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Abstract This paper proposes a novel measuring method
for geometric error identification of the rotary table on five-
axis machine tools by using double ballbar (DBB) as the
measuring instrument. This measuring method greatly sim-
plifies the measurement setup, for only a DBB system and a
height-adjustable fixture are needed to evaluate simulta-
neously five errors including one axial error, two radial
errors, and two tilt errors caused by the rotary table. Two
DBB-measuring paths are designed in different horizontal
planes so as to decouple the linear and angular errors. The
theoretical measuring patterns caused by different errors are
simulated on the basis of the error model. Finally, the
proposed method is applied to a vertical five-axis machining
center for error measurement and compensation. The exper-
imental results show that this measuring method is quite
convenient and effective to identify geometric errors caused
by the rotary table on five-axis machine tools.

Keywords Geometric errors - Rotary table - Double ballbar -
Error measurement - Error compensation - Five-axis machine
tool

1 Introduction

Five-axis machine tools are becoming increasingly
popular and can be found in a large number of man-
ufacturing applications: from automotive to aerospace,
from large mechanical parts to miniature medical
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equipment, and from daily repair tools to scientific
research instruments, for they can provide better tool
orientation ability, higher material removal rate, less
fixture and tool adjusting time, and lower production
cost. However, five-axis machine tools are usually
more complicated and less rigid in structure compared
with traditional three-axis machine tools, which leads
to lower machining accuracy [1]. The rotary axes are
the dominant sources of machining errors, so if there is
an effective measuring method to identify the geomet-
ric errors of the rotary axes and then implement proper
error compensation technique, the machining perfor-
mance of five-axis machine tools will be improved
significantly.

Many researchers have investigated the machining errors
of five-axis machine tools and presented some error identifi-
cation methods based on various kinds of measuring instru-
ments. Bryan [2, 3] firstly introduced the double ballbar
(DBB) method in 1982 to evaluate the machine performance,
including thermal error expansion of linear axis, squareness,
backlash, servo mismatch, etc. Tsutsumi et al. [4] focused on
the deviations inherent to the rotary axes and proposed a DBB
method to inspect angular and linear deviations. Lei et al. [5]
used DBB to evaluate dynamic performance of the rotary
axes, including the following parameters: feed rate, position
loop gains, natural frequency, and damping factor. Lai et al.
[6] introduced a method, using DBB, to diagnose the nonlin-
ear error sources in the guideway system. Zargarbashi et al. [7]
designed five DBB-measuring tests to assess the trunnion axis
(4-axis) motion errors. Dassanayake et al. [8] used DBB to
identify the ten inherent deviations to double pivot head-type
five-axis machines. In addition to the above DBB-measuring
methods, some other instruments were also utilized for the
performance evaluation. Lei et al. [9, 10] developed a new
measurement device, namely 3D probe ball, and
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corresponding methods for accuracy evaluation of five-axis
machine tools. Weikert [11] used a measuring device which
was called R test to calibrate errors like backlash, positioning
error, squareness, parallelism, etc. Hong et al. [12] also dem-
onstrated an application of R test to measure the enlargement
of a periodic radial error motion of C-axis with B-axis rota-
tion. Jywe [13] developed a planar encoder measuring system
for the performance tests of machine tools.

Although a considerable amount of research work has
been conducted to identify the linear axes errors and
certain errors caused by the rotary axes [14—16] of
specified machine tool structure, there is still a need
for a convenient and effective method to measure the
errors of rotary axes systematically. In this paper, a
novel methodology is developed to measure five errors
out of six degrees of freedom (DOF) geometric errors
caused by the rotary table. A special fixture is designed
to assist the DBB-measuring tests. After two DBB tests
conducted in different horizontal measuring planes, three
linear and two angular errors can be identified by using
the measuring model.

2 Geometric error model of the rotary table

Five-axis machine tools with a tilting rotary table are most
common in manufacturing industry. As shown in Fig. 1, the
research and experiments were both conducted on this type
of machining center. The vertical spindle is mounted with
three linear axes, while the workpiece is located on the
rotary table controlled by two rotary axes.

ff
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Fig. 1 Five-axis machine tool with a tilting rotary table
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Fig. 2 Coordinate systems definition for DBB-measuring test

Some coordinate systems should be defined to establish
the geometric error model. In Fig. 2, the machine coordinate
system, namely MCS {Oy—XyYwmZum}, s defined as the
reference system whose origin is located at the intersec-
tion of A- and C-axis. The initial position of the A-axis
coordinate system {Oa—XaYaZa} overlaps with MCS.
The C-axis coordinate system {Oc—XcYcZc} is defined
on the rotary table. The workpiece coordinate system,
namely WCS {Ow—XwYwZw}, is defined on certain
position of the rotary table. All the linear axes coordi-
nate systems are defined co-axial to MCS and with the
same origin when the machine tool is at its machine
zero position.

During the measuring test, only C-axis moves, while the
other four axes are kept stationary. To simplify the error
model, the X-, Y-, Z-, and A-axes are considered perfect in
their position and motion. Therefore, only the errors caused
by C-axis influence the DBB-measuring results. For a rotary
axis, six DOF geometric errors can be found during the
nominal movement, including one axial error, two radial
errors, one angular position error, and two tilt errors. Fig-
ure 3 shows these error components of the rotary table.
However, the measuring method proposed in this paper
can just identify all the error components except .. Accord-
ing to the above analysis and the symbol definition, the
homogenous transformation matrices (HTM) can be de-
duced as follows:

%VT denotes a HTM from WCS to the C-axis coordinate
system

1 0 0 =xw

co_ |0 1 0

wl = 0 0 1 zw (1)
0 0 0 1
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Jx Radial error in X-axis direction

oy- Radial error in Y-axis direction
J.: Axial error in Z-axis direction
O, Tilt error around X-axis

@y Tilt error around Y-axis

0.: Angular position error around Z-axis

Fig. 3 Six geometric errors of the rotary table

AT is the rotation matrix which describes the motion
of C-axis nominal rotation by angle c:

cosc —sinc 0 0
AT — sinc cosc O 0 2)
¢ 0 0 1 —ZCA
0 0 0 1

where, zc4 is the distance between O¢ and O, in Z-axis
direction, as shown in Fig. 2.

If the geometric errors caused by C-axis exist, the error
matrix E is defined by Eq. (3).

1 6. 60, o
1 0, o,
6, 0 1 & (3)
o 0 o0 1

If A-axis moves by a nominal angle a, HTM from A-axis
to MCS can be defined by Eq. (4).

1 0 0 0

M |0 cosa —sina 0

AT = 0 sina cosa O (4)
0 0 0 1

As depicted above, the A-axis is stationary during the
measuring tests, that is =0 in Eq. (4). Therefore, YT
becomes an identity matrix.

See Fig. 2, suppose the position of the measuring ball O,
in WCS is WPy, (given in Eq. (5)), we can obtain the
position of O, in MCS by Eq. (6).

VPo,=[0 0 z+h 1] (5)

Mpo, =NT-E-2T-§T - VPo, (6)

where z, is the height of the ball cup associated with the ball
O, and 4 indicates the height of the magnetic fixture.

Now consider the position of the measuring ball O,
which is located at the spindle nose.

MPOl = I\\(/IT ’ ;{(T ’ %(T : ZPOl = [X,y’z,l]T (7)

where x, y, and z are the machine tool linear axes nominal
displacement.

The DBB reading corresponds to the length of the mea-
suring bar. And the length of the bar is determined by the
actual relative position of the measuring ball O; and O,
through Egs. (6) and (7). Suppose the length of the bar is
L, we can get its value through Eq. (8).

L=[0103| = ["Po, — “Po | (8)

From Fig. 2 and Eq. (1), it can be seen that the initial
position of WCS in the C-axis coordinate system does not
exert any influence on the DBB-measuring pattern, so we
can put the origin of WCS at the abscissa axis of {Oc—
XcYcZc} to simplify the calculation. That is to say yw=
zw=0. The explicit form of Eq. (8) is given in Eq. (9), once
the products of small error terms have been neglected.

L)) =2-(zm+h—z—zcA) 8. +2 xw-cos(c) - (6, +z-6,)
+2 - xw -sin(c) - (6, —z-6,) + (z — h)’

+(z—zca)? =2 (z—h) - (z2 — zca) + X%

©)

From Eq. (9), some key conclusions about the measuring
pattern caused by different geometric errors can be drawn as
follows:

1. The coefficient of axial error , is independent of the position
of C-axis, but just related to the initial coordinate positions;

2. The coefficient of radial error J, and tilt error 6, is
proportional to cos(c), while that of radial error §, and
tilt error 6, is proportional to sin(c). In addition, ¢, and
0, are mutually coupled, so are J, and 0,;

3. The angular position error 6, does not appear in Eq. (9)
because of the neglect of small error terms in calculation.
This indicates that the length change due to 6, cannot be
observed in the DBB-measuring pattern though it does
exist. So this proposed method is not feasible to measure
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the angular position error 6., which is the only limitation
of this method. However, other measuring instruments
could be used as a supplementary method to measure 6,
such as laser interferometer, autocollimator associated
with multi-facet polygon prism, etc. [17].

In Eq. (9) there are five unknowns, i.e., five geometric
errors, thus five independent equations are necessary for the
full solution. Some unknowns are mutually coupled as
explained above, so at least two different values of z, which
stands for the position of Z-axis, should be set during the
measuring tests. Meanwhile, the value of 4 should also be
changed correspondingly so as to keep the nominal length of
measuring bar unchanged. Consequently, Eq. (9) can be
replaced by Eq. (10), where i=1, 2 indicates different mea-
suring tests.

L,—(c)2 =2-(z+hi—z—zca) - 6: 42 xw-cos(c) - (6x +z - 0))
+2 - xy - sin(e) - (8, —zi - 0y) + (zi — h)* + (22 — zca)®
-2 (Z,' — h,) . (22 — ZCA) —+ x2W

(10)

In either test, four key positions of the measuring path are
chosen to solve the equations, that is ¢=0°, 90°, 180°, and
270°. So eight equations can be obtained to calculate the
square values of bar length: L,(0)%, L90)%, L{180)% and
Li(270)%.

These equations can be expressed in matrix form as L=
P-E, where L is a column vector of the square values of bar
length, E is the column vector of the geometric errors, and P
is the coefficient matrix which is determined by the coordi-
nate positions. The analysis result shows that the coefficient
matrix P is not of full rank. No matter what coordinates are
assigned to £, z, or xy, the rank of P identically equals to
five. That means there are just five independent equations
which can be obtained from two measuring tests conducted
in different horizontal planes. And thus, this set of equations
is adequate to solve the five geometric errors.

The data processing software is developed in MATLAB
language to separate the geometric errors and draw the
measuring patterns. During the tests, a specific fixture is
employed to adjust the height of the magnetic ball cup, as
shown in Fig. 1. The usage of this fixture can help reduce the
mounting errors between the two measuring tests, because it
just moves the measuring ball O, in the direction of Z-axis but
keeps it stationary in the direction of the X- and Y-axis.

3 Measuring test procedure

Some preparations should be made before the measuring
tests. A height-adjustable fixture should be mounted with
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the ball cup of DBB, and the distance between the center of
measuring ball O; and the spindle nose should be deter-
mined. In addition, the ambient temperature should be set at
around 20°C, so the thermal error could be neglected during
the measurement. The test procedure for error identification
of C-axis is as follows:

1. Move the rotary table to the initial position where ¢=0
and a=0;

2. Clamp the measuring ball O; to the spindle nose, and
move the center of O; to the initial position (0, 0, 140)
in MCS;

3. Mount the fixture which is connected with the magnetic
ball cup on the rotary table and adjust the center of the
measuring ball O, to the initial position (150, 0, —120)
in MCS;

4. Install the ballbar and conduct the first measuring test.
Data should be collected by the DBB sensor, and the
first four equations deduced from Eq. (10) are obtained;

5. Uninstall the ballbar and move Z-axis to make the
center of O; exactly located at (0, 0, 200). Also, the
center of O, should be moved to (150, 0, —60) by
adjusting the height of the fixture;

6. Install the ballbar again and conduct the second mea-
suring test. Consequently, the last four equations can be
obtained;

7. All the data collected by DBB are processed by the
software so as to identify the error components and
draw the measuring pattern.

4 Geometric error simulation of the DBB-measuring
pattern

Simulation was conducted to establish the relationship be-
tween the measuring patterns and error components so as to
demonstrate the geometric error’s influence on the measur-
ing patterns. Some key dimensions of the machine tool
structure and the DBB setup as well as the assumption
values of the errors are shown in Table 1.

Table 1 Key dimen-

sions and error Dimension Value
assumptions

Measuring bar 250 mm

length

Oows yws Zw) (150, 0, 0)

ZCA 120 mm

Zn 60 mm

h h=0, h,=60 mm

Angular errors 6, §,=+0.005°, 0.=0°

Linear errors 0y, 0,5 6.=+0.01 mm
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Fig. 4 DBB simulation pattern caused by J,
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The simulation results caused by different geometric
errors are shown in Figs. 4, 5, 6, 7 and 8, respectively.
Compared with the standard circle, the measuring patterns
are eccentric circles except for the influence of 4, whose
circles are concentric. It is also observed that the measuring
patterns caused by the linear errors in the first test (2=0)
coincide with those in the second test (#=60 mm). However,
all the patterns caused by angular errors are different from

e 5y=+0.01,h=00r60
———-0,=-0.01,A=0o0r 60

Fig. 5 DBB simulation pattern caused by J,

Standard circle
———-06,=+0.01,h=0o0r 60
———-06,=-0.01,h=00r60

Fig. 6 DBB simulation pattern caused by 6.

each other in both tests. So this characteristic can be taken to

decouple the relationship between d, and 6,, also between 6,
and 6,.

The method for identifying the errors on the basis of the
simulation results is discussed as follows. At the first step,

90°

180°

270°
Standard circle
— ==~ 6,=+0.005",h=0
———-6,=-0.005,h=0
—_— G, =+0.005°, 2 =60

— 6, =-0.005", =60

Fig. 7 DBB simulation pattern caused by 6,
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180°

270°
Standard circle
——=-8,=+0.005,h=0

———-6,=-0005,h=0
———— 6, =+0.005", h = 60
——— 6,=-0.005", h=60

Fig. 8 DBB simulation pattern caused by 6,

the axial error in Z-axis direction d, can be identified if it is
possible to take the change of the radius. Then at the second
step, we may conduct two measuring tests to obtain eight
equations to solve all the errors except ..

5 Experimental verification and compensation
To validate the effectiveness of the proposed method, some

experiments were conducted on a high-speed five-axis ma-
chining center (model: VMC0656 by Shenyang Machine

90°

Standard circle
——— h=0 ———- h=60

Fig. 9 DBB-measuring pattern before error compensation
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270°
Standard circle
—— = h=0 ———- h=60

Fig. 10 DBB-measuring pattern after error compensation

Tool Corporation Ltd.) to identify the geometric errors
caused by C-axis. The overall experimental procedure is
listed as follows:

1. The geometric errors existing before error compensation
are measured with the proposed method;

2. Solve the error components with the developed data
processing software, and draw the measuring pattern;

3. Five identified geometric errors are corrected by
computer-aided manufacturing software, and the com-
pensation values are sent to the control system;

4. Conduct the measuring test after error compensation to
confirm whether the measuring method and compensa-
tion technique are effective.

What needs special attention is that the total angular
displacement of C-axis is from —90° to 450° during the test,
while data are only collected in the period between 0-360°
to avoid instability at the start and the end of the motion.
The measuring patterns before and after error compensation
are shown in Figs. 9 and 10, respectively. The comparison
results between the two tests are listed in Table 2. It can be

Table 2 Geometric errors of the rotary table before and after error
compensation

Geometric Values before Values after
€erTorS compensation compensation
Oy 6 pm 2 pm

dy —4 pm 1 pm

0 5 um =1 um

0, 5.4" 1.1”

0, —4.4" 0.6"
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seen from Fig. 10 and Table 2 that the measuring patterns
after error compensation agree well with the standard circle;
all the errors are reduced by 66 % at least.

6 Conclusions

In this paper, a DBB-measuring method is proposed to
identify the geometric errors of the rotary table on five-
axis machine tools. The most important characteristic of this
method is that the measuring procedure consists of two circu-
lar tests conducted in two horizontal planes so as to decouple
the linear and angular errors. Five geometric errors, i.e., two
angular errors and three linear errors, can be identified in the
measurement. The developed mathematical model is simulat-
ed to demonstrate unwanted geometric errors’ influence on
measuring patterns. In order to validate the proposed method,
some experiments are conducted on a high-speed five-axis
machining center. Measurements are carried out both before
and after the error compensation. Experimental results show
that the proposed DBB method is effective and convenient for
identifying the geometric errors caused by the rotary table.

Acknowledgment This research was sponsored by Chinese National
Science and Technology Key Special Projects [No. 2011Z2X04015-
031] and the National Science Foundation Project of P.R. China [No.
51175343].

References

1. Hsu Y'Y, Wang SS (2007) A new compensation method for geom-
etry errors of five-axis machine tools. Int J Mach Tool Manuf 47
(2):352-360. doi:10.1016/j.ijmachtools.2006.03.008

2. Bryan J (1982) A simple method for testing measuring machines
and machine tools. Part 1: principles and applications. Precis Eng 4
(2):61-69

3. Bryan J (1982) A simple method for testing measuring machines and
machine tools. Part 2: construction details. Precis Eng 4(3):125-138

10.

11.

12.

13.

14.

15.

16.

17.

. Tsutsumi M, Saito A (2004) Identification of angular and position-

al deviations inherent to 5-axis machining centers with a tilting-
rotary table by simultaneous four-axis control movements. Int J
Mach Tool Manuf 44(12-13):1333-1342

. Lei WT, Sung MP, Liu WL, Chuang YC (2007) Double ballbar test

for the rotary axes of five-axis CNC machine tools. Int J] Mach
Tool Manuf 47(2):273-285

. Lai JM, Liao JS, Chieng WH (1997) Modeling and analysis of

nonlinear guideway for double-ball bar (DBB) measurement and
diagnosis. Int J Mach Tool Manuf 37(5):687-707

. Zargarbashi SHH, Mayer JRR (2006) Assessment of machine tool

trunnion axis motion error, using magnetic double ball bar. Int J
Mach Tool Manuf 46(14):1823—1834

. Dassanayake M, Yamamoto K, Tsutsumi M, Saito A, Mikami S

(2008) Simultaneous five-axis motion for identifying geometric
deviations through simulation in machining centers with a double
pivot head. J Adv Mech Des Syst Manuf 2(1):47-58

. Lei W, Hsu Y (2002) Accuracy test of five-axis CNC machine tool

with 3D probe-ball. Part I: design and modeling. Int J] Mach Tool
Manuf 42(10):1153-1162

Lei W, Hsu Y (2002) Accuracy test of five-axis CNC machine tool
with 3D probe-ball. Part II: errors estimation. Int J Mach Tool
Manuf 42(10):1163-1170

Weikert S (2004) R-Test, a new device for accuracy measurements on
five axis machine tools. CIRP Ann Manuf Technol 53(1):429-432
Hong C, Ibaraki S, Matsubara A (2011) Influence of position-
dependent geometric errors of rotary axes on a machining test
of cone frustum by five-axis machine tools. Precis Eng 35
(1):1-11

Jywe W (2003) The development and application of a planar
encoder measuring system for performance tests of CNC machine
tools. Int J Adv Manuf Technol 21(1):20-28

Uddin MS, Ibaraki S, Matsubara A, Matsushita T (2009) Prediction
and compensation of machining geometric errors of five-axis ma-
chining centers with kinematic errors. Precis Eng 33(2):194-201
Lee DM, Zhu Z, Lee KI, Yang SH (2011) Identification and
measurement of geometric errors for a five-axis machine tool with
a tilting head using a double ball-bar. Int J Precis Eng Manuf 12
(2):337-343

Khan AW, Chen W (2010) A methodology for error characteriza-
tion and quantification in rotary joints of multi-axis machine tools.
Int J Adv Manuf Technol 51(9):1009-1022

Schwenke H, Knapp W, Haitjema H, Weckenmann A, Schmitt R,
Delbressine F (2008) Geometric error measurement and compen-
sation of machines—an update. CIRP Ann Manuf Technol 57
(2):660-675

@ Springer


http://dx.doi.org/10.1016/j.ijmachtools.2006.03.008

	Geometric error measurement and compensation for the rotary table of five-axis machine tool with double ballbar
	Abstract
	Introduction
	Geometric error model of the rotary table
	Measuring test procedure
	Geometric error simulation of the DBB-measuring pattern
	Experimental verification and compensation
	Conclusions
	References


