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Real-Time Correction of Movement Errors of Machine Axis
by Twyman-Green Interferometry

Hyung-Seok Lee and Seung-Woo Kim
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Abstract

This paper presents a real-time correction method of the movement errors of a translatory
precision machine axis. This method is a null-balance technique in which two plane mirrors are
used to generate an interferometric fringe pattern utilizing the optical principles of Twyman-
Green interferometry. One mirror is fixed on a reference frame, while the other is placed on
the machine axis being supported by three piezcelectric actuators. From the fringe pattern, one
translatory and two rotatioal error components of the machine axis are simultaneously detected
by using CCD camera vision and image processing techniques. These errors are then indepen-
dently suppressed by activating the peizoelectric actuators by real-time feedback control while
the machine axis is moving. Experimental results demonstrate that a machine axis can be
controlled with movement errors less than 10 nm in vertical straightness, (.1 arcsec in pitch, and
0.06 arcsec in roll for 50 mm travel by adopting the real-time correction method

59 3Pz st FEHUE FAd oJHES

5

LA B AR gk 23W AAF A, sl o

44 SATHE TELAE 2 V%) AFY 9

ZAs A4 ol RS 5 FYEE A5 4 & AL dol¥ ol4F £FLAE FH%,

del AEg o FmE, oleidoflq 2 Tl MANE TFLA ANT HA“? geoz o
9z Zoisin oo S8 AuEAEer W AUk USY ez QN

Faoksl A% dolRe €5 FUES F4L I ¥ AFE AAelE HelRd AndA 2R

slo] ojeizhxl Wy Felt? B glonk, Hel 9 447 24 (realtime correction)o] %F ol

%o 504 B4 o TELAY $RAY 2P o HolE o5 BARE EFLAY 447 8

Ae A5, dolHE ALLd ESinb-zal AA
A3, dEAgrled AUgdH (Twyman-Green interferometry) 2] Qzj©% oj &




3116
ol o|43al HolE $ELAE
42 £FLAE dol¥ Aol ¥
(piezoelectric actuator)§ %4 (null-balance) |
o} AA7 LAESTE olsh o] EYat-1a
ZHAE dlo)Ee 523 2Ho LT AL,
By A AT E 2709 A FFLR
23 108 44 $FeAFE SA0 2PT4
g 548 A,

32 b

A wol gl oA WAL LA FRelE
Fig. 13 2ol 349 A4 5239 349 g4
$5oA2 FAD % oMY S 4¥o] 2

et
2 ATl AN B gL RE 24 7

positional
error

horizontal
straightness
error

translatory
machine axis

Fig. 1 Six error components in translatory machine
axis

&2l A (pitch) 2.4,

)22k, 42 ukeka] A (vertical straitness)

2 fo
ol

e

>

i,

fo,

ox

=,

o

Fig. 26 ESi-a9 24AsH GATF el
Foae 4A% B4 Axd

2AH 7)FA Al 7 F
l°121%—- AH8-3te] Eﬂ°l—"¥4°ﬂ

AEE 3
Li}%
A /‘JEHOH WJm: 74354 (mterferometnc frmge
pattern) 7} 4§ gkct, o] 7HAFHE CCD7tdigt2
zaste] AR 2 PotTolx, 43t eo] S
FEeAHE o, EAM 2AFL HolE
Lol A28 3AHe GATFEINE Agstel wAbs
o, o] & W AL Ho|E ojFA dALH
o2 F3joixlch

2. E9jot-02 BN ZHY

Fig. 3¢ slo|¥e] 5248 $437] 9% =
A2 AAA AEeieleh, el o
o] Hoje shdel il HeNe alojd3e 33
ool st AER4} 2H R4 02 ¥,
AZWAA Mish 27547 Mol AR,

CCD camera fringe pattern I I
laser & l 1 I
collimater image processing

board

base

(AN

- rall

pitch

] |
l_/r——_|' Bl |
|

Micro-Processor

up/down
cg\/mt.er

|
po |
L ]

Fig. 2 Real-time correction system of movement errors in machine axis



F94 A€
7 dpaide) Eedo] Heloleh AAAHE, AF
A7 MIolA dbAslel & B e FA4

& 74A% et Rel A¢dn,

W,=a exp(2skl) (1)

A7 A, o AEEAT Mgl W% AFole,
1 FEUIISE AZWAA Aol AR, % ke
Az 7T 22/aQ A4olst,

2044 M2zye dase) b Fe B

e AU 204 A4l wet A4

 F AT Moo sl AHAE BAA
zozve, HYWAAY Edel 2(x,
ym 298 A% a4 ol sl

W.=b exp(2/k[I—2z(x, ¥)]DJ (2)

olel, bt FAUAAY TAR AFels,

z{x,

'
tringe pattern \

€D array

spatial filter
& collimator BS.

He~Ne M Ny "1
e EIST N :

tt2an .
target mirror M2

Fig. 3 Twyman-Green interferometry

reference
mirror K1

z

—
]
A

translatory
machinexis

=>

z(x,y) = Zo+9xy—¢sX

o 8 ol e

SE o A7 BA 3117

VE SAWAAY Ede et Aoz g
42 7 48} g7 ATk, hed 2ol EdW
o}

=20+ by —box (3)
4D, @2 Edde 5 A3 sFde %
$EoIA AT, § HFA A4H] o)
A 2AFH A4, AR T e 4
(VF @2 35 o3} go] YU,

I(x, y)={W,+ W]
=|a exp(2jkl) + b exp (27k[{ —z(x, ») DI
=a?+ b+ 2ab cos{2kz(x, v)]
=I{14 ycos[2k (2ot Bxy — $sx) 1} 4)

714, L HF 99 Z=§ JehiHd, re 7
A5+ ol (fringe contrast), ¢x ¢yt FHHAL
A AL, zE FLdAez HE Azl
A (4)e] zted AR HAAFH I(x, v)o
L A Z2gA A dE SR 3 A4
BE ez, i‘ﬂﬂ¥*}7§° 7}74\ olg ®Hol&
el AL S, AT A Z1FE0AA
o B AV +F F, Eﬂ°i—§: S FA e ol
el Ak, 2709 HASEF A2 Y AA¥
E Qo oig HRE WEZC

z(x, y)

L

3. ZIM R Y Y

Fig. 4+ ZAAEA (x, y, 2ol A, =HolE 4

I(x.y)

X(XJ') = Io§1+7°°5[2k(2o +¢xy—¢yx)];

Fig. 4 The relation between translatory errors and fringe pattern



o 2R EAAA 2(x, )8} olol sAate
B G4 WA I(x, v) o] BAE ekl
o}

q@z FRAE BATH G4 Hold
F2As 2 A%elE Feldel i/2vtt 59

1% FHAE F714E veile, HlelE9 71g]

W e

Z
)
Zovy T )‘/4
e -
= | | -
Imin  Toby Lomax intensity
Lop = Jmex + loia

2
Fig. 5 The periodic intensity signal of interferome-
tric fringe

least squre

Hlol £ 7lgoid o] g HuE AAd
"ok &, A @AM, gol 2ol wE
A5+ I+ Fig 59 o] #7152 wisidi,
AFHAY F14 wgoll wAHE A A4
Fololl w2 A Ao AGLE FHII] A

fod, FEWA LnE FAZ
2% B2 AlE T9 LS el
Ae EHol A8,

BAAY 27 AR BAFH @osk o A4
o #3730l EA FAY F, Hold o4l

$7oz $504% SQen, GATEINE A
AT Wl 2577
ol o3 5249

-
~
e

e —Ll 4
rﬂ\L
Lo
i
2

[od

to

‘...r\_l‘
>
—a
A
i
,
N
s
o,
oo
ok
o
ofn
o
_)‘J—L
A
oX
rlo
A
ot
3: 4
L

Z &2 (least squre method)
Hol¥ol A% Hale w4
o ultAAlo g HE wlo] o

E Aol AR z(x, v)E AG)H 2ol 7
2 4 gl

z2(x, ¥) =Kz - (I(x, y)—Ioe;) (5)
olull, Iopse (Imax+Iwn)/2%0 ZHAFH whr|eld,
v A K& o8 Fo] zo wWE 74 FH
7] IAbolel BAZYE zpellAle 71271 E

plane
intensity _
form 2
=

i x
' - object
! / [ ,/ plane
o b

ax + by + ¢

z =
Fig. 6 Least squre method for table moving errors measurement

—> normal vector [-a,-b,1]



FeA AL o] o|gHe £FeA A4 24

Ebs| gt o] EHAH

—a|  _ A
Ke= dl z=zow- Zﬂ(lmax"lminj ©®

7 fANAY 44AY oR 2(x, ) HEAS
ol delstel EAA AL FE4 o™, ol
Bue) YANHZEY Holge) TEHALY o
A%e 784 Qeb Fig 62 o3 & BAE
b,

ZAAze) ERE AN Re PRNe

Helsta,

z=ax+by+c (7
H4£A54HE F4 5AH HdE T H94
2 A eg

52=é(ax,-+by,-+c~z,-)2 (8)
o} 7rel Hojslm, WHeujEstd A4 @ b cE T
s AH9) 3 o] Jl&H T,

a Dxd Dixiy DI I DI 2N

bl=|Dxy: Dy Zyi| | e (9)

c Dx: 2y N pIF2

oo, 24 AIFE ZHIA FA Aem,
Sxyi=0, Dx:=0, Dy:=0 °|E2E, 21 (9)& ek
8 ", AMez 388 A WAWE [—q
—b, 118t HlolBo +E2AE AWAA 1
W, o]4%q HolEY ¢FHeAE o HEE 7
FHd,

Zx,'zf

Pitch error ¢y=—ag=— ST (10)

Roll error ¢xzb=%y—y"lzgi (11)

Vertical straightness error z,=c= Zjii
(12)

ANEzRE FH3 wHolEH
A TFE 9 FEoz BHAE oA,

1. QAHTE EHlo|SAAH HERH
3 XRE ulolAs

oG BRI Aot
Ao} FAFENE AR, Aol

3119

of ex%e wA4YTh Fig 7& old Hol¥del
5] ekl ARY YATFF dlolE Azs

o

2
o, 7 pATFEA AodHogtE EHolEY
74 Aol g 2dHL 34 ATF
71ell ojsted 37bA] FHAbEko] Aojsin, 7t A
ojgkzto] AAdslol g thEd#H-c}F &Y (multi-
ple input multiple output) A]2=g"®e]r},
AdATFE7I S Agt-dY vwidHAZ g4z, o
AFE7|ol 7hlAE AGdHE Uk slo|E e
g Z, Aololle g3 e A AT

MZ.+DZo+KZ,=KTAU+DTAU (13)

o37)A, ME HolEe B#AHH, Dx =&}
GAFE7e B g, Ke dleo)da k47357
AARHE, Z.v HolEe AU dox, doy
2, Ur $ATE7 A7t AL R[u, w, ws)’,
AE tATEZ A7b Asky GAFEY W 4
g9, Tv GAFE7) HY9 dio] iy A W
g3 8¢ vepdc,

Aol extz Eo} ¢ATES A7t A Uatel
o BAE bt gt

U=G(s)(T - A" E (14)

71 A, Gels)e A7l ALE4ZE hb/s, E= H
olZ Ag exg¥, (TA) & ¢ATEZ st
Atz wlo]d Ae) HE YJH(TA) 'Y 4 I
#g Jebdic}

9ol B 4(13), (14)2%H, A28 BEAS
Fig. 87 Ze] viebd4 3t

AATE wHolge TF AT AA HolE 4
289 E4L JellE TAFHE Az® 33
Pl TAZ odeupd Ashe] FAstehel] w=eig)

of

o

e
rir

preload spring

piezoelectric
actuator

Fig.7 The Correction table drived by piezoelectric
actuators



(@ k-
] Gul® |

‘Fig. 8 System block diagram

o HlolEA2ge B4 et TA gye,
Hlol 2o AA X4, FATFEIY GATF) T
ol AHEE 158 32719 A% B9 Alay 4
FozRE FALF o, AA HlolE Azt
ke sHgesl, A dAdTFESY FEo Ba
& 7 22 FHI09 S4 o] Foll g3l 2
AR AAZE B2 248 AL Yo, AT
e Al o@ Hold Aay 24 Yugs
"éf‘d" 22 2Aslol 3he, ols} e nAL Hlo]

T Aojel glolA A4 Nad dHe ¥
1“4.

RTE7Y AolYHe vt siolde ngA
% JAe7] M3, D/A @@t ¢AF57)
TEE 12H FF719 Alololl 23 Ao Le| &
Aol FEA A BH AAFoes
5~6Hz =2 s, FATE sloj&e] ¥
T4 0~ Ho) 2eh ol $ B4 stgomz, wo)
29 FASHL A9 4%& FA god, A=
dee] ns} sHsdbch Fig 8248 Asue
AAzdz s, 24 GATFEIE FEIE
AYAU= &3 2ol 7l¢d4 Urh

AU=(T - A)™ - 42, (15)

AU=(T - A)- 4z, (16)
A7\A, 4Z,& HolE FF Aegd wslgo)
o, dZov 4Z,9) YHol izl ZHH wle]E A
el wWalekolr)y, $) F AozME YUE £
Ast, Alasld@a@(TA) ' a4 AAE o
3 7ol JEH

(TA)'=(TA) " - 42, - 4Z5' 17)
A4l (TA) e 234(TA) e 4l

[+

Helz FA5kd, e e FHo| spdi,
(TA)F'=(TA)ih - (4Z) i - (4Z,)74 (18)

S, A&d 2AYH(TA) ¢ AT 24517
Asted e 4 (18)& AHgsied EAQ AYS &
g 2Aez 784 Qo

£ A AL GATE wlo|de wrEm
1HE 58 TEAS S8 4 Aogne v
4 (decoupling) #74& Aol wieb viehf g,
Fig. 93 Fig. 109} Zo] vhebde}, 2:tel 3x4o)] 2
A EHQ Aol g8 (TA) 'S F3o] wt

Ratio(%)
(o\ltgul)
P {101.33)
(99.6)
100 | (99.3)
95 (08.9)
80
85 O+ Piten
A:Rell
80 O ¢ Vertjcal
straightness
7 (76.0)
T . .
1 2 3
Iteration
Fig. 9 Table gain tuning
Ratio{X)
couple O : Pitch
() & pen
Q: Vertical
6.0 straightness
5.0
4.0
3.0
2.0
1.
1.0 (1.20)
(0.34)
0 o— —
(0.0} (0.0) (0.0)
1 2 3

Iteration

Fig. 16 Control parameter decoupling



4 Aol gEa 244
2879 o|5E(gain)E A+ Ao r
|4Z0il /| 4Z::il (1=1~3)& vEbdT}, Fig 10& 2

Aoe 7kl WA FHHE vehie, olws
ratior 7 A el dAAEI BAZol/
|4Z: (i=1~3, i+j)& Jel At

A 26l z’*“gaé(TA) o] HAL 2 2o
+ Hewlett PackardA}9] 5028A 38 2-thql & o]
# Qe Az E S ApLsigon], o Hue 7w
27 B2 0.1arcsec, HAZA F35L 10

nm o]t}

&
12
o

Blo] -9 oj4a} WA
Aol A ZAE
R A o AT E
of Aatsie], wjolE 2
T4, Agsldch, olw ALEH o|& dHlo]E
HAA HF5ln Y& 33 =47 Y&
solom, o] olf Hold ol kAT EF Hlo)
Zastact, Fig 118 o9k e Aoz
el Haddd 334 £ o 1%"“ E9q
-28 A dATF HolES AHYUL AS

ol
o
fle
=
o,
e
o
o ofr
to
N
p
whu

oft
-
N
f
ofe
-
2

]n:
fo

oI Az,

I‘

]r:
o o
S oft g
O
Y
>
>
r"“_d
™
5
>
>
>

2 tlo o we
o wlo oo ru)" o
O;

P4

] olgAl e
+E9A 7, %%Bj}ﬁl *;1*171} BAE AAEA
% dlol¥ol 7ixle ¢E2A4E bl
o}, %542 Hewlett PackardAte] 5028A &2
-]l d#ojA <lE FH 2 HEHE /‘}5‘“3}“‘4
TEL Y Halglo] Hlo|EE o4
222k 0~1.4arcsec Fx,
} +500nme] HHE A,
[o]] <lelslzvez F4e] 2757
e 2 o
Fig. 13& Hlo|& o|44

LY

J[)l'

HASE FEoAE

2
A TFE7E AHEF] Az 2AE Aol
Ade s /209 AE2uAAR A/109 &F
qhAL S Abg ARl en], oldoll mbE ZAubalA
BHE 22w FAA, HolE o4 =4
A7 Az)e Aoz, 294 50mmo]| AA %

o3k AAE 2AE AR J
0.5mm ZAez ¥4 AE A3
Fig. 13(a)= ¥+F2a A4z 2459 =Hol&

_ Twyman-Green
® interferometer

i Eacle 300

“ tle drived by
piezoelectric

Fig. 11 The experimental apparatus

arcsec
1.5

1.2
0.9
0.8

0.3

0.0

1 1 1 1 1 1 1 1 1

15 20 25 30 35 40 45 60
(a) (mm)

pm
0.50

0.26 -

0.0

~0.25 |

~0.50 1 1 1 1 - | 1 1 1
[+] S 10 15 20 25 30 35 40 45 50

(a) Pitch error of moving table
(b) Vertical straightness error of moving
table

Fig. 12



3122 NEP
arcsec
0.10
0.05 I
0.0
-0.05 |-
30=0.095
_010 1 1 1 1 1 1 1 L L
4] 5 10 15 20 25 30 35 40 45 50 (mm)
(a)
arc sec
0.10
0.05
-0.05 |-
30=0.059
-0.10 1 It R N R SO B |
4] 5 10 15 20 25 30 35 40 45 50 (mm)
(b)
nm
15
10
-5
-10 30=9.79
-15 ] 1 1 1 | 1 ] [l 1
0 5 10 15 20 25 30 35 40 45 50 (mm)

(c)

Fig. 13 (a) Pitch error during correction control
(b) Roll error during correction control
(c) Vertical straightness error during correc-
tion control

o AAFFLAE e, 234 (30) 0,095

=% 7kxx gieh, Fig 13(b)+= Hlol&
9 4% AT +F524E Yeluln glon, o
29 (30) 0.059arcsec =2 3 9}, Fig.
13(c)& HiolE olfAlY AuEd AXE 52
A AEE dvEhe, 9.79nm Az o oy
(30)% 7HAl T},

44]35h9l e,
oz, &, ALY A= +F

F Aol dated At wlojEe £52
A AAZE B4 $FEAYEE 50mm EHol &
t10nm, HxE&
0. 06 arcsec o] 4l ¢

AR AA

V]

a

w

93

o
4
o
oft
alo
=+

(1) Jonge, L. D. and Kruth, J.P. 1993, “Self-
Calibration Method for Three Dimensional Coor-
dinate Measuring Machines Using a Ball Plate,”
Proceedings of the 7th International Precision
Engineering Seminar, Kobe, Japan, pp. 402~413.

(2) Busch, K. et al, 1984, “Numerical Error-
Correction of a Coordinate Measuring Machine,”
Proceedings of a International Symposium on
Metrology for Quality Control in Production,
Tokyo, pp. 278.

(3) Sjigeo Moriyama, 1991, “Precision Aspheric
Generators for Off-axis X-Ray Mirrors and
Asymmetric Aspheric Lenses,” Progress in Pre-
cision Engineering, Braunschweig, Germany, pp.
243~254,

(4) Joji Yamaguchi, Kaiji Sato, Hisayuki Aoyama
and Akira Shimokohbe, 1991, “Measurement and
Control of Straight Motion Accuracy Using
Liquid Surface for Absolurete Reference,” JSPE,
Vol. 57, No. 3, pp. 526~531.

(5) Akira Shimokohbe and Hisayuki Aoyama,
1991, “An Active Air Bearing:a Controlled-
Type Bearing with Ultra Precision, Infinite
Static Stiffness, High Damping Capability and
New functions,” Nanotechnology, pp. 64~71.

(6) Daniel Malacara, 1978, “Opical Shop Testing,”
John Wiley & Sons Inc.

(7) Yoshiyuki Tomita, Fumiaki Satoh, Kazuhiro
Itoh and Yasushi Koyanagawa, 1992, “Decoupl-
ing Method of Ultra Precision stage using Paral-
lel Linkage Mechanism,” JSPE, Vol. 57, No. 6,



94 AL o) 87 olFFe FE LA HAZ vy 3123

pp. 1078 ~1084.
(8) Yoshiyuki Tomita, Kazuho Kodaira, Fumiaki

Satoh, Kazuhiro Itoh and Yasushi Koyanagawa,

1992, “A 6-Axes Motion Control Method for
Parallel-Linkage-Type Fine Motion Stage,”
JSPE, Vol. 58, No. 4, pp. 684~690.



