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A Study on the Estimation of Geometric Errors for Rotary Axes of
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Estimation and compensation of geometric errors for rotary axes are among methods to improve machining accuracy of
five-axis machine tools. Studies have been conducted on various methodologies for estimating geometric errors for rotary
axes, which are essential for improving machining accuracies of five-axis CNC machine tools. This paper presents a
method for estimating geometric errors of a rotating/tilting table using a cross-shaped calibration artifact with a touch trigger
probe. The proposed method includes rotary axes error estimation equations for angles of each rotary and tilt axis based
on locations of probing points. Computer simulations were performed based on a MATLAB/Simulink and ADAMS co-
simulation system using the probing cycle process to verify the proposed method. Computer simulation results confirmed
the usefulness of the proposed method in terms of volumetric errors.
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NOMENCLATURE

L, h, w [mm] = Length, Height, Width of Cross-
Shaped Calibration Artifact

7 [mm] = Radius of a Touch Trigger Probe

@4, @c larcsec] = Unit Rotation Angles of Rotary Axes
A, C, Respectively

P; [mm)] = j-th Position Vector of n-th Touch Point

XL, Y;, Z; [mm] = i-th Position of n-th Touch Point along
with the X, Y and Z-Axes, Respectively

A g [mm] = Resolution of Linear Axes

Agr [arcsec] = Resolution of Rotary Axes

Eqps [arcsec] = Set-Up Error of Cross-Shaped Calibration

Artifact on a Workpiece Table

Copyright © The Korean Society for Precision Engineering

Neps = Normal Vector of Upper-Side of
Cross-Shaped Calibration Artifact
@, 6 ¢ [arcsec] = Rotation Angles along with the X, Y

and Z-Directions, Respectively

Acomp> Ccomp. [rad] = Compensation Angles of Rotary Axes

A, C, Respectively

1. M2

24U W A g2 55 349 Ve 89t
= 3T, AR, 1T A} 59 8 S7I= 55 27149 24
opr} YA ek AA = w2 =S AEHE o3t

This is an Open-Access article distributed under the terms of the Creative Commons Attribution Non-Commercial License (http://creativecommons.org/licenses/
by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.



88/ January 2023

1A R AUz 4, CNC (Computerized Numerical

Controller)?] 2% 7|5 2

£ SIgh ookt ol A8E i’lfﬂr.
1=

271419 2% #01]*1 SXW} Uy o= itk 5
Center Point) |12 §1slo] 7121%H] 5% Z30] uje 7]
TS BEoH BA 5% 71 Al HUZN WAl 7o)
44 oA se] 243 B Alee] o] et o 2
F7F2 2 (Volumetric Error)E G7Fe 4= QloH g | o]

ToA 7L ES AL £ e

sick.

A& 55 FATIAY A FHFe wABAE HAT
CMM (Coordinate Measuring Machine)ol| 2 AME-E&= B XA
3 2 H (Touch Trigger Probe) 52 7|AA 8] ol A2Fstal CNCOJ
Apol2 AP gHeste] 3|AZ] o= =A== Flo] Yut
Zlo|H, o]= /\}%-ZH Aol gt SAEARE d=of qlof 2
A2 7%:1;} 1:]-0]:‘8]— &l/\}g] *7;(4;‘4]3]. %@;gu]% 5-2.5}o]

e
ol

e

Ha17] $lste] tharet wAR 2=
o}. Lei 5121 RATA G4L 7oz 5% 32714 3
A% o3 SRS AASPoL Bd%] FHox AL
Werexl AES Helsle] 245 ojsle WA Aok

tbaraki 5(3.41& %0 Fape] BAAE AEIAOL B
SR Baz ohe, 9N 24 BN F A% mE
FESEE 24 A 7} 80 15 wE 0% 9IS 47t
i) olgeh Khan SIS W7 AT 3yos 744
DS AgIGO, FUI FBol A 1 0% 3L
SIete] A7 SHe) Aol del A8 Ao T

AR ] Bl ujste] Ark Zwlo] ek
ARG o] g3 A% 0X FH| T2 AHgEE
MR BX) TRHI} glon], FAIA 359 37 B
Aot wAAeh HEPS o) HES Yt Bop
o HolBut B FUS T el et geje] paEE
31, 5 mut djolol] $1X3 WS AAE olgstel A
A 23 Apole] @31 ZTTHE-9). Bk Al2we] B 3
A% 0 2L Slote] Bl A4l olfFo] ol
HIN Sl I F2A} Wl el e
o8, BA) 220

o

> = ox

r& > 2 Ay
B =2
Ot gl o

Y
o

93t} ADAMS (Advanced Dynamic Analysis of Mechanical
Systems)?} MATLAB/Simulink 7+2] ¢3%=34](Co-Simulation)-
Aurom Ageole s st ER, 454 WIS 9%
of bl Qole] 2% 18 Algeolel Ao] Rojsti, 4t
Holl Rojgl HH% oxjo} ANE WHe Folo] 355 84

29] 7|58t o) 7he] vl BrHE Sstsi). vpAEtoR,
slole] Fhpels Hosln 4% 0% B ~qs]
o Brete] 24 FF5AS BokskL

2.1 3|M= @xIo} AKX mAA Xo|
B =nolA Fig 1o BAIH 23} 2] A%} C3 o
2 3|Ao| 753k 2E Y H|o]Eo] A2ME TRT (Table-Rotating
[Tilting)-CA E}] O] 48 5% ZA7|AE Ao s &gt 5
= FA7A A= 2= 1SO 230-1, 2, 7 [10-12]0f A o= o]
pem, 27 94 HE 7} & A9 91 A5 yEhe 3
As S eapel 7t A4 ol Weke s IdE 4w A=
Uehf= 3AS W eafe S E

Ibaraki [3]9} Abbaszadeh-Mir [7]= 5= 3%t
ol$Ft %, TAE, B0 oJste] WAISH: 427)e] 04}
= sz Jlefety eAE 24l gt e oA A
ohslolch. B wmBolAL sz slskehd eatE 2]
QJ5lo] 427119 oxF = ZE Y W "HE 29| 9 xAl 9l Z7tg
o o FE $fe] exE AAsti e, olE Table 1]
AN EFATE ARE @aH= 1SO 230-7 [12]0]l AAIH = BaA
9] 9J%] 2 %}(Location Errors (Axis Shift) of Axis Average Line)
= ofnjgit}.

2 =Bol A Fig. 29 28 4 =
o F4% oAk 2stuAl sl wAAe) e Teet
of Qolo] BHZA BHE 0af 20| skt Aviaie
AAe g} A0 2] A a7l TR o
Aokl AR BAAL A B4

[} =

Z1A A A

E
12
)
ot
=]
o
é

-
F

G ot BE 59| 02 54 4 2ee 58
2 Wavt gonz, SR Alo] 7|5k
JERE 3x1~ #8}710] golaleh. uhx]ar
2ol Bl mHAS
3 0ol uf s 0% ol

5

o
2
o fu
o
o 27
L

> o rSL‘

Cfu
)
o
E:mo

Jl)l' i lo N el



January 2023 /89

Fig. 1 Schematic of a rotating/tilting table of a TRT-CA type
machine tool

Table 1 Errors of associated with a rotating/tilting table

Symbol Description
E, o4 Angular positioning error of A-axis at 4 = 0°
Epos Squareness error of A-axis to Z-axis
Ecou Squareness error of A-axis to Y-axis
Epoc—Epoy Squareness error of C-axis to A-axis
Exoc Error of the position of C-axis in X-dir.
Eyvou Error of the position of A-axis in Y-dir.
Es oy Error of the position of A-axis in Z-dir.

Eyoc—Eyo, Error of the position of C-axis from A-axis in Y-dir.

g

Fig. 2 Schematic of the proposed cross-shaped calibration artifact
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Fig. 3 Probing points on the calibration artifact in the first and
second probing cycles
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Fig. 4 Probing points on the calibration artifact in the third probing
cycle
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Fig. 5 Schematics for estimating errors by rotating motions
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Fig. 6 Schematics for estimating errors by tilting motions
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Fig. 7 Five-axis machine tool (TRT-CA type) and the proposed
cross-shaped calibration artifact
Target rotary axes
Geometrical information of a

/ calibration artifact and touch probe

Initial value setting /¢ » Probing point numbers

Feedrate & communication cycle
NO

Conditions for a retraction
Yes
<

v

Probe a point of measurement Engage in the next
on a calibration artifact point of measurement

v t

Calculate the next
point of measurement
Y

Save a point of
measurement

Yes

i
Y
W
A
ok
)
N
)
1o
ol
Ho
=1
o
A_t“
o
q,
N
[
U
|z
>
1o
)
b

» 03
0
=
>
it
>
>
1
]
N
z
|o
il
Q_,‘
_2
il
of
>,
N
N

F
o4, AY WA B Zenel J|sle AK 5
2 YYASR s ARY ABAClHE YN FAE
SEEERREL EELESRCE R

___________ Probing cycle process |
=
— ADAMS
Cycle start |—~ . & i

|| communication

o L
— ‘ : i &=
[ i
= . f;]
—
"""""""""""""""""""" I Starting position setting |

Fig. 9 Co-simulation system (MATLAB/Simulink and ADAMS)

Aer < 0.36 arcsec L > 60 mm

Fig. 10 Schematic for determining the size of a calibration artifact

MATLAB 4ol @}7)7-418 Aol ako 2, o) S4177]0}
t} 7| A#3E A (Machine Coordinates System)@ W3} E|o] z+ 2] 4]
ol%% 4 342 o] ADAMSE AL JLxo]chFig. 9).

HX meEg BeT 9% HE 274 /)5S T 9ot
oy ADAMS?] HZ¥ (Contact Force) =4 7|5 A&}
Azt AR A FGolA B2 ZmHEef 4R wAA Ato]o]
9 ydalar, FEo] WS FHEE MATLABO 2 #4635}
AAsh Puls 24 e FRsk,

3.2 BHF Xt PSS Set MAIE L HS

2 =2olA AR HrEl AlEdlold E.2 MATLAB/
Simulinkel 4 A48 91XABE A%akn ADAMSO)A 4]
3 eA) ZRuol WYA 7o) HE RS Fadlels BAF
7% 0.01 msec2 A5} HA] T2H XAgho] oL
600 mm/minolu], o]} 8159 Haso ALg CNCE| A
FIE aLste] 227 0.1 pm, 0.36 arcsec® AT 4
ol ARgR AR WA 9] do] L& Fig. 100 AAIE A2}
bol o]$%2] Bal's 41,8l 2717H 0.1 umed v, B85 2
Arre 0.36 arcsec ©]3} =02 3H3LY] YA AQR1HE
afofof Fir}.

rm

r2 o



January 2023 /93

7 ‘Machining region [u.n;(])
O—=Volumetric errors
150 40
€
£, 100 %0
n
3 P 20
N 0
-100 100 10
100 100 1
Y-Axis [mm] X-Axis [mm]

Fig. 11 Volumetric errors before compensating errors of rotary axes
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Table 2 Comparison of errors of a rotating/tilting table based on the computer simulation results

Exrror E 04 Epos Ecoq Epoc—Epoa Exoc Eyo, Ez04 Eyoc—Eyou
[arcsec] [arcsec] [arcsec] [arcsec] [pm] [um] [um] [um]
Random error 21.6 18 10.8 15 17 12 4
Estimated error ~ 21.5784 18.0086 10.8288 7.2194 14.9908 16.9500 12.0000 4.0666
Error rate [%] 0.10 0.05 0.27 0.06 0.30 0.00 1.67
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glol A= A5 =AY 4= ok WA, A Z2EE &
$3to] BEQY GFol H2sHE FHH 9K MBS AS
T 4 et BAl, Qo) el BH% ok F7
2 B3 PR we sluZel Y A% oA BE WY
T eng Ad wZAE &8 7IE W el A 9
244 e Be3tol mA we BUF oXf 24 A= 7|
ek o ok Ak e HrE AlEdelde VNte s
1% o} Wy WE A Fhex v B BFH9
o, I AW 55 FAVNAY A Ak FH 71T &
92 Aoltt.
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