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Abstract. Machining tests were used to identify the kinematic errors of the rotary axes in machine
tools. The key to design the machining tests is analyzing the relationship of the kinematic errors of the
meachine tool and the machining errors of the test workpiece. By adopting the error-sensitive direction
vector, the relationship of the machining errors of the test workpiece and the kinematic errors of
meachine tool rotation axis was analyzed. Then the error-sensitive direction vector is adopted to
separate the individual kinematic error of the rotation axis. This analysis method can support a
foundation and reference for the machining tests design to separate the rotation axis in al types of
manufacturing equipment.

Introduction

Multi-axis NC machine tools are suitable for manufacturing complicated space curved surface or the
cavity surface. They were widely used in manufacturing the wings, impellers in the modern
manufacturing industry. At present, the development of multi-axis CNC machine tools has become an
urgent need for industrial production. However, dueto the influence of the superposition of rotary axes
and the straight axis of multi-axis NC machine tool, the kinematic chain of the machine tool is longer
than three-axis machinetool. So the machining accuracy of multi-axisNC machinetool is usually lower
than three-axis machine tool. Therefore, how to improve the machining accuracy has become the main
object of the research of the multi-axis CNC machine tool in recent years.

The accuracy of motion is the most basic index for the development of high-precision multi-axis
meachine tool, and the key of improving the accuracy of the machine tool isto make rapid and accurate
identification of the kinematic errors.

Separation methods of the kinematic errorsin the rotation axis of multi-axis machinetool table

Error estimation of the machine tool includes two main directions. direct measurement methods and
indirect measurement methods. Indirect measurement methods were also called error identification
methods [1].

Direct measuring method indicates measuring single kinematic error in a measurement process.
Single kinematic error of the rotary axis in multi-axis machine tool can be directly measured by laser

interferometer[ 2] .However, due to the superimpose of the kinematic errors of the machinetool , itis
difficult to identify the kinematic errors of the rotation axis multi-axis machine tool.
Indirect measurements primarily detect the position of tool center point ( TCP ) of the machinetool,

rather than the individual error of a moving part. In earlier studies, indirect measurements were only
used for rapid detection of total machine performance. In recent years, many researchers have
proposed the application of indirect measurement method to establish machine tool kinematic model
and identify the kinematic error in single part of the machine tool. This is the error identification
technology. The existing identification methods of the kinematic error of multi-axis machinetool rotary
axis amost adopted the special instruments, such astelescoping double ball bar [3,4], R-test [5,6], and
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so on. They have the disadvantages of computational complexity, time-consuming of operation, high
cost, and so on. The versatility of these methods is not strong, too. To meet the actual need of the
meachine tool users and manufacturers, machining tests were designed to identify the kinemeatic errors
of rotary axis of multi-axis machine tool table. The key to design the machining tests is analyzing the
relationship of the kinematic errors of the machine tool and the machining errors of the test workpiece.
This paper focus on the principle of the error separation, .

M achining tests

IThe rlotati(l)n axis of multi-axis tableis also called C-axis. There are three Iirllear displacement errors
“d, , “d,, °d,and three angular errors °,, x,, °x, in C-axis. Because “d, can be eliminated by
tool setting and workpiece localization, and the kinematic error °x, in the direction of the output of

C-axis rotation has no influence of the machining errors. Therefore, only four kinematic errors of
C-axis need to be identified. The steps of the machining tests of C-axis are as follows:
(1) Install theworkpieceintheinitial position. At thistime, the'Y axis remains stationary, the A axis
remains horizontally and stationary, the workpiece is fit at the angle of O degree in the
rotation axis (C axis) in +X direction, and the distance from the workpiece center isL.

Figuer.1 Machining tests to separate the kinematic errorsin C-axis

(2) Machining the measurement datum plane

Firstly, cut aplane on both sides of the workpiecein +Y direction. Then, cut a plane on both sides of
theworkpiecein +Xdirection. Thewidthis2l, the cutting depthis h. Thus, four intersecting lineswere
produced. They areas. bo. Co. Ooo Thedistance between ag and ¢, isPo. The distance between b, and
do is Qo.

(3) Machining the object plane

After machining the reference plane, return the tool to the machining start point to eliminate the
effect of motion error on the object plane. At the angle of O degree in the rotation axis, cut a plane on
the edge of the workpiece in +Y direction. So, an intersecting line was produced. It isa. At the angle of
90 degree, 180 degree and 270 degree in the rotation axis, cut a plane on the edge of the workpiece in
+Y direction. So, three intersecting lineswere produced. They are b, ¢, d. Where, the distance between
the horizontal plane near the intersecting line aand the horizontal plane near the intersecting linecisP.
The distance between the level plane near the intersecting line a and the level plane near the intersecting
line cis Hea. The distance between the horizontal plane near the intersecting line b and the horizontal
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plane near the intersecting linedis Q. The distance between the level plane near the intersecting line b
and the level plane near the intersecting line d is Hyq.

Analysis of the Separation Principle of Kinematic Errors

To analyze the relationship of the kinematic error of C-axis and the machining error of the test
workpiece, the error-sensitive direction vector[ 7] is adopted to seperate the individual kinematic error.

=[1 0 0

For example, " represents that the error sensitive direction is +X. It can be adopted to

separate the single error in the direction of +X. Therefore, n=[1 0 0 corresponds to the kinematic
error of °d,. Similarly, r,=[0 1 0] represents that the error sensitive direction is +Y. It

corresponds to the kinematic error of Colly ta :[0 0 - 1] representsthat the error sensitive direction
is —Z. It corresponds to the kinematic error of Cxy(g) and x (g) . According to the kinematic

principle of multi-axis machine tool, the separation principle of kinematic errorsis analyzed as follows:

é LC180° + °d (180°) v éLCO°U
e r u & !
DP =& LS180° + °d, (180°) gl 0 0]- gLS°g1 0 O]
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Where, According to Equation (1), d,(1807) can be obtained. d,(180°)
direction of +X, when the rotation angle is 180 degree.

°d, (270°) - d,(90°) x,(180°) Sx,(270°)- °, (90°) e

represents the in the

According to Equation (2), (3), (4),
be obtained.
Thus, four kinematic errorsof C-axiswere separated when the rotary angle of C-axisis 180 degrees.

Conclusions

Manufacturing equipment with a rotary table usually has the rotary axis superimposed with the
linear axis together. Therefore, it is difficult to separate the kinematic errors of the rotation axis.
Machining tests were used to identify the kinematic errors of the rotation axis. First of al, the
relationship of the kinematic errors of the machine tool and the machining errors of the test workpiece
should be established according to the kinematic principle. Then, some appropriate mathematical tools,
such as error-sensitive direction vector, should be adopted in the analysis. At last, through matrix
calculation, individual kinematic error of the rotation axis can be separated from the machining errors
of the test workpiece. This analysis method can support a foundation and reference for the machining
tests design to separate the rotation axis in al types of manufacturing equipment, such as machining
robot, parallel kinematic machine, and so on.
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