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Noise source identification is the first key step to reduce the noise pressure level of the carpet tufting machine. For identifying the
main noise sources of the carpet tufting machine, the single channel blind source separation (SCBSS) method is proposed to
separate the acquired single channel noise, and the time-frequency signal analysis is applied to identify separated noise com-
ponents. The SCBSS includes ensemble empirical mode decomposition (EEMD), improved Akaike information criterion (AIC)
source number estimation and fast independent component analysis (FastICA). The separation method based on EEMD-AIC-
FastICA not only overcomes traditional blind source separation problems that require enough test channel numbers, but also
solves the problem that the number of virtual multichannel signals is unknown. Four independent components (ICs) are obtained
after using the SCBSS. Combining the time-frequency analysis of the four ICs and the acquired vibration signals of six main
components, the specific four noise sources can be identified. The four ICs correspond to the noise of needles, noise of hooks, noise

of hook driven shaft, and noise of motor spindle, respectively.

1. Introduction

The carpet tufting machine is typical high-end textile ma-
chinery. According to the survey of several carpet work-
shops, the noise pressure level of the carpet tufting machine
is generally above 85dBA, which exceeds the national
standard for noise control of industrial enterprises [1].
Textile workers may have serious physical and psychological
health problems while working in a loud noise environment
for along time. In order to reduce the noise pressure level of
the carpet tufting machine and set up a green manufacturing
demonstration for the textile machinery, the first key step is
to identify the main noise sources. The carpet tufting ma-
chine is very complicated textile machinery, which includes
many noise sources. If the main noise sources can be
identified, then a detail noise reduction plan can be created
for specific components of the carpet tufting machine. By
reducing the main noise sources, the total noise pressure
level can be obviously reduced. However, the noise sources

of the carpet tufting machine are coupled and mixed
strongly with each other. Therefore, they are difficult to
identify by using traditional signal analysis methods.

In recent years, some researchers have used blind source
separation (BSS) or independent component analysis (ICA)
to separate noise sources from mixed noise signals and then
identify them according to their prior knowledge. For ex-
ample, Chiu and Lu [2] used fast independent component
analysis (FastlCA) to separate the noise signal from the
unusual tension signal on the yarn twist machine. Serviere
et al. [3] applied BSS methods to separate combustion noise
and piston-slap noise in diesel engines. However, BSS and
ICA methods usually require the number of acquisition
channels to be greater than or equal to the number of
separated sources. The carpet tufting machine usually has
many intricate noise sources, and the specific number of
noise sources is unknown in advance. Moreover, in practical
engineering applications, due to the limitation of the ex-
perimental conditions, the acquired noise signal is usually


mailto:shengxw@mail.dhu.edu.cn
https://orcid.org/0000-0002-5821-8251
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2022/8991787

the single channel noise signal. Therefore, the single channel
blind source separation (SCBSS) has started to be applied in
noise source separation. Du et al. [4] used empirical mode
decomposition and independent component analysis
(EMD-ICA) to separate and identify the vibration sources
of a diesel engine. Bi et al. [5] used ensemble empirical mode
decomposition and robust independent component analysis
(EEMD-RobustICA) to separate and identify the noise
sources of gasoline engines. Yao et al. [6, 7] separate and
identify the noise sources of a diesel engine by using var-
iational mode decomposition and robust independent
component analysis (VMD-RobustICA) and time-varying
filtering-based empirical mode decomposition and robust
independent component analysis (TVF-EMD-RobustICA)
respectively. The SCBSS methods in reference [4-7] all used
the adaptive mode decomposition methods first, which are
the EMD method, the EEMD method, the VMD method
and the TVF-EMD method, and then some typical blind
source separation methods were applied. The reason of
using the adaptive mode decomposition methods is to
decompose the single channel signal into virtual multi-
channel signals. After using the adaptive mode decompo-
sition methods, the number of virtual multichannel signals
was unknown and the subjective prior knowledge was used
for determining the number in reference [4-7]. Therefore,
to overcome the problems above, a source number esti-
mation method should be applied after using the adaptive
mode decomposition methods. Recently, Akaike informa-
tion criterion (AIC) source number estimation has been
combined with the adaptive mode decomposition methods
for identifying noise sources in textile machinery [8, 9].
However, the reference [8, 9] did not use any independent
component analysis methods. Nonindependent decompo-
sition components made the identification process more
complicated.

Therefore, FastICA was used after EEMD and AIC, and
the single channel blind source separation method (EEMD-
AIC-FastICA) was applied in separating the noise sources of
the carpet tufting machine. The proposed EEMD-AIC-
FastICA separation method not only solved the problem of
unknown source number in reference [4-7], but also
overcame the problem of non-independent source signals.
An acquired single channel noise signal of the carpet tufting
machine was separated into several independent compo-
nents (ICs) by using the EEMD-AIC-FastICA method. The
ICs are the main noise sources of the carpet tufting machine.
And then, by combining time-frequency analysis of the ICs
and vibration signals of the main components of the carpet
tufting machine, which were acquired by a fiber laser
vibrometer, the specific noise sources can be identified. The
main contribution of this paper is to propose a single
channel blind source separation method based on the
EEMD-AIC-FastICA to separate the noise sources of the
carpet tufting machine. Moreover, the vibration signals of
the main components of the carpet tufting machine were
acquired by a fiber laser vibrometer and analyzed by time-
frequency analysis. Comparing the analysis results of the ICs
and the vibration signals, the specific noise sources can be
obtained.
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2. Related Methods

2.1. EEMD Method. EMD, which was proposed by Huang
etal. in 1998 [10], may decompose a complicated signal into
a series of intrinsic mode functions (IMFs) based on the local
characteristic time scale of the signal. An IMF is the function
that satisfies the following two conditions: (1) The number of
extrema and zero-crossings must either equal or differ at
most by one; (2) At any point, the mean of the upper and
lower envelopes from the signal is zero.

To gain i™ IMF component C,, the sifting process is
shown in Figure 1. Repeat these sifting processes until the
residue signal is a monotonic function. At the end of the
process, a series of IMFs C; (i = 1,2,---n) and a residue r,
are obtained. Summing up all IMFs and the final residue r,,
the following equation is acquired.

X(H)=) Cj+r, (1)

Jj=1

The IMFs include different frequency bands ranging
from high to low. The frequency components contained in
each frequency band are different and can change with the
variation of signal X (¢). The final residue r, represents the
central tendency of signal X (¢) [11].

To overcome the mode mixing problem in EMD, EEMD
was proposed by Wu and Huang [12]. The flow chart of the
EEMD method is shown in Figure 2.

2.2. Improved AIC Source Number Estimation. After the
signal is decomposed into several IMF components, the total
energy of each IMF component and the correlation coeffi-
cient between each IMF component and the original signal
are separately calculated [8]. According to the relevant
feature index, all IMF components are reordered and the m
most significant components are chosen to form an IMF
component matrix D = [d, (t),d, (¢),---,d,, (¢)]. The co-
variance matrix of D is decomposed by singular value de-
composition (SVD) and m eigenvalues A, >A,> -1,
corresponding to the IMF components can be obtained [13].

The noise of the carpet tufting machine is not white
noise; hence, the accuracy of the AIC criterion for source
number estimation is low. To solve this problem, the original
method needs to be improved. The noise eigenvalues can be
smoothed by diagonally loading the covariance matrix. The

calibrated eigenvalue is y; = A; + Ap;,i = 1,2,---,m, where
the loading is [8]
Ao =\ DA (2)
i=1

After the eigenvalue calibration, the AIC equation is

m 1/m-k
| JEY

AIC(k) = -2N(m - k)lg<1/m S Yy ) +2k(2m - k),
- i=k+18%i

(3)
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FIGURE 1: Sifting flow chart of i IMF component.

where N is the sample number and k = 1,2,---,m — 1. The
AIC values from k=1 to m-1 are computed and the k
corresponding to the smallest AIC value is the number of
valid components.

2.3. FastICA Algorithm. Independent component analysis
(ICA) is mainly applied in solving the blind source sepa-
ration problem. The basic mathematic mixture model for
ICA is as follows [5]:

X = AS, (4)

where X is the mixed signal, A is the mixing matrix and S is
the source signal. The ICA separation process is to recover
the source signal S from the mixed signal X and it can be
defined as follows:

| Input signal X(f) |
[
Y (] ]

Add white noise Add white noise /Add white noise
n, () ni(t) ’ ny(t)
EMD EMD EMD

decomposition decomposition decomposition
and get IMF and get IMF and get IMF
component CIJ component C,-J component Cy;;

:

Calculate the ensemble means of IMFs

N
1
6= 2.5

i=1

End

Ficure 2: The flow chart of EEMD method.

Y =WX=WAS,

° 5)
W=A"",

where Y is the separated signal, W is the decoupling matrix

(14].

There are several typical algorithms for ICA, such as
FastICA, joint approximate diagonalization of eigenmatrices
(JADE), fourth-order blind identification (FOBI) et al.
Among these algorithms, FastICA has high convergence
speed and satisfactory performance in a wide variety of
applications and is one of the most popular iterative
methods for ICA. There are three types of FastICA algo-
rithms, which are separately based on negentropy, based on
kurtosis, and based on likelihood. A fast fixed-point algo-
rithm based on negentropy will be introduced briefly
(15, 16].

Suggesting the following fixed-point iteration:

w= E{zg(sz)}, (6)

where z is the whitened data, w is an initial vector, g is the
derivative of nonquadratic function G. The g can be chosen
from

g1 (y) = tanh (a,y),

y2
g, (y) = yexp (—7), (7)
() =y,

where 1<a, <2 is some suitable constant, often taken as
a; =1.



Add w, multiplied by some constant «, on both sides of
equation (6) without modifying the fixed points and get
following equation.

(1+a)w= E{zg(sz)} + aw, (8)

where the coefficient « can be found using an approximative
Newton method.

According to the Lagrange conditions, the optima of
E{G(w"z)} under the constraint E{ (sz)z} = |lw|? = 1 are
obtained at points where the gradient of the Lagrangian is
Zero:

E{zg(w'z)} + pw =0, )

where f3 is a constant.
Denoting the function on the left-hand side of equation
(9) by F, its gradient can be obtained as follows:

E)_F
ow

The first term of equation (10) can be approximated as
follows:

E{zz'g'(w'z)} = E{zz" |E{g'(w'2)} = E{g' (w'2)}L.
(11)

Therefore, the approximative Newton iteration can be
obtained as follows:

= E{zzTg’(sz)} + BL (10)

(12)

Multiply both sides of equation (12) by E{g' (w”z)} + B
and simplified equation can be obtained as follows:

wHE{zg(sz)} - E{g' (sz)}w. (13)

Equation (13) is the basic fixed-point iteration in
FastICA.

2.4. Process of the Noise Source Identification of the Carpet
Tufting Machine. The schematic of the noise source iden-
tification of the carpet tufting machine is illustrated in
Figure 3. Because the vibration can generate the noise, noise
source should have a relationship with the vibration source.
The vibration signals of the main components of the carpet
tufting machine are measured with a fiber laser vibrometer
to identify the main noise sources. In the noise signal
analysis, an adaptive mode decomposition method EEMD, a
source number estimation method AIC, and an independent
component analysis algorithm FastICA are combined to
form a single channel blind source separation method
EEMD-AIC-FastICA. The single channel blind source
separation method can separate the single channel noise
signal into several independent components (ICs). By
comparing the time-frequency analysis results of the ICs and
the vibration signals of main components, the main noise
sources can be identified.
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3. Noise Source Identification of the Carpet
Tufting Machine

3.1. Structure of the Carpet Tufting Machine. A typical carpet
tufting machine structure diagram is shown in Figure 4. The
typical carpet tufting machine uses four-bar linkage based on
eccentric mode to implement reciprocating motion of
tufting needles and hooks [17].

3.2. Vibration Measurement and Analysis of the Main
Components. Because there is a little prior knowledge about
the main noise sources of the carpet tufting machine and the
noise is generated by the vibration, the vibration signals of
the main components of the carpet tufting machine are
measured with a fiber laser vibrometer. The vibration test
arrangement is shown in Figure 5 and the six main test
positions are shown in Figure 6. The vibration signals of the
main components are analyzed in the time domain, fre-
quency domain, and time-frequency domain. The analysis
results are shown in Figures 7-9.

3.3. Noise Signal Acquisition. A typical 4-meter-wide carpet
tufting machine was chosen as a noise signal acquisition
object. A BK 4961 microphone was located at a textile
worker’s standing area. The measuring position was 1.0
meter away from a carpet tufting machine, and the height
was 1.6 meter. The sampling frequency was 51200 Hz, and
the spindle motor rotation speed was 360 rpm. Figure 10
shows the noise acquisition arrangement and Figure 11
shows the time-domain map of one second of noise signal.

3.4. Noise Signal EEMD Decomposition. First, a single
channel noise signal is decomposed using EEMD with the
added white noise amplitude of 0.2 and the ensemble
number 100 into 14 IMF components and an approximate
residual. The result is shown in Figure 12. Combining the
evaluation of the energy characteristic index and the cor-
relation coefficient, IMF energy and the correlation coeffi-
cient with the original signal are calculated, respectively. The
calculation results are illustrated in Table 1. From Table 1,
the main components IMF1 to IMF 10 are retained for
source number estimation, and other IMF components are
removed to purify the noise signal.

3.5. Improved AIC Source Number Estimation. The covari-
ance matrix of the IMF component matrix is calculated and
then SVD is applied. The following ten eigenvalues can be
obtained: 0.0576, 0.0542, 0.0291, 0.0207, 0.0147, 0.0096,
0.0092, 0.0054, 0.0031, and 0.0030. After eigenvalue cali-
bration, the AIC values are shown in Figure 13. Because the
smallest AIC value corresponds to k =4, the estimated
source number is 4.

3.6. Noise Source Separation Using FastICA. Because the
result of source number estimation is 4, IMF5 to IMF8 are
chosen for the next calculation according to Table 1.
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FIGURE 3: Schematic of the noise source identification of the carpet tufting machine.
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FIGURE 4: The structure diagram of a carpet tufting machine.
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FIGURE 5: Vibration test arrangement.

FiGure 6: Continued.
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®

FIGURE 6: Vibration test positions. (a) Motor spindle. (b) Needles. (c) Hook bed. (d) Linkage. (e) Hook driven shaft. (f) Bottom pressing

plate.
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FIGURE 7: Time domain waveforms of vibration signals.

Furthermore, extracting the independent components from
these IMFs, these IMFs and the original noise signal are
combined to form a new signal group. The FastICA algo-
rithm is applied to extract the independent components of
the new signal group. The calculation results are shown in
Figure 14. From Figure 14, these ICs may correspond to the
four main noise sources.

3.7. Analysis of ICs. Although four ICs, which correspond to
four main noise sources, have been separated, specific
components producing these noises are still unknown. It is
necessary to analyze the ICs in the time domain, frequency

domain, and time-frequency domain. In Figure 14, the time
domain waveforms of IC1 to IC4 have been shown. The
spectra and spectrograms of ICs are shown, respectively in
Figures 15 and 16.

3.8. Identification Results of the Main Noise Sources.
Because the working rotation speed of the motor spindle is
360 rpm, almost all the main components in Figures 7-9
have a 6 Hz vibration frequency component, which is the
fundamental frequency of the motor spindle. From the vi-
bration analysis results in Figures 7-9, the motor spindle, the
needles, and the hook driven shaft have high vibration
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Ficure 10: Noise acquisition arrangement.
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magnitude. Therefore, the main vibration sources are the
motor spindle, the needles, the hooks, and the hook driven
shaft.

According to the prior knowledge of the carpet tufting
machine, the periodic impact of needles and hooks can
produce periodic impulsive noise, and they should have
similar noise spectra and spectrograms. From Figures 14-16,
IC1 and IC2 have similar noise waveforms, spectra, and
spectrograms, and they are periodic impulsive noise with
many harmonics of fundamental frequency 6 Hz. The vi-
bration spectrum and spectrogram of the needles in
Figures 7-9 show the frequency components are harmonics
of the fundamental frequency of 6 Hz. According to the
discussion above, IC1 and IC2 should be the noise of needles
and hooks. Because the stiffness of the needles is greater than
the hooks’ stiffness, the IC1 is the noise of the needles and
the IC2 is the noise of the hooks.

Compared with the waveform, spectrum, and spectro-
gram of IC3 and IC4 with the waveform, spectrum, and
spectrogram of the motor spindle and the hook driven shaft,
their main frequency components are all harmonics of the
fundamental frequency of 6 Hz. From Figures 7-9, the vi-
bration frequency of the hook driven shaft is lower than the
vibration frequency of the motor spindle. Moreover, the
hook driven shaft should have a similar periodic impulsive
noise with hooks. Therefore, IC3 is the noise of the hook
driven shaft and IC4 is the noise of the motor spindle.

4. Discussion

The main contribution of this paper is the single channel
blind source separation method based on EEMD-AIC-
FastICA, and this method is applied in the noise source
separation of the carpet tufting machine. In the literature
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TaBLE 1: Calculation results of all IMF components.

IMF components

Correlation coefficient

Total energy/Pa’

Original signal 1 16102
IMF 1 0.1864 457.1384
IMF 2 0.1732 197.4810
IMF 3 0.2222 266.4819
IMF 4 0.3987 1253.8
IMF 5 0.5535 1818.3
IMF 6 0.5746 1998.8
IMF 7 0.5046 1245.7
IMF 8 0.5067 2688.4
IMF 9 0.2580 424.8783
IMF 10 0.2096 299.5751
IMF 11 0.0948 55.4166
IMF 12 0.0378 10.5440
IMF 13 0.0004 15.8688
IMF 14 0.0047 3.6633
Residue 0.0052 65.1242

review of Section 1, references [5-7] used EEMD-Robus-
tICA, VMD-RobustICA, and TVEF-EMD-RobustICA to
separate the noise sources of the engine noise, respectively.
They all used an adaptive mode decomposition method. The
first adaptive mode decomposition method was EMD,
proposed in 1998, and then, many other similar methods
were proposed, such as EEMD, VMD (variational mode
decomposition) [18] and TVF-EMD (time varying filtering-

empirical mode decomposition) [19]. Each adaptive mode
decomposition method has some advantages and draw-
backs, and is appropriate for different signals. In reference
[5-7], they all used the RobustICA method. The RobustICA
is similar with FastICA and it has better performance than
the FastICA according to references [5-7]. In references
[5-7], the main noise sources of the engine noise are known
in advance, and the objective to evaluate the separation effect
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Ficure 14: EEMD-AIC-FastICA separation results.

of their novel separation methods. However, the main
sources of noise from the carpet tufting machine are un-
known. The objective of this paper is to find a noise source
identification method, and the single channel blind source
separation is the most key step. Because the VMD method is
needed to set the number of decomposition components, it
is not appropriate for separating the noise in which the
number of the noise sources is unknown. Because the TVEF-

EMD method decomposed 25 components for the same
single channel noise of the carpet tufting machine, the
decomposition number is too many and it is also
inappropriate.

According to the discussion above, the EEMD-Robus-
tICA method was chosen to compare with the EEMD-AIC-
FastICA method, whose separation result is shown in Fig-
ure 14. The separation result of EEMD-RobustICA is shown
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in Figure 17. Compared with Figure 14 with Figure 17, there
are only four independent components in Figure 14 while
there are eleven independent components in Figure 17.

Therefore, the EEMD-AIC-FastICA separation method is
easier for the noise source identification with an unknown
noise source number. There is an advantage to the EEMD-
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FIGURre 17: EEMD-RobustICA separation results.

RobustICA, which is more efficient in computation. How-
ever, the identification effect is more important for this
paper’s application.

5. Conclusions

In this paper, a single channel blind source separation
method EEMD-AIC-FastICA is proposed and is applied in
separating the main noise sources of the carpet tufting
machine. The separation results are four ICs, which cor-
respond to four main noise sources. According to the
comparing discussion, EEMD-AIC-FastICA has a better
separation effect for the noise source separation of the carpet
tufting machine.

To identify the four main noise sources, vibration signals
of the main components of the carpet tufting machine are
measured with a fiber laser vibrometer. According to the
time-frequency analysis of ICs and vibration signals, the four
main noise sources are identified. IC1 is the noise of the
needles, IC2 is the noise of the hooks, IC3 is the noise of the
hook driven shaft, and IC4 is the noise of the motor spindle.

Research results show that the proposed method can
effectively identify the main noise sources of the carpet
tufting machine. The method which is proposed and used in
this paper can provide theoretical support for the noise
reduction plan of the carpet tufting machines and other
similar textile machineries.
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