
T o(d fi,) DEERE; ORI Z2EHMTH 5. BWHEEOLRERITOVTIIfEE C IC
FLwkd.
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W7 4 — F 747 — FH#ICL 2 V—FHRDHHROEMEZH S »icd 57
DI, V=FHIORATy TInErEyIalb—Yarts,

Fig. 48 1213 I 2 b—Y a VIV L —FHAREROBE 2 R, = 2T,
N =T OREG) IEH O LOMELSETVETEL LT 5. £NENDHE)
FHEIUTOLBYTHA. 28, CWHETOLV—FREHFDOTS MV K, BLOF
7y bW, %, BIfiO Fig. 43 1IR L7z d=1.0 DRI Y ROLNL K, BEIUW,,
ZMWT K=K, W,,=W,, &L,

osp osm

G (s)= K, T.=2.0X10"
p(S)_—7 p—<

4.1
14T s “.1)
1 i ox 10

GS(S)=W’ TS—I.O 10 (4.11)

G (S)—; T.=T
c\®/— (1+TCS) ’ c™*s (412)

ko 3 2

Gpsy=kpt—", k,=4.70X 107, k,=9.5X 10 (4.13)

9, fEkDT 4 — PNy ZHIICBIT A CW BIETO AT v 7InE D —Fl% Fig.
49 (@) ISR T, MDA —N—va— MRBEDEBNIEAEL, TNHLOEIZAT Y
TEDEWVIZLYVEILTWEZ L bbb,

RIZ, HALCIRBIZBEMTH L L L, EROT 4 —FNNy JHIICT7 4 — F 7+
7 — R 2 ML 72 BEa D AT v TInE % Fig. 4.9 (b) 27" T, Fig. 4.9 (a) & LT
e, AFy TRORELZZIOTF—N—Ya— FERREDENIKIFIZHE S
N, TOREHEEIZIIZ-ETHLILPFDbh5.

BRI, WAL DOBEILEEEZ CW BIRTDOAT Y TIREICL VFFHET 5. 22
T, V—VFRIEFIEITALIIREBICH LD LTI 14— F7 47— FhlfoH s
AT DI ALK R VIR, Thbb#id AT A0 EFEAELD 20% 128
INEWBEEDY I ab—Ya rETo7. BICBENIRTEHO 4.10) X% Hv, #@e
A UEy=03 kL2, F, BEREHEOY VT Y ZEBIE @), @.11) ~ 4.13)
ROBFELER LT 1.0s & L7z, Fig. 4.10 \SETEERO L —F B w,, 71—
N7+ 7 —=FBLTT7 14— Ny ZHIAGOMNES ite, i, BLTHEL/ ST A
5 ChbHLEEERR i, DBLE BHBICTRT. TIT, iy, iy, BEKIFEE—
7 BHAET, i, RZOEMTERL b DTH L. ML ) BEBEDHEL ITHEV i,
FET, i WEEE, O, FEEICPER LTS Z LA b5,
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pulse
>| generator

—» Table 1 >|Table 2
Yy H 1

@ Table 3 s 7

feedforward controller

o~
Y

ipok+1)= [
oK)+ Y i (R)ipe(k) . Wosp
adaptation rules +
+ +Y w,
w, —4—>G.(5) Gpi(s) G,(s)>0—1+—>
irg iy i .
compensator | feedback controller CO; laser
Gs(s)<

power sensor

Fig. 4.8 Block diagram of proposed laser power control system for simulation.
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Fig. 4.9 Typical step responses with feedforward controller and that without it.
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Fig. 4.10 Comparison between simulation and experimental results

of adaptation to gas deterioration.
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T4 —=F 757 = FEPPAHEL L /04— N— 2= IPEELTWS,

K2, BIROBCEERDY I 2b—Ya Y ERUMIERT, EBICBWTHEIL
BEE T o7z, ZOROLV—F W TIw,, 74— F7+7—FBIU7 14— Ny 7
WERDOWIES i, i, L EWEER T, DEAL% Fig 4.10 IZERIITRT. £h
ENOEFIE, YIalb—va VR () LIZIZEUEHERL, RELR BB
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TNRNVADFT 2—F 47725, MLSVADMEE LUFEKE) & EHvIcFARES
EBTE S, L72dSo T, LRROMIEAGTHIMEIE LAHE Y AT A%, oL
BTOERTHL I EPFHTE S, Fig. 4.11 1213, BEEFRICBITLFRENRD
ATy TG EERICTORT. ME YV HEIMEERERLEMIEHICBNTH A —
N—=Y 2= FMDRVERIEEFEHTETBY, TOZ LIFRET L7 NMVETEDN
HICEEEZ 1T ) ECOERANTH LI LERL TV A,

BRI, BICEEORER 2B A DINTEMHICB WV TERMICHREES 5. BIBEIE
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Fig. 4.12 (a) IC1& L —FH D OREME, i, BOBEPSOTNESEEL5EOM
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Fig. 4.12 (b) {13 ML/ XNV A DR LSRG DR E AR %2 5 56 O BILEIEND
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ML S00W, ML/SVADTF2—7 47727 5 OFEMIF 050, i, HOEAES S
DFRIEE10% & L7z, WIFRORAI S RERBEHIEIERER TS,

Fig. 4.12 (¢) IS/ SVAD T2 —F 1 7 7 7 5 ORREMIFR% 5 BpE O BISEE
NOHBETRY. Fa—54 7775 OFEMIZ 025, 0.50, 075, L —FHI OB
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WTDRELRBEEENEFH STV,
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Fig. 4.11 Typical step responses before and after adaptation.
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n(times)
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—— CW, 1000W, +20%

~-&- CW, 500W, -10%
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. J

n(times)

Fig. 4.12(a) Adaptation behavior for different reference power with incorrect Lo

—o— PW, 200Hz, +10%
-+ PW, 500Hz, +10%
—o— PW, 1000Hz, +10%
—— PW, 2000Hz, +10%

--o-- PW, 200Hz, -10%
--#- PW, 500Hz, -10%
—~o-- PW, 1000Hz, -10%
-v- PW, 2000Hz, -10%

- J

n(times)

Fig. 4.12(b) Adaptation behavior for different pulse frequency with incorrect i,
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—0— PW, 0.25, +20%
-0 PW, 0.50, +20%
—o— PW, 0.75, +20%

—-&- PW, 0.25, -20%
- PW, 0.50, -20%
-&- PW, 0.75, -20%

n(times)

Fig. 4.12(c) Adaptation behavior for different pulse duty with incorrect i,,.
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REMENER-RERT.

PlED#ERIE, BISE 7 4 — F7 47— FHl#ENC X ) MIEHD ) B2 HO L —¥F
MAEE & A —/N= v 2 — FORELRERICT L EHFTE, MIAEEET S
BTl ERLEL SNIFLRBMEARIIT S LW TELZDOTHS.

material: mild steel(JIS SPC)

cutting kerf  magnified area thickness: 1mm
/ v assist gas: O; ( p=0.3MPa )
A A setting(1) | setting(2)
setting(1) setting(2) wAW) 80 165
5 | Hz) 200 500
start point ; cutting direction f (Hz
switching point d 0.1 0.25
of cutting conditions v (m/min) 0.3 1.0

(a) conventional controller (b) conventional controller
without dwell time with dwell time

(c) proposed controller
without dwell time

Fig. 4.13 Examples of thin plate line-cutting.
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material: mild steel(JIS SPC)
thickness:1.0mm

hole:10mm dia.

accuracy: <60um

machining period: 2min.

wr: S00W (CW)

v : Sm/min.

assist gas: Oy ( p=0.2MPa)

(a) with conventional controller

(b) with proposed controller

Fig. 4.14 Examples of thin plate hole-cutting.
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Fig. A.1 Frequency responses from motor current to displacement at each location.
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Fig. B.1 Errors in calculated peak currents using model.
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Fig. D.1(a) Roundness of a hole machined with conventional controller.
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Fig. D.1(b) Roundness of a hole machined with proposed controller.



