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Fig. 1.1 Laser processing machine of 2-axis scanning
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Fig. 1.2 Overview of laser cutting
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Cutting direction
(10~20mm/s)

Assist gas l 3
(a few hundreds m/s):

Molten by laser

Removed by H
assist gas flow:
(several m/s) i

(a) Formation of cut front

:Lase :

l l Cutting direction
Assist gas q 3 (10~20mm/s)

(a few hundreds m/s)"':

(b) Moving of cut front



ILaser;

l l Cutting direction
Assist gas B : (10~20mm/s)

(a few hundreds m/s)

(c) Stop of oxidization combustion

ILaser

l Cutting direction
] (10~20mm/s)

|

P |

Assist gas l Lo

(a few hundreds m/s) & |
E
|
|

Removed by ﬂ
assist gas flow
(several m/s) ;

(d) Formation of new cut front

Fig. 1.3 Laser cutting mechanism
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Assist gas

Unsufficient
assist gas flow

\ 4

Low removal :
Z capability
x X

<—
Y Dross
Fig. 1.4 Dross generated at lower edge of workpiece

_ Striation Cutting direction

AP

(@) Top view (b) A-A cross section view (cut surface)

Fig. 1.5 Cut surface image in laser cutting
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Laser beam (several 100W, CO,, pulse type)

Assist gas {
\ / Nozzle
Several mm

i
i Pressure: ~0.1MPa
I
i
i
i
i
A
- | E
i
i
i
i
i
i

Flow rate: several 10NL/min

Workpiece

Fig. 1.6 Overview of laser piercing of mild steel
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@ Heatlng (b) Melting and removal
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L x
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(c) Stop of laser irradiation (d) Re-start heating
Fig. 1.7 Laser piercing mechanism
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() Retention of heat around hole (b) Self-burning

Fig. 1.8  Self-burning mechanism
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ZHICHL, K228 3 K912, QuinteroH Iz &Y, L —¥ludlih & 2 Xor 3 E T
72, ST D 2 AV, (LE 2 FRETT D ITIENRRE S JES4mmo
72 v 7 ROEROWIN TRREZITV, / AVOMERLAEOTEICLY, FoxffEz
[FRECE 52 L aFERELTz. 72720, Bl oOUN 2 E8 4 57-010F, b—F NIk
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LT, MEHFHIIHET ), ANVEBETH0LENS D05, Quintero 5 DOFE TIXEIL TX
TR,

it,mmmgmiw,nzmsﬁt L—W el E, 7 A A A XV
LTI A MATAICEE L Ol 2 5% (L= ROINTL) BNREINED. L—9)k
BRI LT, MRS H T NS T VA M RAEMIGT 2 2 LT, UIWENE O T A
MOLENRAAE SN, EE1-3mmD AT > L A7 /L L OB TR &2 170,
A, L AOMEIIEOREIZLY, @ L0 BRI A ERECUW T L2 FE
AEL7Z. 728, ZOMFETHE, IMT@EFTOL U XL 7 XV ORI E BEFR D2 I3[
RETHY, 2WIML~OMANREE LS, £, WMOMLIZES, mIEE
RN Lifd B~ OO E B ITHIL TV RV, LR b, RFED 2%
MIE~O®EAIE, BEfFLr—PIMIEICER I TWDL L X, b L <L AV % N ERE)
THZ LT, EBWRETHD.

Cutting direction

>

. — Nozzle

Cutting direction Laser —

I

Assist gas | Nozzle

— Assist gas

Lx L
1
z Laser - Y Dross -~

(@) Top view (b) Side view
Fig. 2.1 Assist gas flow with co-axial setting of laser beam and nozzle axes

Inclination ; . .
clinato , Laser axis Nozzle axis Laser axis

angle : 1
X Laser e
Nozzle, /: — -, Laser
axis -y Nozzle
A Q Cuttlng direction
Nozzle N

\ Offset

Cutting direction

Offset ‘

Assist gas ~\X

Fig. 2.2 Laser cutting with separated nozzle Fig. 2.3 Off-axis laser cutting
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2. 3 L—YMILELUOXB#HF7IF1I—4

LB DCHE- 7 2V HDHIER O 2 N EARASIR U CY T2 A A TEBRT 720D FiE
ELT, JRAVERBNE, LU RBRENR ST HID. ) ANVEREN A RS S LT, 1) /R
ME =P~y RERRSICH Y, ZOREBE~DOT 7 Faxz—2ORENHNE, 2) /X
NVl ZOREDKE (W ARES) ZFERCENTLEND Y, BREEEE, ~HENRKEL
7257 EOBBENEESND.

ek, WL LU TEE L ) ANaeE—4 LRdg L A6 o CTHERT 2%, & L<IT,
T— X CHRE SN 5 EEEE 2 A5 2 LT, W2 3 HEDL- /7 XLk F
DEEBT D HEMERSN TS, LrL, B, TR ESFHE TE 20
A5 5. £z, WThoHEL, Ny 7 Jyva, T4 ROBEEREOMBIZEY, K
FE, JREMZEDIZ .

—F, VABRETIE, 2 AVBRENC Y, G0 EE - SHEN/ Sz sns. v
VADERAENM LR E 725720, MEROREENZOEEMIREEICEET LN, 7
JFax—Z O, fIEHOTRICED, RATRETHL. £z, L—Vlihe Lo X
DN G E 72 B RWRLOSE, BAEME TO L —Y0mE S OENRE S LS.
LUF, Ly XmIc ks, 7—27 KRECBE S D L —FHFRE DA ~DFEIZ OV TR
RERAE

Ly RIS ST 5 4T 60, BRI RIS R RS, EBII L XD
LD, RUBRAELD. IEEEREL 20500 b, HAYIZHOWTAEL B HEAINE L,
HDOWEANC L > TEITERR R DDA L H6NETH L. S HIT, HANGEIZIES5D
OFEFERH Y, REINZE, =N, JERGE, GimEl, EizENH 5%).

V—WRITHADOFITHR TH 5720, AlGEOEEIIM . £/, RBFIEO L—9
TTIiE, L AOERITS0MMEEE T, fOEIEEum51ImmaE L TW\5. 07k
O, LIS, L—PHIE L XRLEFICAR SND EEX D ThbEBEL, L
YR T DWATIN, il SBEL DR, BEWIEBE CEA R SBRIC LY AT
HNFZETH D, BRENEDDBEMET D LB X, ThEEBE L, L—VHMESMmE it
B o,

K242, L—YHIBESAMHBEHAOMEET NV EZRT. ZnSefD ML v X & vy, B
M2 NSRS 5. AR THWD Lo RO Z R2.UTRT. Lo Al & AT
[CAHT 2 EERI0MMO KM EE 2, TORTH, KEP TR AXEHERTLZ LELS,
U— 27 END EIET .
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Table 2.1 Specification of a focus lens

Parameter Symbol Value
Diameter - 50.8 [mm]
Thickness of lens center w 10 [mm]
Refractive index
(wavelength: 10.6pm) r 2403
Radius of curvature Yo} 267 [mm]

Center line Workpiece

of lens hy
J/ 2
()
] €
Laser 3
intensity Y
/\ i Focus point with Beam
_ | spherical distortion
Center line | aberration
of laser 1 :
beam !

Normal line —>...-"¢,

Fig. 2.4 Spherical aberration model with off-axis lens

L—FWORENT T A5 EAGET D &, L—W Sl S O h 2y (2.1)T
Fz3hs .

E=E, exp[—erz'J (2.1)
|
L—FHOHFOIEE Eold, L—V 8, P 2HWT, X@R2)TEHRIND.
_2R _ _ B
a_mz (a fEds 2J (2.2)

VoA mbREZA T L, L AREADO L= A, JETA G 13, X(2.3)
TERDbIND.

6, = sin‘lm, 6, = sin‘l(%j (2.3)
el n

r

ZIMnD, VOREEADL—Y ARG, EITA G0, Q24 ERES.
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O3=0,-0,, 0O, :Sinil(anin HI3) (2.4)
Lo T, MRS, K5 TROLND.

| _h—ah ,

"~ tang, (2.5)

L AL U — 7 Rl TO L—FHBELE £ TORERh I (26) TRDEND.

h = _(hl —Ah, )(IWI_IT) (2.6)

£-oT, KQ21)~26), KOAFOLL—WE min 2 BET DL, V—7KETOL—H
HREENAANRQRT)TEDLIND.

2
2P 2 hl
E=—Lexp| -— | ——+Ah 2.7
ﬂrlworkz Xp[ rIin2 [Iw - If I] J ( )

ZIT, LSRRI, HOTREE DD B — KGR & FFONLE D B Y E TORE
Bl LCERESND 2D, RRNEBET DL, 7V—27 KETO L=V R mwondE, X
(28)TxREDH. ZIT, elZHAXETHS.
) ft)

If
Sedif- L RGBS FEIE, OV A3 ImmiE L L2 E O, U — 27 REO L —YIRE
DA EH25ICRT. 2Ok, L XEIHL-U— 7 HEEREWE191.5mm e L7z, [X2.50X
fih, Lo XFLEiE L LTS, ImmigoRE, L —Y O — 7 SRE AR L E D,
Lo XL U, R AN R CEumZENL 5 2 L SR S . AR THWS
ED L —HF AR v MEMNR200~300umFEE TH D Z D, Lo Xl X 258 /5 A~
DFEL, +OICEETE D LI L. LLEX Y, AHFZECIX, mAOtE- XL
DOERBUT, Lo XFRE) S 28RN 5.

fwork = (rlin - AhI (28)

Lens moving direction

X On-axis
4 — Off-axis (1mm)

-___;___ ---------- - <— 13.5% line of
0 maximum power

-300 -200 -100 O 100 200 300
Relative position between laser and lens axis (um)

Laser power density (%1 OGW/cmz)
N
§§§
~_
=~

Fig. 2.5 Estimation of the laser power density on a workpiece
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Table 2.2 Positioning specifications of laser head of two-dimensional processing machine

Direction Horizontal Vertical
Driving mechanism Rack and pinion Linear motor
Positioning stroke 3,200x1,600 [mm] 150 [mm]
Scan rate 120 [m/min] -
Positioning accurac 0.05 [mm] 0.1 [mm]
g y (moving distance: 500 mm) | (moving distance: 100 mm)

AW TL o XET 7 F 2o —Z T ED, 2HEEM L — PN Lo L —
Yo~y ROMBEROMWRELZR22ICF L DD, BET DLV AWET 7/ Fax—H L, L—
Py ROISERMEEMLBERDEEL EOEARD LD, 22T, (&R HH
+0.5mmERE, BREEZE10pmEL T, /32 RiE100~200HZEEE % HEEIZED 5.

Fo, ERHITME, UTFO3ROERNS L. HFH—IZ, 77Fax—4%, BEfFOL
—Py RIHMENS. 77Fax—FOBIMILY, L—F~y FOTEREKRL,
N THPHZ B e\ N =12, BRY A X200%x200x40 mmANZ HAE &3 5.

BT, oy FI3RoR2GREE THIRSEE) 4 2 72, [RRFICEEIT57 7 F 2T
— Z B DME S . Z DMK LT, L AD, b—Way RICKT DA%
25umPNICHIfl T2 Z LA HIEE 5.

BT, BNV ATIE, BRT 5L RO AFO—HAELT S, ZiT kY
L ARFEEN, R LA R L ARMOEITENENT S AR THEHTED L
UL, RENIBOKEEZ D L, JEITEOEMITH, BRALE TO L — PR A A2k
L, ML KET.

WY, K26IRT @Y, 7VANTAOERIZLY, Ly ARBAEAIEN TS, L
RERED =8, L—WPF~y RIZT 7 Faz—2 B3 EH SN D0, LN S 0T v~
A RHADRAUZ LD, MLROTAERTFZBGIET 2720, K27Rd, 77 Fax—
H-) R)VRNAREN T ARMEEL 0D, ZDid, TYAMNTRAREFHA LIV XOE
BOHPRTERY. ERRORETYS, Lo XIREEZ350KEL FIZROUENRH 5.
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Laser beam

Lens adjustment
mechanism

Lens drive —>

Assist ga actuator

Assist gas Cover
glass

Nozzle

~~ Nozzle

Fig. 2.6 Conventional laser head Fig. 2.7 Laser head with lens drive actuator

2. 4 HHEVDOERAETVFa1I—FDKE

2. 4. 1 FOFaI—320DERK

23 TEDIZT 7 F 22— X DERAFEATMIZT T2, Lo ARV ZEiEe VRN
WXL, mANGMICEROEBHT 7 F 2= —5 CHREToHE2IRET 5. Hitke
VURNIL, BEREERE A ATEE T, EAEERMERONEBRTE L. BT/ Fax—
2%, 1MIRICZHOBREN % 52 b b izn, BREEEZ KB TE, EOVIREHES
Bois. £, F7mmhbEmMmA—F DX bo—r 2 FEHR LT, A#EOHNT
bbH, LUXDOMERDIZHELTNDEBEZD.

BRT 7 F 2o —F 20, A AafLe—2 L, BRI HTARETSND.
RA R VE— HRUE, J1EBROBIEHENRE L, HIENE S Th 53940, ERIKT]
HHARTIE, ANERR, BACH LIFRIEEEZ AT 50, ZROMOEREE#GTIC XD
BERIRPLOARBUZ LV, BB Y 720 ORAENZHMATRETH 5499, D=, KA
AaA )= FRAICK L, HEA/NLOEBW AT, FEORENEZFEBTELH, KT
Fax—2 T, #EO/NIMLEZR L, BHRLIITRERBAT 5.

2812, #ETLHHMEL LV ORNUT VT a2 — X OERERT. TROL VAR LE
X, VUXRAFD AT 2AT O, XEIETICHRE SNl ook, @itEE
BTG VAT O OBEM ICEF ST\ D . ZOBEMIL, ZhEh E T2 K7,
YHPATICRRE S o Ic kY, EToe r PEEBICHER STV D, [X2.9
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IR Y, B OXENC TR Y, RO, BEOYEN T2t e o ONER
THZLT, TNENY, MOXFROEMNNERIND. Lo ARV Z OIS, *tbd
5 2HOERAEEE L, TS ERAOWS| XV ERENd 5.

Elastic hinge Electromagnet rT——==—==- q

g X Lens holder i’ |

(b) Y direction

with elastic hinge

2. 4. 2 FERNEERE

F7, BEEN) O BAEELA MR T 5. ke U ORME, BEABEEL, LU XEED
T OB REROLZEBET L L, NRIYLVEARHIND.
f. = Mx
x = Asin at (2.9
f, = -MA®’sin ot

BRENEVE M A 1kg, HEZ/ N FiE oA 400nrad (200Hz) , #HIEIRIEAZ 10um & ET 5
L, RRIYEY, 7/ Faxz—ZIZBRENDEEHE) /ITI58NTH D, MIMLIHEDOR R L
BHELCWDZE0D, SEREORRE AT, HAEERE ) Z50NE 3 5.

WEE U RNORGETIE, BAEHEICIE 2P0 T, LUT O Z2EBTRER IR %
WRT 5.

- NLEROBIEHRFOIIRZFL 7o, T Fax—% O HIE N RiE100~200HZIZ % L

T, FEHIES MO EA R E TE LT EmRET 5.
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- B BN /50N L, i NI A2 0.5mmEL DL A FEBLT 5.
B OB kT D726, B 7R BREN I50NICRT L, FEAET D RKIG T
0, MEHOBRIE IR LT, BRI, a7

7B, ENTICIXABRERE LM 7 b (Solidworks simulation, Solidworks Corp.) % A 5.

AT T VT e ORN, L X, X, YElENZHh 2/OERG X —7 v Mk
DRERR SN D, FfRAICIRE L7t e v PRENOIR 2 X2.1010R87. 7k, Afid T
(X, Z#EhE Y OIRENE— KA, FEHIE G TR OBIRK L 2D, 20D, ZORHE—F
DEFARBEZ O D720, ZEE Y OREREIPEO M, K OMEME— A & b ORI K
DO, BIEICH LTI, L ARAEZDAMTAEN, £A2EofEo LT T4
T, GRS EFTOMMEE Y%, BEITT 2K, PATICRE TS Z & THIR L.
o, BECKHLTL, VO ARAFICRRE 2§ LRBITHI TN D, B Ok
K OWIMEI332.312/RT8 D THD.

X, YHMICZNZNE0NDEEN /% 5 2 7=, AE 7 )L O TR 5% 22.11(a),
OIZRT. L RARAFOEMIT, X, YHMZENZ10525mm, 0.541mmE, HIED
05mmbl E&Gi7- Lz, Z ok, X, YHREIMEIZENE495.2, 924kN/mERED. £z,
X2.11(c) 2R, K HROERA X —7 v MISONDOEREN ) % 5- 2 12355, I —FB A5/

Fixed part

Electromagnet |
target

(@]
©
N
Lens holder —|| | TR B
|
Elastic hinge 1.7 . N o
- P N~ 8
= 55
\ K
v =N .
I L
Z X A
0 \7\

Fig. 2.10 Simulation model of structural analysis
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D KAEIE, B o P O UG THERR S 4L, 53.6MPaTd o7z, 1D FEIRIS )23
23OMPaTH D 2 L2 BETH L, KERIT4A4THY, HIEDOILL LAk L.

72, SROIREE— FE TORAMEMATR R ZM2.1212~7. 3ROREE—FTH
%, ZEE © OFEET— FOBEAIREEIL285Hz CH Y, BAE Y RIELLETH D Z & 25
WLz, 7ok, 3RO, ZEE Y ORENE— NiE, L XAFUIMENRED LRV, £
BALEITZEL L7200, 4, 5RO, ZNFEE, ROXEE D OREIT— L, Lo A&
NGNS, FiSE 5720, BAMELZBEISELHKERS. 0D, 4, 5k
OIREE— FOBEAREENE, HIEHRL Y bHocmdREF ST

Table 2.3 Physical properties of materials for structural analysis

Elastic hinge Electromagnet target Lens
Material Brass Steel Zinc selenide (ZnSe)
Young’s modulus 100 [GPa] 210 [GPa] 67.2 [GPa]
Poisson’s ratio 0.33 0.28 0.28
Yield stress 239 [MPa] 220 [MPa] -
Density 8,500 [kg/mq] 7,800 [kg/md] 5,270 [kg/mq]
[mm] [MPa]
| 0.5 | 50
-0.4 -40
-0.3 -30
-0.2 - 20
% I 0.1 ) I 10
Maximum von
Z)\X 0.0 Mises stress 0
(a) Displacement (b) Displacement o
in X direction in'Y direction (c) Stress distribution

Fig. 2.11 Result of static structural analysis

e
@)
ﬂ. —— ﬁi
Y$_) —
7 X
(a) 1st mode (b) 2nd mode (c) 3rd mode (d) 4th mode (e) 5th mode
(54H2) (56H2) (285Hz) (319Hz2) (495Hz)

Fig. 2.12 Vibration mode (simulated natural frequency)
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2. 4. 3 EHAZEE

AR L7t e VO RNICINE 24 X, SARREOMAGER T, HIEBKE) /J50NLL &
liti 73 Bl DICIRERR 21770 5. BREHTIIWES T Y 7 & (Maxwell 3D, Ansys Japan)
EWHWD. kB, KT 7 Fax—2THMAT 5 4HOEMAL, ETR—IBIRET 5.

fENTET N Z 2138 T . RETI/VLEKA 2T, AL, KOEKAY —7 v MZ
LRSS, BHAIE, K28R TIEY, LU RARALZOAMICHERIN TS BT
2EATOMIEE U OMICEET S Z EA2FE L, EM a7 ORRIEZ42mmIZFEE L. F
7=, BHAY—7 > NORRIEI, Lo RRVAEREIRC, ¥ —47 > MY, K2.137, XTI
(R RL05MMEEEAEN 35 2 LA BEL, EMaT @Ik T 5 L9512, 27 Ofgicxt
L CHMIImmMO SR8 & Ff 78, 44mme L7-. BRCG a7 -2 —747 » NS, S KREA
05mmé&, H#0.3mmZEEEL, 0.8mmeé Liz. EBA=2T, ¥—7 v FOEHATI8mmE
L7z, &M enX, EaaT, ¥ —7 v MNIEERHNR, A 3de L.

BHAT, X—57 > NOWlasZ 5T 5 L, MKEaMEZRTT <220, Ehiaa
T, A VRO LB OIR T L, TSk D BEES O TR, ¥ —5 v b

T, BEIEEOMMAMEIND. ZORICEELRND, HEMENMSORD X7k
losDIEEERT 5. KB OROHED, FBEKMICIRELIETH 5.

B42.14\2, E¥A =7 -2 —7 y MEEBEAZ0.8mmIZEE L, =1 /LB A 0~660AT D
FHCE b STl a A VER & WS ) ORREZRT. 21 VEF660AT DEMFT, Wil
7155.2N &, BIEEREN/)50NZ /=3 2 & AR L7z, 2N a3ADMGENR CEBLT 5121
205D a A VNEREND.

60
. - |
Z 50 | vt
3 40 Z
o) i /
£ 30 va
o - L
Z 20 A
& i .
£ 10 -//
< [
Y O O P NP O P
! X 32 100 200 300 400 500 600 700
Z 42 Current (AT)

Fig. 2.13 Simulation model of

electromagnetic field analysis (t=18mm) Fig-2.14  Simulated attractive force
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ER =27 ONBIDZEM O~HEIXTx18.5mmTH 5. aA VEHAT LI EEZBEL, £
ZhosmmToORBEF -, HEREBWIRE L EZ DL, BEK20%EHTSHIC
$O.7TMMOEFE A FHND Z & TERTE D, ok, aA VOHHROK S Z, aA/LOHE
ENEORESOWFHEIC, BEERUERSTHERT 5 &, 22me s LHR S5,
O ELIITE pcl31.68x103Q-mTH 5728, Ri(2.10)7°5, = A LHEHIRIF0.96Q & HEH| =
N5, 22T, AdEEEREZZE LI aA VR TH 5.

R Pele
A (2.10)

2. 4. 4 EBESH

At L7z L9518, AL ADORENRBOKEHEZ 5 &, Lo AOBIrERLIEN K E <
70, L—WINLICEEL 522 2 ENBESND. &t LET AVEZHWT, ILREO
Lo RIBJE L, ARREEEMMT Y 7 - (Solidworks simulation, Solidworks Corp.) O & & 24
{EEMEHTIC X HEB 5

fENTET VIEX28IZ R L7 D L [R—TC, “HEZREE TCTRELZLOEHWS. £
7z, BELEMEROBMBERER2MUTE L O L. KT TIZUTFOREZ AN 5S

BRAIIZIAREE, WREEET H. A VEHIA0.96Q L HERI S LD Z L, FEL
HEIXIWRETH 5.

s L—PHEBKWE L, ZD02%D12W2S L > X THEK, HET 5.

s LR L RFRNEORIZIE, 0.1mmDZERDIENR B S .

BRSME LT, BEERERA=ER (293K) IZRRE, %0 OmciE, HRRIZ X0 2L
DEBICKEE SN D LUE L, BMREFENERET H. XL MENuE30E L, REES
LeZ M B o PO R E17Tmm, 225D BURE Rk, 220.02624W/m-K & L 72 f, #mizEshi3z
(211) XV, 46.3WMAKERES.

Nu -k,
h= air (2.12)
L,
T Fax—8% L—PINITHEAER LB, EROBEN 2T nWEE b

ESNDT2D, BYRERZOUSICLIZH BT OV T HEEZIT .
2. 1512 ffATAE 2R T, LU KR, BARHAEOEA1X308K, +0 I ZER 03 EER &
W EAE L7258 13336KE T EA- L, HEEDIS0KLL FThDH Z & 3R Sl
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Table 2.4 Thermophysical properties for steady heat conduction analysis

Part Material Therm[a\l/lv (/:;)andKljctivity Spﬁlt;li(f;(‘:;]eat
Elastic hinge Brass 110 390
Base plate Duralumin 140 800
Coil Copper 390 390
Electromagnet core and target Silicon steel 43 440
Lens ZnSe 18 339
Gap between lens and lens holder Air 0.026 1000

(a) h=46.3W/m2-K (b) h=4.63W/m2K

Fig. 2.15 Results of steady heat conduction analysis

2. 5 BEEEVCERBLUOXREGTIFLI—2DRE

2. 5. 1 7U9F2I—50DHEHE

K2.16128ME e o PRNIT 7 F o= — 2 ORMEK A R, AT 7 F 2= — X2 THEER,
VU ARNE Gt e U URN, EiA, KO CRAZIC R DR S, TR
200x200x40mm, EH & (349kgTH 5. #MEE o VRENIZEMH (C5210) T, UA YKE
IMTIC R R s 5. BEERITBEE» OBYREMICEN D Y2 713 > (AB061)
L, BEAZT, X¥—4F v ME, RERBEEZNHT 2720, FEE LI EERH A v
%. BRGATD 3 A WZIE0.7TmmOFER & Y, BEIT220TH .
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Elastic hinge

(thickness 1mm)
| 200 . Lens holder 70

200

z Electromagnet

Fig. 2.16 Prototype elastic hinge actuator

2. 5. 2 EEFHAVATLA

KT 7 Fax—4TlE, LUARAVEOELD, BWADOTORER, Bt PoORE
AL, ZEFRUE S TGS T 5. Bt v O mi 2R ilE 2 K2.17127 7. X,
YhmZENZN, T 2400 o THEEAIND. EiA-L 2 ARV ZH O v
v T g, KHIE~DEREX, y, ZEEY OREER0, BERY 7 OB 2gnsT5
L, BRI TESND.

S.) (-1 0 L 1 1
s, | |1 0 -L 1 1
S,.| |-1 0 -L, 1 1
s, | |1 o L[| 1
s, |0 -1 L[ ; [ 9ot | 9u (2.12)
s, | [0 1 -L 1 1
S, | |0 -1 -L, 1 1
s, ) Lo 1 L 1 1

ST 2P0, BERY 7 b, KORER o — 7 HllTOIEBRIEAME D=9,
RN RT L OIS, ZEH SISa2, Spu2& LTHWS.

le le— - S><:l+ 10 - Lx

SXZ SxZ— - Sx2+ 10 Lx (2 13)
— = . y .

S| 7|8, -8, 01 -L,

S,) (S, -5, ) 01 L

X(2.12), K(2.13)&L Vv, WHEHFMENMICKTHT v FREOIKBEZZE L, X, YHHOD
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BAIX, Y, M OZHhE » O E 0% K (2.14) TR 5.

X . 1 1 0 0 .
y =— 0 0 1 1 . x2 (214)
0

“YLo YL SYL YL

0¥, PLEPROEIEIRCIE, X, Y FEOBMIEROLHNS.

v n O wm

Sensor
probe -

Fig. 2.17 Sensor configuration

2. 5. 3 WERDFIEIRTL

FERAEE O Z X2.18127 3. U T X A Al 7=, DSP (DS1103, dSPACE
Japan Corp.) ZH\, B 7V o ZEKEIZ20kHZIZFRE LT, IEREN P (PU-05,
AEC Corp., Zyf#GE1lum, HIEHPH2mm) (2K 0 FHHl L 7= 20 # 2 ADAR — K (16bit,
+10V, 4chx4, multiplex AD converter) THUY iAZx, (LERDEHIHOTZDD T 41— KXy 7
BWwE L THWD

L RN EERAE R, (CERS BIEEEZ CIZ, DSPNELCHAE L7 B fF&iX, DIAR
— K (16bit, +10V) THH L, EET 7 (DCV-304A, =T )VET, V=TT 7,
MR8V, WK FEGAA, /32 RiF100kHz) TR S, BREAICENEN 5.
BRI D BRI, A— AR FRE YT Y (LA25-NP, LEM Japan Corp.) Tahl,
A/DFR— K (12bit, #10V, 4ch, parallel AD converter) THtY AEh, BFHIEHOHD 7
A= Ry 7 #RELTHNLNS.
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Fig. 2.18 Experimental system for positioning control

2. 6 HWHEEVUOERNBELUIEBHT I FaI—2OHIERERE

2. 6. 1 #HIEXIEROETILIE

KT 7 Faxz—2TiE, X, YHAOBEHITEHELARWEMREL, ALV L CHilE
5. LT, XEFEOMERDHECE B LCHRAET.

£, 77 Fax—4%, RUOEBADET MMEEITS. BEVIAFE T 5L, BRENTE
M, B P OMIMK, BECE VW, AT 7 Faxz—xOEEHFERAITUFoOR
(215)ThHABNS.

M, X+C x+K, =F, (2.15)

K(215)% 77 T AEMF B L, BB Lo KA YL E T OB (2.16)

THELND.

X(s) _ 1
F(s) Ms*+Cs+K,

Wiz, BEAOHINMETEA2vE T 5L, aA KRR, A X272 ALEY, BiRiED

BRI ToXEINE v REND.

V= L%+ Ri (2.17)

(2.16)

RQANE T 7T AEMT 5 L, EAOHINETLE) LB E COLEREENA(2.18)T
Bohd.

LON
V(s) Ls+R

£z, A VER, BEA-Z—7 v MEEREg., A OWSI I OBERIL, Bl - A

(2.18)
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A7« EHkeHE VT, X (2.19)TERIND.

£k, (2.19)

2. 6. 2 ETIRAE

BRMEE O ORNY 7 F o m— Z ONLERDHERRGHILBERET NNT A =2 & L
T, ke VV@%B@%B%T%Mxy, Iﬂ”‘l\iny, YEZ%’T%;&ny, WA O - AL - T17E Hko,
A JARHIR, A 27 2 ALDRIEZEAT . AHTIE, XFHOEELET 5.

(1) RIEKy, BRENEREEM,,DRFEE
2191 R$E YIS, DA L ARV ZICHE THEFWE 52, B30T 5. &
FOEIZEZ N LREOFERZBEV KL, QR0 TEAME NOREGZRE AW, £3°
fHZ 2B RIVEK 23R, Z D%, BRERTE &My E BT 5.
Kx=F,+M,g (2.20)

(2) HERECDREE

A NA RNV RERE G2, L ARV EERMOERBESEZRET 5. [K2.20
2, WEWEEZRT. nEHOE—/ @S &xe, TOMEEZGETDE, BEKE ROEA
RE S aoni3X(2.21), (2.22)DEIfR%E F5o.

27 =In( a j 2.21)
ﬂl—é/z Xn+1
2z
o, = (2.22)

(tn+1 _tn Vl_c.;,z
I, BEEREC TR (2.23) TR LS.
C, =2M (o, (2.23)

(3) & - £l - NEHKDRIE
aAAVZEBRE G 2, VO ARVEOENZFHT L. K(2.24)0, EREKGIT) L 1ET
NOFY EVOBREID, B« 2N6L - TEBkZzFZHT 5

i2
KXX:kOW (224)
0
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Fig. 2.20 Impulse response (X direction)

(4) a4 IIERR, 1 V593 ALDREE
BB D aA VPR, A %7 % AL, LCRA—# (3532-50 LCR/NA T A 4,

B ICXVEHT S

Lk, T NWRT A —HD[FE

LIEEE L T REWVDIE, K291Z/xL7-i@E

ERRER2UTE L O D, WEIFEREICOWVT, MDIMy
0, XFGRENERL, Lo XFRVZERSy

W2z,

Y G AENRHCAE ] S e o P, BRI E SN0 TH S.

e,

O E Y 9 (353B16, PCB Piezotronics Inc.) % 45 J7 16 0D &

B L7zt e o PO RAIRERZMET 5. K22UI R @Y

 JEEH T

ZINHREER C 2 83Ol E

L, A7V ZN~IZ XD EENIR S NZBRO® o OSFEBE T m o, 7

537 B RIHRTT M ONREE 2 5, FFTR#T 2175 2 & T, &L mOERREEZ KD 5.
#2512, SIRE— FETOBEARBEOFENEZ, 242 THLN-MEITE L bt
TRY. B— NMEOEA RN D FHAIE & fFATIE D

FEIIS% LN E, K< —HLTW3

Table 2.4 Model parameters

Parameter Symbol X direction Y direction
Moving mass My 0.883 [kg] 0.664 [kg]

Stiffness Kxy 98.3 [kKN/m] | 89.8 [KN/m]

Damping Cxy 3.94 [N-s/m] | 2.97 [N-s/m]
FOI’CE-CUI’rent- kO 356>< 10-6 [NmZ/AZ]

displacement coefficient

Coil resistance

1.0 [Q]

Coil Inductance

14.5 [mH]
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F7o, 24K LT, X, YHMOBEEE &, WEE2HNCEET L L, X, YHHO
E A IREI SN LZ 2053, 59HzE, EEIMERBRICLVRD7-1, 2%E— FOEGIRE)
Bl k< —H%LTEY, TEFARTEDOZLLENHER ST,

Acceleration pickups Impact point Impact point Impact point

Y
N

i \‘HI‘ H\ | ‘|
T

(a) X direction (b) Y direction (c) Z direction
Fig. 2.21 Position of acceleration pickups and impact point

Table 2.5 Result of simulated and experimental natural frequencies

o Natural frequency [Hz]
Vibration mode - - -
Simulation | Experiment
1st X-axis translation 54 53.7
2nd Y-axis translation 56 56.1
3rd Z-axis rotation 285 278
4th Z-axis translation 319 317
5th X-axis rotation 495 474

2. 6. 3 1‘ /k&): I‘I:l 7n§n+

BRA OBEZHIEHT 2012, MRMZETIHVWLND A T ABREDANET 5
- R RS LS DS E, BREAIDBMIAL S LD T2, FERRIEHE O LEE ) B,
2L, WICEMAICERE MR T 2720, BOEBRSCRBNMEE RS, KT /7 Fa=x
— X TlE, ERA-L Y RABRVEEF v o 7L, PIPRREC0.8mm, ZEA7RFIZ130.3~1.3mm
FEE DR TS 5. JRVHEHTL Y XRNAE ZERET 5720, A 7 ZEREOF A
EHEVIFHTE 2. 201D, "M T AERE G52 TICHBEMHELZITH> LT, B
Wit 2 L <, ARFEEVCEREN RIREZR, B r A T AEIRIEDOZ AT 5.
iE, AFEICKR L CET 5 EMAICENEN BT, exiiiids s, LeXhn
H~Hz2 5 RILLFORX(2.25)THEZHD.

ixl2 _ i><22
F = ko{(go B X)Z} (2.25)

B r A7 ZERIETIE, BEBREI R &R AR, Wl )z 54 S8 % Bk 4%

30



F2F LUABH7IFL1I— 2 FHEAL—FROMIIRT L

RLTHWS. BESRE G ORI D 2R ESE LB M AOERZ0ET 5L, X
(225)% KW+ % Z & T, EA~DOUHEER B Hie AR S5,

. /F .
L = (go - X)' 7”' Lo = 0 (Fxr > 0) (226)
0

i><rl = 0' i><r2 = (go + X)ﬁ (Fxr < 0) (227)
0

2. 2202l 7 = > 7 B AR, — A, SR ORIk OSE, Sy
RO LR 2 L= %AV D &, BIA—T7OROBATE HBICRETE 2 L2
IWCWDS. EBEAD, BHIEEBRENIC L TENE T, 2<FEChERAESEL LT D
&, MR GER(2.16) TR DT, HRP2KROEEBRETREIND, T/ Faz—FDiE
ETNVOHRERD., EDH, FRLK, 5 F1ROLVX 2L —F 205,

2220, FRMCRTIFRIBI o &2 BT 2 &, ATIX (5)H B HIIX(S) £ TOL—TF
friERHITR(2.28) & 2 5.

X(S) _ blxs+b0x
X;(S) - (S+a0x)'(Mx52 +st+ Kx)+(blxs+b0x)

22, XR)TRTEY, KQR28)DEEOMmE, HFEmOFEfh EO— ol E
T5 L, sICBETBRERIC LV ELNDITHIX(230) %< Z & T, LFaL—FXDR
:j A ‘_‘gblx, bOx, mﬂﬁﬁ%ﬁ?éﬂé .

(2.28)

(s+a0x)~(st2 +C s+ KX)+ (b,s+by,)=M, (s+aw,) (2.29)
3an)x_Cx Mx 00 ag,
M w’-K, |[=|C, 1 0||b, (2.30)
Mo K, 0 1) (b,
| controller Regulator Plant
X, + x|+ b,s+h, | Fr - F 1 X

o T D e o o o e e - - - - - - - - - - ————————————

1
| |
: I

1
: . Pl controller : :
| ,
 F i L+ L iy, i, F
| J Nonlinear ._ B Ll 1 sl ke be >
! compensator | s Ls+R [ [ (% —x) (% +x) |
! I I :
i XT L oo ——— - XT !
: Current feedback !

Nonlinear block
Fig. 2.22 Block diagram of control system
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AL X2 L—HORTIE, EFWRMENEDLZD, TORNIHEIZHRE NS,

RO L7, BM2.220 RN O IERE A ERL, (2.26), (2.27)IZR L7-#E%E
179, F£7z, aA NVOBROENZME L, EHADORNENEL®mO D720, Pl 2 H
W, BT 4 — Ry 7 2T 5.

2. 6. 4 HIE/INNSA—FRE

AEED D HIH B, mNIEESEIC, £0.5mmOALE R DEIFE, 10pmbl T OB,
K TONM00~200HZFREED AN RiETH S, £7, K229 LIARERE O 55 B Dok,
HIEER IR L R2WIRAE TRO D, 2D, LE L TH0.5mmOFEFH DL E R 4 FEHL L,
A== a— "N TELET/NEL D LD, PHiESZHRET L. £/, BT«
— Ry 7 =T NOPIERR, EROHIEO B S RiE100~200HzIC 5 L, 2 %
UL EDISENEZ BARICHREET 5. RIE LTo/RT A—F B RK261"T. ZOK, BT 1 —
KX 7 DY RIEIZ440HZEEE CTH - 7=,

Table 2.6  Control parameters

Parameter Symbol Parameter
Pole xy 170x2x [rad/s]
Integral gain oy 380

for positioning control
Proportional gain

for current feedback A 21
Integral gain
for current feedback % 900

2. 7 HBUEEVOERNBLUABEHTIFII 20D
& R & TE s s

[2.2312, JFAEEET, Lo XRAZICX, YIFEZE N EIRIESum D IE %L1 B EE 4 5
Z T2 WD BAEE B HOSE R EZ R" T, A U 3-3dBRL T & 72 B i/ N E A N v Riig &
5L, X, YHRENAZENLST, 17THZz TH D, HIED100~200HZAREE D /N R A i 723
Tl amER L.

[¥2.2412, £20.5mmO MEER A, EEE, 10Hz TBREHIE S B2 R 2 rnd . AR
IHzD S EITIE, FIBumDIBHERAFE T HAMEBIEA RS 2 L ZfEd L1z, 10HzD 54 (2
%, BREEMEICRIL, A KGR TR0.4~0.9dBREEE /N S WS, [K2.23100R L7 A U RE A
BERTDHERUTHS.
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Fig. 2.23 Frequency response characteristics
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Fig. 2.24 Circle trajectory tracking control (500um radius)

FERROME IR 2 ABE L 7SS ORI D728, 77 Fa = — % % L —F I LHICHE
WL, MEHERBRZITS. K221 ERREOEEL Y. L—Y~y NIZT7 7 F =
T—ZPEHHOERDPI T o TWD. 72, — I TAICHE#E L7, I THgE»
HDJ)ARXDEELHRIND, L ARAVYOEEEEREDHERINTZTD, 2 e
—Z7 O, K222ITRTL¥ 2 L—2D®%IT, X, YHRZENEN2T, 42kHzD ) v F 7
ANBERE LT, 77 Faxz—FONC RIELD b+FICEVETH Y, ALEDR Dl
W20, IREREL .

X7 BRI, L —H o~y NIZH 2 72NRE 4 [M2.2610 7~ 3. IBORBRAA S, K
50msf (i R+2GHRE DI FEET 5. [X2.2712, INEEREREE D, Lo Xk 4
D 2R, (LEROHIEZITS 28T, EH60HMONMBEEICKLTE, L AR
E ORI %, e R+10umEANIZIIZ b d 2 & AR LTz,
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Fig. 2.26  Acceleration of the laser head

Fig. 2.25 Acceleration test setup (accelerated in the X direction)

Acceleration direction
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— o —_ - - “m
E 10 E 10
£ 5 = 5L |/ N\
2 o 2 ol
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5 5l 5 5l
a - a - /
(2] - n L
T -10 S -10 \
> s > -
R I e e e ——_— R I T ——————
-15-10 -5 0 5 10 15 -15-10 -5 0 5 10 15
X displacement (um) X displacement (um)
(a) Accelerated in the X direction (b) Accelerated in the Y direction

Fig. 2.27 Relative displacement between the lens holder and stator during acceleration test

2. 8 L—HRDLMIDT(HEEER
2. 8. 1 L—YRDILOLMIATLA

KT 7 F ax—48% L—P NI, MIEAKRE L BB T 7 F 2 x—4 Ol
FRAHIE AT, IO a2 3295, [X12.2812 L — RN TaBREEE 2, [X]2.291C
WHEIE S 2T A OB & o~

FTL—PIMLHEONC= b —F T, HEEMLTEEX, Yy, KOMRLEeDRIE S 4L
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Fig. 2.28 Laser cutting system

with elastic hinge actuator Fig. 2.29 Overview of the laser beam control system

5. RERIVITATEY I, HEMTEB &N T HMaeEEE LT, L—Fk%x
INLEHAETHARL SE D DI MELR, L—F~y RITKT 5 L2 X0 ERE) SXa,
Yoz 3K, T F a2 —ZEREHIDSPIZEE S b.
dy, /dt
dX , /dt
X, =€, -C0S g,
Y. =€ -sing,
T Faz—RIZOEEEZHEME LT, XL XOMBERDHIEZIT .
F7z, RKER3IRTEY, HEMTHEX, Yo b, L2 X B X, yaz BR
B L —H > RO BEEBRBIFEIX,, Yok 72D, ZOEFPINTHERBROHIE S 2T L~
EHIL, L—Fy ROMERDHIEICHN LS.
Xy =X, =%,
Yo=Y, V.

¢, =tan™

(2.31)

(2.32)

2. 8. 2 4UMMIE

FTHEDIC, LRI TOFMEO -0, —EH 0 — A% #EGENICHTCO L —
PEH, —dh M ORROEIT D, JEAL2mmOEEH O EAR TR TR A1 5. N
TEMEEZR2TIRT. KRR TIE, RrRZME S5 2 &S GIWTaE 72 e i ol
ERLEOBFREREST S, £/, WO TRLEDERZX230ITRT. AT, 7
YA NTR ) AL LR E, ROEE LTV D,
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[X2.3112, R L7eWiga, KO, 150umfE L L7256 OM TR O EH %, [X2.3212 Gl
HOFEE L2 NIRRT, mORIS, INTEEE1,300mm/minz» 61,500mm/min £ TrEisd H
NTW5., £, X231LY, ROEITORWEES, WRAE DI T i 7 i L
RN HPEH SN AT DR TE D2, WO ARICIE, N FmEIcgishTns.
£/, K2328 0, GWIRFROMEE ThH D 7O ISV A, ROk y, mHEE0 b
HWWVINLHEIZGED 6T, FrRXafESETI, UMcEs 2 LamRlie.

#2812, Ml REMIEEOMGREZRT. e AfEELOKMNEELO, HEHY D
a2 X Tt ARBRTIE, ROE300umDO ST b RN BN, @ X0 HK25%
MWW TO, FeX7 ) —0glia2E8l Lz, s, ARk T30 L 72 #i#H <
R OB, INIEER R BT 2Mmicdh 5. 20z, L FELOEEZRE LT

L2 LT, X0EVINTHEOERRNHIREIND.

Wiz, Stih- 2 ZVEIEROO ) T A SHIEARD B s 2 kot b— PRI LA
FTz. 2WoLMLTop e LT, R CIEM2.33127R7, MHL 6 -~ ERR B L 72
%, EARS0MMOMJEIRTY — 7 28k 282 o 7. IR, EATWIN LR
RS R A2 BB, WO b e Ul O1% S 47, 1,300mm/min& 3 %.

EZMK,ﬁbﬁb,&UNWmﬁbbk%é®,MI%@UH?@EE%%?.ﬁb
LMz , ROEL CIEAONTE Re ADOMEZFERECELLZ LR TE S,

Table 2.7 Condition of off-axis laser cutting preliminary test
Off-axis distance

Laser CO:2(CW) <> Lens
Laser power 3 [kW] Nozzle - e | oyis
Workpiece Mild steel (thickness: 12mm) axis : Cutting
Assist gas Oxygen ' direction
Assist gas pressure 0.8 [MPa] >
Nozzle diameter $1.2 [mm] Nozzle ' ' Laser
Focal length 190.5 [mm] Fig. 2.30 Definition of
Based cutting speed 1,300 [mm/min] off-axis distance

Workpiece

\ , Cutting
direction

(a) Without off-axis (1,300mm/min) (b) With off-axis of 150um (1,500mm/min)

Fig. 2.31 Flow of molten material during straight laser cutting
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Cutting direction )

| T
”"‘H‘"’i" 'j' i {
18

/ /

(a) Without off-axis (1,300mm/min) (b) With off-axis of 150um (1,500mm/min)
Fig. 2.32 Cut surface without and with off-axis cutting
Table 2.8  Relationship between off-axis distance and cutting speed during straight laser cutting

Off-axis Cutting speed [mm/min]
dl;:l?rr]]](:e 1,300 | 1,400 | 1,500 | 1,600 | 1,700 | 1,800 | 1,900
300 @) X
250 o | X
200 O X
150 @) X
100 O X
0 O @) X

Start point  Cutting

trajectory

Start point

V. Z \
g )
/ Y = — = e

§\Dross Syl y/

(a) Without off-axis (b) With off-axis of 200um
Fig. 2.34 Workpiece after circular cutting (1,300mm/min)
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RETHE, TVAMTAZGW 7 v v MCHFRR G L, BIROSBAEIINSC, ARl
&R OBREREAN L2 ERWRERFETH L L—FRONTZ, JERO 2 kT U
THZEEHME L. St ZVHDEIRIR.GO U 7V 2 A Al A FEBR T S0, b
Pee U URNE, 2HOMT DEBMANDKD L ABEEN) T 7 F o= — X B, KEF
L7z, (LSO HIEIERE OFEE, BEF L —V I TH L A EbE 7 L —P RO T A
T LEREE, LY RO A S LT

U RBRE) Y 7 F 2= — X OB TIILL T ORERE157-.

- NLERDHIEEROFER, X, YHIZ20.5mmONL & D EFH, 150~170HZFRFE DX

v Nig& L8 LT,

- 2GONEGHEREE FIZBWT, Lo XL Z OFZENIZ£10umN TH 5.

L —F RN T CIEBL T O R & 1572

s BT OB DRLEIT S, EARGIWIIN TR T, (ROEEIMEE, RO T

A BT AEANAE L. WOE300umDOEGE, RO L &, $925%0 5 7]
AR LTz

- LR CIR DN T 247 5, IR TR T, fmOE200umO5E, ROELOEAIC
Rl S Te R A5 Z Bl L7z,

PSRRI, WiEE L VRNRT 2 F oz —F OMBEROHEAORLIZLY, Wi
BEEMTEEOBEBRORENAR+0THL I ENRFETOND. £z, MLHESLKE 2D
MAEOHFEIZT TR, WML D, UIBmEmHE S 0dEe, 79X b 2 HE & OIREE
LM OMERNSH 5. T2, ERAEOT=OIIE, K/, BERT 7 F oo —F 3k
Ehd. TIT, FIWTIE, /M, RELHEHET, X0 IRWILERDHIF A B A RE7e
T Fax—HEREL, TREAWEZMTY AT ALY, FOMTOMTHEE, 9k
S, 7Y A M AHEE~ODREZHET D.
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i

H2RETIE, 2L —WROMLEERT 570, ke o URA L 2 MOxtmT 5
BHANORDEN LV ARET 7 Faxz—F2 2 ELT. LL, Lo XOALER D
HDOARRNG, W& EMTHEDBEROMEN N+ ThoTe., £, WOMTIZED,
I S O ERe, TV A M AMBEBROKBEN R ERRFMTH D, 51T, fEk
e ZRLDTZ®, O/ R RD bz,

ZFITARETIE, £, 1) EROHEPIOIKA, 2) VY, BEEE, ©28%8%5
BL, HizieT7 7 Faz—F~OERMEEZEDD. ZHUCK L, BEERIZRNEE
Banrofksns Ly XBREN T 7 Fam—2 ZREL, TORE, RAIE, KRONLERD
PERERHI 21T 5. D%, EBEIC L — M LIBICHER L, K0 RO 5RO TR 415
MLT, WMOIMLTIC X 2MIEE, UlmHsS, ROT7 VA M AHEE~ORZHE
T5.

3. 2 BEHZTERNRLUOBE 7V F1I—2NDEKE
3. 2. 1 FUOF1I—F~ADERLH

F2ETOERMREZZEL, N7 7 Faxz—F~OERMAMZ, AIEORRK L O
HTRILURY. WM o UVRAMT 7 Fax—2 LI L, IO A &R, K
ORI E, (ZEROMERDHIHOIIRE BIEE T 5.

Table 3.1 Design requirement of lens drive actuators

New design requirement Elastic hinge actuator (Chapter 2)
Total size <160x160x40 [mm] 200%x200%x40 [mm]
Total mass 2~3 [ka] 4.9 [ko]
Positioning range | Inside the circle of 1mm radius 0.5 [mm]
Tracking error <10 [um] Around 3 [um]
Bandwidth 100~200 [Hz] X: 157 [Hz], Y:177 [HZz]
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RILOFRMARE BT D720, LU ARV E %, FIEZERENS 2N X0 FEEHt 3 8
XRFL, WNFIANCEEROERET 7 F 2= — % CTEREhT 2 &2 T T 5. LK
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BNEHE L, MEROFEFHZIER LT WES XD, T/ Faz—2 |2, H2E

LBk, BRI ERAT 5.

K3 UIRET DEFTEEZ RN T 7 F o = —Z O A R~ $. /N, E(LEBE L,
VURRNVHWNNCT 7 Faxz—F = fMAke L., L ARV ZORTAEERIZ, 12
FTOMENY RERBETS. Lo XRAZ 0z, KOX, YHEE Y oE:, [z
BmOLTeH, L ARNE &, 130 28, 56 Mo KARA TZH M5 L, s
B ZR<$ 5. e, 10&Y 1, 33 EOAKARAI IEE STREREEZRIT D

(LEROHEEOERA %, AEDLOIEZMIPRO L B VZ O, £33t d 25 &
INCRETSH. Z O, BEZEKEZIL, L2 XHRAEOEIN T OEE O BH T 5 7=
W, mANFE O, FEGEENIAR THDL. I T, LI RAREBZEE O IZ[EE T
HE, —HOBRAE X —5 Y NEIOEBENTA &, WD [ OALE RO A D 5.
BGA -V ARNVZOF ¥ v 7 2 HRER U CTRLER D 24T 5 7-0121%, miEER
T OTEE 2 I HMLER DD, Lo T, mNIHE, EEsFmoO, 33 H B EONER
D AT S .

BlziX 130 (&) (228, %Y ofbaohiicznzn 1 lo, G54 EOEKA L
LT 52 & T, 3HBEREIEHRTES. Z0RA, KO 2HOEMA T, YHH
Wi K ONEldRESh 42, £72, FhOOEBBAIIX, YhmiEERZH 5. L, EBEAOD
WL BB D 2 IS BT 5720, Lo XA X RED S B AT E T, [EEE
OFIBMEEEN ST D, Ly XRVALEIC L DHIEEREL L& BET 5 720, #hIOERE
£ D BEE R OFIEZATREE L, 10570 248, A&t6 HOEMAZ WD

Permanent
Displacement magnet

sensor

Electromagnet &
Y

Lens AR
holder S

Fig. 3.1 Configuration of lens drive actuator with aerostatic bearings
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3. 2. 3 BEEREHRENNRE

FrIEZe K82 121E, AeroLasth D AL-30-HS % 3l 95, AERLE Sy FiX, BEE
30mm, & I 10mmO M fFEFREZ LT 5. REICIXEA30~-50umEE OR[N 2%, /Ny R
DHFLHH10.5mmDFELL T 1297 MIRT, SF36ERIT Hit TV 5.

2487 L T 2 Bl 200HZLL T ¢, FEHIE M OfRE & bk Lsv K 912, Zh
Wik, KOX, Y#hE Y OEAREEEEZ, KkHZICRET S Z L4 HiZE 4%, 3D CADY
7 & (SolidWorks, SolidWorks Corp.) % /= L > Xk VX Of%Er, i#Tic kv, EEX K
0.6kg, X, YH#HE D OEMEET— A 2 F3KI5x104kgm2 E HH & e, FREAS Y &, L
RRNEHRLEIEAEL Uiz, PRA8mMmOMICNET 2 E=AFOTHAICEE T 5 &, E
770.4AMPa, #liZ BRI 10um EFHFE L, Xy R 1{EH =0 OIEZ8N/umIZiRE L= 5HE1e,
ZE7 i O E A IREE A 1kHZ, X, YHlE O OFE A RENELSLIkHZ & 72 D 2 & R L
7. HhAZ BRI 10pmZ T A%, SMHEOFE/ Sy RIZk L, FH150NFRE DO E % 5%
DWMENDD . L ARNVAEEEZ06kgE T D L, kY DRILAANZ K ABEA 7B DWW G| T)
THiH>Z L LT

Lens holder

Target

Z,© Permanent
\4 magnet Wﬁ
X

Stator

Magnet
Adjustable magnet support  support

(a) Overview

142

NN

S
omm— &
| Z0

104

160

(c) Lens holder (d) Stator
Fig. 3.2 Magnetic field analysis model for pre-load design
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TIERAK AR A OFRFHIX, BT 7 & (Maxwell 3D, Ansys Japan) % 5. fi#dT
T NEKBART. KEHTET VL, AT —X, LUARVE, TIERKAEAEZED
KR L R SN D . RAA XA TR U~HEOHERIR T, K32d)icrd@my, 1
WOBEY A 5 KABAD, BTN RS X D ICEET 5.

KAREA IR A Y LA & L, PREETIIE890KA/M, FERIAHITL.23TE 5. LY ARL
HVIHENEZ FiOSUSA30 L L, AT — Z [ IERENHI R 2 O DR OIRNZRET D728, I
BeEDSUS303 L 4% . KARGA OER SH6 DN, 1HORF ORI E S HEEES
Filct, 20 3EFTOMEITEHE L, 70 IXSUS4A30E T 5. G/ RT A —F ITAKARA

B, @S, ROFeoms LT 5.

SHEBRSR OFER, X3.20)I2FEIMt & 0T TR LTZE Y, KABA OELRL2mm, &S
8mm, XFFEOE I44mmERE LTz, ZOWRE, L2 ARAFITITHILABNDO W 5| F7 73 =,
EHIZD144N %5 7-7.

8. 2. 4 EBHWAHR

FT, BEIOBREMEEME TS, K7/ F ax— X ITFEEREZEZNEHEHT 572
W, HHNFORIPE, KOBEIIERTEET5. LU XRAVLEEME0.6kg, HIEEN
» Rlfw%400mrad (200Hz) , MEIRIEAZ25um & ET 5 &, 2428, X294k v, H
PEBREN ) 1323.INTH D, L ARV FIIABRLDOIE=AETH Y, EEADRE ZE[ES
DL, YHIZ23INDOEEEN /) 2 56 S ¥ 256, Ea 1EH 0 ICERShDWG]
1LINTH 5. LaL, XFHOEGE, Z02/3E0, 13 INORS|INREREND. Eo

R T, BHA1ESZY ORERGINAEZINEED S, 72E, AR THEMT
EDELET T ORKERPIATHD Z L 2EE L, HIEWSI N Z¥502ATERT L Z
L EIET

LI, fFREN2AT, HEEBRE)/J1I5NLL EA4 723 L 5 B AOIIRRRE 21T . £
T, EREWL-TEMA 2T, ¥—F v b, KOaA VvoHEER, f5ET AV ETICED
T5.

ZOMGET AT, UTFOREEZHWDS

B a7 %, K33ITRT, WA 2 >OCHa T TET VLT 5.

- WEKHRBURLEE, Ba =27, ¥—7 Yy NAHOBEP AL EIIX, Ebof

D E S Tl 5.
- BEAR O WETHEIE—E L T 5.
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- TEREW S| ) M < HIRESIE, B 2 T OWimiRL & L L.

S IRAUVBER, R OVERA R OT NI 5.

VY RRNE DY A ZXDHIKING, &A= T, ¥—7 Y NOEZZSMmMTHEEL, #
— 7y FOKEIEIL, L RERAED 1D A TERE S D 2HOERA K L, 80mm
WCEET S, 0¥ 040mmaAs, KINRTHRIS, 1EOERAICKT 5% —7 v b
OHIEE 72 5. a7 OFiEclE, L XFRAVAEER, ERaT &% —5y N EHFITxn S
5w, £, BYEEMARLOTHE D, 2 =5y FORICK L TRIET
L H2mmoOSHBE2SE L, 36mmz LRI 35,

40

c c/2

) 1
Fig. 3.3 Approximation model of electromagnet design

a7, Z—7 v FNNOBRNIKNAREE S NILL FTOXEBLTEIND.
l, =c+2b—2a (3.1)
ZIZT, ab clx33FIIRTH O DOESTHD. BHA 1D (CH=7 2{EICH
W) OBWEWSINE, BEA-Z—7 > NEOEBgAZImmE L, X(@B.2)LVKRFE 5,
2:2
¢ SN 1

e Ly ( |I N dej (3 . 2)
:us :uO :uO

VA FTADFEL, PRSI THDHZ L HR LTINS,

7%, CRla T NEOZEMIC, aA b-a 7 HE S ORBInEZ0.5mmiF-E 5 2 L 2&
BL7- BT, HEEAE85%LL FICHHIET L. 20z, aA /BN, Mt ESa b c
1T, LT OBRKEI) M-I LENDHS.

2
N%s0.85-(b—a—|m)-(c—2a—2Im) (3.3)

XB~BIEHWT, EZa, b, ¢, ROTA BN, BEEME, EEICED-E
HRERAZRIORT. 2B, FHISNEBHENS /1L, 2ATHI25NE, HIEEERE ) LD
E
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Wit~ 7~ (Maxwell 3D, Ansys Japan) Z H\Y, X34 TMENTET L0 b BRI
SINERENT 2. K320ETF Mkt L, BAKRREDOIFFENEMIN TS, fHaE
it & RGN B| S OIENTRER 2, S5 FH AR & R CB5IC AT, MRHTHESRLIZ2AT15.4N
&, BEEDISNEL A= Lz, £7z, WSFEMEITMITEL Y & TH->TWna. 2
BB 11038 < TAESOIREIRKT 2 H D EEZTND

RETNOMET, BHERTI M < WESIE, EMA T OBEEEELNE L.
UL, FEEICE, =47y PRRESND LU ARV E BRI TH D720, WalH5
B < ERIEEIZIA. 2070, BHFRMEY b RERWSIIR, MrE TRz s
BEZbD. B, MATRERICBWT, 2ALL O CEBRS| S OBMEIG MK T 5
AL, =7y b, KQRaTIiiBi)oMKeafmopgiEs&x 5.

F72, IANVOHFBROESIE, aAVONEENEORESOFEHEICESZ R U

TERT DL, TANOEROE SITH2IMEE EHER S s, SOBELKIETIE
=1.68x10%Q-m» 5, X(2.11)& Y, =A EHTIT4A38QEHER END.

Table 3.2 Parameters 30 \ ! L
of the electromagnet design > —_—.—
Z i Simple equation
% Z ple eq ‘ ./A
Symbol Value e 8 90 L—2— FEM result /A~
2 5 A
a 6 [mm] £ % A/ Y
b 20 [mm] £ 210
o © /Aﬁ'
c 32 [mm] b =
© 0 -=
N 420
re 0.32 [mm] 0 2 3
Current (A)
Fig. 3.5 Simulated electromagnetic attractive force
3 &05
%

Z,0
Coil ﬁy

Fig. 3.4 Magnetic field analysis model for electromagnet design
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3. 2. 5 BEMH

F2EEFEMRIC, L—PMLRFO L XRELHEN T 2720, ReFLIcET A EZMHAL,
HRRER LN 7 & (Solidworks simulation, Solidworks Corp.) CiE & BMm S i/ T 217 5 .
fEMTE T V& X3.612, BRE LM B OER A K33 T. ity N, KOFHEH
KIMEAIERSNL, 77 Faxz—2 I, SmiRE2297TKD, $210x100mm D 2450 22
MzERLTWD., KEHT TIXLLFOREZ WD,

- BHEAICIZ0.6AREEE, FWRFEE T 5. a4 VREL438QEHEH SN D Z &0 h, %

BEITLOWRE TH 5.

« L—WHEKWEASKW E L, ZD0.2%D6W MK OWS L > A CHEK, HET 5.

s LU ARVH BETIE, BARIRIC LD B BEIT 5.

s LAV R, #ESNy REOxbmE T, sRERIC L0 B BEIT .
£, LU XRAK EEOFEHERERIT, AEERO La & IEEIC BT 5 B R
HRD 59, ELEER O A KT 57290, REAHITTRT, BTt A U —%Ra OH H
217 9.

Ra, = B80T (3.4)

va
ZIT, QIXEIIEE, AXEIRGREL TuI L v ARV REIRE, TJIEMRE, v
ITEHEE, IR THD. RERESLIF L XEELE L, RIMTTRT NI AL %
AT 5. Lo ARV A REIFRIOKO A= ThbHZ &0 h, RFTLA U —%Rall
105~100DA— & £ 720, Lo X NS O HARRRIE, BiRE#ERd 29, LoT, ¥
BMmER X @5)CR, k& nEAm o i AR OB E AV CRIT 5.

— 0.54k_. 1
h==T""Ra’ (3.5)

Kair IZEROBYRERTH D, 728, VARV LORENER FTOBEICE, FHEMR
BERTOW/MEKET 5.

WIZ, LV ARVE T, FESNy ROt m O FEPYRERD RFES V2o T
AR s & ORI RHEEVREO A IET 5. GLIEBOF B T 570, X(3.6)%
AV, LA VOV ZHRDFE M EIT 9. RBE SIFFFE/ Sy NERDE T 5.

— Vada
14

KB.7IZFE Ny RL U ARV ARICHEE N -22 K0T Va7, HEERET VO F
[H 5 Z22R0304LmIn THHG S0, MlE 2B L CHOMIBICH T 2 L2 BE/T 5 L, 22X
OEHEEEIXT7.0TmM/sE 72 5. TN EZERDOEEE L TREL, NE@O)ITATLHE, b

Re (3.6)
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A IV AEIEX10 % FE A 729, EROWMAVXEIRE MR T 259, 77 FVER
0.5<Pr<15O#FANTH 5 Z L L BET D &, FWEMEERIL, UToXEGB7N)LVKRED,
60.18W/M2.K T - 7=.

100

Coil Stator
Fig. 3.6 Heat conduction analysis model

Table 3.3 Thermophysical properties for steady heat conduction analysis

Part Material ThermR:v (;:)nrdechtivity SpEaJ(;Egi]c.:Q]eat
Elastic hinge Stainless steel 16.3 500
Base plate nagnetiom 26.4 460
Coil Copper 390 390
Electromagnet core and target Silicon steel 43 440
Lens ZnSe 18 339
Air Air 0.026 1000

Table 3.4 Parameters for estimating the heat transfer coefficient

Parameter Symbol Value
Thermal conductivity (air) Kair 2.614x10? [W/m-K]
Kinematic viscosity v 1.583%x10°° [m?/s]
Characteristics length L. 50 [mm]
Thermal diffusivity a 2.207x10°° [m?/s]
expansion costicient p 3333x10° K]
Ambient temperature Te 300 [K]
Prandtl number Pr 0.717
Diameter of the air pad da 30 [mm]
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1 1
h= —0'624ka" Re2Pr3 (3.7)

a

3.8l R A R T, Lo AP ChR iR E SR S 4, L — I J13kWCIE330K,
1 )45kKWTII3MKTH 5. HIEDIS0KLL FTixd 2205, RBBD 720, FEEOILOE
W2, L—REHR O XA MREICHOWOND T AZBINFIAT 570 L, Vo XEE E
FaMR D LRPGETHD.

Fig. 3.7  Air model between air pad and lens holder

[K]
350

340
330
320

- 310

330K

300

(a) Calorific value of lens: 6W (b) Calorific value of lens: 9W

Fig. 3.8 Results of steady heat conduction analysis

3. 3 BEEHZTENRLUOXEFHTFIFLI—2DRE

3. 8. 1 ZUVFazI—420DxkE

HBIZHNET 7/ Faxz—F DL v XAKRNK ZR-T . ~F1E1E109x126x10mm, B & 1X
052kgTH 5. MHENEIV ¥ & SNTCIE=MAEO L ARV, EAZ —7 > NI
FIAFENTWD., LY RRNEIE, KABA EDOWH 1R ESTE D700, BEAT b
A (SUS430) %, X —7%'w M, B OFEZIHEIT 572512, 0.35mmod )5 [t EE
SRR (35A360) AflfE L7-bDEEHT L. Lo AR OEmIXFHEZ Lz O,
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HTMERENE D& =5y MR D720, TNEIAEIINTZ1T 5 .

PIBLOIZERIE L 72T / Fa o — 2 DAT —H T . §E/ Ny K, THEHKAMA, &
Weti, Bzt ROENALAEET 2 LHE THRINTWD. ~HEIL142x160x36mm,
BHEIT191kg TH 5. FHENY N, MOTEMKAMAOREIOD, @S HMRt s
bHloElEE L R o TN D,

B O XEBITIEREA T L 2 (SUS303) 2 L, EBRAITIZZ—4 v k&
U BB A2 V5. =34 /L13¢0.32mmaD iR 2 VY, BEIF409TH 5. FHEHKA
Wi (RAY LBA) OXFFRE, 3REATIIMMEA T L2 (SUS430) ZEMHT 5. 7D
3EHTICIE, MNLMER BV g (C3604) ZfEH, MHE XYM LA T Z & T, &I
HREA X T 5.

WEREME L HEERDORALL, LV RARAEDE v FHXT T Y o TOEE
Lz, MB10HIIRT 6 @ATICRE T 2. Bk o O ~DREZY T2,
MR EL, #ERIEOR) =T VA I N V=7V 7T T7AXAF v 7 (UL
1000, Nippon Polypenco Corp.) % {# 4 %.

Permanent
t Airpad  magnet

Target Mass Electromagne
0.52kg

(@]
o P o 4
T 7
Base ‘?
126
Y N \ -l
) Sensor
é-)X Thickness:10mm holder
Z.0 k 160 )
Fig. 3.9 Prototype lens holder Fig. 3.10 Prototype stator

3. 3. 2 ZEHMEHAIART L

AT I Fax—2TE, VVRRLVEDEL, BEADORER, Eiit Y oOikE
L@, [ FER UGS TREFSNTW D, Bt oI Oy 22 BLE X X3.11058 Y T,
L ARNF DIELD L THRMTICZENEN 2K, BRt4AARENT 5. Eif-v o AR E
MOWBIX Y v T &go, HHE~DENEX, y, ZHEY OfMEZ, BE RN 7 FORE
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DEYalTHE, FEUFHISIMFIXEB)TEIND.

S, 0 L-L2) (1 1
S, 0 112 1 1
83 = \/5/2 _]/2 B |S/2 {Z + 1 Qo + 1 “Oar (38)
S,) =32 -y2 12 1 1

NE8)ELR, BT LH L, X, YHHDENX, y, KOZEE Y OfEALLLT DX (3.9)
WZTRES.

1 ~YV3 Y3 Y3 -1/

=

N

=l Y3 Y3 -y3 -13
Y, oy, 0 0

(3.9)

wmw »n ! wm
w

X
y
6

WTNDOEN S, 4RO Y HNOEMBER 725720, BoVOBEERY 7 K, &
NEFE ) A ALz TE 5.

60°

777 777
S, LS
Fig. 3.11 Arrangement of the displacement sensors and electromagnets

3. 3. 3 f{IERDHERATL

FRRILE ORERL A X321 F . VT v A Ll o=, DSP (DS1103, dSPACE
Japan Corp.) Z MW, o7V v Z R EIT20kHZICFRE L=, iEREN P (PU-05,
AEC Corp., Zrf#fglum, HIEEFH2mm) 12 L 0 5H L 2B E# 2 ADAR— K (12bit,
+10V, 4ch, parallel AD converter) THZY iAZ:, (LERDHIHDIZDD T +— F3w 7 fHk
ELTHWS.
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Acceleration signal Acceleration
DSP Displacement signal
D/A | A/D Sensor
amp.

Current signal

Power Current
amp. sensor

Voltage signal

Fig. 3.12 Experimental system for positioning control

Lo ARV HERLIE R, AERD BAEEZ T, DSPAELCHA L 7B /ERIX, DIAR
— K (16bit, £10V) THiAHL, &EET 7 (DCV-304A, =T )VE L, V=TT 7,
R ERE28Y, K TERAA, 73 FiE100kHz) THbE S, EAICEnS .
BTN D BRI, R—FTAERE Y (LA25-NP, LEM Japan Corp.) Tk,
A/DR— K (16bit, +10V, 4chx4, multiplex AD converter) THVAEn, EFHIEH D=0
D7 4= Ry 7fFHRE LTHWLEND.

3. 4 HEWMIENELOIEEFHT Y FiI—2OHERKE

3. 4. 1 #HIEHROETILIEE

TP, T2 Faxz—FDETIMMEEITH. ZIT, RIET 7 F oz — X DML THE,
LU RRNVH e RRAFEICR T H IS, BEL ThRewy, 55WEIs ), M7 »nME< 2 &
DER S T2, UL, FREZERENS: OMIEMER O T2 Ok E LTz, THEHKABAIZLY
RAETDHRRMIRNT VAN, Lo RFRV RN FAGIER, IR IREE TIE T D
BFCiRbERET DO LHENISNDS. 2B, ZOETLH, ML7oRESE, H7NUTF,
LOFmMN-mEL FCTh 5. EA 1EHT0 TRAEMER, LY ARAVA~OE /), bk
TS, BE~BEE NSV, ETUERREEZDRIRZ, TV Faz—F OfLE
WOMEREZ @O D720, LT, ZOTFEMKAMEAIZZDMMHERCHEORELZE LT
Tk, HIEERERF AT D .

BREANOOWFIINCLY, Ly XBRAZI@L, XTE~OE N ERET DL, BRER
BEM, XFHEORIMEK, BECE AV, WikoEs) G108 52560 5.
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MX+C, X+ K, x=f, (3.10)
RELYE T 7T AT D L, XFRETNE L2 XR VS BENXE TOIRERED K
@l THELND.

X(s) 1
F(s) Ms’+Cs+K, (3.11)

YHHbREREETH D, £, BEEANLORGIINZED, L ARALZITEL, ZEE Y
DIFEA~D "IV T gl 35 &, BRENEOZEE 0 IBMET— X > 8, Z§lE Y ORITEK,,
JBECex HVY, [FlHRDEENFEX(B12)N G526 5.

J,0+C,0+K,0=1, (3.12)
RNE@BL)E T ST AT DL, ZEE Y V7 D Ly ARV X RS A 0F TORER
BB THLND.

o(s) _ 1
T,(s) J,s°+C,s+K, (3.13)

W, BEADETIALELITS . BEADOHMNEERZvET DL, af KR, %
7R ALLY, EBitiE OBMRIZLTORXBIH) L RIS,

di .
v=L—+Ri 3.14
G (3.14)

X@B1) % T 7T AEMT 5 L, EREA OHIINEIL ) S EH E TOMRERBEHEMNX(3.15)T
Bohns.
1(s) 1

V(s) Ls+R (3.15)

72, A VER, BEHA-Z—T v NEEEREg, ERA DOWE] Tife DRI, EIE - A
AL« ESkeE VT, X B16)TEIND.

f, =k, — (3.16)

3. 4. 2 ETFIEFE

HESZ RN T 7 F 2= — 2 OALERD IR OBRGHIBLERTT VT A =2,
BRENVE M, Zah)E D IBMEE — A > M, BIPEKye TBORERECyye, EREA DB « 22N
- NEHko, A MRPIR, A U F I XU ALTHD. ZON, LIZBLTIE, 3D CADY 7
I (SolidWorks, SolidWorks Corp.) TR DHEMT 5. Fiz, MIZL U ARV EE R LS
L<, 052kgTH 5. LLF, FODOETNNRT A—ZERETD.
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(1) RItEKyy,o HEHRECuy o DEE

VARV e AT — IR L, EMAICEREGEATIC, 47 VAN TX, Y
, OFMICEBEMIEL, B0, AEOBEMBRIGELZIET S, K3.1312, IWEKREO6I%E
AT ERICHLIIR L noik, MRHRXLRNRERERTHL EEX LD, BRI
K OEA R oD BRI 2 32, X02.17), QU)IRLIEZEBY T, RO DOEMENE,
AIMEK S ONBEERRECAILL FOKGBI) TR ES. 728, Y, 04FMbLFEETHS.

K, =Mao,’
C, =2Mdw,

(3.17)
(2) B - £li - hEHKDREE

B « BAL - NEBKDRIEFIEZKBIMTRT. EMAE, Lo ARAFITERY i
SN H =57y MM L TERET 5. ZOR, EEA-Z—7 > b REEEBEge 2 Imm|ZF%E
L, HFITICHMESEDL720, 2RO~V 7a A =2z FHT5H. L2 XARAVZITETRE
(PB8001, Mettler Toledo Corp.) Za%{E I D. 2 A WIZEGIZ G LIZERD, &\ KO
PEAEDOEAIN S, EBRHADORGINENFEETE L0 T, K(EB16)1 6, &R - £ - JIiE
HAEFETD.

(3) IALEHR ATV L VALDRE
# BB DA ANARHIR, A F 27 2 ALE, LCRA—4 (3532-50 LCR/NA 7 2 4,
EER) L VEHITS

Electromagnet & 1mm
= 400 Micrometer
ER gage
€ 200
s o H |
§ 0 | V/\" NN~~~ Lens holder
E ol |
1]
0 -200 ; . :
0 1 2 3 Electronic scale
Time (s) P ]

Fig. 3.14 Identification of

Fig. 3.13  Impulse response (X direction) force-current-displacement coefficient
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LLE, BT NANTA—FORIEMRZ, BEEEEM, ZH 0 EET—2 2 bL2a0
, RIBIZELDD. B, aANA U F 7 2 AR, ElcA-L 2 XBRV S TREREECAR A
To70, ZITIHREME LT, BHmmOEE R~

Table 3.5 Model parameters

Parameter Symbol [ X direction Y direction O direction
Stiffness Kxy,o 510 [N/m] 486 [N/m] 0.515 [N-m/rad]
Damping Cxyo | 9.83[N-s/m] | 8.98 [N-s/m] | 8.94x10-3[N-m-s/rad]
Moving mass M 0.52 [kg]
Moment of inertia J; 1.03x10°® [kg-m?]
dispIaFcoerrfweerftu Efer}g‘icient ko 4.15x10° [N-m¥/A’]
Coil resistance R 4.39 [Q]
Coil Inductance L 19.56 [mH]

3. 4. 3 BHNERMMEE

KT 7 F ax—2TlX, BEA-L Y ARVERE Y v 70%, PIHHRETLIMmM, 201
[Z1X0.1~2.1mmARE OFEPH CA LT 5. Witk VU RNAIT 7 F o= — & LA, TRV
PHCL Y ARV ZBRENT DB LD, FH2ECTHEH LI Er A 7 ZEFRIEDOT
X, EWAOUYEZRIZEBNT, BRSO L—L— BB IR, (CERRE
B, ISEMEDME T 5%,

BRATOWB Nfeld, ERAOOfMEZERT 5 L, XEI6)TREND. EHMEKTI S0
—L—hiE, XEI6)ZFMMO T2 THLNS.

N

XEL)ELY, AN D ERNE R TH LGS, FUSEHORENEr L2b. £
D=, BROEIZH L, NOEEREr LD, Bu (7 ZERETIE, B
U Z CTHWS 20, HFPo2—L— FORBEREETS. Zhicky, EBiRoOM
okt L, JORENEN, (MERFEESCIREENMETT 2. AT 7 Faxz—2 04
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Fig. 3.15 Flowchart of the partial-bias current method
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Table 3.6 Parameters of the electromagnetic characteristics

Parameter Symbol Value
Coil current i 101 [A] (order)
Coil resistance R 4.41[Q]
Vacuum permeability 1o 4nx107 [N/A?]
Coil turns N 409
Cross area of core S 30 [mm?]
Initial air gap Jo 1.1 [mm]
Lens holder displacement Xap 10 [mm] (order)
Current variation di/dt 102 [A/s] (order)
Lens holder driving velocity | dxap/dt 103 [m/s] (order)
80
g - ®
g 60 °
g 40 .'.
g [ ."o.
E 20 ®00¢ oo ®00cc0e o o
0

00 05 10 15 20 25
Distance (mm)

Fig. 3.16 Variation of coil inductance related with the distance between electromagnet and target

L Compensator EM

1 I(s)
L(g,6)s+R

I(s) +

Fig. 3.17 Variable gain type current feedback system
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Saturation
(amplifier)

1 I(s)
| L(g,6)s+R

Anti-reset windup

Fig. 3.18 Current feedback with anti-reset windup
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X b,,s° +b,,s + by,
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Current
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X X’ ~ X
N rt b,,s% +b,s + by, 1 1 X

ﬂx+& 2 2
B S B ST +8,S+ 8y, Teps+1 Ms®+C.s+K,

Fig. 3.20 Simplified block diagram to design the regulator parameters (X direction)
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N ER D HIE E B, mNNEES A, EERImmE N OALE D HEIFA, 10umbL T o7 E
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Table 3.7 Control parameters for current feedback

Parameter Symbol Value
Time constant Teo 1/450 [s1]
Proportional gain B 55
Integral gain 7 12,000
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Table 3.8 Control parameters for positioning control (partial-bias current method)

Parameter Symbol | X, Y directions O direction
Bias current io 0.7 [A]
Pole Dy 210x2x [rad/s] | 220x2x [rad/s]
Proportional gain Dry.0 0.4 0.4
Integral gain I5y,0 240 260

Table 3.9 Control parameters for positioning control (bias load method)

Parameter Symbol | X, Y directions O direction
Force for generating
bias current fo 0.5[N]
Pole Wy 210x2m [rad/s] | 220x2x [rad/s]
Proportional gain Pry.0 0.3 0.2
Integral gain Ky, 0 280 280
0 —
5 \ Distance between
~ \ EM and target
-10 _ — 100um
-15 - i) — 500pm
0 1,000pm
‘§ — 1,500pm
45 \ 2,000pm
1 10 100 1000
Frequency (Hz)
(a) Conventional current feedback system
0
5 [ \ Distance between
Rl N EM and target
101 ——— 100um
-15 R —— 500pm
0 1,000pum
—
\ —— 1,500um
-45 \ 2,000pm
1 10 100 1000
Frequency (Hz)

(b) Variable gain type current feedback system

Fig. 3.21 Current frequency response
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(a) Partial-bias current method
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Fig. 3.22 Circle trajectory tracking control (1mm radius, 1Hz frequency)
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Fig. 3.23 Frequency response characteristics (X direction)
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Table 3.10 Bandwidth of the positioning control

Nonlinear Bandwidth [Hz]
compensation | Direction Around origin Around the position 900um away from origin
method g Maximum Minimum
o X 117 136 83
Partial-bias Y 120 120 38
current
C) 132 170 49
X 177 179 156
Bias load Y 174 180 163
C] 173 188 151
X 179 179 154
Zero-bias
current Y 169 175 160
C) 164 180 138

3. 5. 3 [EREFHEE
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Fig. 3.24 Definition of vibration amplitude ey ((x, y) =(400, 400))
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Fig. 3.25 Measurement results of vibration amplitude e,
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BRI CLE LIALER DN ATRE T, FRL TIES 2REDINEEZEITE 508, v
YABNVEDNEITIG T, WWEMENRE SEIET DRREPIFELY Lipode. NAT R
THEE, MoOmMEE & L, IKEHZZE, @ LRSS TAERDHIETETH
D EMERS NI, EXY, KT V7 Fax—2TIE, A7 AINEICL D ERSFFER
AER AR THD L L, LIBROERTIE, AFEZ AW TAERDHEZ1T 5.

Table 3.11 Comparison of the nonlinear compensation methods

Nonlinear Positioning Slew rate of Bandwidth and robustness

compensation method range electromagnet of reference characteristics
Zero-bias current O X O
Partial-bias current O O X
Bias load O O O

3. 5. 4 HEEHMHE

FEEO PRI 2 AEE LT ELAHE OB 072, 77 Fax—2 % L—W I THICHE
BL, MEHERBRAIT Y. MI26ITIMEERBRFOEEZRT. L—F~y NIZT7 7 F =
T EEHAOERNPERY T b TWd, £z, ER BRI, X3.191R L2 SMELfE
WCHWS, L—%~y ROIEEREHRD, 3H#MEMSIEE® ¥ (ADXL335, Analog
Devices, Inc.) 2R E LTV 5.

Laser head

X direction Y direction

|
oY j/ /\
0.0 I 0.5 I 1.0 I 1.5 I 2.0 I 2.5
Time (s)

—

1
N

Acceleration (G)

Acceleration sensor Actuator

(MEMS) Fig. 3.27 Acceleration of the laser head
(accelerated in the X direction)

Fig. 3.26  Acceleration test setup
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Fig. 3.28 Relative displacement between the lens holder and stator during acceleration test
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3. 6. 1 L—YRDLMIEHE
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Erambicd, B2 —0y RPRIERIN TS, Zods, 325HIZT, b XREMN
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BRI STV D, LY AT A0 X, 281HTHMH L, #ite o7 7 Fa
T2 EHWTERBIEOLO LFRIETH S.
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Compressed air
for air bearings

Power supply
for electromagnets

Fig. 3.29 Lens drive actuator with aerostatic bearings for laser cutting test

3. 6. 2 HHEAE
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LT, WAOWEEKRABESIND., 22T, A7 LV AGKTHE, L—PRLICE
D, TYANTAEEE LW S ~OZR 2T 5.

Table 3.12 Conditions of surface roughness measurement

Standard JIS B0601:1994
Stylus tip diameter 5 [um]
Standard length 2.5 [mm]
Evaluation length 12.5 [mm]
Interval number 5
Cutoff value 2.5 [mm]
Measurement rate 0.1 [mm/s]
Measurement pitch 1.5 [um]
Filter Gaussian
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Fig. 3.30 Roughness measurement lines
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Fig. 3.31 Cut surface (mild steel)
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Fig. 3.32 Relationship between off-axis distance, cutting speed and surface roughness (mild steel)
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Fig. 3.33 Cut surface (stainless steel)
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Fig. 3.34 Relationship between off-axis distance, assist gas pressure and surface roughness
(stainless steel)
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Fig. 3.35 Cut surface with off-axis of Lmm (stainless steel)
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(d) Formation of new cut front

Fig. 4.1 Laser cutting mechanism with orbital oscillation of laser focus position
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(b) Additional melting due to the moving downward of laser focus position
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Fig. 4.2 Laser cutting mechanism with vertical oscillation of laser focus position
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Fig. 4.3 Maglev lens drive actuator®®)

Table 4.1 Performance of the maglev actuators?

Parameter X direction Y direction Z direction
Positioning range +1 [mm] +1 [mm] +5 [mm]
mﬁﬁﬁg?&gﬁﬂgﬁO“ +15[um] | +1.5 [um] +3 [um]
Bandwidth 160 [Hz] 156 [Hz] 105 [HZz]
Total size 124x124x144 [mm]
Total mass 6.0 [ka]
Moving mass 1.1 [ka]

4. 3. 2 LUAEB#AE

EHT =MLY AT LAOMEL, T/ Fax—FHEZRE, F2, 3HEELHEKT
boH. AFEZHOVTIMTERRTIE, L=~y N, KOV XEET 7 F 22— % Ol
BNIINE L TIT D .
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Fig. 4.4 Orbital oscillation Fig. 4.5 Vertical oscillation
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Lens Laser head

Acceleration pickup

Fig. 4.6 Maglev actuator and integrated laser cutting machine

Table 4.2 Initial laser cutting conditions

Laser Fiber (CW type)
Laser power 1.5 [kW]
Beam spot diameter $200 [um]
from uppZ?gﬂifggZ I:)I]? \r/]vorkpiece 2.5 [mm] 8 [mm]
Target material Mild steel
Thickness 9 [mm] 12 [mm]
Cutting speed 1,000 [mm/min] 900 [mm/min]
Assist gas Oxygen
Assist gas pressure 0.04 [MPa] 0.025 [MPa]
Nozzle diameter $1.7 [mm]
Distance between
nozzle and workpiece 1[mm]
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Fig. 4.7 Method for cutting workpiece
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Fig. 4.8 Evaluation of the kerf shape
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Fig. 4.9 Kerf shape with orbital oscillation (top view, plate thickness: 9mm)
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Fig. 4.10 Relationship between the orbital oscillation radius and striation structure
(orbital oscillation frequency: 80Hz)
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Fig. 4.11 Relationship between the orbital oscillation frequency and striation structure
(orbital oscillation radius: 20um)
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Fig. 4.12 Cut surface with orbital oscillation (plate thickness: 9mm)
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Fig. 4.13 Relationship between the orbital oscillation radius and surface roughness
(orbital oscillation frequency: 80Hz)
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Fig. 4.14 Relationship between the orbital oscillation frequency and surface roughness
(orbital oscillation radius: 20um)
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Fig. 4.15 Scanning area of laser beam during orbital oscillation
(laser scanning speed: 1,000mm/min, beam diameter: 200pm)
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Fig. 4.16 Relationship between the orbital oscillation radius and striation structure
with simulated results (orbital oscillation frequency: 80Hz)
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Fig. 4.17 Relationship between the orbital oscillation frequency and striation structure
with simulated results (orbital oscillation radius: 20pum)
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Fig. 4.18 Kerf shape with vertical oscillation (top view, plate thickness: 9mm)
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Fig. 4.19 Relationship between the vertical oscillation amplitude and striation structure
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Fig. 4.20 Relationship between the vertical oscillation frequency and striation structure
(vertical oscillation amplitude: 0.5mm)
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Fig. 4.21 Cut surface with vertical oscillation (plate thickness: 9mm)
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Fig. 4.22 Relationship between the vertical oscillation amplitude and surface roughness
(vertical oscillation frequency: 30Hz)
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Fig. 4.23 Relationship between the vertical oscillation frequency and surface roughness
(vertical oscillation amplitude: 20pm)
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Fig. 4.24 Cut surface with vertical oscillation (plate thickness: 12mm)
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Fig. 5.3 Laser beam conditions for estimating laser intensity distribution

Table 5.1 Parameters for estimating laser beam intensity distribution

Parameter Symbol Value
Laser beam wavelength A 10.6 [um]
Beam spot radius I0 125 [um]
Orbital oscillation radius lo 100 [um]
Orbital oscillation frequency fo 10 [Hz]
Vertical oscillation amplitude ry 3 [mm]
Vertical oscillation frequency fy 10 [Hz]
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Fig. 5.4 Normalized laser intensity at origin
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Fig. 5.9 Experimental conditions of laser average power, frequency and duty ratio
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Fig. 5.10 Measurement of laser piercing time
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Fig.5.11 Laser piercing time with orbital oscillation
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Fig. 5.12 Definition of number of division
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Fig. 5.13 Total energy input from laser with orbital oscillation
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Fig. 5.14 Laser piercing time with vertical oscillation
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Fig. 5.15 Total energy input from laser with vertical oscillation
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Fig. 5.16 Unsteady heat conduction analysis model  Fig. 5.17 Simulated temperature at origin
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Fig. 5.18 Simulated temperature distribution on upper surface of workpiece (0.083s)

—— Focus position on upper surface
—— Orbital oscillation

500~1000K . —
; : —— Vertical oscillation
8000 : : 550

< - AN 3
@ 6000 5//\\5 < 500 TN
2 I e /é/ \Q\ 2 450} ///, \\\\
® ~ a4 H o] \
;g_ 4000 ’/‘Inn / . \ ,g i / \
[ Y 400
E 2000 : \17: N\ E / \
L S| as0
0 i H 1 1 1 1 1 1 1
-04 -02 00 02 04 -1.0 -0.5 0.0 0.5 1.0
Adjusted X position (mm) Adjusted X position (mm)
(a) At 0.083s (b) At 0.09s

Fig. 5.19 Comparison of simulated temperature distribution on upper surface of workpiece
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