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ABSTRACT

With the continuous development of CNC machining technology, the precision of machine
tools is also improving, therefore, there are more need for higher precision, faster measurement
and compensation methods. This paper carry out research on the laser interferometer fast laser
beam focusing experiment and the macro program of fast pitch error parameters compensation
and the application of the two studies. Traditional laser interferometers occupy the vast majority
of their usage time for the optical process, and their operation process is complex and unstable
for the optical time. In the FANUC system, the relevant parameters that need to be input for error
compensation are dispersed in different pages, so it takes too much time to adjust the page when
input parameters. And it is also very easy to occur the phenomenon of omissive or wrong
complement. In summary, this paper researches a new optical method and the macro program
needed for fast compensation.

In this paper, various components of Renishaw laser interferometer are introduced and the
working principle of laser interferometer is studied. The YL569 machining center with FANUC
01 Mate-MD numerical control system was analyzed to check the product parameters. Derived
the error model of detecting optical path, and studied a new optical beam focusing method. Built
the laser interferometer measurement module and carried out the error measurement experiment.
Complete the writing and application of the macro program for compensating pitch error
parameters; A control experiment is carried out to verify the theory and method mentioned above.

In this paper, the optical process and pitch error parameter setting and pitch error data
compensation of laser interferometer are studied and improved. Through the application of the
experiment in this paper, the time occupied by the optical process and the compensation
parameter setting process can be effectively reduced, and the error rate can be reduced and the
production efficiency can be improved. The new optical method improves the duration by 60.23%
on the X-axis, 59.69% on the Y-axis, and 59.73% on the Z-axis compared to the traditional
method, respectively; The automatic compensation duration has improved by 55.85% on the X-
axis, 53.27% on the Y-axis, and 57.73% on the Z-axis compared to manual compensation duration.
Therefore, this research has certain application value for the fast detection and automatic input

error compensation of NC machine tool positioning accuracy.

Key words: Laser interferometer; Laser beam focusing; Error compensation; Macro program,;
FANUC
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W8 F L2 Fh AT

{8 a4

Sl RE {mmi =E
-500.8688 8.849 —206.8688 8.817
—-480.888 8.847 —-188.888 8.815
-460.888 8.845 -1606.888 8.814
-448.8088 8.844 -148.808 8.812
-420.888 8.841 -126.808 8.818
—4808.888 8.838 —-16808.888 8.888
—-386.808 8.837 —806.8688 8.886
-366.808 8.834 -66.888 8.885
—-348.8688 8.832 -48.888 8.883
-328.6888 8.838 —28.888 8.882
—360.8088 8.827 0.888 8.888
—2808.888 8.825
—2608.888 8.823
—-248.808 8.821

—-220.888

Z24T9FEE
ix =

ix

32438[2] WhEEHRSERM FH AN 6888 mm/min__ |cf

32438[3] I HESERM EH OISR 6888 mm/min _ |cf

32438[4] hEHESERM EH OISR 6888 mm/min _ |cf

32439[8] SiEEHE R dSE iR EFR 1 cf

32439[1]1 SiEFH R dEel EiEEF 1 of ||=

32439[2] SiEFEHE R IEE_EIEEF 1 cf

32439[31 =SS e iR 1 cf

32439041 SiESHF pdEe iR 1 cf

32448 Thite o B T B 18 Hz of =
3245@[8]  Fe[El(e]fE 8 mm cf |
32450[1] ,inrrnq [&] F’i e @881 mm cf

32459[8] | [a](a] & A = 1 of

32452[1]1 | F[olja][EE B = 3 1 of | (NN
324592[3] o] [a] [ B F& 1 cf

32452[4]  Fe[ol(e][E 030EH F 4y 1 of | (WS
32452[5] 5 [o]]a] & B3 ET & 1 of Hz,sﬁ
32456[8] T Fe (1A R A 2 1E 8/mm of !

$ra_BACKLASH

K 2-13 SIEMENS 4t s [7] 1B B A AL AR g A\ T

AUREF R, A BCEN 18 E RS HOF 5 REdE A, B RRGE/Ni /5 21

IS 18] ELFEAR 1 AR AT e TR . Se B BR IR ZAME S BN BE,  [RIIN RO BR PR 1R 72 A2

HepEdm N EHNIREANSALE,  RIVAT5E B AR BRI IR 22 (M3
RN, A E BRI, S UREIEN &2 J5, T PC At N AL E

NIRFRAMEAR S S B LA SR EE AN Bt 1 BB I8 PCMCIA R ANUR, VUK
1T AR AT 58 IS B E B e AR R ZEAMESE B B s, e i

LR IR =
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WAL A% TR P R R T 2

%

08010;

GI0L52; (BEZHHATT 2O

N11502R00001100; ($0AT ZF2 7 A AT S A2 S 30 N\ midl $AT)

#l= (XHN 1, YHIN2, ZHiN3)

N3620P#IR ; (H:HhZ25 pi fIREE M 555

N3621P#IR ; CGREHl 47 J7 n) dse iz s (R R PR M 105

N3622P#1R_; (R I 77 ) 5 3z v AR MR R A M R 5D

N3623P#IR_; CHRAhRErAMEAE 3

N3624P#HIR 5 (R EE R M rd (1 18] D

NI18S1P#IR ; (e fml [A] FRAME 2D

Gl1; (BUHZHHmATT 0O

G10L50; (i e MR A =0

N R ; GEAGHHPBEHN S R R M D

N_R_; GEAGHHMEEFNS+1 FRRERAMEE R

N_R_; CGEGFHPEEFNS+2 FIEREEAME R

N R ; (Z5HAHPIMERN S R R M D

Gl1; CHUHIBEEEH A 57 7O

M30;

%

YLBH: £ GIOL52 ', 7 R G FRIGAENZS AW EE; £ GIOL50 H, 7EN
JE T R LR AL N AZAN S CEERERFE R 3620, 3621, 3622 & HueE), £ R GHTR
R B A AE N AH . ) 8 A A

o, %k Xl ) kM AR T B R SR

%

08010;

G10L52; (&€ ZHEATT 2O

#1=1 CEFHA X ) (X axis)

N11502R00001100; (FATZFE 5 F A1 AT g A2 S B0\ =l $hA 1)

N3620P#1R30; (X #1275 fiFJ IR EEAME 115 4 30) (NO. of PITCH for X)

N3621P#1R21; (X il 11 77 [r) gz v R MR P A M2 K508 300 (NO. of PITCH for -X)

N3622P#1R30; (X i 1E 77 7] 328 v (1) R B A M2 354 21D (NO. of PITCH for +X)

N3623P#1R1; (X FlIRFEAMEFE 29 1) (Magnification of PITCH for X)
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N3624P#1R35; (X HhiREb#M s (I 1A]RE 4 35) (Interval of PITCH for X axis)
NI1851P#1R-1; (X Hiix [A][A] B AME & N-1) (X axis backlash)
G11; (HUHZEHEA T 2O

G10L50; (&g R A T7 20O

N21R-6; (21 ‘FUBEEEAME4EE) (No. 21 data)

N22R-6; (22 ‘FUBEE#ME4E) (No. 22 data)

N23R-6; (23 ‘FHEFEAME4HE) (No. 23 data)

N24R-7; (24 ‘FHEFEAMER) (No. 24 data)

N25R-7; (25 ‘SUBEE#ME4EE) (No. 25 data)

N26R-7; (26 ‘FHRFEAMETE) (No. 26 data)

N27R-7; (27 ‘FUEFEA#MEEE) (No. 27 data)

N28R-6; (28 ‘FHRFEAMETE) (No. 28 data)

N29R-7; (29 ‘FHRFEAMETE) (No. 29 data)

N30R-7; (30 ‘FHRFEAMETE) (No. 30 data)

Gl11; (BUHZER AT 20O

M30;

%
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BT EURBEIRERNSHMEEH
3.1 LW EE N

3.1.1 YL569 B T 48

YL569 BUhn T H O ES: FANUC 0i Mate-MD 4% 248 fl1 ZTXX-30A ML A&, T
Ve & R~FH700x320mm, X HATFEN 450mm, Y #4TFE A 350mm, Z H/7F25 380mm,
e 3-1 fiss

3-1 YL569 0 T rpCs
YL569 AU LA O Frle & A H o (B E . BAEHIE. FARIRS) R4t

%) FERASE, WK 3-1 .
2% 3-1 YL569 L0 A HI RIS HE

P Tf A 44 S (MESHD
1 iz 25 FANUC Series 0i Mate-MD
2 /O 1Rk KCC-REM-FRR-C62
3 Gl o Bisvsp 20/20/40-11
4 AR AR TBOR #48 AB y
5 F AL Bil 8/10000
6 X FHH L BiSc 8/3000
7 Y HEEAL BiSc 8/3000
8 Z L BiSc 12/3000
9 WXz HL T FANUC BiSVSP20-20/7.5
10 TP TR R A2
11 LA =M ik AC 380V+10% 50Hz
12 T LR TR HLENE L RE<30mA
13 At et RS AN £ (mm) x5 (mm) x& (mm) =800x600x1800
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3.1.2 B (Renishaw) HITFHUNE

THIRH (Renishaw) 6T AU I B & BFE— N0 668, BN R 8
HeRI 2R S B8, — A XL-80 #otss, — AMNHARSIEEC T AR =4, —AF e
XC-80 I IEAME TG — AN I AR R P 1) 0 P A JRG S AT — NG I 2 03 P R A Jk
28, WK 3-2 Fios.

ST Bl e

FEFHEREHEY

XCHEME ST

HiERE
B 3-2 BOET A
3.2 X X MENIE E IREN = LIS

3.2.1 Xf X 3 ENMERIRENEFHEERFSIERIEIE

10 XCFEAT S50 e a6 (1 5 4

(1) =AY 225 511

LA ANy, g BB AR AR BT b, VSN B T A% S ATLAR I AR B f
T L, ARG = 2R R P AR R BIE e B BE BOZ RO e RE S
WAt B HACTRIEA =R E & E, HE=JZUKT, B0k REE
ErG PIFBUER G . HRBOCKER, M5 HKBURREG ot

(2) G2 5 E

LMEMEGH —ADJes. MRS BOtEE . — N SO BLR A e RE AL
AR AN TR0 B 328 P3G = ) SR LA L i EAR DAL, Wl 3-3 B
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Bl 3-3 0 Xt e i 2 W) o v A £ 45 A I

(3) M HITHHE 5O L T

KA RHEE « PRERMEE BT ST AE LR [ e AL, IR M2 B 0 50 Sk 1 42 2 PC i
IO, FomiFEE R “SCH” R, FERBOL LT, o6 ER B R0
Ji BRI U0 A AR

(4) Wpegfe

M 3 2.4.1 5 2.4.2 R TTEETE RO

2. X s b S g

RIE G 7 A0 B e BB B s ge, R 62 ik N s 31 4, &4 2 A
A AT 241 5 2.4.2 g tH RN IESE BOCERHEEL,  FFICSR IR 72T e 2
I, Wk 3-2 Fiow.

F 3-2 PIBRAS[EO 67V P FH s
&SI IAC 6 T7 FREO TN 6T

P (min) 30.83 12.26

3.22 % X EMBEEIRERNNE

Fraax X A TR R 2 5 I m] [ BRI & 78 PC B FIAE XS AL B i AHLIRAT
FE. [BIFRERES . 1B47 . BEEA R B isn A S8 R B L gk i, A A R
Bir] Bl A E TR ERREF, S X Bl &Ry W= Kkl =75 H
PCMCIA RS ANURGIEAT -
323 % XMEMNBERENELERFITFIREEFIME

ZdwEiG, 52 X rEERZES ki AR, WK 3-4 5% 3-3 Fian. Bz
PEAT F 5 S B RE P B oM o SERERE P T B A 3 SO R L P o
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100 +

50 -

RE [um]

T T T T T T
-350 -300 -250 -200 -150 -100 -50 0
SEIE [mm]

B 3-4 X iR 1R = H R 2k R
* 3-3 X BAIREE R 22 5 I ) (R B # s

S Ja) [a] fi -1
R UL HEKN A
0 0
35 -6
-70 -6
-105 -6
-140 -9
-175 -7
-210 -7
-245 -8
-280 -6
-315 -7
-350 -8

LFBhAME
f£ MDI #30 system FHESE “SH” LI, X 3620, 3621, 3622, 3623. 3624
1851 ZHHATUE . ZHELS WG, HE MDI 30 system FHHEEE “+7 &I 1
“CUERNT, ARAEBOLIN RS R, T T REER EAMEREIE, W5k 3-4. 3-SR,
* 3-4 FaMESHROE

SRS Wi N EE
3620 S R MIRFEAME S 30
3621 BT 7] 5z i PR R ER A M S 21
3622 1E 77 1) 5z i PR PR M 30
3623 IRPEAME LG R 1
3624 WER PR A M2 R T B 35
1851 S 17 [ it -1
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& 3-5 WEAMEE

BN BN
21
22
23

24
25
26
27
28
29
30

S T L I T T T - N C NN

2. B R M

i b3 2.5 PR BN R, HEMCHEE, JFEd PCMCIA RFAVUKR,
FENUR i is AT 1248 7 BV AT 58 i S H0 B 30 € PR ER v Z A ME s 1 B 3N, X Hhik
THAME R P LB s =

BR 62 MR N 314, BRAH 2 N3 il B oCsREe S5 kT T30 5 A s,
FEIC SR PR 7 VR B IS A], 0S8 3-6 P

# 3-6 PARIAN A AMEE 738 B A T IR G
FHhAM TR AME
R (min) 4.96 2.19

3.2.4 XEMERH X ENIEE I=EHITIUE
IMLLETR S W X B MR PR R 25 5 ] )BT B0, FLI0IE 45 B B R 1ML
K 3-5 s

)l

B [um

B 3-5 FM2JE IR X RBR IR R 22 IR 45 R AT 2R ]

333 Y #EMFEIRENESE
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331 % Y MIEMEEIRENEPEEREFSICHNIIE

XY Bl AT s e v s (15 2

XY HEAT SRR B AR, W 3-6 Fiss Y BHRIFEEE RS X RS i ARk
L, A AEEER .

2.Y Hix R H e
BR 62 i N R N 31 4, B 2 N alis AL 2.4.1 5 2.4.2 Wi R0k
TETFEROCEEHERL, FHLSK R 7V E TR ENK, W% 3-7 Fiis.
F 3-7 PIFPAS [R5 B
F& G O T IO 6 T732: B EBOC T O T
SFHIE K (min) 2491 10.04

332% YHIEMBEIRENNE

FEUEX Y BT IR R 25 5 I A (B BRI . 7E PC S Bk AR XL B S ABLRAT
TR, FGERES . AT UCE. RS BT A SRR RO S e T, A R
R 34 o & T R, b Y B R RS LM S = K S AR
PCMCIA RS AWK IGIBAT
333X Y HEMNEEIRENSEERFITFEIREEF4ME

ARG, B3] Y B EE R S HEE T2 B 5 e A B EE, ] 3-7 53 3-8 T
o VZBER AT FE) R R A EAME . SRR T R R SR L
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R

: — EERE()
= . BE)

B

T T T T T T
-350 -300 -250 -200 -150 -100 -50 0
SANLE [mm]

K 3-7 Y SRR R 2 R T R
* 3-8 Y FhAIREE R 2 5 S n) [A] SR

S [7 [ it 6

SR RAL BR AN KA
0 0
-35 -5
-70 2
-105 0
-140 9
-175 3
-210 7
-245 -1
-280
315 2
-350 8

LFBhAME
f£ MDI #30 system FHESE “SH” LI, X 3620, 3621, 3622, 3623. 3624
1851 AT E . SHEEL WG, H7E MDI #5530 system FHGER: “+7 ETH 1
“CURENT, AR S BT T O BON IR R R ZE (AME, W3R 3-9. 3-10 AR
#* 39 FaMESHRE

SRS Wi 1 N EE
3620 S IR PEAME S 100
3621 77 i) Foe 326 ity D R P M 25 91
3622 1B 7] ezt o MR ER A MEE s 100
3623 BRPRAME LG R 1
3624 W PR A M3 R TR g 35
1851 S e (] 6
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* 3-10 BEAMERA

RN N\
21 -5
22 2
23 0
24 7
25 3
26 7
27 -1
28 6
29 2
30 7

2. R M

s B3 2.5 RIRBINER R, HEMEREEE, il PCMCIA RSANUK, 1EML
PR32 4T 1% A B AT 52 s S 1) E 3h ¥ e AR RE R 2 AN BUR I BN, Y Bl 4
SRR IR

BR 62 MR N 314, BRAH 2 N3 il B oCsREe S5 kT T30 5 A s,
FEL WA TR AL R BB (], a0 3-11 B

F 3-11 PARAS [F] FR) R 73 A FH A IR G
Tz TR AME
FEIHS (min) 5.05 2.36

3.3.4 FFMERHY Y 3IE S E IREFITIONE
AMELER G Y IR R 2 5 I A (R BREEAT IAE,  HIRUE S R B R %M R
K 3-8 frs.

— EERE(+)
& . BE (4]

B2 [um]
g

K 3-8 M)A Y IR IR ZE SRS R AT 1R
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3.4 5% ZHMEMBEIRENE LT

3.4.1 % ZHEMBEIRENEPEEZZ S EdTE
1Y} Z Shidb AT se 30 % & i S
X Z St AT SEG W A IS, i 3-9 B

3-9 X Z iR R 22 R i R A
B SXOEH, Z By B S AT R — € X
(WACPRI R, K3 hOGEE € ZETAFG B, K 8 E e VR 38 L
I E 3 EL R FE b, NOR RS S BOE B e AENUR 0 B, Kot Bie £ T1FE G E.
()FEFE G AN RS B SOG BN, IyT B 2 SO 8 1 21 s N8 IR O Sk 77 9]
GyKTRHIxe R, St R OB RDEH, JR A BTG, AR E
BEIXE, SRHEEOCBRDERE, R IR S SO HE AT R .
2.7 BRGNS HL S
FOR 62 AN o 314, BA 2 N alis AT 2.4.1 5 2.4.2 TR IXHE
JNESEOCERHE R, LTI OIIERT & Z G, W3R 3-12 R
R 3-12 PIRIAN RS a7 ik i IR

TGO T TR B EBO T A0 677k
PR (min) 38.22 15.39

342 % ZHMEMBEIRENN S
FUaXT Z BT iR R 2 5 A B BR AT & 78 PC S #CE B AR XL & S AN LIRAT
FE. [BIFRERES . IE4T0E. BEER . B (A S5 J R BOE 5 ik T, S AR R
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Biel B s 2E el &= pr i BERE R, X Z B el &5 B LM o = . Kkl = 7 H
PCMCIA KRS ANUKEIEIT -
343 % ZHEMBEIRENEERBITF IR EIREFME
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CORENT, ARIE SN B T BN SE O IR EE 1R 22 (M, R 3-14. 3-15 FR .
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ZHT YL fa NBUE
3620 S IR ER M S 80
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2 RRF M
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ERUE N FREFFAME
FIRT (min) 5.11 2.16
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BE [um]

B 3-11 *MELJF I 7 T R 2 B T 425 L 47 45
3.5 LIS LA

SERK T SR TAE, FIABEOE T AN TR O3 TaRss, alk X M. Y fhs
Z B TG MR S AMERT LSRR, 45 SEERHUR AT LU AT, 40 A B KR
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PRSI 55.85% 53.27% 57.73%

27



DR PR OR 2 2023 Ja AR A Rk it

ENE FrE5RE

4.1 &5ip

AL YL-569 #4An Trhty (Bt % FANUC 0i Mate-MD #5045 245 AW 6%, &
i T KES R, RO TG T R YL-569 B0 T Ao 7K S A B ) 5256
HE, e T ARRBPIATATYE, SR 1 PRI A 5 PUE M SLIG Wt . AR SO B AR
FAEWTR

()X YL-569 fn LA O HEATHETE, Mot T AR S A 7%, e T XL
Fe T AOE I B ER /4T .

QB TP5 A LR WU 5 B 8T 1H 0] ' S B 5 7 (5% B A 9

()BT IR EE R 25 40 15 S B RN # M 1 2 AR A Y

AR X Y s Z Bt T O TSR, 15t S B AT L
SN, A3 AR BT IO T VR K AR G TR AR X il 2GR T 60.23%, 7R Y fill ek
7 59.69%, fE Z % EoiE T 59.73%.

(S)7r AR X Bl Y Hh Z ft AT IR EE R ZEAMET LU SEEG . 0l A3 R T MR
FEF B AMERTKAE X B EMGE T 55.85%, 18 Y fill B8 T 53.27%, & Z i b T
57.73%.

4.2 fREE

BOGT- AR M EATUARKS FE BE AT H,  JUFHAE AR BE 77 T i 58 F 15 A v 2
TG o AR FE R BT 71T LA RO O T A e MR D B i 8], T < A P>
A DL AR AME L R R (Y R, RIS A M 75 LA TR] o 7E 3R AN 7 ) v
Al RS R AL S ERDT, A SCER PN AR R I fR 2R

(DA YL-569 LN T A0 i) X. Y 5 Z 3k T 7 IR ER R 20 & 5 AME 526, %
TG IR, Jarl@Ed ot TS ARSI, 58 B RHR S LR R
ST

QA STAL I ALPRAG B I S VRS BEEAT T & S5 4ME, 18] LU F 06 T DG HLR
[ 2 e VA PR AT I B 5 M

28



DR PR OR 2 2023 Ja AR A Rk it

S5 3k

[1] EIRW. BBUhZ 5L EREF: HES B TR & K BR[N], W H ,2022-01-20(008).

[2] FEA MR B L OBEL. 2 TR0 T BN E R EEAL I 5 IR ZEAMETT I )], Al
il i 4 R,2010,(21):90-93.

[8] BUf &, E#SC AT POt T N BB UR A, BRI LRI [A] BRI E PR T iR 2
BRVGAE HLIK TAEF 2 2014 41830 [C.: BRI B MUK TR 2 507 A 31173 2,2022:63-65.

[4] e, 8 X8, WOG AR DG I Pag R #E 7 (3], HUR 515 ,2020,48(02):22-27.

[5] MalR AR MUREEEEAR KPR KR a5 (1], Wb ARHL1E,2020,(06):49.

[6] Wz 4k, Tkl B AR T, B, FARHE. B WO TR S PUEEE LR E AR FEEA I A ). i
BEHR,2020,(01):34-37.

[7] EEEESC.MVC850B B 37 AH IS B IR 1R 22 4 M 5 AMER IR B 7T [J]. MUK 5 H,2022,50(04):180-186.

[8] FUV-T Bt TWAXAE PCB Hda HUAKS AR I i B2 A BIF 7L D] HLAC 55 %, 2018,46(08):129-131.

[9] ¥ ESEWOLTPAXAE FANUC ¥ bl R A Bk BEAS I v i 2 T[], sl R R BOR 2 g 2
#,2019,18(03):127-129+134.

[10] B 2% L X 2 AF Jib. 2 18] 3ot T 28 A0 BE 50K & R BLIR 5 @& %] = W i 7 %
,2018,15(06):1-6.

[11] Jean-Marc Linares, Julien Chaves-Jacob, Heinrich Schwenke,Andrew Longstaff,Simon Fletcher,Jakob
Flore,Eckart Uhlmann,Jens Wintering. Impact of measurement procedure when error mapping and
compensating a small CNC machine using a multilateration laser interferometer[J]. Precision
Engineering,2014,38(3):

[12] Maruyama Daichi,Ibaraki Soichi,Sakata Ryoma. Measurement of Machine Tool Two-Dimensional Error
Motions Using Direction-Regulated Laser Interferometers[J]. ijat,2022,16(2).

[13] AR TH, 5K M, BR Ao, 2= 4 228 A A R L. I B B WU e AR 22 [ W b 7 VA 2 LEAR[D). TR
%.,2019,40(S1):33-35.

[14] ZEA AN, TR IR, R. AL BRI ML 2 (R R Z2 dr il e 21 T LT 4R 22 73 B (1 D5 VA []. o LA T
F£,2002,(13):7-10+3.

[15] John M. Fines,Arvin Agah. Machine tool positioning error compensation using artificial neural
networks[J]. Engineering Applications of Artificial Intelligence,2007,21(7).

[16] HUARKRIRIEIN 56 2 #o0 Bodasth 4 ) s Rk RE AN 352 58 (S0 RS 2 A A A2 [S).

[17] &NGH, Fhe . AP EodAs I = LR 2 AR EE[]. ALK T RE)H,2012,N0.251(05):5-6.

[18] &P, FIEMR. Pk JE 241 XL-80 Bt T A [I]. IURHIBE BAR 5% 4,2015,N0.227(04):47-
48.

[19] b 2 R, 5K BK BH, B VG A, B L 2. WO 05 A4 v & 1) O 8 A BT 88 7 k. b S
A,2018,45(10):93-95.

29



DR PR OR 2 2023 Ja AR A Rk it

[20] A MM 5. JE T BE 4Lk B BOG T RE OCHR G X Ok T ik B ] # G B R 5 AL
R,2019,N0.684(06):150-153.
[21] Mijuskovi¢ Goran,Krajnik Peter,Kopa¢ Janez. Improvement of positional accuracy of precision micro

milling center using pitch error compensation[J]. Tehnicki vjesnik,2013,20(4).

30



DR PR OR 2 2023 Ja AR A Rk it

S|

XERT U, RS AR SR AE TR, EERWRE RS TR 2R, 5T
FRAGE SO B T 25 N L3R, BER R, FaRx 205 N ERE, B LA S0

EHETRERRFESEF, BEEME COLR¥AE, MEEFAET FIERAIR S HIT
—— Y. HEEFE: MW EE”, IR SEE TR ET Y,
TEYH. FHOLFSRMTIEERN, BALEEFM. EHENEHY, fdiaTHPHA, 2
O DV LI o BRA4EZIM DAL, R B LAN CAR 2Bk g m 22222
SANG LI TR 35 Mk, BZRRA, T%%, MRS E & A S 4
LA [ 20 AR N AR S S50 573 1R 5 ST AH B

SRR, B HAC . [RIREE A B R T DU AR ) ok 5 B A BB T AR,
EEFEDGER T RAE S A B RZXIAZIN . Do 832 B g B K AN
WRAMMEBR IR IE 518, BUHME RS a2 M. By B3 SR PR Z M. 2130
IR A NS B 5 i, B 2R 2 e i B AR NI — S R, R 7S
R E RN FER SR, B AMEERUE . REERR TR, 508
FRAT . ERFEREMBMERLK, SEALERBEFEERAN—FFH.

PR, BEAER.. NTIEHEW RS MEAARAT, & RAE R 5550 2 1
JE& M TARNR], kAR BREEFFEED N L, BT2E, ik EERT
I ) SIS £, !

31



DR PR OR 2 2023 Ja AR A Rk it

i
B sR— SIOEX RN HER
1% A 77 a3 Ot TG BN UR K — 4R EE83)

Daichi Maruyama, Soichi Ibaraki * and Ryoma Sakata
HAT™ B RS dtBl2g 5 TR 98 4E Bt 1-4-1 Kagamiyama, Higashihiroshima, Hiroshima
739-8511 * H 4@ iHAFE 2
HL 7B 4:: ibaraki@hiroshima-u.ac.jp

?ﬁi% H
BUPR B 5 A5 A5G B 38 5 Bl IS [0 AR Ak . 76 F P B DA E sh AL i 07 QAT 1 e A 2
A7 R W] A S OR 2 0% 58 RS BE IR B o ASCHE T — FhRE DN B 2 M Ak X 4 1 5
PrRZIB s 7%, RHBOCTEA0R AT AR — 20 R SR & A E — AP 1 N A2k
Mg A 4 (2D) RZEEF. SEGHEOCT AR, AT H 77 % R 25%
BOCT WAL BAE — D BUEIE R e, = 6 Bl 8 RUTH 7 R 5 B A5 AL &
KT CHRMIIT 0] o ASCER 1 — B, B 1 B0 & iy > 2 P A () 2 7 o iR 22
Ab, 3 RFAT — R EE AR R A AN VRl ) 2D iR 218 8. L T TR 2 5 B4
R SRRRZE DL T A EE T
XEIE: VUK JURZE: BOLTWAG BOBIREMX
1.9

BLIR 1) 58 A5 K B 38 5 2= Bl A I (Rl T A2 Ak RS SR FIHLR S Fv i, A2 P2
I RN TR R, BRI K AR AL, RPEUR PR 2 AT # i A Al i s 3l R 228 Jl
W, AERTUNUR b, 7K B2 BRI A AR A 2 R A8 A 7KF B, AT e 3 2k
1 PR) L PR A PR R 22

HFEAFIL T, 1SO 230- 1 Hrdtfiid BkG I LR HIE i fEAL IR I 1% 45 F P B7E H
U g e AT M. — BRI AR /E ] P Bl%ia 4T, XSk B R M AT, A
NEATHREL RS, a2l ERENR, DACKEREIUNE . SR, 22
T AT BR LR JUART 2 22 R K AR R AN FTRER o AdAT T 28 S Aar & 2 1 OR AT R W K
IS 1) B JLARTRS B2 B SR B o K 22 00 Tt LR A 2 HEAT — M AR BEAS Y, Sl 5 00 T
LA E N RAEHUR TAE & B2 —akik, LI B 375 20 filok 20 Sk il & 5
OB B AT e i AN [F) 00 i FE AL B AT R SRS, AT DURA & e i i 42 1tk 1) or B AT 7
AR ZE, o AT R B M o an RAUR 7 € AT Rk, W DO &R )R
ZEHAR o ZIAS R-REEAAH ], FAE G o S HILE 1SO 230- 3B iikte 7,
R A AN 77 58 RN i T 5 5 0K TAE & AL B AN F 77 A A R 22, AN e 5

32



DR PR OR 2 2023 Ja AR A Rk it

D e i 2R iR 22 o R R BMLIR, S i 22 1T B 2 R AR A B0 3 1) 2 1) A
Ao 32 B P . e, FRLEHLR GG R AT Re kAL, DA B B DT A
PO s iRE . Fla, HARRPHUR A SRR e 20 T — A s
FOERFES, 3 A B DR o B, 30 el FH — A e i 4 S SR I B 2 A1 A ) iR 22 42 )
Bl RERA F KRBT T ANURIRAE 7 — Fhl iR Z R T 20, AR R — A
BRBEF) B — A IE T TR B ENUR & L.

BREERFE SR E 7 H T E Va6 T AN R ARk 30, BRIE 125 B P REAH 24
ite MENMABAKIIERTE, —SHR A Rt 7R H R AR F A A R i g
ISR FF BTG e kiR 22 0O AT FRUAk RS B2 R ABAS MRBERY, R AAT 1A B &
(A=K P

SofF—ANEK B, WOE T AT BE EE PR T AR B AR, i HL A AR A A
N2 N TR AN 2 [R) 7 T SR A A s — DN ORBE IR, B R Ae il & B A 2R Pl X 2R M e iR
Zeo FAEERZENIN R AR NEOGERT), BN EATA] DS 2 5200 BEAN AR 23 (8] (1) 7€ A7
FERE, Hpnl RAERBINLAS B o A S MG AT AT L2 SEAEATLIR 3= B A/ BihLUR TAE & |,
DUE -5 F SO0 0 OO B L2 AN A P iR 22 20 SR, eI e 3 AR B eikia 2 H
TR .

ARHEH T —Fh 7%, ANHBOGT A AT AR P8 — 28R B I AR R A TH PN
2P e A, BHEEEM () MwzE. AT RINSIRET, A8 RE T —A Pk
iRz N TIME =AM E RZE, EUOZNRG A8 T XY YZ 1 ZX P

AT7 SR T EREE T CBOGTA0 #7207 A& 19, 8 2 77 frill &
SR O T ACE AN R ) DY A BT 22 (00 A B 0 4 B LS 4k B B AR SOGER Y
FEES O =48 3D) MEGID . B A —DMEOT AU, DBIEA R RO T
A Ar B AT A R BN, XA T E AP AL, B BO TG R &
T ERN—ANKERZER TR, Ibaraki 25 NI TFFHHOLTHAL. ko
T A 2 B BN ER R S OGE, I BR IR T S 2 KOG IR 7 1) 75 2IHE 48 4 ROGER
frE, #A)IEE, & LATFRR s 077 gk T g, IXVE R 70 B 2 ERERAL ] B R
2, HAFTE-NHTFERNERRRESE .

HERIHMAE Fi, e N TGN 2 A&, kg ul, 205 200 UCGR EE
BRI E = R MR T SR ZDT, 2 A, B R IR BRI I R A A
M PR HEE R . HBIOMNSE s, B R ZE# R DA 5ok . W= X
U, ERAEAN, R U ARSI AR A S s R . AR R
FHUUTMNRA A W 1 R EENENAN LR e M mzE; WK 2 ZididiEs:
PWATHOE T IARIBOEHR T M, RS e EREEE LN ROCBEMIER. Wl 2 #fix
TN ELERAAEIREZY . XEZE T AR MRENE, EHEEAM
T RS FERI 2T . Tbaraki S5 NFRH T — NSRBI T2, (B8 FH )72 ms R BRI

33



DR PR OR 2 2023 Ja AR A Rk it

T 75 ZEHUPR IR B S0, AR SCERB, R —NROG TP AT LI & > 2 1 Al 6 i
ALNERE. JENT7 AT L — DR = GRS, st el U B0 T 40K
&P &R ZE

£ 1SO 230-1 A iR () A% Gk FE MGk, RN 22802 P AS 1R (10 00 B A RS 2 AN R ) 3
BN, g, 2tk M RER BT ACER, B IRERMNBERML
PRI AL AR R . MR ZE SN2t H S E G E R . FAiRZER— AN ET K
M. AR R P AR AR e ied = 6 ROE T A0 RE I &
AIRZE . XN AKIS . REXR E N RAEART T NEE 2 A, ER IR
ek = G B2 m] DL B3 . B AR T B 3l I 2R

X AL VR 22 BRI IR B 30 8 48 i 22 M m] LA B AN TR Sei— A H

7

o

34



DR PR OR 2 2023 Ja AR A Rk it

Measurement of Machine Tool Two-Dimensional Error Motions
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[Recenal Sep

The volumetric accuracy of a machine tool generally
changes with time. Its periodic check, performed
at @ user’s site in a semi-automated manner, can be
a Key to ensure a sufficient volumetric accuracy in
the long term. A laser interferometer can only mea-
sure the linear positioning error motion of a linear
axis. This paper proposes a scheme to identify all
the two-dimensional (2D) error motions of two lin-
ear axes in a plane based on a set of distance mea-
surements using only a laser interferometer. Unlike
conventional tracking interferometers, the proposed
scheme requires only a numerically controlled rotary
table on which a laser interferometer is mounted. It
regulates the laser beam direction based on the com-
mand target position in an open-loop control manner.
This paper presents an algorithm to identify 2D error
motions of two linear axes by performing only a single
tracking test, in addition to the direct measurement
of linear positioning error motions of two linear axes.
The experimental comparison of the estimated error
motions with their direct measurements is presented.
The uncertainty analysis is also presented.

Keywords: machine tool, geometnic errors, laser mter-
ferometer, laser tracker

1. Introduction

The volumetric accuracy |1 of a machine toal gener-
ally changes with time. Thermal influence, whach s typ-
ically caused by environmental thermal changes or mter-
nal beat sources, is the most typscal cause [2]. Long-term
changes n friction, lubrication on a gusdeway. or a ball
screw can change linear axis error motions [3]. Typically,
oa large machme tools, long-term changes in foundation
latness or stiffness can change the machine levelling. and
consequently. the straighiness or angular error motions of
linear axes [4].

Typscally. sccuracy tests descnibed in, for example, SO
230-1 [ 1], are performed by a machine tool builder when
a machine wol = shipped 1o a user or installed a1 a user’s
sile. Once a machine ool starts operaling al a user’s sle,
these accuracy tests are diflicult to perform because they

bex 4, 2024 ; acceptad N

require dedicated measuning instruments, expenenced test
operators, and sigmificant machine downtime. However,
it 15 nol possible 10 completely eliminate the shoet-term
or long-term changes 1in machine tool geometne ermrors.
Therr periodic check 15 key 10 ensunng sufficient geomet-
nc accuracy m the Jong term.

A probing-based peniodic accuracy check 15 performed
by many five-axis machme tool users | 5). Typically, a pre-
cisson sphere 1s installed on a machine table by a machine
operator, and 4 louch-ingger probe measures its center po-
sstion in a semi-automated manner, with rolary aves in-
dexed al vanous angular positions [S). Then, the position
and orientation emors of rotary axis average lines can be
identified, and their numencal compensation can be up-
dated accordingly. A change in the errors can be observed
if 2 machine tool user performs this test periodically. Thas
test is essentially the same as the R-Test [6. 7], and 1ts ap-
phication 10 the thermal test s described in ISO 2340-3 [8).

Because this scheme only measures the relatve dis-
placement of the spindle 10 the machine table, it can-
nol measure rotary and linear axis error motions sepa-
ralely. Linear axis error motions can be significantly in-
fluenced by thermal changes or changes m foundation
stifIness, especaally in karger machines. Recently, certain
machine tool bailders commercialized a function 10 mea-
sure lmear axis ermor motsons at a user's site in 2 semi-
antomated manner. For example, a large gantry-type ma-
chining center by Nidec Machme Tool Corparation [9)
s a pre-calibrated ball array, typecally stored 1n a protec-
tve cover, lo measure linear axis error molions by using
a touch-tngger probe. Okuma Corporation offers a simi-
lar probang-based error calibration using a ball array or a
sqquare, placed by a machine operator on a machine table,
for a large gantry-type machine.

The length of the ball array delermines its measurable
range. For a longer axis, a ball array artifact can be
considerably expensive. As less expensive allernstives,
a few researchers have presented the application of strain
gauges [ 10] and fiber Bragg grating sensors [11] 10 con-
tunuously estimate linear axis error mobons. Thesr estzma-
ron accuracy i1s questionable because they do not directly
measure the position deviation.

For a longer axis, a laser interferometer may be more
cost-effective than physical artifachs and more efficient in
terms of the measurement ime and space required Lo store
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the mstrument. A critical sssue s that it can only messure
the linear possioning error motion of a single hnear axis,
The measurement of angular error motions s oflen of n-
terest because they can significantly influence the volu-
melnc accuracy over the entire workspace, particularly on
large machines. Varous optscal accessones are available
10 be attached 10 the machine spindle and/or machine Lable
10 measure straightness and angular error motions using i
laser interferometer | 12). However, their ingallation an!
adjustments cannol be automated.

Thas paper proposes a scheme 10 estimate the linear po-
siboning, straghtness, and angular (yaw) error motions
of two linear axes based oa a set of distance measure-
ments usmg only a laser imerferometer. To simplify the
test procedure, this study targets only emmor motions on a
plane: 1o evaluate all the error motions of the three linear
axes, the proposed test must be applied 1o the XY, YZ, and
ZX planes.

The present scheme originates [rom the multilatera.
ton measuremenlt using a tracking interferometer (laser
tracker) [13,14)  In the multlateration measurement,
the distance to a target retroreflector attached to the ma-
chine spindle 15 measured using a tracking interferom-
eler al four or more different locations (for the three-
dimensional (3D) measurement case). When only one
tracking interferometer is avalable, the same test must
be repeated with dafferent tracking inerlerometer posi-
tons, which typically takes several hours. Furthermore,
commercial tracking mterferometers are very expensive,
As o less expensive alternative, Ibaraks et al. [15-17) pre-
sented the “open-loop” tracking interferometer. Whereas
a commercial tracking interferometer automatically fol-
lows a retroreflector, the “open-loop™ trackmg scheme
regulales the laser beam direction 1o the prescnbed com-
mand retroreflector position, i other words, in an “open-
loop” coatrol manner. This eliminates the need for an au-
tomated tracking mechamsm; it requires oaly a numerni-
cally controlled rotary table.

In earlier studies | 15-17], it was applied 1o the conven-
tonal multlateration, that is, at least four racking tests
were required to identily all the 3D error motions of three
linear axes. In mulilateration, a smgle trackmg test does
not provide useful information to a user. When all four
tests are completed, all error motions can be calculated.
Itis, 10 a sense, a “black-box™ test that outputs the results
oaly when all four tests are input. The scheme proposed in
this paper consists of the followng tests: 1) a direct mea-
surement of the linear posstionmg deviation of two linear
axes. and 2) the distance measurement 1o the retrorellec-
tor, positoned on a reclangular path, by continuously reg-
uliating the kaser beam direction of & laser interferometer.
Test 2 dentities the straghiness and angular error molions
of the two linear axes. This is closer 1o conventional sep-
arale error motion measurements, and 1t 18 more suitable
for apphcation to periodic accuracy checks. An analogous
scheme was presented by Ibaraks et al. |18, 19], but [18]
used a commercal tracking mterferometer, whereas |19)
required the rolary axss of the machine ool. Thas paper
shows that all the two-dimens:onal (2D) error motions of

Table 1. Two-dimensional emmor mosons of X- and ¥ -axes.
They we identified for all commund posstions, & = 1. N,
l=1.....N,.

Eyxlxg) Linear posinoning deviation of the X-axis # x = x,

Evxixg) Staightness deviation of the X-axis at & = x;

Eyy(v) Linear positioning deviation of the ¥ .axis at v = v;

Exy{w) Stmightness deviation of the ¥-axis at v = v

Eqvly;) Angular ermor motion of e Y.axis wound the
Zaxisat y = v

Ecjxr  Squareness error of the Y- 10 X-aus

two linear axes can be measured using only a laser in-
terferometer when #s onentation can be regulated by a
numerically controlled rotary ble.

In conventiomal accuracy tests described in 1SO
2301 |1}, each error motion is measured using a diflerent
measuring mstrument in a different setup; for example.
the linear positiomng error motion 1 measured using a
laser inlerferometer, the strasghiness emor motion is mea-
sured by a straightedge and a hinear displacement sensor.
angular error motions are measured by an autocollima-
lor, and the squareness error 58 measured using a square.
The proposed scheme enables a user 1o measure all emror
motions using only a laser interferometer (installed on a
rotary table). This is a strong advantage. If the installa-
tson of the rotary table on the machine table can be semi-
automated, 1t can be potentially applied to automated pe-
nodic accuracy checks for machine tools. although such
an automated installation 15 not within the scope of this
study.

11)1; long-term monitoring of machine error motions
and automated adaptation of therr numerncal compensa-
Bon can be an mmportant part of self-optimizing machin-
ing systems [20].

2. Proposed Measurement Test

2.1. Measurement Purpose

The objective of the proposed scheme is 10 sdentify all
the error motions of two linear axes i a plane, that ix, lin-
ear possroning. straighiness, and angular error motions of
each Imear axis, as well as the sguareness error between
them. For example. when the present test was performed
on the XY plane, the objective was W identify all the er-
ror motions presented i Table 1. The emror symbols are
defined i 1SO 230-1 [1).

2.2. Measuring Instrument

The proposed scheme requires a laser interferometer
mounted on a rotary table to regulate the direction of the
laser beam. The laser mterferometer is mounted such that
the laser beam approxmmately intersects with the axs of
the rotary table. The rotary table is fixed on a machine
table, and a retroreflector s attached 1o @ machine spindle
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Laser interferometer

mounted on rotary table

Fig. 1. Proposad test setup. The laser beam s directed 1o
the resrceeflector based om its command position,

(referred 10 as the “target”™ hereafter). A cat's eye retrore-
flector is typecally used, which is a sphencal glass of sulli-
ciently high geometne accuracy with its hemisphenc sur-
lace coated by tolal-reflecon metal-film deposinon [21).

2.3. Principle

Thas device does not have an automatse tracking mech-
amism such & a aser tracker. Instead, the rotary table is
regulated such that the kaser beam 18 directed 1o the pre-
scribed commund position of the arget. The angular posi-
tion of the rotary table, 8, can be calculated usang Eq. (1)
from the trget command position, p] = [xf.v;]7 and the
position of the axis of the table’s rotation. P = X Y.

8 = arc (,‘;“")
= arctan e

(h

Figure 1 demonstrites a test setup. As the target s ot
an arbitrary command position, the laser beam 1s directed
10 11 by the rotary table.

Clearly, the laser beam 15 nol directed exactly o the
retrorellector center because of an error in the larget po-
sition. The angular posiboning error of the rotary Lable
also contrsbules to the laser beam direction error. The po-
satzon of the rotary tuble, P, must be roughly estmmuted in
advance (see Remark b) in Section 2.4).

The estimation error also contnbutes to the laser beam
direction error. However. they impose only the “cosine
error” on the laser dssplacement. In the application to ma-
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chine ol calibration, # s reasonable W0 assume that the
positioning error of the machine 15 sulliciently small 1o
make its “cosne error” negligibly small. This influence
on the measurement uncertanty will be further studsed in
Section 5.

2.4. Procedure
This paper proposes the following procedure:
1) Install the rotary table. on which the kaser interfer-

ameder 15 mounted, on the machne table, and anach
the target to the spindle.

Set the zero angular position of the rotary table such
that the laser beam is roughly aligned o the X-axis
of the machine,

3

Roughly estimate the position of the axis of the ta-
ble's rotaton, P = X_Y]". See Remark b) below.

4

Measure the hinear posittonmg deviation in the X-
and ¥ -axes. This can be measured by positioning the
target in the X (or ¥) direction at the same ¥ (or X)
position as the rotary table (see Fig. 2). The mea-
sured laser displacements in the X- and Y- directions
are denoted by dyy € K lor the command positaon 1
(k= 1.....N,) and d; for the command postion y;
I=1,.... Ny ). respectively.

-~

Position the target along a rectangular path (Fig. 3)
m the range x; = xp....,.xy and y =y, - and
measure the distance (displacement) 10 the target by
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Laser beam {influence of its
direction change on aser beam
Lnser lengeh s negiginly smal)
mterferomet: Al
]
FH
1Y =]
Ar,  / [
{ \
i i i
\ 5 Rotary 1able ads‘
L 1 of dotation |

Fig. 4.  Influence of the misalignment of the laser inter-
ferometer W the axis of the rotary table on the laser beam

kogsh

controlling the laser beam at the angle as given in

Eq. (1). When the commanded position of the tar-

setis pf = [x.y7|" (i=1.....2(Ne + N;) — 4), the

measured laser displacement is denoted by d; & R.
Remarks

a) Alignment of the kaser beam 1o the axis of the rotary
table: In the proposed scheme, the laser interferom-
eter 35 mounted on the rotary table such that the laser
beam approximately intersects with the axis of the
rotary table. . The misalignment, Ar in Fig. 4. can
be minimized by the following procedure. First, di-
rect the laser beam o the retrorellector such that the
distance 1o it can be measured. Then, rotate the ro-
tary table wathin a small range, 6, and 6, m Fig. 4,
where the distance is measurable. Adjust the laser
mlerferometer position such that the vanation in the
measured distance, Al in Fig. 4, is manimazed.

b) Rough estimation of the postion of the rotary ta-
ble: The following methods can be used w0 esti-
mate the positon of the axis of the table rotation,
P. Firs. position the retroreflector ot the a-th pos-
tion, Pl = [P Pay] (m=1..... N). Manually di-
rect the laser beam 1o the retroreflector. Denote the
direction of the laser beam by the direction vector
e = [lar Loy) (with |[la]| = 1) from the angular posi-
tion of the rotating table. Define a line that passes py
m direction /, (see Fig. 5). The closest point, g in
Fig. 5. on this line to poist P = [X.¥]' 18 expressed
as follows:

gn = Pa+tilx,

where ¢, represents the Jength of the projection of
the vector, P— pi. to thes line and is expressed as
follows:

';='M(X°Pn]’ln(y°p'n)- SR & )

Thus, the distance from P to the line, b, in Fig. 5_1s
formulated as follows:

ba=||P-(pl+eab)l. - . - - - - - (4)

Fig. 8. ldemification method for the axis of the wble’s nota-
tica, P.

Determine I, for every target positon p with n =
1.....N. For example, the target is posssoned at four
vertices of the command path (N = 4, see Fig. 5).
Then, the rotary table position, P, can be estimated
by solving

o b

Thas only provides a rough estimate for the axs of
the rotary table, P, because the laser beam directions,
{s. can contim a significant error.

3. Algorithm to Estimate Linear Axis Error
Motions

In addition to the error motion parameters shown in Ta-
ble 1, the rotary table position, P € R”, and the dead path
lengths of the laser interferometer, dgj = ldy . dyy . dgs)’
(7 = 1: darect measurement of Eyy, 7= 2: direct mea-
surement of Eyy. j = 3: racking measurement) are xlen-
ufied. The dead path length is defined as the distance be-
tween the laser mterferometer and the initial position of
the target. This must be wlentified because a laser mter-
ferometer only measures the displacement from the deaxd
path kength.

The parumeters to be identified are combaned into a sin-
gle vector & RINe=32 N +14322.

X= [{Exxlxil'fvx(xll}g—L NT
{Evvlo). Exy (). Ecr(v)} oy x-

T
EL'II]XIY"“]"’] .......... (6)

Thas study consders the machme configuration shown
in Fig. 6 as an example. When the retroreflector a-
tached to the spandie 1s positioned at the command posi-
ton p? = [xj.¥; 7, its 2D posstioning error is modelled a5
follows, according to the well-established machine Kine-
matic modeling theoey [5]:

P Exx(xi)+ Exy(m)
7 | Evxlx) + Eyy ) + (Econy + Ecy(n))x|
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Flg. 6. Machine wol configuration.

Using Eq. (6), Eq. {7) can be rewnitten as follows:
Ap;

Cinemaric {p]) 0

dy)| = i) Oy @
0 i

P

where Chinemaric(pf) € R AINAD reprecents a con-
stant matrix constructed using Eq. (7). Then, X in Eq. (8)
can be identified by solving the following problem,

Ap, X
n}xnzz fil tdoji | -dij) . - - .. &
o P

where function f, represents the dastance between the tar-
get posilion, p; = pf + Ap;, and the rolary table position,
P, and & defined as follows:

Ap,

fi | |doj
P

=1p;— P} —doj. . - (10)

Furthermore. the following coastrams are requered 1o de-
tine the coordinate system and error motions unxjuely.

Exx(x1) = Eyx{xi) = Eyy(y1) = Exy(»1)
=Ey(v)=0 . (1)
Eyx(xn:) = Exy{ym) =0

Variable X can be identified by solving Eg. (9) from the
measured laser displacements, d,-j. by applying. for ex-
ample, the Newton method.

4. Case Study

4.1. Measuring Instrument

Figure 7 depacts the developed prototype. Fig 8 shows
the configuration. The laser interlerometer was mounted
on the rotary table via a screw-driven stage that is used 10
adjust the laser beam's position such that it passes through
the axis of rotation of the rotary table (see Remark a) in

Fig. 7. Proweype messanag inssument

Secuion 2.4). A cat’s eye retroreflector by Etakoa AG was
attached to the machine spindle as the target.

The major specifications of the rolary able, laser in-
terferometer, and cat’s eye retroreflector are listed m Ta-
bles 2. 3, and 4, respectively.

4.2. Experimental Setup

Figure 9 demonsirates the expenmental setup. Fig. 10
shows the rotary table position, P, estimaled using the
scheme presented in Remark b) in Section 2.4 and the
command trigectory of the retroreflector. The lmear po-
siioning deviation of the X-axis, dgp. and the square path
were measured using the rotary table at P. The linear po-
siiomng deviation of the Y-axis, djy, wias measured for
dilferent rotary table posions. For the rectangular path,
to synchronze the machine ol and the rotary table, the
movement of the machine ool from the instial positson
was detected using a digital indicator (see Fig. 8) tha
starts the rotaton of the rotary table. The time constant in
the acceleranon/deceleration of the rotary table was ad-
Justed such that it was synchromized with the machine
tol. Three measurements were taken, and the average
Laser desplacement was used for sdentilication.

4.3, Estimated Error Motions

Figure 11 shows the measured lmear posstionmg de-
viations of the (a) X-axis, Exx(xz), and (b) Y-axis,
Eyy (v ). Fig. 12(a) displays the measured laser displace-
ment profile obtained by the tracking measurement, dis
G=1....; 2(N; +N,) —4), for the rectangular command
path, p7. as shown in Fig. 10. Fig. 12(b) shows the &if-
ference in the measured laser displacement profile. da,
to s nomanal length, ||pf — PI, when asuming no er-
ror motzon of the X - and Y-axes. The algorithm proposed
in Section 3 idemtifies X such that this difference is min-
imuzed. The measurements were performed three tmes,
and only the average values are shown in Figs. 11 and 12,

Figure 13 depicts error motions estimated usmg the
proposed algonthm: (a) the straightness deviation of the
X-axis, Eyx(xe). (b) the strughiness deviation of the
Yeaxis, Exy vy ), and (¢) the angular (yaw) deviation of the
Y-axis around the Z-axas, Eqy(y;). Combining the iden-
ufied error motions shown in Fig. 13 using the Kmematic
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Ore-anis sorew stage

Diginal
in-dka(ovr -

1 Poution
Machine eommang Laser head
controler
| Ehemet | ;
l PC - Countar
Servo ampifier board
PC

Y

Dup‘mnlI
Laser - - {}_ Machine
nterferometer \ spindle
Cat'y-eye
\ retroceflector
Drive Rotary tabie
gurrent Encoder signal

Fig. & Configuration of the measuring mstrument.

Table 2. Major specifications of the rotary wble (SGM7D-
OXHTCA2 by Yaskawa Electnic Co., Lid.).

Drive syssem Direct drve

Angle of noation 360 endless
Mavimum jorque 4Nm

Mavimum roeation speed 150 min '
Encoder resobation 16777216 pulse/rey
Positicning accuracy £15 acsec
Positicning repeatabulity +=1.3 arcsec
Weight ikg

Heigha 77 £40.5 mm

Table size @116 mm

Tobde 3. Major specifications of the laser interferomeser
(Diszax L-IM-300A by Tokyo Seimigsu Co., Lid.).

Laser He-Ne Laser

Wavelength 632.991832 nm

Range of measarement 10m

Resolution AJ64(0.01 gm)

Maximum response speed 63 57"

Measurement accoanicy (L] =« 1077 4 0005 »

10°% m where L is the
measurement length

Table 4. Major specifications of the cat's eye retrorefiector
(by Etalon AG).

+ 80
< 02 pm

Viewing angle
Optical fona deviation

mxdel Eg. (7), the 2D positioning error can be predicied
at an arbitrary command position. Fig. 14 shows the est-
mated 2D positioning error profiles for the commuand path
shown in Fig. 10.

4.4. Validation of Estimated Error Motions

The vabdity of a part of the estimated error motons was
expennmentally investigated by companson with other ds-
rect measurements. The measurements were performexd

Fig. 9. Experimensal sesup.

The rotary table £yl ) Epp{¥i
measurement measurement

position, T
) S N - 1 S A
4 L L
L] y E L I
3 4 *
_ > L
" 0000000 -
- 3 [ ¢
3 4 L
= 3 ! 4 -
- / 4 4 £ ]
o} Tracking a i
measurement ]
- The laser interferometer
= position ot Epp(y) -
measurement
nll‘l o 9 oo L4 e L=3

Fig. 10. Command positions of the spindle’s reference point
and the rotary tuble positions

usmg a laser mierferometer, XL-80 by Renshaw Co., Lid.
Thes mstrument can measure linear posiboning. straight-
ness, and angular ermor motions usang varous optical ac-
cessormes. Measurements were aken three tames each, and
the average of these values was used for companson.
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Fig. 12. (a) Meaasared lsser desplacement by the peoposed
“epen-doop” wadkang interferomeses mcasurement, diy (=
[ LRes 2N, + N,) - 4). (b) The dufference in the measared
kaser displacemsent profile () 5o its sominal length, |}
P, assuming no geametnic ermor of the machine wol.

Figure 15 compares the measured error motions with
the estimates by the proposed scheme. The siraighiness
deviation of the X-axis, estimated using the proposed
scheme, that s, the difference between the maximum and
the minimum of Eyy (x), was approximately S gm (mea-
surement distance 700 mm), and the siraightness error of
the Y-axis, Exy (), was approximately 5 gm (measure-
ment distance SO0 mm), whereas the measured struigiht-
ness devaation of the X- and Y-axes were 2 pm and 1 gm,
respectively. In both cases, the values identified by the
proposed scheme were larger. This difference might be
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Fig. 13. Esumated linear axis emor metons by the pro-
posed algorithm.  (a) The straighiness deviation of the
X-mas, Eyy{x), (b) the samightness deviation of the ¥-axis,
Exr(vi), and (c) the yaw emror mation of the ¥-axis around
the Z.axis, E(v). Vertical emmor bars represesa the uncer-
wamnty (K = 2) (see Section 5.3).

i, AN S e AR M Sl (2O

0O 100 200 300 400 500 600 700
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Fig. 14. Estimated spindle reference poist positions by the
proposed scheme. The emor between estinused and com-
mand positions is magnified 2000 times (see “Ermor scale™).
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Fig. 15, Companison of the measared emmor motions with
heir by the proposed scheme. (2) The straghtness
deviation of the X-axis, Eyy(xz), (b) the straighsness devia.
sion of the ¥-axis, Exy{v,), and (c) the yow emmor motion of
the ¥Y.axis around the Z-axis, Ecy(y))

caused by the uncertanly in the distance measurement
of the laser interferometer. This s further discussed in
Section 5. Furthermore, it may be attnbutable to the dif-
ference in the measured positions in the two tests. In
the straightness measurement using a laser inlerferome-
ter, the displacement of the straightness rellector installed
on the machine table was directly measured. In the pro-
posed test, the displacement of the laser mterferomeler de-
lermines the measured laser displacement, which 15 con-
verted to straightness ermor motoa o2 X =0 (or Y =0)
For example. a large machine wol table may elasteally
deform because of its weight when it is mounted on two
linear axes (see Fig. 6). This may cause different straight
ness error motions measured at different positions.

5. Uncertainty Analysis

5.1, Objective

The proposed test procedure has uncertainty comtribu.
tors that are, 1n prnciple, neghgible in conventional mul-
tlateration. Unlike an automated tracking interferometer,

Table 8. Uncemainty bodget (k = 2) for laser displacement
when the tarpet is at pog = (700, 500] mm.

Symbol | Contributor Value
U Exvended unfaunn comtaining ¥, w2, 270 gm
and wy (k = 2)
b Uncenainty in the distance measurement 130 rm
| by the laser interferometer (k = 1) s
#;; | Uscermumy in laser interierometry 02 pm
iz Unceruimy .uo::ng t0 the wave- 072 ym
Uncermumy owing to chan n
i mmun\cit ’ ] 108 pm
Unceruainty owing 1o machine posigion-
= mg repesmability (k= 1) el
i Uncenaingy owing so the laser beam orl- 01 pm

entation emor (b = 1)
Unceruunty o the rotary table zero | 3.5«

“n angular position 10 rad
o Angular positioning emor of the ro- | 0,18+
2 | tary table 10 rad
= Exmor in the estimased retrarefiec- | 9.0+
1 sor position 10 rad
i Uncermimty owmg %0 the machine | 0.34+
100l positioning emor 10~ rad

the Laser beam s directed 1o the command target positon,
as shown in Eq. (1). When there exists a posstioning emror
of the machine tool, the laser beam ix not directed exactly
1o the center of the retroreflector. To validate the proposed
scheme, 1t 5 crucial to show that such an mnfluence does
not have a sigmificant influence on the overall measure-
menl uncertamly when the machme tool, as well as the
measuring mstrument and its setup, has a “typical™ accu-
rucy. The uncertunty analysis presented in this section
is anadogous 0 those presented in the authors” previous
works [15-17.19).

5.2. Uncertainty Budget for Laser Displacements

Table 5 presents the uncertainty budget (k = 2) for
the laser displacement when the target was ot pig =
[700.500° mm.  The uncertainty depends on the laser
beam length, and this point is presented s an example.

The uncertunty in the distance measurement by the
laser iterferometer. ap. was assessed by the uncertainty
m the wavelength, wyj. provided by the manufacturer
(g = [ 10-7 +0.005 - 10-, where L is the measured
length in meters) and the uncertamty in temperature, hu-
micity, and air pressure measurements (w2 and ).
The uncertainty owing to machine positioning repeatabal-
ity, w2, was experimentally assessed by repeating positson-
g experiments. The mfluence of the angular positioning
error of the rotary table on the laser distance, uy,. 18 the
“cosine error’” and was assessed based on the catalog per-
formance of the rotary table. Other contributors to the
uncertamty in the laser beam direction (a3, 33, and wyy)
also result in the “cosine error™ on the laser length.
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5.3, Uncertainty in Estimated Error Motlons

The uncertainty in the laser displacement propagales
nlo the uncertainty in the estimated error motions. This
relationship cannot be analytically formulated because it
involves the numencal optimizaton in Eg. (9). In such a
case, 3 Moate Carlo ssmulation can be applied for uncer-
tunty evaluation [22].

The vertical error bars m Fig. 13 show the extended
uncertamty (k = 2) for each error mohon parameter in
Eq. (5). They were assessed by running the Monte Carlo
samulation 1,000 times.

Table 5 shows that the uncertunty in the distance mea-
surement by the laser interferometer, 1y, is 3 majoe uncer-
taanty contnibutor, whereas the contribution of laser beam
onentation error, a3, 18 minor.  Thes indicates that the
overall uncertainty of the present scheme does not sagnifi-
cantly differ from the multilateration by using a commer-
cial amtomated tracking inlerferometer. Fig, 12 indicates
that the tested error motions of the machine tool may not
be significantly karger than the uncertainty m the laser in-
terferomeler measurement.

6. Conclusion

The coatnibutions of this paper can be summarized as
follows:

o A novel scheme & proposed 1o identsly all the er-
ror motons of two linear axes i a plane using a st
of distance measurements using only a kser interfer
ometer. In the trackmg test, the dmection of the laser
mierferometer was regulated by a rotary table toward
the command targel position. The linear posiboning
deviations of each axis were measured separately.

o Inthe experzment. the error motions xentified by the
proposed method were compared with the directly
measured strasghiness deviation of the X- and Y-axes
and the angular error motson of the Y -axis around the
Z-axis.

o The effect of various uncertainty contributors, with a
particular focus on the laser beam orientation error,
which is in principle negligible in conventional mul-
ulateration, on the uncertainty of the sdentification of
error motions was analyzed. Notably, the uncertainty
i the laser measurement was the majpor contributor,
and the contribution of the laser beam onentation er-
TUE WAls manor.
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G01 X-070.0000
G04 X1.0
GO01 X-105.0000
G04 X1.0
GO01 X-140.0000
G04 X1.0
GO01 X-175.0000
G04 X1.0
GO01 X-210.0000
G04 X1.0
GO01 X-245.0000
G04 X1.0
GO01 X-280.0000
G04 X1.0
GO01 X-315.0000
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DR PR OR 2 2023 Ja AR A Rk it

G04 X1.0
GO01 X-350.0000
G04 X1.0

GO01 X-355.0000
G04 X0.5

GO01 X-350.0000
G04 X1.0

GO01 X-315.0000
G04 X1.0

GO01 X-280.0000
G04 X1.0

GO01 X-245.0000
G04 X1.0

GO01 X-210.0000
G04 X1.0

GO01 X-175.0000
G04 X1.0

GO01 X-140.0000
G04 X1.0

GO01 X-105.0000
G04 X1.0

GO01 X-070.0000
G04 X1.0

GO01 X-035.0000
G04 X1.0

GO1 X+000.0000
G04 X1.0
#1=H#1+1

IF [#1 LT #2] GOTO 110
M30

%

Y R
Y%
0123
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DR PR OR 2 2023 Ja AR A Rk it

GO1

G9%4

G90

F2000

GO01 Y+000.0000
MO0

#1=0

#2=5

NOI10

GO01 Y+005.0000
G04 X0.5

GO01 Y+000.0000
G04 X1.0

GO01 Y-035.0000
G04 X1.0

GO01 Y-070.0000
G04 X1.0

GO01 Y-105.0000
G04 X1.0

GO01 Y-140.0000
G04 X1.0

GO01 Y-175.0000
G04 X1.0

GO01 Y-210.0000
G04 X1.0

GO01 Y-245.0000
G04 X1.0

GO1 Y-280.0000
G04 X1.0

GO1 Y-315.0000
G04 X1.0

GO01 Y-350.0000
G04 X1.0

GO1 Y-355.0000
G04 XO0.5
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DR PR OR 2 2023 Ja AR A Rk it

GO1 Y-350.0000
G04 X1.0

GO01 Y-315.0000
G04 X1.0

GO1 Y-280.0000
G04 X1.0

GO01 Y-245.0000
G04 X1.0

GO1 Y-210.0000
G04 X1.0

GO01 Y-175.0000
G04 X1.0

GO1 Y-140.0000
G04 X1.0

GO01 Y-105.0000
G04 X1.0

GO01 Y-070.0000
G04 X1.0

GO01 Y-035.0000
G04 X1.0

GO1 Y+000.0000
G04 X1.0
#1=H#1+1

IF [#1 LT #2] GOTO 110
M30

Y%

Z i =R
%
0123
GOl
G94
G90
F2000
GO1 Z+000.0000
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DR PR OR 2 2023 Ja AR A Rk it

MO0

#1=0

#2=5

NO110

GO01 Z+005.0000
G04 X0.5

GO01 Z+000.0000
G04 X1.0

GO01 Z-027.0000
G04 X1.0

GO01 Z-054.0000
G04 X1.0

GO01 Z-081.0000
G04 X1.0

GO01 Z-108.0000
G04 X1.0

GO01 Z-135.0000
G04 X1.0

GO01 Z-162.0000
G04 X1.0

GO01 Z-189.0000
G04 X1.0

GO01 Z-216.0000
G04 X1.0

GO01 Z-243.0000
G04 X1.0

GO01 Z-270.0000
G04 X1.0

GO01 Z-275.0000
G04 XO0.5

GO01 Z-270.0000
G04 X1.0

GO01 Z-243.0000
G04 X1.0

GO01 Z-216.0000
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DR PR OR 2 2023 Ja AR A Rk it

G04 X1.0

GO01 Z-189.0000
G04 X1.0

GO01 Z-162.0000
G04 X1.0

GO01 Z-135.0000
G04 X1.0

GO01 Z-108.0000
G04 X1.0

GO01 Z-081.0000
G04 X1.0

GO01 Z-054.0000
G04 X1.0

GO01 Z-027.0000
G04 X1.0

GO01 Z+000.0000
G04 X1.0
#1=#1+1

IF [#1 LT #2] GOTO 110

M30
%
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