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~ (a) A 3 DOF parallel . (b) A 6 DOF parallel
kinematic machine tool kinematic machine tool .
‘ - L = (c) A hybrid machine tool
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% 1.1 Major specifications of PM-600

#600 (XY) x400 (Z)
Workspace, mm
(420 x 420 x 400)

Tilting angle, deg +25

Max. rapid traverse speed, m/min 100

Max. acceleration, m/s? 14.7

Spindle speed, min—! 12,000/30,000

Spindle power, kW 6

Servo motor
Base joint
Base

Strut
Platform

Platform joint

Spindle unit
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A : Spindle’s tilting angle

around the X axis

B ‘Spik"ndle’s"' tilting angle
: . “around the Y axis
-~ C : Spindle’s tﬂtmg angle

around the Z axis
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| Center #1
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e | 2 1
rT . ' Ballf locationSOn tjhe jig
i . 1 . 2 *1 1ndlcates the locatlon of the ﬁxed ball on
K 9 |3 the jig (shown in the ﬁgure above) in each
= e - DBB test.
1 4 3 - %2: indicates the location of the platform in
- the z-direction. l(lowest) 3(h1ghest)
m. | 6 L3 e . .
n 28 3.
o 2 3

& 2.1 Center locations,é,nd orientation of DBB tests for calibration
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L, % (a) 75>B/\73>Z>J:9 =) ':F‘»L“{J,%O)fh :tq:j??S 6pm (Wﬁ( 17. 8um) LAve<, 1%
@%&ﬁ&meA®¥ﬂ4HMmCﬁk&ﬂmm DA UDBMET 5 J7 (Conv-B)
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% 2.2 Comparison of calibration results

a) Center dev1at10n (umt ,LL m)

Posmon  Default | Conv-B | Proposed
e 0.0

d 721 | 136 i | 129

g O 19
h 212.0 | ¢ 15.0
j 265 94 154 17.8

Kk 967 |8l |s21 |31

1 1587 | 720 646 |49

n

651 | 8.7 |584 |av

(b) Average radial error (unit: pm)
-Position | Default | Conv-A | Conv-B | Proposed
584 | 490 | +36 | +1.3
+64.6 | +136 | +51 | +3.2
4601 | 491 | 40.8 |-34
+578 | 493 | +1.8 |[-04
+67.8 | 4100 | +1.7 | -20
4581 | 459 | +1.6 | +39
| +451 | 464 | +2.4 | +40
+649 | +65 | +0.6 |54

ﬂ’_'?i";"ﬂ"""ﬁﬂdin

(c) Circularity error (unit: pm)

Position | Default | Conv-A | Conv-B | Proposed
a 25.1 49 45 | 3.9
d 188 |41 |56 5.2
f 24.8 5.2 9.5 7.3
h 61.6 72 | 106 12.3
j 17.2 7.6 | 129 12.9
k 254 |46 | 176 |57
1 436 |66 |65 |67
n 14.9 5.3 26.8 5.7

Bold numbers indicate the best result at each position.
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21




200

300f: -

100 ..

Scales reference trajectory (1mm/mm) error (1um/mm)

£
£ :
= 0
~100
. Proposed Reference Circle ||
30000 s00 =200 =100 0 100 200 - 300 400
‘ : , xmm.oo
(a) At the posztlon d (1n Table 2. 1)
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(b) At the position k (in Table 2.1)

X 2.3 COmparison~offcontouring error trajectories
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(b) Parallelity error with respect to the table

2.4 Comparison of pai‘allelity and straightness errors
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X 3.1 The model of serial feed drive
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sg gravity on a
.- servo motor

' m g gravnty on a ballscrew

’ |__[ r‘l v mJg : gravity on a platfonn joiht
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B 3.4 The friction on a base joint
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£ 3.1 Conditions of circular tests fér the identification of model parameters

Name Tool length, | Radius, | Center location, mm | Tilting angle, deg
mm mm X |Y Z A | B C
A 104.255 144 0 |100| -1008 |-23]| 0 0
B 104.255 144 100 | 0 -1008 0 |23 0
% 3.2 Identified parameters
Name Value
mg, kg 18
mr, kg 27
fo1, N 151
foz, N 164
fos, N 219
foa, N 201
fos, N 182
foes N 136
toj (j=1~6), Nm | 8.88
ti; (j=1~6),m | 0.0139
3.4 IREEXEER

3.4.1 HAMEHFHEHEOY—RE—2ERENDIaL—ay

SNELA TP — 3 IO CHINHERL 2 ERCHEE T 572 0101T, SIEIARTAMER LR
RETHERABE L%, EXA Ty POV —RE—FOERMELZEHIIal—T 7
VCEBIEBUERETHD. BELENFEFNVOEDEERET 2720, HEER
Hr AW, MILESROY —RE—2 OB TERE ERICNEL, SELF 7 —Ni
rArvIar—val R EEKTS.

% 33 IR RBICRNT, MIERROY—RE—F DA F 2 ORIERE T (R (3.2)
H K i) &, ZOHEE T (RRFO E + f;+§;) 2@ Lz b 0% 3.5(a), (b), (c),
(d) \oRY. EBEARTE D HEE : 1,000mm/min, FEEHH : CCW ThH5. ERVY 7L
AHZRREBIRY, BART v MNAEAT B AIEEMOME « BBUC L > TR E < B
FTBH, M7 OEEELMEBILC —HLTEY, BELLALLTF— I L 5H
FRBIFICITZTND I BN, &AMy MOBT BHEEEOTHIER, &4 A
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% 3.3 ,Conditions‘,(k)f;circular tests performed to validate the model accuracy

Tool length,rRadlus, Center location, mm Ti‘ltivngkangle, deg |
Name o e — — Result
mm | mm | X \|Y | Z | A |B| C f
A | 104255 | 144 | 0 |100| -1008 |-23| 0| O |Fig 35(a)
e e e i ey T B
C 104.255 150 0| 0] -1215 | 0|0 0 | Fig. 3.5(c)
D 213.981 144 [ 0| 0| -1173 | 0 (23| 0 |Fig 35(d)

©0.17Nm, 4B T0.15Nm, % C T0.10Nm, £/ D T0.12Nm Cho7. &k C,
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Servo motor torque Nm
A

Servo motor to

a5 %0 155 180 25 20 515 o 0 45 80 15 180 25 20 315 30
Angle deg : Angle deg
(a) Condition A (b) Condition B
Center location (X,Y, Z) = (0,100,—1008) Center location (X,Y, Z) = (100,0, —1008) mm,

mm, tilting angle (A, B) = (—23,0) deg tilting angle (A, B) = (0,23) deg
1 ! T T ; : ; T 4 T ! ! T T T ;
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(c) Condition C (d) Condition D
Center location (X,Y, Z) = (0,0, —1215) mm, Center location (X,Y, Z) = (—100, —100, —1173)
tilting angle (A, B) = (0,0) deg mm, tilting angle(A4, B) = (0,23) deg

3.5 Comparison of measured (T}) and simulated (7}) servo motor torque profiles on each
strut (f =1 ~ 6) in a circular operation
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[ 3.7(a) (b) (c) HHMHUS N DB TNEN X H, Y I, ZHRICMZ bl e %, 47
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TWARWE X (ON) 12381 24N DR F M OHEEENKE VWOIX, BES f; 2H#ET
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< FILERISTIT o T3 Y, BRI RIETO f; 2 ERICEETE TORVEDE
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BETHETE L. R, EREToRLTORMICHT B IEREIRA 25% Th- Tz,
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! @ 3.6 An oﬁtlook of 'éﬁcp:e:r’iméntal equipment for static loading test .

ﬁ 34 Coﬁditidhs of staticilbé,d‘ing testls: :

T}o—édingk B e e i Position, mm ‘Tiyltingja;nfglé,’*ceg
dlrecmon . = YZ A Bl G’
: +X Z = +60mm from spmdle nose O ‘ 0 1250 | 0
+Y | Z = +60mm from spindle nose | 0| 0 1250 | 0
7 | spindle(directly) | 0|0 |-1100] 0

O 0
0 50
0l 0
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Estimated force kN

Estimated force kN

0.5

25

1 1.5 2
Extemal force to +X direction kN

(a) For an external force imposed to the +X

direction

1 0.5 1 1. 2
External force to +Y direction kN

direction

4 T

Estimated force kN

-1 i
0 0.5

1 1.5 2 25

External force to +Z direction kN

(c) For an external force imposed to the +Z direction

% 3.5

Cutting conditions

Workpiece material
Tool

Spindle speed
Feedrate
Milling method
Axial depth of cut
Ra;diall ‘deptkkh, of cut

Tool extension

Aluminum alloy, A5052
A sintered carbide square
endmill (2 flutes, ¢12mm)

12,000 min~!
6,000 mm/min-
Down cut
18.0 mm
1.0, 2.0, 2.5, 3.5, 4.0 mm

130 mm (from spindle unit)

37

2.5

(b) For an external force imposed to the +Y

B 3.7 The estimate of the static external force imposed on the platform(its X—, Y-, Z—
components are compared with measured forces)
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dlrectlon
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:5o~~ 0 = e

X posmon mm:

(b) Stralght end rmlhng toward X

d1rect10n

- 3. 8 Measured (dX,dy,dZ) and estimated (d X,dy,dz) cutting force profiles in straight end
- milling tests (rad1a1 depth of cut 4.0 mm)
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B 3.9 Comparison of mean value of measured and estimated cutting forces (X Y, and Z
components) in stralght end milling test w1th various radla,l depths of cut -
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X, NI UAAD =R ADOBREBCENOFELERICHEET S 2 L BRLERATR
T, AEATF—NIRVEHLE 2D, L, BABELZRLER2V T LA A=
AL TIHEROFEI/ NS, TEHEROHEDT-DITIL LOFHTHS.

(2) ZEYRPEILE LREBTORMAR OHEEEERR, K OEREIREF OUER O EE
BEITV, HIERFLOAD 2 < E b EFRDIC OV TR TOF ROy R EKR 7IN
DHETHEE CHERRETHD I L 2R L.
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5. 438CIL, BRELEFER A EREL HSEREOBEL RHB L, (EREK
D FDEE U S TR LI EBRBEIC OV CHIER LOSA LESD Y 054 1L
TEHILET, KFEOENEERIETS. 4483 L2 L DEAEORHRTH S,




4.2 EBEHICERT 5EHREDHE

4.2.1 RARFSY FOBEHERE

AT, BEACE > CTLAEMRICE U SIHANE - BB OBMELHET 5 HELRE
T5. BETIFHETHE, TEERCBT 2IEROBEEEA T Y b AICES
BUEEFROR LADEICLVHEETS. RRITRHE LT B35 LA T =X AT
RIZBNT, XY FEN TOMIGESREEDBNCN TSR b5 v FolMFEROEFSE,
FFRIDMHFEE & R T/RENZ E B FEMITIC LV RERTVWAE ), Lo, T
RSEMOMBROBELHET BOIC, ATy bOBMTIIER LT, MFEA~DEHO
HEEETD. |

¥, ANy MEIFRIERT B AICE - TEL S, X FTy FEERT S R—1h
U, 8% EOBBOMEERBELHETS. UHIARHNMER LAVESICF—RE—#
BEHAT B (§+F+ F) 2#ET 5 HECONTIE 33 B THICHE 7=, & (3.9) DA k
F v VBRI OERES f, ITEEERICES LRV E LTRSS 2 L, BEEHIcEET 5
ATy Ml FEON Fg = {Fg;}j=16 € RE(N) I1Z,

Fp=g+f+F-f (4.1)

Ths. jEEDR T v NOEFE~OBEERE AL = {ALj} 16 € R8(m) iZKAT
2 bhd L EETS. |

{AL;} = {Koug ; HFr,;} (4.2)
22T, Kag = {Ksugjti6 € REIIA S v hO#EHE~DI L TS5 47 R (0/N)
ERLTOVS. KX TR, Kag ZUTOL 3 ITEFMETS ¢

L:—1
{Kstigg 5} = Kotigs1 =2 L 2+ Koo (4.3)

ZIZ7T, Kaigr € RIZEGR~ORFICHTER—NARLEED= T T4 7 X (m/N)
KL, Kayge € RIZEIFM~DORIIIHT 2R — LA CUNDOEREIT RO T T4 T
YA (m/N) %% Y. L3 jBEEOA Sy FOES (m), LIET Ty F7r—aPa A
MEDOES (m), I3 XR—LRLOEE (m) THD.

AL TRHELTDHTEBROR T v SOBRER LK 4.1 18T, —HOMRER
DT ITAT VATERICAEEN TS, ZNOOERMEEER 41T, £z, F—
NRALDAYTTAT VRAZONTIERAR— VA UERE BB RICENT 2, 275
AT ADELHEEZFHE TS, A=A R UERIZ, K THME 40mm (B 35.1lmm) , A
& 17mm PR LR TH S Z LB 35.1mm, P 17mm OFE LELIL, R—rih
CAtko a7 T4 T2 A1E0.00 x 10°mm/N LRHEShE. 7121, ZhbOERE
PEELTEZABNDA NI Yy NILFRD AT T4 T 2 2ADME & KR OEBREZ >
LHEE TE DEOMICIIREEN D 2HENE . ZOFEKITR 41 IR LEERESZER W
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- - Base joint

 Rotary joint

: Platfprm; joint -

Pcams

' Plétform -

Py axis

B 4.1 Structure components of one strut

. R41 ‘:Compliance of strﬁcture components in one strkujfcf o

Neme | Direction|  Compliance 10-%mm/N |
~ Ball screw nut | Axial | . N Y ,
Sphne nut To:que ‘ 0 07 (transform into axial dlrectlon)
P, axis bearing GoAwial 113 : ‘
- Py, axis bearing | Radial : 0.29
Qyp, axis bearing Radial |ioe i v 0015

“3‘“*‘!1/3’9. Luﬂwiﬁﬁiﬂﬁnnd)ﬂﬁﬁgﬁxf%é é:i%z’_ bhB. ABETE, LY Efe72 TR
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?3 Kstzﬁ’l; st’l.ﬁ2 i%ﬁ@ﬁ, %ﬂ%héf@x I‘7 / }"CH L{ b‘#‘;f) ‘

122 TREH BBHR) OLE f'%%éﬁ%@#ﬁi o

TASSTOME - %%’%3% AT € IRG(m) HEA LTy T\ﬁﬁiﬁﬁf\@%ﬁﬁ*ﬂii AL o

Ez}a%b«: J: U BEXbNED :

T, B FLIERART: /“FE%BIW?E‘J%@CEE REERD DIFESFEIHERT.

T ¢ REIFT AL HALE - §%¥§Afﬁ>é Le RG i@:ﬁﬁ%F'ﬂ%L ]—'(T) % :
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4.2.3 T H%Im (BB OHE - EBREOME

RELEFEEZAVTER S v FOHR~OBEERE AL #H#ECTENIE, R b
Sy MRFROBEEL S v EAT B L D ICE - KBS EEET 2 L CLASHRO
(fE - BRBEEZWET 5. T72bb, WERS Teomp € RO 1T

T oomp = F° (i - Ai,) (4.5)

TExbND.

4.2.4 DBBAIEIZDWLT

ARETIE, FEhzMIES S S L EDEFTREOHEICESNT, BELEMEED
BOMEZRRFET 5. AEIZEBWT DBB HIESRMFIZIE, HHEBFOEEN 150mm OFE &
144mm DIFED 2EY B35 5. FEAPBIOFED 150mm DOFE, BEIEK L EEKD Z &
BIEIRIUTHAEOH AT XY FEaANZEI<. 0O EEN 144mm OFE, BEIEK
LEEIRD Z BT 42mm R 572D —IAEORIEZR S L O IC8<. £, i
D DIRVERY, EESHMIZCCW (REFFHEIY) , 2V HEIX 1000mm/min Th 5.

MIVESRREI 2 FRT 258121, UTIORTHETIT). £, DBBHEIEIC
DEBLNIERFM~DBRE AR, (n = 1,2,...) 15, FEEEEFOMII¥E% R(m), DBB
N—DFEHERE% Rppp(m), FY 7V RTOMMPFLELEL LIZAKE 0,(rad) 2 H
WC, DBB A XY FHEZFEIE & B2 LZRED XY FHEEKD Xo(= (R + AR,)cosb,),
Yo(= (R+ARy)sinb,) ~EHT 5. KB (X,, Ya) OHD (Xo, Yo) XA T O&/IMERIEZ
Za—bAEREEHVTHL ZETROBNS.

min (\/ (X — X0)? + (Y — Yo)? — Ro) ’ (4.6)

Xo,Yo0,Ro
n

z o 1 EEBE RS (m) EFETILD. b (Xo,Yo) BEEL LEEEFMA~DRZE
AR/, (m) %

-
—

R
RpBa

AR/ = <\/ (Xn — X0)? + (Yn — Yp)?2 = RDBB> (n=1,2,..) (47

ChA. Fi-, EHEAX

_ Rpga , . A
A==2 (ms,x AR;, — min ARn) (4.8)

TEEIND. U\%T“lik(Xo,Yb) ZHLA 7y M& (m), (Ry— Rppg) & ¥ RR%E
(m) &5,
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# 4.2 Conditions of circular tests kfc)yryalida;t_i' ;‘ > estimation model

N kTQQI lengty, R-;;i-lus, Centglj,yl\qcati‘qn,‘,_mm ;Tilting’ angle, deg
. omm. . | mm | X | ¥4 Z | ALBI| C
A 104255 | 144 | O |100| -1008 |-23| O | O
B | 104255 | 144 |100| 0 | -1008 | 0 |23| O
C | 104255 | 150 | 0 |100| -1008 |25 0 | o
D 104255 | 144 |-70 |-70 | -1008 | 17 |-17| O
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- % 4.3 Measured and estimated circu s in the condition shown in Table 4.2

ol ’C‘ir‘ciﬂamt

. Estlmated
- 98.9‘
487
180.8
1;01.7 o

‘Measured

4.3.2 Eﬁﬁmﬁﬁ#%

Eﬁﬁf%ﬁ%ﬁbtﬁ#%§44_TT T%@A}3iﬂ7i~&@ﬂm;mm~
eEHETHS. RELUHERS, %m@ﬂ% EROHIB B EEE DN EEE 5
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| == Measured
| = Estimated
| = = Reference

[RERHBARABUBEREY AR

L

VLR
T

Vo

AR HI'

FTETTTREET

(a) Condition A
Center location (X,Y,2) =

mm, tlltlng angle (A B) = ( 3! 0) deg

EHaRAAN

(IR

TTEFTIT TERET TR

'Hnll

10um/div

(0,100, 1008)

= = Measured
- Estimated
‘| == Reference

( ) Cond1t10n C

kCenter locatlon (X, Y, Z)

- (0,100, ~1008)

mm, tlltmg angle (A B) = (—25,0) deg

Center location (X,Y, Z) =

= = Measured
| m—— Estimated
-~ Reference

10pm/div

(b) Condition B

mm, tlltmg angle (A B)

WTETETTT

RERGLTER VITNERA e

~ 1opm/div

(10,0, —1008)
(O 23) deg

= - Measured
- Estimated
‘| = = Reference

(d) Condltlon D Cen’cer locatlon

(X,Y,Z) = (70,10,
angle (A B) =

1()08) mm, tlltmg
(17, ——17) deg

. 4 2 Comparlson of measured (dashed hne) and estlmated (sohd hne) con’courmg error proﬁles

in a circular operatlon
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il ié%%ﬂ%«@ WELY LB T 2 — FOR¥ )T - avic ;ofibéﬁ

%@ %mm«@ %@ﬁbﬁ%wtbtk%zané
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,delagﬂl Til Jig

A | 104255 | 0 231 0] o0 No

B | 104255 | 100 0 |28| 0 | No

¢ | 104255 | 0 l2s]l 0] o | No
D | 104255 | -7 17 [ -17] 0 | No
E | 104255 200 0] 0 | No

F 104.255 | 20l 0] 0 | No
G | 104255 olo| o | No

H | 104255 ‘0] 01] 0 | No

1 | 104255 20| 0 | No

J 104.255 251 0| 0 | No
K | 104.255 0 0 |2] 0 | No

L 213.988 0 |-1215442|-23| 0 | O Yes

M | 213988 0 |-1215+42 | -25 0 | Yes

N | 213988 0 |-1215+42| 0 | 23| 0 | Yes

O | 213988 0 |-1215442 ] 0 | 25| 0 | Yes

P | 104255%1 | 0 | 0 | -1215 | 0 | 0 | 0 | Yes

Q | 104.255%1 |-100|-100| -1215 |-10| 10 | 0 | Yes

R 213988 | 0 | 150 | -1215 | 15| 0 | 0 | Yes

S | 213988 |-150| 0 | 1215 | 0 | 15| 0 | Yes

*1 Although the simulator that estimates the gravity-induced errors and NC calculate

the position command using this value, actual tool length is 104.193 mm.
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£ 4.5 Comparlson of c1rcu1ar1ty error Wlthout and w1th the gravﬂ;y compensatmn

Center - Tilting

: : Circul:aricy”e‘rror, ,urnq ,
: Iocatlon,kmm~ ,angle, deg | L Improvement,

 Without Wlth %

“compensation | compensatlon

"Name : :
xl v lals

‘o latoo foal 0 feidorel Tl 1sm il o g8
1007 60 T ios o a9 ot el ade
0 | 100 |50 0 | 1915 | 269 | 8.0
0 b0 17 1T 109 159 | 855
100 |20 0 538 | 102 |  8L0
100 [-10| © 159001 L T 53.3
H1000 L0 o b s b b 29 03
1000 (10 [0 Bassome s G D
100 | 23| 0 e e
100 25 115054 - 129 . 79 382
Choofeosavago Ul 0 sl o 0
23 D o el | G 129l L 8g
25| 0 | 1104 23950 LF g
0 ['23 | iosg |0 o5 b g3
0025 B ssal tin s i U014
Ho oo o fro pigs i P sl - 3
|00f 00 fa0| 10 | 30 | 40 | 342
ABOLL 0t el s e plg el e g e ‘12,6*

o o o o o o

| 100

o o o o
o o oo olo
1
B
(D¢

lemomozZzEgr|Rac~maoamE0Qw s>

ﬁﬁﬁE%ﬁofw&w %@tb @m%@uﬁam Eﬁ t@#é%ﬁ#aiﬂ'
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%+ 4.6 Comparison of the average radial error measured by DBB tests with and without the

gravity compensation

Center Tilting Average radial error,
Narme location, mm | angle, deg (measured) pm
x v 41 B Without With
compensation | compensation
A 0 100 |-23| 0 4.6 8.6
B 100 0 0 23 | 0.5 3.3
C 0 100 |-25| O 10.8 8.4
D -70 -70 17 | -17 5.9 5.8
E 0 100 {-20( O 2.5 8.1
F 0 100 |-10} O 2.2 7.5
G 0 100 0 0 3.5 5.1
H 0 100 10 0 3.8 9.4
I 0 100 | 23 0 4.9 9.7
J 0 100 | 25 0 48 9.5
K 100 0 0 25 2.6 4.6
L 0 0 231 0 -40.8 -39.7
M | 0 0 -25 -30.0 -37.8
N 0 0 0 23 -41.1 -42.0
0O 0 0 25 -37.1 -42.2
P 0 0 0 0 -4.3 -5.2
Q -100 | -100 | -10| 10 -4.9 -3.2
R 0 150 15 0 -2.8 -7.6
S -150 0 0 15 -2.9 =77

TR T A —F DF v ) T L — a3 VEBEIDER T 2 EBRRESEBREHINHNIZ
LnkEZOND. £77, FHEANK TS Y U 7 L—1 a VEZEORELZBEIK L EE
KOG RZT T B DI HIESRERINOS T 5% v V7 L—1 g VIREORED
HgZsh, ZOBREOEEBIINIVEZEZLND.

EEEELY SHICAEIEREDITE, F¥ VT L—va B TORICENORELE
AT A—FDX% ) T L—a VREOHBRGICOBL, BRI XA—FDXr T
L—3 g VBEOHE LV ERICGHEL Ty U 7 L—a v &fTo BT, EAMESL
BEHTALERDD. RETIHEIDRIZOWTRIET .
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4. 4 #ufﬂl
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- With compensation
- - Reference

= = Without compenéétipn ‘

T

= = Without compensation
- With compensation
— — Reference

(a) Condition A

(X,¥) = (0,

100)mm, (4, B) = (~23,0)deg) (X, Y)

i (b)Condition By

= (0,100)mm, (4, B) = ;('_25’ ‘O)de:‘g‘)

-iy-‘k Without compensation
|| == With compensation
— — Reference

ithout compensation
ith compensation

: (C);‘Cond‘it‘ion c e

= Without compensation
- With compensation

(e) Condition G
(X,Y) = (0,0)mm, (4, B)
B 4.3 Comparison of measu ed c
line) and with (solid line) the com

TN

‘Without compensation
With compensation
— Reference ;

() Condition J
((X,Y) = (0,150)mm, (4, B) = (15,0)deg)




LI

~ (a) Condition M
(A, B

| == With compensation

= = Without compensation

)= (~25,0)deg)

— = Reference

 1oumidiv

| =— With compensation

- Withoutf compensation

— — Reference

Aumidiv

(c) Condition a

(XY) = (0,0)mm, (4,B) = (0,0)deg)

line) and with (
the jig plate

== Wi,tho‘dt compensation
= With compensation

——_Reference

10pm/div

: (b) Condition O

(0,25)deg)

 ((XY) = (0,0mm, (4,) =

= = Without compensation
- | == With compensation
—— Reference

NUNRRANEEN ]

FIF T T

(d) Céhdiﬁidn i
((Xv Y): (O,;O)mm, (Aa B) T (

4.4 Cbmparison of mea‘syured’contouringferror profiles in a circular operation without (dashed
solid line) the compensation in the condition where the fixed ball is positioned by

1pum/div

15,0)deg)




—

200‘ T T T T T
- Without compensation
180 «wo With compensation

160
£140
3.
5120

err

>100

Circularit
(o)) 0]
o o

E
=
>

N
o

-20 -10 0 1 20

0
Tilting angle (a axis) deg

B 4.5 Comparison of the circularity error without and with the gravity compensation in the
condition A, B, E~J (Center location (X,Y,Z) = (0,100, —1008) mm, tilting angle: B = 0,
A=-25~25deg)
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ﬁ 5.1 Comparison of measured and predicted c1rcular1ty errors after the calibration. “Error”
k s aﬂ;er the calibration.

- shows an error between measured and estimated c1rcular1

Name before calib. ~after calib. - ‘a,fter calib. | Error
o (measured) pm (measured) um (estlmated) ,um - pm
a ;28 6 - | 25° . 38 ‘,1;'3
i e e o
e 626 L oigat ~ 12
d 49.3 4.3 o420 -0.1
e 14.2 2.8 40 1.2
f 821 < T8 i 06 - |18
g 34.6 7.2 8.3 11
h PP B L R B
i 105.1 9.6 139 4.3
- 4000 [ 104 0 b i120 a1
ok e e R e
Lo 647 b a0l Bg e Bge
'm | 122 | 88 | 115 | 27
n 631 Sodppia s i - e
o 97 eants b etgg el tg
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(b) In the condition o

5.1 Comparison of measured and simulated trajectories after the calibration.
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(b) Comparison in the coqd;tmn number of the matrlx Ain Eq.(2.3)

X 5.2 The predlcted c1rcular1ty error and the condition number of the sen31t1v1ty matrix,

compared w1th the number of expenments used in the kmematlc cahbratlon
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(a) Radlus of traJectory DBB bar length = (b) Radlus of trajectory < DBB bar lengtyh‘ k

5.3 "schemat,ic‘s‘ of DBB circular test
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5

# 5.2 DBB measurement conditions

Name T(;ol Center location, mm Tilt angle, deg
X Y | z A B
a *1 0.039 | -0.984 | -1215.062 | 0 0
b *1 | -99.959 | 99.010 | -1215.062 | -10 10
c *1 0.042 | 149.013 | -1215.063 | 15 | 0
d *1 | -149.964 | -0.991 | -1215.061 | 0 15
A *2 0.039 | -0.984 | -1215.062 | -23 0
B *2 0.039 | -0.984 |-1215.062 | -25 0
C ¥2 | 0.039 | -0.984 | -1215.062 | 0 23
D *2 0.039 | -0.984 | -1215.062 | 0 25
E %1 | -70.000 | -70.000 | -1050.000 | 17 -17

%1, *2: The distance from the platform plate and the center of the DBB ball attached to the
spindle is 104.255mm (*1), and 213.988mm (*2), respectively.

Z (E52FDFEMHA, C), 3 125&42AV5. E53(b) IRTHELSE L L.
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FBRDBEENRKEVI LERLTVS. F4 17 e g B B RSB B T,
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Measurement condition
(a) Circularity error
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Measurement condition

(b) Average radial error

B 5.4 Comparison in the circularity error and the average radial error of measured DBB
contouring error trajectories. *: No data acquired in the conditions B and D for “conventional.”
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(b) In the condition E

B 5.5 Comparison of DBB contouring error trajectories.
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LEDEHREELZUET OO ELITo-. /EREO 5 @FlH~ = 72 2Tkt
LT LA AN =R LTSRN TR & L COBMMELHA LA L, £, 3%k
ERNREEBIBDAERE - AN T - RERARBERAT—V, (478 - T/ 5B TORBE~
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LIVA = XL TAESBROMBROBEZOEER L LT, BETA—F0Fx ) T —
L a i, ROBEAICEDA NS v MR EOWMHMOERD 2 50 EF on5 = L1k k<
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oL oT, BT —T NV T HFEE - HTEREY — 7 AXN—ZA 2K TOME
RHBENKE RRE ST,

(2) Hexapod B T LV A B =X L TR Z R R & LT, AELA T — &R
MR ZHET D HEERELL. VY—REe—F OB TERH,» b (TEH)
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