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This paper presents a new identification method to identify the main errors of the machine tool in time-frequency domain. The
low- and high-frequency signals of the workpiece surface are decomposed based on the Daubechies wavelet transform. With power
spectral density analysis, the main features of the high-frequency signal corresponding to the imbalance of the spindle system are
extracted from the surface topography of the workpiece in the frequency domain. With the cross-correlation analysis method, the
relationship between the guideway error of the machine tool and the low-frequency signal of the surface topography is calculated
in the time domain.

1. Introduction
Machining accuracy is an important performance factor
for machine tools, especially under circumstances in which
relatively high precision is one of the basic requirements [1].
During the machining process, a variety of errors are in play
at the same time, and this will be reflected in the surface
topography of the workpiece with varying degrees. Errors
of a machine tool include static errors and dynamic errors.
Static errors are related to the structure of the machine tool,
primarily caused by the geometric errors of the components
of the machine tool; this part of the error can be identified
from the experimental results by error shape. The dynamic
errors of a machine tool are mainly the mechanical distortion
of the workpiece and tool, the vibration of the structure of
the machine tool, and the tracking error of the controller,
which can introduce spatial frequency domain error; thus,
this type of error should be identified from the frequency
domain. The vibrations caused by the unbalance may destroy
critical parts of the machine tool, such as bearings and
couplings, which make up the major portion of the observed
vibration frequency spectra of the machinery. These vibration
spectra can be used to determine the error sources from the
machine tool [2]. Before identification, the signal data should
be processed first, and its main features should be extracted
and determined.

Under certain machining conditions, the surface topography of the workpiece that turned by a machine tool is generated and then is measured through direct measurement of
a profiler; thus, a fast and satisfactory identification method
should be used. The premise of identification is processing the
measured result first and extracting the important features
in the signal. In conventional signal processing, the Fourier
transform is a direct and commonly used method [3, 4];
a complicated high-order exponential function is used to
transform the signal in the time domain into a function in
the frequency domain, but the local signal cannot be well
analyzed by this method. Local features can be described
by the short-time Fourier transform [5], which appears
subsequently, but the signal in the frequency domain cannot
be localized in the time domain. For nonstationary signals,
the wavelet transform is an effective method for processing
the signal, which is an analysis method of a signal in the time
and scale (frequency) domains. It is a multiresolution analysis
method and is known as the microscopic representation of
the signal. The biggest advantage is that, in the time and
frequency domains, there is a good localized nature: the
short time signal with high frequency can be localized, and
there is also an accurate trend analysis for low-frequency
signals, which provides a special advantage in terms of the
measurement of the mutant signal and identification of the
fault signal. Wavelet analysis in the field of manufacturing
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is applied in online monitoring of tool breakage and fault
diagnosis of bearings and gears. Li et al. [6] researched
the influence of machine vibrations on hard turned surface
topographies based on the FFT and wavelet and analyzed the
tool behaviour by spatial domain frequency analyses based
on the fast Fourier transform, and wavelet reconstruction
was used for profile filtering. Lingadurai and Shunmugam [7]
proposed the metrological characteristics of the wavelet filter
for processing of engineering surfaces and established a few
typical manufactured surfaces and their reference surfaces by
the wavelet filter and brought out the waviness content and
phase matching by random process techniques. AntoninoDaviu et al. [8] studied the wavelet signals at different levels
and applied the DWT to analyze numerical and experimental
data for the diagnosis of dynamic eccentricities in induction
motors. Chand [9] proposed SC- and SS-wavelet transforms
that use the cosine and sine signals defined over the smaller
intervals that help represent the Fourier transform of a signal
in a better way. The SC- and SS-wavelet transforms provide
not only sharper time-frequency localization but also much
more information in a better localized form than the Awavelet transform; Zhu et al. [10] reviewed the state of
the art of wavelet analysis for tool condition monitoring
(TCM), introduced wavelet approaches, and discussed the
superiorities of wavelet analysis to Fourier methods for TCM
based on the nature of monitored signals. Bhowmik et al.
[11] used an electromagnetic transient program (EMTP) to
model a real transmission system and MATLAB for DWT
and NN, and various types of faults were identified. The
Fourier transform cannot be directly used for the signals
which are random in the time domain because the signals
have no integral condition. The power spectral density (PSD)
and autocorrelation functions are coupled with the Fourier
transform. PSD describes how the power of a signal or time
series is distributed over the different frequencies. As a spectrum function, PSD has a natural advantage in the evaluation
of the frequency domain. Bonte et al. [12] proposed a new
formula to consider phase differences in the determination of
an equivalent von Mises stress power spectral density (PSD)
from multiple random inputs. Yoshida [13] analyzed the data
of acceleration broadband with PSD; the signal was analyzed
according to the height of the peak, and the power spectrum
with the statistical properties is generally used as the basis of
spectral analysis. Lu et al. [14] analyzed the random vibration
signals of a vehicle’s coupled longitudinal tracking system
with PSD. Random vibration theory was used to obtain the
response power spectral densities, by using PEM to transform
this random multiexcitation problem into a deterministic
harmonic excitation problem and then applying symplectic
solution methodology.
With the provided analytical and numerical approaches,
some researchers have studied the effects of the unbalanced
parts on the machining process and the behaviour of the
machine tools. Schulz and Würz [15] showed the systemspecific limitations of the component focused balancing
and discussed the requirements by means of analytical
and numerical approaches. The dynamic unbalance of the
spindle is evaluated by a double-rotor model of spindledrawbar-bearing [16] and harmonic wavelet [17]. The fast
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Fourier transform (FFT) is used to process the signal to
reduce computation time [18] and satisfy magnitudewise shift
invariance [19]. Recently, correlation analysis has been used
in many research fields. Wieleba [20] used the correlation
analysis in tribological research, evaluating the coefficient of
friction and wear rate of PTFE composite with steel counterface roughness and hardness. Lockwood and Reynolds [21]
presented a technique for automatically characterizing the
three-dimensional geometry of fracture surfaces and used
digital image correlation (DIC) to provide an accurate and
fast method for digitally reconstructing fracture surfaces.
From the above, the previous work merely measured
or modelled the single component error of machine tools;
these methods will introduce some errors, and the analysis
results are different from the actual values. Some researchers
analyzed and identified the motion errors of machine tools
from several measured results; however, the measured signal
from the components of the machine tools cannot represent
the actual processing surface. Therefore, the method which
identifies the dominant error from the surface topography of
the workpiece is more accurate.
In this paper, the surface topography of the workpiece is
transformed into a low-frequency part and a high-frequency
part by wavelet transform method. Then, the main features
are extracted from the high-frequency signal part in the
frequency domain by a power spectrum analysis method; the
correlation degree of the geometric error of the machine tool
and the low-frequency part of the surface topography is calculated in the time domain by the cross-correlation method.
Finally, the experimental scheme for the vibration signal of
the spindle system in different measurement conditions is
designed, and the numerical analysis is verified.

2. Analysis of the Surface
Topography of the Workpiece
2.1. Surface Topography of Workpiece Generation. In the
experiment, a cylindrical aluminum alloy is selected as the
processing part for machining. The machining machine tool
is a vertical two-axis lathe in the laboratory, its frame is shown
in Figure 1, and it has 𝑋 and 𝑍 guideways. The workpiece
(number 2) is supported by a hydrostatic spindle (number 1),
and the lathe is used to turn the end face of the workpiece.
The dimension of the end face includes a diameter of 20 mm;
maximum rotating spindle speeds of 150 rpm and 110 rpm are
used in the processing. The upper end face of the cylinder
workpiece is turned by the tool (number 5), which is driven
by 𝑋 (number 3) and 𝑍 guideways (number 4). The surface
topography of the workpiece is measured by a profile testing
instrument, and the type is PGI1240. The stylus moves along
the radius from the centre of the workpiece to the edge. The
displacement is 10 mm because the cylinder is symmetric;
thus, the measured result shown in Figure 2 is approximately
symmetric, and the horizontal coordinate, that is, the test
range, is from −10 mm to 0 and from 0 to 10 mm. The result
is a 2D image, and the ordinate coordinates represent the
form and waviness of the surface. In Figure 2, the green curve
shows the flatness and waviness of the surface turned by
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Discretization of Scale Parameter a. Usually 𝑎 = 𝑎0 and
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the machine tool in Figure 1. The red line expresses the
standard centreline of the profile testing instrument, and the
maximum form error is shown by the symbol 𝑃𝑧 or 𝑃𝑡 in
Figure 2; the value is 2.0465 𝜇m.
The surface topography of the part reflects the errors of
the machine tool, which are equivalent to an integrated signal.
The integrated signal includes many features and frequencies
corresponding to the key components of the machine tool.
It is difficult to extract a single error of the machine tool
from the integrated signal directly; thus, extracting means
and processing methods are needed. At first, the wavelet
transform is used to decompose the integrated signal into
different frequencies signal by a type of wavelet.
2.2. The Wavelet Transform. The wavelet method is a useful
tool for processing signals. It was developed as an alternative
to the short time Fourier transform (STFT) to overcome
problems related to its frequency and time resolution properties. More specifically, unlike the STFT, which provides
uniform time resolution for all frequencies, the DWT provides high time resolution and low-frequency resolution for
high frequencies and high-frequency resolution and low time
resolution for low frequencies. In that respect, it is similar
to the human ear, which exhibits similar time-frequency
resolution characteristics.
The inversion formula of the wavelet transform is
1
∫
𝐶𝜓 0

∫

−∞

1
𝑊 (𝑎, 𝑏) 𝜓𝑎,𝑏 (𝑡) 𝑑𝑏 𝑑𝑎.
𝑎2 𝑓

−𝑗

𝜓 (𝑎0 (𝑡 − 𝑏)) .

(2)

(3)

The wavelet function that cannot lose the information after
discretization is as follows:
𝑗

1

𝑓 (𝑡) =

−𝑗/2

) = 𝑎0

𝑏 = 𝑎0 𝑏0 .

Figure 1: Scheme of the machine tool.
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Discretization of Displacement Parameter 𝑏. For 𝑗 = 0, a
suitable parameter 𝑏0 ∈ 𝑅 (𝑅 is real set) is considered, and
the function 𝜓(𝑡 − 𝑘𝑏0 ), 𝑘 = 0, ±1, . . ., can cover the entire
time axis and the information will not be lost.
𝑗
For other scales 𝑎0 , 𝑗 = 0, ±1, ±2, . . ., the relative wavelet
−𝑗/2
−𝑗
function 𝑎0 𝜓(𝑎0 (𝑡 − 𝑏)) because its width on the time
𝑗
axis is 𝑎0 times the wavelet mother function 𝜓(𝑡), so that
𝑗
the sampling interval can be expanded by a factor of 𝑎0 and
will not cause information loss; the displacement parameter
is then

(5)
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𝜓(
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This shows that the signal 𝑓(𝑡) can be reconstructed by the
wavelet transform 𝜓𝑎,𝑏 (𝑡). Here, the parameters (𝑎, 𝑏) of the
wavelet base functions 𝜓𝑎,𝑏 (𝑡) are restricted to some discrete
points.

√𝑎0𝑗

𝜓(

𝑡 − 𝑘𝑎0 𝑏0
𝑗
𝑎0

−𝑗/2

) = 𝑎0

−𝑗

𝜓 (𝑎0 𝑡 − 𝑘𝑏0 ) ,

𝑗, 𝑘 ∈ 𝑍. (4)

The time axis is adjusted, and the value of 𝑘𝑏0 is transformed
into the integer 𝑘; the discrete wavelet function is then
−𝑗/2
−𝑗
𝜓𝑗,𝑘 (𝑡) = 𝑎0 𝜓(𝑎0 𝑡 − 𝑘), 𝑗, 𝑘 ∈ 𝑍. Finally, the discrete
wavelet transform of the signal 𝑓(𝑡) is
𝑊𝑓 (𝑗, 𝑘) = ⟨𝑓 (𝑡) , 𝜓𝑗,𝑘 (𝑡)⟩ = ∫ 𝑓 (𝑡) 𝜓𝑗,𝑘 (𝑡) 𝑑𝑡.
𝑅

(5)

In the following, the db1 wavelet basis function is used to
decompose the surface topography of the workpiece.
2.3. Processing of the Measured Signal. The measured result
of the machined part is processed by the db1 wavelet, and the
processed signal contains a low-frequency part and a highfrequency part, and each type of signal has ten layers of data.
Test data can be expressed by the function 𝑥(𝑡):
𝑚

𝑛

𝑖=1

𝑖=𝑚+1

𝑥 (𝑡) = ∑𝑥𝑖 (𝑡) + ∑ 𝑥𝑖 (𝑡) = 𝑠1 (𝑡) + 𝑠2 (𝑡) .

(6)

The first part, 𝑠1 (𝑡), constitutes the low-frequency signal:
𝑠1 (𝑡) = 𝑥1 (𝑡) + 𝑥2 (𝑡) + ⋅ ⋅ ⋅ + 𝑥𝑚 (𝑡) .

(7)

The second part, 𝑠2 (𝑡), constitutes the low-frequency
signal:
𝑠2 (𝑡) = 𝑥 (𝑡) − 𝑠1 (𝑡) .

(8)

The signal 𝑥(𝑡) is converted through the wavelet transform in (6), and 𝑠1 (𝑡) and 𝑠2 (𝑡) are decomposed as shown in
Figure 3. Signal 𝑠1 (𝑡) includes the data 𝑎1 to 𝑎10 in ten levels
in the figure, and decomposed signal 𝑠2 (𝑡) includes the data
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Figure 2: Surface topography of workpiece.

𝑑1 to 𝑑10 in ten levels in the figure. The ordinate parameters
𝑎1–𝑎10 represent a part of the signal with a low frequency,
which belongs to signal 𝑠1 (𝑡) and corresponds to the static
error of the machine tools. The ordinate parameters 𝑑1–𝑑10
represent the part of signal with a high frequency, which
belongs to the signal 𝑠2 (𝑡) and corresponds to the dynamic
error of the machine tools. They correspond to the surface
profile of the workpiece in the time domain. The actual signal
in the horizontal coordinate is the data measured by the
profile testing instrument. The number of the processed data
is 104 , which is consistent with the test result in Figure 2;
in Figure 3, the title of the horizontal coordinate is changed
into the tool displacement; that is, the data number 104 from
the profile testing instrument is the same definition with the
displacement 10 mm of the stylus in Figure 2.
The typical features of the processed signal with highfrequency should be extracted in the frequency field; the next
part uses the spectral analysis method to identify the main
error sources of the machine tool.

3. Signal Evaluation in the Frequency Domain
Power spectral density is usually used to analyze a signal
in the frequency domain. It represents the change of signal
power along with the frequency—that is, the distribution of
the signal power in the frequency domain [22]. With the
method, original description of the vibration in the time
domain is transformed into the vibration description in the
frequency domain. Because the analysis of the vibration is
based on a large number of sample sets, the analysis obtained
from a single sample is not accurate; thus, the statistical
regularity of the vibration signal must be studied. The average
power of the power signal 𝑓(𝑡) can be expressed as 𝑃 =
𝑇/2

2

(1/𝑇) ∫−𝑇/2 𝑓 (𝑡)𝑑𝑡 in the time period 𝑡 ∈ [−𝑇/2, 𝑇/2], if
the signal 𝑓(𝑡) can be expressed as 𝑓𝑇(𝑡), and the Fourier
transform of 𝑓𝑇 (𝑡) is 𝐹𝑇 (𝜔) = 𝐹[𝑓𝑇 (𝑡)], where 𝐹[] represents
the Fourier transform. When the cycle 𝑇 increases, the energy
of the 𝐹𝑇 (𝜔) and |𝐹𝑇 (𝜔)|2 increases. When 𝑇 → ∞, 𝑓𝑇(𝑡) →
𝑓(𝑡); at this point, |𝐹𝑇 (𝜔)|2 /𝑇 may become almost a limit.

If this limit exists, the average power can also be expressed
in the frequency domain; that is,
1 𝑇/2 2
𝑓 (𝑡) 𝑑𝑡
∫
𝑇 → ∞ 𝑇 −𝑇/2

𝑃 = lim

2

𝐹 (𝜔)
1 ∞
=
lim  𝑇
𝑑𝜔,
∫
2𝜋 −∞ 𝑇 → ∞
𝑇

(9)

where |𝐹𝑇 (𝜔)|2 /𝑇 defines the power density function of signal
𝑓(𝑡).
The dynamic errors of the machine tool are superimposed
together with other vibration errors in the time domain. It is
difficult to identify the main feature of the dynamic error only
in the time domain; thus, the error signal is transformed into
the frequency domain by power spectral density. Figure 4(a)
shows the power distribution of the high-frequency signal 𝑑6
to 𝑑10 levels in Figure 3(b). The amplitude of frequency 𝑓1
(1.85 Hz) in level 𝑑10 is the maximum, which is approximately
0.9; the amplitude of frequency 𝑓2 (3.9 Hz) in level 𝑑9 is the
second maximum, which is approximately 0.15; the amplitude
of frequency 𝑓3 (7.8 Hz) in level 𝑑8 is the third maximum,
which is approximately 0.06. Figure 4(b) gives the power
distribution of the high-frequency signal 𝑑1 to 𝑑5 levels in
Figure 3(a). The amplitude of frequency 𝑓8 (99 Hz) is the
maximum, which is approximately 0.034; the amplitude of
frequency 𝑓9 (149 Hz) is the second maximum, which is
approximately 0.15; the amplitude of frequency 𝑓3 (7.8 Hz) in
level 𝑑8 is the third maximum, which is approximately 0.0115;
these frequencies represent the high energy of the signal, and
they also indicate the main features of the error source of the
machine tool.

4. Error Source Identification in
Time-Frequency Domain
The surface topography of the workpiece includes static and
dynamic errors of the machine tool. For the static error, such
as the geometric errors, it belongs to the low-frequency signal, and it is difficult to identify the features in the frequency
domain. Here it is identified in time domain in Section 4.3.
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Figure 3: Processed result in ten levels.
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Figure 4: The analyzed result in frequency domain.

For dynamic errors, such as vibration signal, which includes
the main spectral features of the key components of machine
tools, this type of error should be identified in the frequency
domain.
4.1. Extraction Imbalance Features of Spindle System in the
Frequency Domain. When the spindle system is imbalanced,
an excited force is generated in the process. The excited force
has a relationship with the mass, the rotation speed, and the
eccentricity of the spindle system. It continuously changes in
the period, and the excited vibration of the spindle system
will occur due to the excited force. When the frequency
of the exciting force is close to the natural frequency of
the spindle system, the resonance occurs. Therefore, the
rotation frequency of the spindle system as the main spectral
features will appear in the vibration signal. In the working
process, the rotation speed of the spindle is 110 rpm, and
the corresponding rotation frequency 110/60 = 1.83 Hz is
obtained from the rotation speed. This rotation frequency or
its multiple will appear in the vibration signal of the spindle
system. From natural rotation frequency, the frequencies of
the spindle system are obtained as shown in Table 1.
According to the above rotation frequencies of the spindle
system, the surface topography of the workpiece in Figure 2 is
analyzed. The prominent frequency in Figure 4 is evaluated;
then the conclusion whether the high-frequency signal (𝑑1
to 𝑑10 in Figure 3) contains the corresponding frequency
components of the spindle system should be determined. The
corresponding frequency 𝑓1 = 1.85 Hz in 𝑑10 in Figure 4(a)
is similar to the rotation frequency 1.83 Hz of the spindle in
Table 1. This shows that the imbalanced signal of the spindle
is present in the surface topology of the workpiece.
4.2. Spectrum Sign of Motor Imbalance and Interference
Electrotherapy. Under normal circumstances, the operation

Table 1: Frequencies of the spindle system.

Natural
1.83

Rotation frequency (Hz)
Twice
Triple
3.66
5.5

Quadruple
7.33

time of the motor of the spindle system cannot be strictly
controlled. Under some conditions, the motor is frequently
initiated; thus, this will cause the shift of the balance block of
the rotor, and finally the balance of the motor rotor is lost.
Therefore, the vibration signal of the motor, including the
eccentric harmonic, which is generated by the variation of the
magnetic conduction wave of the rotor air gap, is caused by
the mechanical dynamic eccentricity, and the corresponding
frequency is [23]
𝑓ecc = 𝐹1 (1 + (

1−𝑠
)) = 𝐹1 ± 𝑓𝑟 ,
𝑝/2

(10)

where 𝐹1 is the power frequency, 𝑠 is the slip ratio, 𝑝 is
the series of the motor, and 𝑓𝑟 is the rotation frequency of
the motor. In general, when the motor has a more serious
eccentricity, the eccentric harmonic signal is also obvious.
However, when the eccentricity is small, the composition of
the eccentric harmonic is very small. The rotation speed and
power frequency of the motor are known as 110 rpm and
50 Hz, and we can obtain the values of 𝑓𝑟 = 1.84 Hz in the
above equations. The two eccentric harmonics of the motor
are obtained as 𝑓ecc− = 48.16 Hz and 𝑓ecc+ = 51.84 Hz.
The frequency of the power frequency noise signal 𝑓𝑁 is
usually between 49 Hz and 51 Hz. However, in the rectification circuit, the frequency of the power frequency noise signal
is an integer or subinteger multiple of 𝑓𝑁. In the result of
Figure 4(a), the frequency of the peak spectral signal of 𝑓6
in level 𝑑6 is 25 Hz, which is half the integer that determines
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Figure 7: Measurement of squareness between guideway and
spindle rotated line.
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In order to identify the actual signal of the squareness
error of guideway from the surface topography, the test of
the squareness of the guideway is shown in Figure 7. An
inductance micrometer is placed on the upper end face of
the spindle, and the probe is in touch with the thrust plate
(assuming that it is parallel with cross guideway) to measure
the run-out of the spindle system. The probe rotates with the
spindle together, the run-out of the thrust plate 𝑟 is obtained,
and the largest deflection angle of the spindle can be deduced
by 𝑟. It is assumed that the thrust plate is parallel with the 𝑋
guideway in the measurement; in fact, there is a parallelism
error 𝑝 = 2.5 m between them, which should be considered in
the calculation for the deflection angle of the spindle. This is
shown in (11), and the amplitude value of the deflection angle
is 2.47 × 10−6 rad:
𝜃0 ≈ tan (𝜃0 ) =

the high ordinate value 𝑓6 at the coordinate 25 Hz, which is
the frequency of the subharmonic of 𝑓𝑁. This indicates that
the AC interference exists in the surface topography of the
workpiece.
4.3. Identification Squareness of the Guideway from the Surface
Topography in the Time Domain. The main geometric error
of the guideway is the straightness and squareness. Figure 5
shows the experimental setup for measuring the straightness
of the cross guideway, which is the 𝑋 guideway with number
3 in Figure 1; it is an aerostatic guideway, including the fixed
component (guideway) and the sliding component (slider).
This provides the actual frame of the 𝑋 guideway of the
processing lathe. The photoelectric autocollimator TA80 is
mounted onto the cross guideway, and the mirror is mounted
onto the cross slider. The measurement data are collected at
30 mm intervals, and the measured result is 0.3 𝜇m/600 mm.
The result is shown in Figure 6. The abscissa shows the
test range, from 0 to 600 mm; the vertical coordinate is the
value of straightness. To verify the influence of the errors
of the guideway on the out-of-flatness of the workpiece, an
aluminum workpiece is machined by the two-axis lathe, and
the diameter of workpiece is 10 mm.

𝑟+𝑝
.
𝐿

(11)

The amplitude value of the squareness is 1.7 mm, which
can be derived from the above deflection angle. The squareness profile of the guideway is shown in Figure 8. This is very
similar to the decomposed signal 𝑎1 in Figure 3.
Here, the correlation analysis is used. The test process is
𝑥(𝑡) = 𝑠1 (𝑡) + 𝑠2 (𝑡), where 𝑠1 (𝑡) is the low-frequency signal
of the surface topography decomposed by db1 WT, 𝑠2 (𝑡) is
the corresponding high frequency, and the geometric error
of the guideway is 𝑦(𝑡) = 𝑦1 (𝑡) + 𝑦2 (𝑡), where 𝑦1 (𝑡) is the
squareness error of the guideway from the measured result in
Figure 7, and 𝑦2 (𝑡) is the straightness error of the guideway
from the measured result in Figure 5. The correlation between
the low-frequency part of the surface topography 𝑥1 (𝑡) and
squareness 𝑦1 (𝑡) and straightness 𝑦2 (𝑡) is analyzed; therefore
the correlation coefficients 𝛾𝑥𝑦𝑚 and 𝛾𝑥1 𝑦𝑚 are obtained by
equations as follows:
𝛾𝑥1 𝑦𝑚 =

∑𝑛𝑖=1 (𝑥𝑖 − 𝑥) (𝑦𝑚𝑖 − 𝑦𝑚 )
√∑𝑛𝑖=1 (𝑥𝑖 − 𝑥)2 √∑𝑛𝑖=1 (𝑦𝑚𝑖 − 𝑦𝑚 )2

,

(12)

where 𝑚 = 1, 2, 𝛾𝑥1 𝑦𝑚 in (12) expresses the correlation
coefficient between surface topographies 𝑥1 (𝑡) and 𝑦1 (𝑡) and
𝑦2 (𝑡).

8

Shock and Vibration
×10−3
1.8

1.6

Squareness error (mm)

1.4
1.2
1
0.8
0.6
0.4
0.2
0
−10

−5

0
X (mm)

5

10

Figure 8: Squareness of guideway.
1

Cross-correlation coefficient

0.9
0.8
0.7
0.6
0.5
0.4

0

0.5

1
1.5
Signal number

2

2.5
×104

the spectrum features of the high-frequency part of the surface topography signal processed by WT. With the measured
geometric error of the guideway, the main geometric error
(squareness) is identified from the low-frequency part of
the surface topography signal. This identification method
is a general method that is suitable for other types of
machine tools. The measured vibration signal of the system
is shown in Figures 10, and Figure 10(a) is the vibration
result for the spindle system in the working condition;
Figure 10(b) corresponds to the state in which only the air
compressor is working; Figure 10(c) corresponds to the state
in which the air compressor and oil pump are working;
Figure 10(d) corresponds to the state in which the air
compressor and electronic control system are working. From
the figure, in all situations, the two frequencies 25 Hz and
33 Hz still exist. These two values are consistent with the
above 𝑓6 = 25 Hz and 𝑓7 = 35 Hz in Figure 4(a), which
shows the correctness and effectiveness of the above signal
process.
The value of 𝑓1 (1.85 Hz in level 𝑑10 in Figure 4(a))
relates to the natural rotation frequency (1.83 Hz in Table 1)
of the spindle system, and its corresponding amplitude is the
maximum amplitude in level 𝑑10 in the Figure 4(a), and this
also represents the high energy.
The frequency 𝑓6 (25 Hz in level 𝑑6 in Figure 4(a))
has the peak spectral amplitude, and it is the half of the
power frequency of the motor; this indicates that the AC
interference exists in the surface topography of the workpiece.
The motor is connected with the shaft in the spindle system
of the machine tools; thus, the imbalance of the spindle is the
main error source of the machine tool.
The cross-correlation coefficient of squareness and the
surface topography is approximately 0.98, which is higher
than the value of straightness 0.55 in Figure 9; this indicates
that the main error of the low signal 𝑎1 in Figure 3 is the
squareness error of the guideway.

Squareness
Straightness

Figure 9: Cross-correlation analysis between surface topography
and guideway error.

Figure 9 shows the results of the correlation analysis for
the low-frequency part of the surface topography 𝑥1 (𝑡) processed by the wavelet transform. The correlation coefficient
𝛾𝑥1 𝑦1 of the squareness error and the surface topography
is close to 1, which means that the squareness error of
the guideway is the main error in the test results and that
the cross-correlation method is valid to identify the main
error of the guideway. The correlation coefficient 𝛾𝑥1 𝑦2 of the
squareness error is approximately 0.5, which is lower than the
value of 𝛾𝑥1 𝑦1 . This indicates that the straightness is not the
main error of the machining workpiece.

5. Results and Discussion
According to the frequency information for the rotary
spindle, a spectrum analysis method is applied to extract

6. Conclusions
The investigation, which considers the error sources of
machine tools, provides an analytical relationship between
the surface topography and the guideway geometric errors,
which involve the imbalance of the spindle system. On
the one hand, with the corresponding frequency information of the rotary spindle, this method can extract the
main features of the imbalance of the spindle system from
the surface topography of the workpiece in the frequency
domain; on the other hand, with the correlation coefficient between the guideway errors and surface topography of the workpiece, it can identify the main geometric error of guideway in the time domain. With wavelet
analysis, the identification precision of the test signal is
improved, and the dominant error sources of the machine
tool that impact the surface topography of the workpiece
are identified. The method can also be applied to the
error identification of other components of the machine
tool.
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(a)

(c)

(b)

(d)

Figure 10: Measured signal of spindle system in different conditions. (a) Case is turning on all, that is, the air pump, the oil pump, and the
electronic control system; (b) case is just turning on the air pump; (c) case is turning on the air pump and oil pump; (d) case is turning on
the air pump and electronic control system.
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