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Abstract

In the state of machining service, to evaluate the machining accuracy reliability of multi-axis CNC machine tools, analyze the
accuracy failure mode and the reliability sensitivity under the failure mode, this paper proposes a research method by the cross-
correlation studies of geometric error parameters to improve and promote the accuracy reliability of CNC machine tools. Firstly,
by multi-body system theory, the homogeneous coordinate transformation matrix between each body of the machine tool is
established, and the spatial machining accuracy model is constructed. At the same time, considering the time series problem in the
measurement process of geometric error parameters, this paper studies the correlation between the error parameters for reliability
analysis and proposes a novel reliability analysis index for each measurement point in the machine tool workspace. To validation
of the method, the analysis results of this paper are compared with those by Monte Carlo simulation. In addition, the accuracy
failure conditions of the machine tool are studied, the failure state function of machine tool accuracy is established, and the
accuracy failure modes that may occur are analyzed from this, to carry out the accuracy failure sensitivity analysis under the
failure mode, and to identify key geometric errors which have a great impact on the machining accuracy reliability of machine
tool in the failure mode. Finally, taking a 3-axis machine tool as an example, according to the analysis results, this paper puts
forward measures to improve the accuracy reliability and verifies the feasibility of the proposed method.

Keywords Multi-axis machine tool (MAMT) - Multi-body system (MBS) theory - Cross-correlation analysis - Machining
accuracy reliability - Accuracy failure sensitivity (AFS)

1 Introduction

As a typical highly nonlinear mechatronics equipment, multi-
axis CNC machine tools are often used to process parts with
complex surfaces [1, 2], so they are necessary to maintain high
machining accuracy. With the extension of working time and
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the uncertainty of the working environment, machine tool
components will be worn and performance will decline. The
total errors caused by the manufacturing and assembly of
components, the temperature change during processing, and
the different chip parameters during processing will always
affect the machining accuracy [3, 4]. In the main error sources
of machine tools, geometric and thermal error accounts for
about 50-70%, especially the former accounts for about
40% [5, 6]. In this paper, the geometric error parameters in
the machining cycle of MAMT are measured and statistically
analyzed. Based on the digital characteristics of the error pa-
rameters, the machining accuracy reliability is evaluated, and
the AFS analysis of the machine tool is studied.

Generally speaking, the reliability of MAMT is mostly
from the perspective of mechanics (such as stress and strength,
etc.), or the machine tool is divided into multiple subsystems
(such as tool axis system, workpiece box system, coolant sys-
tem), and the reliability of machine tool is studied through
fault tree, Bayesian estimation, and other analysis methods
[7-9]. The machining accuracy reliability defined in this paper
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is the ability of MAMT to maintain a specific machining ac-
curacy after a certain period of cutting under specific working
conditions. Up to now, more and more researchers have
begun to pay attention to the damage to the accuracy
reliability of MAMT due to the change of geometric error
parameters, and have done more research [10, 11]. Based
on the measured geometric error parameters, combined
with the response surface method, Wu et al. analyzed
the machining accuracy reliability of machine tools, but
the reliability analysis results were not verified [12].
When evaluating the reliability of the press, Xiao et al.
established a reliability model of its motion accuracy, and
by the Monte Carlo simulation, simulated its bottom dead
center position, and proposed a novel method to study the
accuracy for the press [13]. After defining the failure
mode of linear guide positioning accuracy, Wang et al.
proposed a method to evaluate the dynamic reliability of
linear guide positioning accuracy and carried out reliabil-
ity sensitivity analysis [14]. Most of the above analysis
uses Monte Carlo simulation, but this method in reliability
analysis is limited in actual engineering applications be-
cause it needs more sample data and a large amount of
calculation.

The establishment of spatial machining accuracy model is
the basis of all analysis work, and a large number of re-
searchers have proposed many modeling methods [15].
Among them, the modeling method based on MBS theory
has been widely used [16, 17, 31]. Under the assumption that
each body of the machine tool is regarded as a rigid body, Zhu
et al. established the accuracy model of the five-axis machin-
ing center by MBS, completed the modeling of geometric
errors, and then launched the research on the identification
and compensation of machine tool errors [18]. Fan et al.
established the functional relationship between the tolerance
and the volume error of a five-axis machine tool by MBS
theory and tolerance model [19]. In this paper, based on the
theory of MBS with high application maturity, the spatial
machining accuracy model of the selected MAMT is
established, to obtain the accuracy values in three spatial
directions.

The measurement process of geometric error parameters
has randomness [20], and its uncertainty and complex corre-
lation exist objectively [21, 22]. A large number of works of
literature show that geometric error parameters are multi-
dimensional random variables that approximately obey nor-
mal distribution [23, 24]. In reliability analysis, it is necessary
to analyze the correlation between multi-dimensional random
variables [25, 26]. Chen et al. introduced the Spearman rank
correlation method to describe the relationship between a sin-
gle error parameter and the tool attitude error in the whole
sampling space. [27]. Cai et al. optimized the accuracy of
machine tools based on geometric error correlation analysis
[28]. Zhang et al. proposed a pipeline reliability calculation
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method based on the correlation analysis of random variables
and researched the correlation of variables and pipeline corro-
sion failure [29]. In this paper, from the randomness and un-
certainty in the process of geometric error measurement, con-
sidering the time series of error data, the cross-correlation
analysis method is used to analyze the correlation between
error parameters for reliability analysis. Cross-correlation
analysis has been maturely applied in signal processing [25],
vibration signal power spectrum analysis [30], and other
fields.

In the research on the sensitivity of machine tool geometric
errors, researchers have proposed many analysis methods.
Aiming at the influence of geometric error for a five-axis
machine tool on the accuracy, Guo et al. introduced the global
quantitative sensitivity method to analyze and performed error
compensation on the analysis results [31]. Fu et al. analyzed
the structure of the three measurement modes of TFFIA, and
researched the identification of the rotation axis error that
affects the accuracy of the sensitive direction in each
mode [32]. Xia et al. analyzed the relationship between
the installation position of the club and the direction of
sensitivity and carried out a sensitivity analysis to reduce
the influence of the installation error of the ball club [33].
This paper starts from each measurement point in the
working space of the machine tool, analyzes the accuracy
failure modes in three directions of the machine tool, and
proposes a method for analysis of the machining accuracy
reliability and accuracy failure sensitivity considering the
cross-correlation of random errors. To find some accuracy
failure machining points and the most critical geometric
error of the MAMT.

The structure of the rest of this paper is as follows: In the
second section, based on the multi-body system kinematics
theory, the spatial machining accuracy model of machine
tool is established. In the third section, the analysis meth-
od of machining accuracy reliability and accuracy failure
sensitivity proposed in this paper is mainly elaborated. In
the fourth section, a high-precision 3-axis machine tool is
taken as an example to verify the effectiveness of the
proposed method. Section 5 is to reveal the conclusion
of this paper.

2 Constructing the CNC machine tool spatial
machining accuracy model

Multi-body system refers to a complex mechanical system
formed by connecting multiple rigid or flexible bodies in some
form. MBS is currently an optimal model for analyzing and
studying complex mechanical systems. For a general CNC
machine tool, it is a typical multi-body system, which is com-
posed of bed, column, workbench, motion axis, spindle, cut-
ter, and other parts.
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2.1 The main structural parameters of the machine
tool

The structure of the high-precision 3-axis machine tool stud-
ied in this paper is shown in Figure 1. According to the MBS
theory, the moving bodies of the machine tool are numbered.
The dimensions of each part of the machine tool are listed in
Table 1. According to the design requirements of the machine
tool, the maximum accuracy index of the machining error in
the X, Y, and Z directions is shown in Table 2. The machine
tool error can be divided into static error independent of mo-
tion and motion error related to the amount of motion. Each
axis has 6 basic errors, respectively, so the machine tool has
18 position-related system geometric errors. Among them, the
motion parameter of the rotary unit is angle rather than length.
In addition, the machine tool also contains three system geo-
metric errors independent of position. Table 3 shows the sym-
bols of all errors and their physical meanings.

2.2 Establish the motion characteristic matrix of
machine tool

Each part of the machine tool can be simplified into several
arbitrary classic bodies. The machine tool can be described as
a double-chain topology structure, one is the Bed-Slide
Carriage-Headstock-Tool, and the other is the bed-work-
bench-workpiece. This article can clearly describe the motion
transfer relationship between the bodies by establishing the
low-order volume array of the machine tool, as shown in
Table 4. At the same time, analyze the degrees of freedom
between each body, as shown in Table 5, where “0” means
no degree of freedom and “1” means a single degree of free-
dom (that is, translation in a certain direction).

-¢(0-Bed
1-Slide carriage
2-Headstock

- 3-Tool

Z-axis

-+ 5-Workpiece

-»4-Workbench

Z
2
v X
Fig. 1 The main structure of the machine tool
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Table 1 Basic parameters of machine tool
Main dimensions (mm) X-axis 550
Y-axis 1000
Z-axis 550
workbench dimensions (mm) Width x length 630 x 1200

Based on MBS theory and the set generalized coordinate
system, the motion between bodies can be simplified as the
motion of the rigid body in space, and the motion of the rigid
body is composed of rotation and translation. To represent
rotation and translation with the same matrix, it is necessary
to introduce a 4 x 4 homogeneous coordinate transformation
matrix. Therefore, the characteristic matrices describing the
motion between adjacent bodies of high-precision vertical
CNC machine tools are as follows, in which the superscript
p is static, s is motion, and /4 « 4 means that when the error is
relatively small, it can be ignored as the identity matrix.

Ideal stationary and moving homogeneous transformation
matrix between adjacent bodies 0—1 are as follows:

P s
M01 —I4><4a M01 -

, (1)

SO o=
(=)
S = O O
—_ O O =

Homogeneous transformation matrix of static and motion
errors between 0 and 1 bodies are as follows:

1 _&Vny gﬂxz x
P _ | 1 0 0 s
A]M()l - _Eﬂxz 0 1 0 7AM01
| 0 0 0 1
1 - gfx oxx
| e I —eax Ox 2)
| —efBx eax 1 o
0 0 0 1

Similarly, the motion characteristic matrices of other bod-
ies can be obtained, as shown in the following Egs. 3-8.

Table 2 Maximum

allowable machining Directions Values (mm)
errorin X, Y, and Z
directions X 0.005

Y 0.010

Z 0.010
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Table 3 Geometric errors symbol and meaning Table 5 The freedom of -

vertical CNC machine Bodies X Y Z a [ ~
Physical meanings Symbols tool

0-1 1 0o o0 o0 0 o0

Positioning errors oxx, dyy, 022 1-2 0 0 1 0 0 0
straightness errors oyx, 0zx, Oxy, dzy, 0xz, Oyz 2-3 0 0 0 0 0 1
Rolling errors eax, efy, ez 0-4 0 1 0 0 0 0
Britain swing errors efx, ey, eaz 4-5 0 0 0 0 0 0
Yaw errors e, ey, 02

Orientation errors €% EBxzr EQuyz

1 0 0 O
s 01 0 O
le2 = l4x4, 12 = 00 1 z|° (3)
0 0 0 1
1 0 0 0
0 1 —eq,, 0
P _ vz S
AM;, = 0 eay, 1 0 AM,
0 0 0 1

1 —eyz Bz oz
_| ez 1 —eaz 0yz (4)
—efz eaz 1 022

0 0 0 1

M12]3 :I4x4;MS23 :[4><47AM]2J3 :[4><47AM33 :[4><4 (5)

1 0 0 O
< 01 0
M€4 = l4x4, M()4 = 0 0 1 %); (6)
0 0 0 1]
1 -y efy  xy
1 - )
AMY = Lua, AMY, = | “7 L)

—efly eay 1 dzy
0 0 0 1

Mﬁs :I4x4;M515 :[4><47AM25 :[4X47AM25 :[4><4 (8)

2.3 Establishment of the spatial machining accuracy
model

By analyzing the double-chain topology of the machine tool,
combined with the established homogeneous motion

Table 4 Multi-body

system low-order vol- Classicbodies () 1 2 3 4 5
ume array
LO () 1 2 3 4 5
L1 @) 0o 1 2 0 4
L2 () o 0 1 0 0
L3 () o 0 0 0 O
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transformation characteristic matrices among the various
moving bodies, the spatial machining accuracy model can be
constructed.

Suppose the coordinates of the tool processing point and
the workpiece forming point in their respective coordinate
systems are P, and P,,,

T
Pt:[Ptx Pry Ptz 1] (9)
T
Pw:[wa Pwy P, 1] (10)
When the machine tool works in the ideal state without

error, the ideal coordinates of the workpiece forming point
in the tool coordinate system are as follows:

s y -1
Prigeal = [MﬁleM’l}zMéle% 33] MM, P, (11)

In the actual situation (i.e., machining under the influence
of geometric error), the actual coordinates of the forming point
of the workpiece in the tool coordinate system are

-1

Pracral = [AMo3] " AM 4Py, (12)
Among them:

AM03 :MglAMSIMBIAMBIMII’ZAMIIEMSIZAM?ZM,Z)SAME)}M;}AMEB

AM oy = M, AMG, M, AMy,

The total error matrix of machine tool can be represented
by the symbol E(G) as:

(G)
(G)
(G
0

E(G) = Ptidealfptactual = ) (13)

The machining process of this paper is to analyze the ac-
curacy of the machine tool when simulating the machining of
a certain size workpiece under the fixed workpiece and fixed
tool installation position. Therefore, P,, and x, y, and z in the
above matrix are predetermined values.E(G), E\(G), EAG),
respectively, represent the machining accuracy functions with
geometric error as variables in three directions. G = [g, 2,

&3, 84, 85, 86> 87> &8> 89, £10, 811> 125 813, L14> £15> L6
217, 18 &19. &0, L21] represents a vector composed of 21
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errors. dxx, dyx, 6zx, eax, €fx, €yx, dxy, dyy, 6zy, eqy,
eby, e, oxz, 0yz, 02z, €az, €32, €YZ, €Yan Efv QY =
81, &2, &3, 84, 855 86> 87> 8> 9> £10> &11> 125 £13> 14> 155
816> &17> 18> £19> 820> &21-

3 Analysis of machining accuracy reliability
and failure sensitivity for machine tool

3.1 Establishment of accuracy failure state function
and failure mode analysis

According to the accuracy design requirements in Table 2, the
maximum allowable error of the machine tool in three direc-
tions of the processing space can be expressed by the matrix
€max as follows.

ez 0] (14)

emax = [€x ey

The reliability of machining accuracy proposed in this pa-
per emphasizes that after a period of service, the machin-
ing errors in X, Y, and Z directions of the machine tool are
greater than the machining accuracy requirements in their
respective directions, and the machining accuracy of the
machine tool is considered to be invalid. Therefore, the
accuracy failure state function of machine tool is as fol-
lows.

Fig. 2 VN diagram of machining
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Ex(G)-ex Ax(G)
F = [E(G)_emax] = g;gg;:i; = ﬁ;gg; (15)
0 0

In formula 15, the values of the symbols A(G), AW(G),
AAG) have two cases of >0 and <0, respectively. When the
accuracy in a certain direction exceeds the maximum ac-
curacy allowed by the machine design, it means that the
accuracy in a certain direction is in a state of failure. In
this paper, permutation and combination of all possible
situations of the machine tool can get all its accuracy
failure modes, as shown in the following formula.
Figure 2 is the VN diagram that visually shows all accu-
racy failure modes.

0, = {A}(ZO7 Ay <0 al’ldAzS()}
Q2 = {AXSO, Ayzo andAZ§0}
Q3 = {A)(S(L Ayfo andAZEO}
0, ={Ax>0, Ay>0 andA<0} (16)
Q5 = {AxSO, Ay>0 andAZEO}
Q6 = {szo, Ay<0 andAZZO}
0, = {A)(ZO, Ay>0 andAZEO}

3.2 Cross-correlation analysis of geometric errors

The original definition of correlation is as follows: if there are
two-time functions recording x1(¢) and x2(¢), then the

Q Q

accuracy failure mode for the
machine tool

@ Springer
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correlation value between them is

N
0,300 = 2 0(0),35(0) (17)
iz

In the formula, A represents the average value of the prod-
uct of x1(¢) and x2(#). According to this definition, if X1 (7)
and X2 (7) are similar or equal, their correlation will be the
largest. For two dissimilar records, the product must be posi-
tive in part and negative in part, and the average value must be
smaller because of the positive and negative offset, so the
correlation will also decrease. Cross-correlation analysis be-
longs to the concept of signal analysis, which represents the
correlation degree between the values of two-time series; that
18, the cross-correlation function describes the correlation de-
gree between the values of random signal x(7), y(¢) at any two
different times ¢1, #2. The cross-correlation function of x(f) and
y(t) 1s

Ry(7) = El(0)y(t + 7)] = (x(2), y(t + 7))

— lim —
=y /zr/zx(t)y(tJrT)dt

(18)

The maximum point of the function is 7, and the maxi-
mum value is R(7).

For most random processes, we can still expect that when
the time interval T is very large, there is no correlation be-
tween x(f) and y(¢). In this paper, we measure the error param-
eters at a single measurement point in a short period. A total of
10 repeated measurements can get 10 groups of different 18
geometric error values, so there must be relevant information
between each group of data.

3.3 Machining accuracy reliability and failure
sensitivity analysis of machine tool

Response surface method is widely used in engineering reli-
ability analysis, such as dam system reliability analysis [34,
35] and bridge structure reliability analysis [36, 37]. However,
most of the variables in these studies are based on independent
assumptions, and the reliability index f3 is calculated iterative-
ly. In this paper, based on the objective correlation of geomet-
ric errors, an improved response surface reliability index is
proposed to analyze the machining accuracy reliability of the
high-precision vertical machine tool, as shown in the follow-
ing formula. The symbol Sy achine 1001 T€Presents the reliability
index of machining accuracy; The symbol piciiabiiyr€presents
that the reliability of machine tool measure points can be ob-
tained by integrating the reliability index.

2 2 )
X1 My, X2 [y, X187 g
Bmachine tool — Rx,j/x, ( + 44
Ox, Ox, Oy
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Preliability = P (Bimachine tool) (20)

In this paper, cross-correlation analysis is used to measure
the correlation between the selected error data groups in the
reliability index. The data group (uxl s My s Hy) 1S the
mean value of 10 groups of measurement data, and the data
group (x;, Xp, ***, X;) is the mean value of the middle two
groups of data. In theory, the time interval between
the two groups of data is very small. Therefore, with
the help of MATLAB tools, this paper selects and cal-
culates the maximum value of the function as the cor-
relation coefficient between x; and Hhy,s and uses the
symbol R, to express it.

To identify the geometric errors which have a major impact
on the accuracy failure modes that occur, the accuracy failure
sensitivity analysis of the multi-axis machine tool is carried
out based on the geometric error parameters. Based on fully
considering the objectively existing correlation of the error
parameter sources, this paper uses the state function when
the accuracy failure occurs to calculate the partial derivative
of the error parameter mean value and multiply it with the
error cross-correlation coefficient to establish the global sen-
sitivity analysis model of machine tool geometric error, as
shown in formula 21. The symbol w indicates the number of
accuracy failure directions.

1 .
ErrorAFS = ;Rx,*/u, aa%
Ry, —ag”’ ©)
X _
B 1 oAN(G)  0A(G) w :1)7(2;32
- 2 X X a,uxi a‘uxl_ m,n :nint )
1 0Ax(G)  0Ay(G) n 0Az(G)
37 o opx; Opx;
(21)

According to formula 21, when two or more machining
directions fail, the paper first uses the accuracy failure function
to calculate the partial derivative of the geometric error and
then obtains the sensitivity coefficient of the geometric error
in this failure mode by the weighted average method. Finally,
considering the geometric error terms of all accuracy failure
modes, several items with a larger sensitivity coefficient are
selected as the key geometric errors of the multi-axis machine
tool.

4 Case study

The Monte Carlo simulation method is limited in the actual
engineering application due to its disadvantages in the analy-
sis of engineering problems such as a large amount of sample
data and a large amount of calculation, and it is often used to
verify whether the calculation results of other methods are
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accurate and reliable. In order to verify the effectiveness of the
proposed method, this paper selects a high-precision 3-axis
vertical CNC machine tool to carry out the machining accu-
racy reliability analysis and failure sensitivity and compares
the reliability analysis results at each measuring point of the
machine tool with the results of Monte Carlo simulation. At
the same time, according to the accuracy failure mode and the
X-, Y-, and Z-axis of the machine tool, the accuracy reliability
of the three axes is calculated by using the weighted average
method. To identify the key geometric errors which have a
great influence on the accuracy of machine tools under various
failure modes, the global sensitivity analysis is carried out.
According to the analysis results, combined with the mapping
relationship between geometric errors and component param-
eters, the improvement measures of accuracy reliability for
machine tools are proposed.

4.1 Geometric error parameters measurement

Laser interferometer is widely used in the geometric error
detection of CNC machine tools because of its advantages of
comprehensive detection items, automatic data acquisition,
and diversified influence elimination. The XD laser interfer-
ometer used in this paper can achieve the measurement reso-
lution of nanometer level. It takes the wavelength of laser in a
vacuum as the length reference, and its installation method is
simple. Six basic geometric errors of machine tool moving
parts in six degrees of freedom can be measured at one time.
To comprehensively analyze the geometric errors of machine
tool, the workspace is abstracted as a cuboid region composed
of X, Y, and Z machining directions. To make the selected test
points representative, this paper selects several measurement

Fig. 3 Geometric error
measurement in the whole
working space of machine tool

points evenly along the four body diagonals of the machine
tool workspace, as shown in Figure 3. Taking (0, 400, 500) as
an example, the measured data at this point are listed in
Tables 6-8. The orientation errors of the machine tool are
listed in Table 9.

4.2 Accuracy reliability and AFS analysis of machine
tool

According to formula 19-21, the geometric error parameters
at each measuring point are brought in. The machining accu-
racy reliability analysis results and the analysis results based
on Monte Carlo simulation are listed in Table 10, where “0”
means that the failure mode does not occur, and “1” means
that the failure mode occurs. The correlation coefficients be-
tween reliability analysis data groups at each point are also
shown in Table 10. Fig. 4 shows the distribution of measure-
ment points where accuracy failure occurs in the machine tool
workspace. Figures 5—7 shows the cross-correlation function
relationship between the geometric error parameter (x;, xp,
-++, x;) and the data group (uxl s Hxy> """ Hy,) at SOME measure-
ment points.

Through analysis and calculation, in the seven failure
modes, there are only five kinds of accuracy failure at each
measuring point, among which the point (200, —400, 500) in
three machining directions is greater than the maximum error
allowed by the machine tool, and the accuracy reliability at
this point is the lowest. Through comparative analysis, the
analysis results and Monte Carlo simulation are very close,
which verifies the accurateness and effectiveness of the pro-
posed method. In addition, considering the relationship be-
tween accuracy failure mode and machine tool motion axis,

t-

.
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Table 6 Measurement values of

geometric errors along the X-axis Serial number dox dyx dzx eax el 202
at point (0, 400, 500) (mm)
1 0.003734 0.004298 0.004108 2.83e—06 3.73e-06 2.73e-06
2 0.004229 0.004074 0.004237 2.63e—06 2.93e—06 2.75e—06
3 0.004069 0.003739 0.00348 2.60e—06 2.72e—06 2.09¢e-06
4 0.004026 0.003309 0.003443 2.67e—06 2.70e—06 2.61e—-06
5 0.004208 0.003412 0.003504 2.43e—06 2.27e—06 3.01e-06
6 0.003904 0.003823 0.004019 2.55e—06 2.67e—06 2.69¢-06
7 0.004133 0.003499 0.003546 2.67e—06 2.09¢e—-06 2.30e-06
8 0.003847 0.004515 0.004035 2.30e—06 2.61e—06 2.55e-06
9 0.004014 0.004183 0.004069 2.09e—06 3.02e-06 2.92e—06
10 0.004047 0.004148 0.003608 2.15e—06 2.79e-06 2.10e—06
Table 7 Measurement values of
geometric errors along the Y-axis Serial number oy dxy ozy ey by ey
at point (0, 400, 500) (mm)
1 0.004282 0.005385 —0.00448 —3.66e—06 —3.66e—06 —2.55e-06
2 0.003308 0.004224 —0.00406 —2.14e-06 —2.55e—06 —3.35e—06
3 0.002949 0.003394 —0.00431 —1.97e-06 —3.07e—-06 —2.23e—06
4 0.003145 0.004533 —0.00405 —2.13e-06 —2.10e—-06 —2.17e—06
5 0.003168 0.004266 —0.00487 —1.93e-06 —1.60e—06 —2.43e—06
6 0.0038 0.004025 —0.00382 —2.18e-06 —2.49¢-06 —2.18e-06
7 0.003591 0.004361 —0.00442 —2.88e—06 —9.10e—07 —1.71e-06
8 0.003615 0.004357 —0.00339 —2.08e—06 —2.12e—06 —2.12e—06
9 0.002798 0.003929 —0.00383 —1.96e—06 —2.45¢—06 —2.16e—06
10 0.004092 0.004648 —0.00475 —2.85¢—06 —1.69¢—06 —2.96e—06
Table 8 Measurement values of
geometric errors along the Z-axis Serial number 072 oxz 0z eaz 5674 74
at point (0, 400, 500) (mm)
1 0.0034 0.002365 0.004818 2.09¢e—06 4.97e—06 1.29¢-06
2 0.002345 0.003833 0.005925 2.37e—06 8.90e-07 3.35e-06
3 0.003246 0.004244 0.005123 1.66e—06 2.57e—06 2.74e—06
4 0.004323 0.00332 0.004097 2.01e—06 3.77e-06 1.38e-06
5 0.00323 0.004903 0.002893 3.63e—06 2.59e—06 3.76e-06
6 0.003601 0.004025 0.004904 2.03e—06 2.35e—06 2.45e—06
7 0.004209 0.004174 0.002331 3.75¢—06 2.52e—06 2.32e—06
8 0.002917 0.003413 0.006288 4.36e—-06 7.40e—08 2.86e—-06
9 0.003326 0.004075 0.005116 2.99¢-06 1.50e-06 2.59¢-06
10 0.00316 0.003652 0.004583 3.21e—06 1.47e—06 2.13e—06
he reliability of the three motion axes is calculated, and the
Table9  Test values of orientation errors (mm) results are listed in Table 11.
According to formula 21, the accuracy failure sensitivity
Orientation errors £z &0 ey analysis of machine tool in service state is carried out, in
value 7 04606 5.676-06 2 50606 which orientation errors have nothing to do with machine tool
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Table 10 Machining accuracy reliability analysis results

Coordinates of measuring points Q2 Q3 Q5 Q6 Q7 Dreliability Ry, Monte Carlo (%)

(%)

(0, 400, 300) 0 0 0 0 0 99.88 0.9892 99.36
(0, 400, 500) 0 0 1 0 0 98.06 0.9962 98.75
(0, —400, 100) 0 1 0 0 0 98.05 0.9978 98.42
(0, —400, 300) 0 1 0 0 0 98.82 0.9959 98.21
(0, 0, 100) 0 1 0 0 0 98.67 0.9982 98.25
(0, 0, 300) 0 0 0 0 0 99.92 0.9809 98.96
(0, 0, 500) 0 0 1 0 0 99.82 0.9944 99.12
(0, 400, 100) 0 0 0 0 0 99.81 0.9934 99.25
(0, =400, 500) 0 0 0 1 0 97.89 0.9987 96.23
(200, 0, 100) 0 0 0 0 0 98.92 0.9935 98.12
(200, 400, 100) 0 0 0 0 0 96.20 0.9978 96.76
(200, 400, 300) 0 0 0 0 0 98.55 0.9966 98.21
(=200, 0, 300) 0 0 0 0 0 94.16 0.9710 94.57
(=200, 0, 500) 0 0 1 0 0 95.84 0.9603 97.12
(200, 0, 300) 0 1 0 0 0 96.00 0.9980 97.23
(200, 0, 500) 0 0 0 0 0 95.23 0.9978 96.78
(200, —400, 300) 0 0 0 0 0 94.61 0.9814 95.13
(200, —400, 500) 0 0 0 0 1 93.17 0.9927 91.36
(200, 400, 500) 1 0 0 0 0 91.50 0.9997 93.26
(200, —400, 100) 0 1 0 0 0 95.73 0.9986 94.13
(=200, 400, 300) 0 0 0 0 0 99.56 0.8719 98.57
(=200, 400, 500) 1 0 0 0 0 97.83 0.9708 96.24
(=200, 0, 100) 0 0 0 0 0 94.61 0.9814 93.27
(=200, 400, 100) 0 0 0 0 0 95.86 0.9878 97.32
(=200, —400, 100) 0 0 0 0 0 97.90 0.9635 98.54
(=200, —400, 300) 0 0 0 0 0 98.60 0.9346 95.12
(=200, —400, 500) 1 0 0 0 0 99.37 0.9447 98.56

Reliability average (%) 96.23 97.454 9791

97.89 93.17

considered. The analysis results are shown in Table 12. When
a failure mode occurs repeatedly, the weighted average meth-
od is used to obtain the global sensitivity coefficient of the
error term in this mode. To display the results visually, make a
histogram as shown in Figure 8.

4.3 Improvement and promotion strategy

According to Sect. 4.2, under the accuracy failure mode Q2,
the geometric error terms that have a great influence on the
machining accuracy reliability of the machine tool aresawx,
eay. Under the failure mode Q3, the geometric error terms
eqy, eaz, eax have a great influence on the machining accu-
racy reliability. In the accuracy failure mode QS5, the geomet-
ric error terms which have a great influence on the machining
accuracy reliability arecox, ey, caz,. In the accuracy failure
mode Q6, the geometric error terms eqy, ey, €0y, €0x have a
great influence on the machining accuracy reliability. In the

accuracy failure mode Q7, the geometric error terms eay, eax,
€7y have a great influence on the machining accuracy reliabil-
ity. Comprehensively considering the analysis results of five
failure modes, the key geometric errors that affect the accura-
cy reliability for the multi-axis CNC machine tool in the whole
workspace are identified as eax, ey, ey, az.

According to the mapping relationship between geometric
error parameters and accuracy parameters of machine tool
components [38], and combined with the analysis results of
this method, the following strategies are proposed to improve
the accuracy reliability: (1) improve the parallelism of the
machine tool guide rails and (2) correct the straightness of
the vertical plane and horizontal plane of guide rail. For the
improved vertical machine tool, the geometric error parame-
ters are repeatedly measured at the lowest reliability measur-
ing point (200, —400, 500), and are brought into formulas 13
and 20 to compare the machining accuracy and reliability
values before and after the improvement, as shown in
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Fig. 4 Measuring points of
accuracy failure in machine tool
workspace

Fig. 5 Cross-correlation function
of errors at measurement points
(0, 0, 100)

Fig. 6 Cross-correlation function
of errors at measurement points
(0, 400, 500)
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Fig. 7 Cross-correlation function
of errors at measurement points
(=200, 0, 300)
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Table 13. It can be seen from the table that the accuracy of ¥
and Z directions of the machine tool is greatly improved after
the improvement, and the accuracy reliability is significantly

Table 11 Reliability of three motion axes

Axis Failure mode Reliability (%) posed method.

X Ql Q4 Q6 Q7 95.53

r Q2 RS Q7 93.77 5 Conclusion
z Q3 Qs Q6 Q7 96.606

Table 12 Accuracy failure
sensitivity analysis results

enhanced, which further verifies the effectiveness of the pro-

By the MBS theory and geometric error parameters, this paper
establishes the accuracy failure state function of the machine

Serial number Geometric errors Q2 Q3 Q5 Q6 Q7

1 oxx 9.59¢—07 3.10e—07 7.21e-07 4.97e-01 3.31e-01
2 oyx 9.72¢—01 3.38¢—07 4.92¢-01 4.64e—07 3.31e-01
3 0zx 8.20e-07 9.96e—01 4.92¢—01 4.97e-01 3.31e-01
4 eax 6.32¢+02 4.98¢+02 5.66e+02 2.48e+02 3.81e+02
5 efx 3.13e—04 1.19¢+02 1.30e+02 4.22e+02 2.15e+02
6 ey 2.55¢+02 1.95¢-04 1.30e+02 2.48e+02 1.65e+02
7 oxy 1.19¢-06 2.34¢—06 1.80e—06 4.97¢01 3.31e-01
8 oy 9.72¢—01 2.16e—06 4.92¢-01 2.12¢-06 3.31e-01
9 ozy 2.23e—06 9.96e—01 4.92¢-01 4.97¢01 3.31e01
10 ey 6.32e+02 7.37e+02 5.00e+02 4.47¢+02 5.13e+02
11 ely 1.02e-03 1.19e+02 1.30e+02 4.22e+02 2.15e+02
12 ey 2.55¢+02 1.99¢—03 1.30e+02 4.47e+02 2.98e+02
13 oxz 9.31e—06 5.96e-06 6.73¢—06 4.97¢—01 331e01
14 0z 9.72e-01 7.57e—06 4.92¢—01 8.23e-06 3.31e-01
15 02z 8.44e-06 9.96e—01 4.92¢—01 4.97e-01 3.31e-01
16 eaz 1.46e+02 4.98e+02 3.20e+02 2.48e+02 2.15e+02
17 efz 2.93¢e-04 1.99¢+02 9.84e+01 1.74e+02 1.16e+02
18 €z 1.94e+02 1.47¢—03 9.84e+01 2.48e+02 2.32e+02
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Fig. 8 Sensitivity coefficient of
geometric errors under five failure
modes

tool and analyzes seven possible failure modes. Based on the
cross-correlation analysis and the digital characteristics of er-
ror parameters, a new machining accuracy reliability analysis
method for machine tools is proposed. The analysis results are
very close to those of Monte Carlo simulation. The analysis
shows that the reliability of the X- and Y-axes of the machine
tool is similar, and the Z-axis has the highest reliability. The
types of geometric errors that cause various accuracy failures
are similar, and the identification of key errors is high. At the
same time, to guide the staff to carry out targeted repair and
maintenance of the machine tool, the AFS analysis model of
the machine tool is established, and the key geometric errors
affecting the accuracy reliability are identified, to fundamen-
tally ensure the accuracy requirements of the machine tool
processing.

Table 13 At the point (200, —400, 500), the performance parameters of
the machine tool before and after optimization

Performance parameters Before optimization After optimization

Ex(G) 0.0052 0.0041
EG) 0.0122 0.0106
EAG) —0.0117 -0.0076
Dretiability 93.17% 96.60%
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