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(e separation and identification technology of noise sources is the focus and hot spot in the field of internal combustion engine
noise research. Combustion noise and piston slap noise are the main noise sources of an internal combustion engine. However,
both combustion noise and piston slap noise occur almost at the top dead center. (ey mix in the time domain and frequency
domain. It is difficult to accurately and effectively separate them. A single-channel algorithm which combines time-varying
filtering-based empirical mode decomposition (TVF-EMD) and robust independent component analysis (RobustICA) methods is
proposed to separate them. Firstly, the TVF-EMD method is utilized to decompose the single-channel noise signal into several
intrinsic mode functions (IMFs). (en, the RobustICA method is applied to extract the independent components. Finally, related
prior knowledge and time-frequency analysis are employed to identify noise sources. Furthermore, the spectral filtering method
and the calculation method of piston slap noise based on the dynamic model are further carried out to verify separation results.
(e simulation and experimental research results show the effectiveness of the proposed method.

1. Introduction

(e internal combustion engine has been widely used in
a variety of transportation vehicles, such as ships and au-
tomobiles [1]. However, when the internal combustion
engine is working, it generates huge noise in the surrounding
environment. Noise can disturb people’s daily life and even
endanger people’s health. (erefore, noise problem has
become a growing concern of society. When people are
exposed to noise for a long time, it can cause insomnia,
cardiovascular disease, and even death [2, 3]. (e global
legislative committee is developing strict regulations tomake
ships, cars, and other transportation vehicles quieter [4].

As the main power source and noise source of ships and
automobiles, the internal combustion engine has a significant
impact on the total noise level [5]. (erefore, it is urgent to
study the corresponding method to reduce the noise level of
internal combustion engines. (e primary task of reducing
the noise of internal combustion engines is to study and
analyze the characteristics of each noise source of internal
combustion engines and then to develop a corresponding

targeted and efficient noise reduction scheme. (us, sepa-
rating various noise sources of internal combustion engines
has become a hot topic in the field of internal combustion
engine noise research.

(e noise source of the internal combustion engine is
mainly composed of combustion noise, piston slap noise,
gear noise, valve knock noise, fuel pump noise, and so forth
[6]. Among these noise sources, combustion noise and
piston slap noise account for 80% of the total noise [7]. (ey
are the main noise sources of the internal combustion en-
gine. By reducing the combustion noise and piston slap
noise, the total noise will be significantly reduced.(erefore,
it is necessary to study the combustion noise and piston slap
noise.

However, the combustion noise and piston slap noise
almost occur near the top dead center, and they severely alias
in the time-frequency domain. (us, it is very difficult to
separate them. Currently, some scientists use the multi-
channel algorithm to separate noise sources, such as blind
source separation method [8], independent component
analysis method [9], independent component and wavelet
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analysis method [10], improved spectrofilter method [11],
hierarchy diagnosis coherent power spectrum analysis
method [12], and acoustic holography and sound intensity
method [13].

However, in the practical engineering applications, due
to the sensor cost and installation conditions, generally only
fewer sensors can be used. (e multichannel algorithm is
limited in practical engineering applications. (erefore,
many scientists begin to study the single-channel algorithm
to separate noise sources. For example, Du et al. [14] used the
EMD and independent component analysis methods to
separate the combustion excitation signal and piston slap
signal. Bi et al. [15] employed the EEMD-RobustICA
method to separate the combustion noise, piston slap noise,
and exhaust noise of gasoline engines. Zhang et al. [16]
utilized the EEMD, coherent power spectrum analysis, and
improved analytic hierarchy process method to identify the
noise sources of internal combustion engines. Zheng et al.
[17] employed the EEMD and generalized S transform
methods to separate the combustion noise, piston slap noise,
gear noise, and so forth.

(e current single-channel algorithm is mainly based on
the EMD method and EEMD method to separate the noise
sources of internal combustion engines. Besides, there are
also some other methods such as the VMD-based method
[18] and Gammatone-based method [19]. But the VMD-
based method needs to set complex parameters, and the
separation result is greatly affected by the setting parameters.
(e Gammatone-based method is mainly used to separate
mixed speech signals. As for the EMD method, it has the
mode-mixing and end effect problems [20, 21]. Although the
EEMD method can overcome the mode-mixing problem,
the selection of the parameters such as added noise am-
plitude and ensemble number is difficult to determine, and
they have a great influence on the effect of signal de-
composition [22]. In addition, the computational cost of the
EEMD method is high [23].

Recently, the novel time-varying filtering-based em-
pirical mode decomposition (TVF-EMD) which was pro-
posed by Li et al. could effectively solve the separation
problem and the intermittence problem, and it has a better
decomposition performance than the EMD method [24].
(e TVF-EMD method is a data-driven adaptive de-
composition method, and it has been applied in bearing
fault diagnosis [25, 26], wind speed forecasting [27], modal
identification [28], etc. In this paper, the TVF-EMD
method is explored and applied to the noise source sep-
aration of an internal combustion engine. Because the
TVF-EMD method has the excellent signal decomposition
ability and the RobustICA method has the outstanding
ability to extract independent components from the mixed
components, the single-channel algorithm which combines
TVF-EMD and RobustICA methods is proposed to sepa-
rate the internal combustion engine noise sources. Firstly,
the single-channel noise signal is decomposed into several
IMFs by the TVF-EMD method. (en, the RobustICA
method is carried out to extract the independent compo-
nents. Finally, related prior knowledge and time-frequency
analysis are utilized to identify noise sources. (e main

contribution of this paper is to propose a single-channel
algorithm based on the TVF-EMD and RobustICA
methods to separate the noise sources of internal com-
bustion engines. Moreover, the independent combustion
noise calculation method (the spectral filtering method)
and the piston slap noise calculation method (the calcu-
lation method of piston slap noise based on the dynamic
model) are integrated together to verify the separation
results of the combustion noise and piston slap noise. (e
separation method and calculation flow of noise sources of
the internal combustion engine are obtained.

2. Related Methods

2.1. TVF-EMD Method. (e time-varying filtering-based
empirical mode decomposition (TVF-EMD) can adaptively
decompose the nonstationary signals. Compared with the
EMD method, the TVF-EMD method solved the separation
problem and the intermittence problem [24]. Hence, the
TVF-EMD method has better separation ability than the
EMD method, especially in terms of nonstationary signals.
(e calculation steps of the TVF-EMDmethod are as follows:

Step 1: for the signal x(t), use the Hilbert transform to
calculate the instantaneous amplitude A(t) and the
instantaneous frequency φ′(t).
Step 2: locate the local maxima A tmax (  and the local
minima A tmin ( .
Step 3: interpolate the set of points A tmin (  and
A tmax (  to obtain β1(t) and β2(t). (en,
a1(t) � [β1(t) + β2(t)]/2 and a2(t) � [β2(t)− β1(t)]/2.
Step 4: interpolate the φ′ tmin ( A2 tmin (  and
φ′ tmax ( A2 tmax (  to obtain η1(t) and η2(t). (en,

φ1′(t) �
η1(t)

2a2
1(t)− 2a1(t)a2(t)

+
η2(t)

2a2
1(t) + 2a1(t)a2(t)

,

φ2′(t) �
η1(t)

2a2
2(t)− 2a1(t)a2(t)

+
η2(t)

2a2
2(t) + 2a1(t)a2(t)

.

(1)

Step 5: calculate the local cutoff frequency through
φbis′ (t) � (φ1′(t) + φ2′(t))/2 � (η2(t) − η1(t))/(4a1(t)

a2(t)).
Step 6: adjust φbis′ (t) to solve the intermittence
problem.
Step 7: then, h(t) � cos φbis′ (t)dt . (e B-spline ap-
proximation is applied on x(t), and the extreme timings
of h(t) is taken the knots. (e approximate result can be
obtained as m(t).
Step 8: if the stopping criterion θ(t) ≤ ζ, then an IMF of
x(t) is obtained. Otherwise, let x(t) � x(t)−m(t) and
continue to perform Step 1 to Step 7.

In the TVF-EMDmethod, the bandwidth ζ and B-spline
order n are the key parameters which need to be set in
advance. According to [24], considering the computational
cost and algorithm performance, these two parameters are
adopted the default values, ζ � 0.1 and n � 28.
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Considering that the TVF-EMD method has to be used
in the nonstationary noise signal of the internal combus-
tion engine, three nonstationary simulated signals are se-
lected to illustrate the decomposition performance of the
TVF-EMD method. (e simulated signals are shown in
equation (2). (e sampling frequency is 512Hz. (e time-
domain waveform of the simulated signal is shown in
Figure 1:

S1 � cos 2π · 33 · t + 50π · t
2

 ,

S2 � cos 2π · 56 · t + 50π · t
2

 ,

S3 � cos 2π · 94 · t + 50π · t
2

 ,

S � S1 + S2 + S3.

(2)

(en, the EMD method and TVF-EMD method are
utilized to decompose the mixed signal. (e calculation
results are shown in Figures 2 and 3.

As shown in Figure 2, it can be seen that the calculation
results by the EMD method have large difference with the
original simulation signal, especially shown in the red circle.
From Figure 3, the calculation results by the TVF-EMD
method are similar with the original simulation signal, IMF1
corresponds to S1, IMF2 corresponds to S2, and IMF3
corresponds to S3.

In order to quantitatively compare the separation per-
formance of the two methods, the following index was
employed to calculate the matching degree between the
separated signal and the original signal [29]:

index(IMFn) � −20∗ log 10
‖IMFn− Sn‖

‖Sn‖
 , (3)

where n � 1, 2, 3. (e quantitative index on the performance
of EMD and TVF-EMD methods is shown in Table 1.

According to equation (3), the larger the index is, the
better the separation effect is. From Table 1, the TVF-EMD
method provided the best recovery S3 by the largest index
18.9132 dB, which was consistent with the results in Figure 3.
As for S1 and S2, the index is also larger than the EMD
method. (e average index of the calculated results by the
TFM-EMD method is 16.9058 dB. But the EMD only scored
3.2405 dB. From the above analysis, it is inferred that the
TVF-EMD method presents a better decomposition per-
formance than the EMD method.

2.2. RobustICA Method. (e separation process of the ICA
method is to find a transformation matrix W of the ob-
servation mixed signal X(t) to make the output y(t) as
independent as possible [30]:

y(t) � WX(t) + N, (4)

where W is the unmixing matrix and N is the additional
noise.

(e commonly used ICA method has the FastICA [31]
and JADE [32]. However, the FastICA and JADE methods
have some problems such as low computational accuracy
and insufficient robustness. Later, Zarzoso and Comon

[33–35] proposed the robust independent component
analysis (RobustICA) method. Compared with FastICA and
JADE, the RobustICA method is more robust and can better
extract independent components from mixed signals.

Table 1: Quantitative index on the performance of the EMD and
TVF-EMD methods.

Original source
Quantitative index

EMD (dB) TVF-EMD (dB)
S1 0.5324 17.5613
S2 0.4042 14.2428
S3 8.7849 18.9132
Average 3.2405 16.9058
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Figure 1: Time-domain waveform of the simulated signal.
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Figure 2: (e calculation results by the EMD method.
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(e RobustICA method separates the independent
source signals based on the kurtosis. (e calculation func-
tion of kurtosis is defined as follows:

κ(w) �
E |y|4 − 2E2 |y|2  − E |y|2 




2

E2 |y|2 
, (5)

where E ·{ } represents the mathematical expectations.
(e calculation steps of the RobustICA method are as

follows:

(1) Calculate the coefficients of polynomial of optimal
step size:

p(μ) � 

4

k�0
akμk. (6)

(2) Extract the root of polynomial of optimal step size
μk 

4
k�1.

(3) Select the root of polynomial to make the absolute
value of the objective function in the search direction
the largest:

μopt � argmax
μ

κ w + μkg( 


. (7)

(4) Update w+ � w + μoptg.
(5) Normalize w+ � w+/‖w+‖.

In order to illustrate the performance, the saw-tooth
signal, square signal, and sinusoidal attenuation signal are
selected, and they are shown in Figure 4.

A randomly generated mixing matrix by the rand(·)
function in MATLAB software is used to mix the original
simulation signals.(en the FastICA, JADE, and RobustICA
methods are utilized to extract the independent components
from the mixed signals. (e calculation results are shown in
Figure 5.

It can be seen from Figure 5 that the calculation results
by RobustICA are very similar to the original simulated
signals. However, the calculation results by FastICA and
JADE have a certain difference with the original simulated
signals, especially in the circled part. Due to the amplitude
distortion in the ICA method, considering that the am-
plitude of the selected simulation signal is in the range of −1
to +1, the extracted independent components are nor-
malized. (e calculated quantitative indicators are shown
in Table 2.

It can be seen in Table 2 that the RobustICA provided the
best recovery x2 by the largest index 265.7350 dB, which was
consistent with the results in Figure 5. Although the FastICA
obtained the best value of 29.5894 dB for x1, it did not extract
the x2 signal very well. (e second largest index value for x1
is 24.2738 dB achieved by the JADE, but JADE does not work
well for extracting x2 signals. As for x3, FastICA scored
−6.3843 dB which is lower than RobustICA and JADE. On
the whole, the average score of RobustICA is 103.3583 dB
which is much larger than that of FastICA and JADE. From
the above analysis, it infers that the RobustICA method has
the better performance to extract independent components
than the FastICA and JADE methods.

2.3. 5e Single-Channel Algorithm Based on TVF-EMD and
RobustICA Methods. Because the TVF-EMD method has
the excellent performance for decomposing signals and the
RobustICA method is a good way to extract independent
components from the mixed signals, the TVF-EMD and
RobustICA methods are combined together to separate
noise sources. (e specific calculation steps are as follows:

Step 1: in the marine engine laboratory which has
a similar structural arrangement to an actual ship, the
internal combustion engine noise test is carried out to
obtain the single-channel noise signals.
Step 2: the TVF-EMD method is utilized to decompose
the single-channel noise signal into several IMFs. By
the scale selection method, the appropriate IMFs are
selected and used for further calculation.
Step 3: because these selected IMFs are not always
independent of each other, the IMFs and the single-
channel noise signal are combined together to form
a new signal group. (en, the RobustICA method is
further carried out to extract the independent com-
ponents from the new signal group.
Step 4: according to the prior knowledge of the internal
combustion engine and the time-frequency analysis,
the combustion noise and piston slap noise are initially
identified from the independent components.
Step 5: the spectral filtering method and the calculation
method of piston slap noise based on the dynamic
model are further carried out to identify and verify the
separated results. Finally, the combustion noise and
piston slap noise can be accurately obtained.

In order to illustrate the performance of the TVF-EMD-
RobustICA method, the simulated signal is adopted in the
above equation (2). First, the mixed signal is separated by the
TVF-EMD method, and the separation result is shown in
Figure 3. (en, the RobustICA method is further utilized to
extract independent components. Moreover, the EMD-
RobustICA method is also used to separate the mixed signal.
(e calculation results are presented in Figure 6.

From Figure 6, it can be seen that the TVF-EMD-
RobustICA method has achieved good results. But the
EMD-RobustICAmethod does not work well, especially for
IC1 and IC3, and they have great difference with the
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Figure 4: (e original simulation signals.
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original simulated S1 and S2. For further quantitative
analysis, the calculation results of the quantitative in-
dicators are shown in Table 3.

From Table 3, the TVF-EMD-RobustICA provided the
best separated signal S1 by the largest index 15.0491 dB, and
the second largest index value is 13.1466 dB for S2.

Table 2: Quantitative index on the performance of three ICA methods.

Original source
Quantitative index

RobustICA (dB) FastICA (dB) JADE (dB)
x1 21.1840 29.5894 24.2738
x2 265.7350 15.7141 17.0060
x3 23.1559 −6.3843 26.5964
Average 103.3583 12.9731 22.6254
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Figure 5: (e calculation results by (a) RobustICA, (b) FastICA, and (c) JADE.
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Figure 6: (e calculation results by (a) TVF-EMD-RobustICA and (b) EMD-RobustICA.

Shock and Vibration 5



However, the EMD-RobustICA only scored 3.0835 dB and
−0.5192 dB for S1 and S2, respectively. As for S3, the EMD-
RobustICA scored −4.2874 dB, and it is slightly larger than
the TVF-EMD-RobustICA which scored −5.3101 dB. In
total, the average index of TVF-EMD-RobustICA is
7.6285 dB, and the EMD-RobustICA is only −0.5744 dB.
(us, it infers that the TVF-EMD-RobustICA method has
the better separation effect than the EMD-RobustICA
method, and it is utilized to separate the noise sources of
the internal combustion engine.

3. Internal Combustion Engine Test

3.1. Test Platform. (e internal combustion engine test was
carried out in the marine engine laboratory which has
a similar structural arrangement to the actual ship, and it is
shown in Figure 7.

In the marine engine laboratory, there is a MAN B&W
6L16/24-type diesel engine. (e main technical parameters
are shown in Table 4.

When the internal combustion engine is running, the six
cylinders will generate lots of noise. It is very difficult to
directly separate the noise sources generated by the six
cylinders. In fact, each cylinder of the internal combustion
engine produces the similar noise source. (erefore, it is
only necessary to study the noise source generated by one
specified cylinder. Hence, it is necessary to isolate the in-
terference noise generated by other five cylinders.

3.2. Lead Coverage Method. In this experiment, the lead
coverage method is adopted to wrap five cylinders (No. 1
cylinder, No. 2 cylinder, No. 3 cylinder, No. 5 cylinder, and
No. 6 cylinder) of the internal combustion engine, and only
No. 4 cylinder is not wrapped. In the process of the lead
coverage method, firstly, the 10mm thick flame retardant
sound insulation cotton is wrapped outside the internal
combustion engine. Secondly, the 1.5mm thick lead plate is
wrapped outside the internal combustion engine. Finally, the
10mm thick flame retardant sound insulation cotton is
again wrapped outside the internal combustion engine. (e
three-layer coverage method is adopted to isolate the in-
terference noise. (e lead coverage method is shown in
Figure 8.

(rough the lead coverage method, the interference
noise generated by other five cylinders can effectively be
isolated. It is beneficial to the noise source separation of the
designated cylinder.

3.3. Measuring System and Measuring Points. (rough the
lead coverage method, the interference noise produced by
other five cylinders can be isolated as much as possible.(en
as for No. 4 cylinder, the microphones are utilized to
measure the noise signals at the cylinder head top, the main
slap side, and the vice slap side.(e specific location of noise
measurement points are shown in Figure 9.

(e internal combustion engine measurement system
consists of sensor equipment (sound pressure sensor, cyl-
inder pressure sensor, charge amplifier, and top dead center
sensor), NI cDAQ 9172 data acquisition chassis, NI 9234
data acquisition card, computer, etc., and it is shown in
Figure 10.

(e type of the cylinder pressure sensor is 6013CA, in
which the range is 250 bar and the sensitivity is 21 pC/bar.
(e type of the single-channel charge amplifier is
5018A1000. (e PCB130F20 microphones are calibrated
before measurement. (e noise data measured in the test
are saved on the computer through LabVIEW integrated
data acquisition system. (e sampling frequency is
25600Hz.

(e rated speed of MAN B&W 6L16/24-type diesel
engine is 1000 rpm. (us, the test condition is selected as
1000 rpm and no-load condition. (rough the internal
combustion engine test, the cylinder pressure signal p and
each side noise signals (the cylinder head top y1, the main
slap side y2 and the vice slap side y3) of a working cycle of the
internal combustion engine can be obtained, and it is shown
in Figure 11.

Table 3: Quantitative index on the performance of the TVF-EMD-
RobustICA and EMD-RobustICA methods.

Original
source

Quantitative index
TVF-EMD-RobustICA

(dB)
EMD-RobustICA

(dB)
S1 15.0491 3.0835
S2 13.1466 −0.5192
S3 −5.3101 −4.2874
Average 7.6285 −0.5744

Table 4:(e main technical parameters of the internal combustion
engine.

Parameters Parameter values
Number of cylinders 6
Number of strokes 4
Cooling system Water cooled
Cylinder diameter 160mm
Stroke 240mm
Fire order 1-2-4-6-5-3
Compression ratio 15.2 :1
Rated power 540 kW
Dimensions 2627mm× 760mm× 1866mm

Internal combustion
engine

Figure 7: Marine engine laboratory.
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Internal combustion engine

(a)

Flame retardant sound
insulation cotton
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1.5 mm thick lead plate
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Second layer of flame
retardant sound insulation cotton

(d)

Figure 8: (e lead coverage method. (a) Diesel engine. (b) (e first layer of flame retardant sound insulation cotton. (c) (e 1.5mm thick
lead plate. (d) (e second layer of flame retardant sound insulation cotton.

Sensor for cylinder head
top noise

(a)
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Figure 9: Continued.
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4. Separation and Identification of
Noise Sources

(rough the internal combustion engine test, each side noise
signals can be obtained. Firstly, the TVF-EMD method is
applied to decompose the cylinder head top noise signal y1
into several IMFs. (e decomposition results are shown in
Figure 12.

(rough the TVF-EMD method, nine IMFs can be
obtained. (e scale selection method is utilized to select the
IMFs which have the high coherence with noise source of the
internal combustion engine for further calculation. (e
calculation expression of the correlation coefficient is shown
in the following equation [15]:

r �


n
i�1 xi −x(  yi −y( 

����������������������


n
i�1 xi − x( 

2


n
i�1 yi −y( 

2
 , (8)

where x and y are, respectively, the mean of signal x and
signal y.

(rough calculation, the correlation coefficient between
each IMF and noise signal is shown in Table 5.

Considering that the internal combustion engine has
many noise sources, in order to retain more components

for the next calculation, the components whose correlation
coefficient is less than 0.1 are removed. (e IMF3∼IMF9
are retained for subsequent calculation. However, these
IMFs are not always independent of each other. (erefore,
it is needed to further extract the independent component
from these IMFs. (ese IMFs and the original cylinder

Sensor for vice slap
side noise

(c)

Figure 9: Specific location of noise measurement points. At (a) the cylinder head top, (b) the main slap side, and (c) the vice slap side.
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pressure sensor
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amplifier NI cDAQ 9172

NI 9234 ComputerLabVIEW integrated data 
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Figure 10: (e internal combustion engine measurement system.

0 120 240 360 480 600 720
0
5

10

p 
(M

Pa
)

0 120 240 360 480 600 720
–20

0
20

y1
 (P

a)

0 120 240 360 480 600 720
–20

0
20

y2
 (P

a)

0 120 240 360 480 600 720
–20

0
20

y3
 (P

a)

Crank angle (°CA)

Figure 11: Cylinder pressure signal and each side noise signals of
a working cycle of the internal combustion engine.
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head top noise signals are combined together to form
a new signal group.(en, the RobustICAmethod is further
employed to extract the independent component from the
new signal group. (e calculation results are shown in
Figure 13.

From Figure 13, each independent component may be
correspond to the internal combustion engine noise source,
such as combustion noise, piston slap noise, air valve knock
noise, fuel injection pump noise, gear meshing noise, and so
forth. (e main goal of this paper is to study combustion
noise and piston slap noise. As for the other noise sources, it
needs to be further researched.

According to the prior knowledge of the internal
combustion engine, the IC1 and IC2 may be the combustion
noise and the piston slap noise. (e time-domain waveform,
spectrum, and time-frequency diagram of IC1 and IC2 are
shown in Figure 14.

From Figure 14(a), firstly, from the perspective of the
time domain, the time-domain waveform amplitude of IC1
varies greatly at 370°CA. According to the relevant prior
knowledge of the internal combustion engine, the firing
order of the internal combustion engine is 1-2-4-6-5-3. In
the test, the firing angle of No. 4 cylinder is about 370°CA.
(us, the change time of IC1 amplitude is consistent with
the firing time of No. 4 cylinder. Secondly, from the
perspective of the frequency domain, the frequency
component of IC1 is concentrated around 3,000Hz. When
combustion occurs in No. 4 cylinder, high-frequency
oscillation occurs due to combustion, resulting in a higher
frequency component. In addition, as can be seen from the
time-frequency diagram of IC1, the frequency component

energy at about 370°CA and 3,000Hz is the highest. It
coincides with the moment when No. 4 cylinder burns and
the high-frequency oscillation is caused by combustion.
(us, it can be considered that IC1 is the combustion
noise.

From Figure 14(b), from the perspective of the time
domain, the time-domain waveform amplitude of IC2 varies
greatly at 370°CA. It coincides with the moment when the
piston of No. 4 cylinder hits the cylinder wall. From the
perspective of the frequency domain, the frequency com-
ponent of IC2 is concentrated around 400Hz. Usually the
frequency of piston slap noise is low. From the time-fre-
quency diagram, at round 370°CA and 400Hz, the frequency
component energy is large. (us, it can be considered that
the IC2 is the piston slap noise.

Similarly, as for the main slap side noise signal y2 and the
vice slap side noise signal y3, the calculation results are
shown in Figures 15 and 16, respectively.

From Figure 15(a), the moment of amplitude change of
IC1 and the ignition time of No. 4 cylinder are both at
370°CA. (e frequency of IC1 is concentrated around
3,000Hz. In the time-frequency diagram, the frequency
component energy is large at round 370°CA and 3,000Hz.

Table 5: (e correlation coefficient.

IMFs Correlation coefficient
IMF1 0.0787
IMF2 0.0676
IMF3 0.1034
IMF4 0.1225
IMF5 0.1227
IMF6 0.1426
IMF7 0.1741
IMF8 0.4235
IMF9 0.5181
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However, there is still a certain frequency component at
around 5,000Hz.(e noise measurement position is at main
slap side, and there is an injection pump next to the main

slap side. (e 5,000Hz frequency component may be caused
by the injection pump. (e main component of IC1 is the
combustion noise. From Figure 15(b), the frequency
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Figure 14: Time-domain waveform, spectrum, and time-frequency diagram of (a) IC1 and (b) IC2 from cylinder head top noise signal y1.
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Figure 15: Time-domain waveform, spectrum, and time-frequency diagram of (a) IC1 and (b) IC2 from main slap side noise signal y2.
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component of IC2 is mainly concentrated around 400Hz. In
the time-frequency diagram, the frequency component
energy is large at around 370°CA and 400Hz. But the fre-
quency component energy also appears at other locations.
(e piston has a certain contact area with the inner wall of
the cylinder liner. (is may be caused by repeated collisions
between the piston and the cylinder liner. (us, it can be
considered that the IC2 component is mainly the piston slap
noise.

From Figure 16(a), the moment of amplitude change of
IC1 and the ignition time of No. 4 cylinder are also both at
370°CA. (e frequency component of IC1 is also concen-
trated around 3,000Hz. When No. 4 cylinder burns at
around 370°CA, it produces high-frequency oscillation
components. (us, it can be considered that the IC1 is
mainly the combustion noise. From Figure 16(b), the fre-
quency component of IC2 is mainly concentrated around
400Hz. In the time-frequency diagram, the frequency
component energy is large at around 370°CA and 400Hz.
But it also has some other frequency components around
1,000Hz. Near the vice slap side, there are some other parts
such as exhaust pipe, and the frequency component may be
caused by them.(erefore, the main component of IC2 is the
piston slap noise.

5. Evaluation and Discussion

In order to further evaluate the separation effect of the
separated combustion noise and piston slap noise, the
spectral filtering method [11] and the calculation method of

piston slap noise based on the dynamic model [36–39] are
further utilized to calculate the independent combustion
noise and piston slap noise, respectively.

5.1. Spectral Filtering Method. (e MAN B&W 6L16/24-
type internal combustion engine has six cylinders. Suppose
the cylinder pressure of these six cylinders is Pk(t), k ∈
[1, . . . , 6]. (e combustion noise generated by these six
cylinders is Ck(t), k ∈ [1, . . . , 6]. (e transfer function be-
tween cylinder pressure and combustion noise is Hk(t),

k ∈ [1, . . . , 6]. (e combustion noise calculation model is
shown in Figure 17.

From Figure 17, the combustion noise can be calculated
as follows:

Ck(t) � Pk(t)∗Hk(t), k ∈ [1, . . . , 6]. (9)

(e total combustion noise of the internal combustion
engine is the sum of combustion noise generated by the six
cylinders:

C(t) � 
6

k�1
Ck(t). (10)

However, in the test, the five cylinders of the internal
combustion engine were wrapped by the lead coverage
method, and only No. 4 cylinder was exposed.(erefore, this
combustion noise calculation model becomes a single-cyl-
inder combustion noise calculation model, and it is shown in
Figure 18.
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Figure 16: Time-domain waveform, spectrum, and time-frequency diagram of (a) IC1 and (b) IC2 from vice slap side noise signal y3.

Shock and Vibration 11



Assume that the cylinder pressure and combustion noise
of No. 4 cylinder are P(t) and C(t). (e radiation noise
signal of No. 4 cylinder is D(t). (e other interference noise
signal is M(t):

D(t) � C(t) + M(t),

C(t) � P(t)∗H(t).
(11)

In the single-cylinder combustion noise calculation
model, the cylinder pressure P(t) and the radiation noise
signal D(t) can directly be obtained by the test. Firstly, the
spectral filtering function W(t) is needed to be calculated:

W(f) �
SPD(f)

SPP(f)
�

〈P(f)D(f)〉

〈P(f)P(f)〉
,

W(t) � FT−1 W(f) ,

(12)

where SPD(f) is the cross-spectrum of cylinder pressure
P(t) and radiation noise signal D(t). SPP(f) is the auto-
spectrum of cylinder pressure P(t) and radiation noise
signal D(t).

After calculating the spectral filtering function W(t), the
combustion noise estimation signal C(t) can be obtained
through convolution the spectral filtering function W(t)

with the cylinder pressure signal P(t):
C(t) � P(t)∗W(t), (13)

where ∗ represents the convolution operation.
(e error E(t) between the actual combustion noise

signal C(t) and the combustion noise estimation signal C(t)

is calculated as follows:

E(t) � C(t)− C(t). (14)

(e combustion noise signal can be calculated by the
spectral filtering method. However, there is an error be-
tween the calculated combustion noise and the actual
combustion noise. In this paper, the calculated combus-
tion noise by the spectral filtering method is mainly
utilized to evaluate the separated combustion noise. Al-
though there is an error between the calculated com-
bustion noise and the actual combustion noise, the
calculated combustion noise has the main characteristics

of the actual combustion noise. (us, the calculated
combustion noise can be used to evaluate the separated
combustion noise. As for the error, it needs to be further
researched.

(e combustion noise estimation signal can be calcu-
lated through the spectral filtering method. (en, the cal-
culated combustion noise estimation signal is compared
with the separated combustion noise. (e calculated results
are shown in Figure 19.

From Figure 19, at the cylinder head top, the separated
combustion noise is consistent with the calculated com-
bustion noise by the spectral filtering method. But it has
many other interference components in the separated
combustion noise. (is is because the cylinder head top
receives interference noise from both main slap side and
vice slap side. But its main component is combustion noise.
At main slap side, the separated combustion noise is ba-
sically consistent with the calculated combustion noise by
the spectral filtering method, but there is a small difference
in the vicinity of 2,000Hz. At vice slap side, the separated
combustion noise is also basically consistent with the
calculated combustion noise, but there is a small difference
in the vicinity of 5,000Hz. In general, the frequency
characteristics of the separated combustion noise are
consistent with the calculated combustion noise by the
spectral filtering method. (us, it can be considered that
the combustion noise can accurately be obtained by using
the proposed single-channel algorithm. (e frequency
component of combustion noise is concentrated around
3,000Hz.

5.2. Calculation Method of Piston Slap Noise Based on Dy-
namic Model. (e piston hits the cylinder wall to generate
piston slap noise. When the internal combustion engine is
working, the movement of the piston in the cylinder liner is
very complicated, including the main (axial reciprocating)
motion and the secondary (lateral and tilting) motion. (e
dynamic model of the piston in the cylinder liner is shown in
Figure 20.

(e schematic diagram of the force of the piston in the
cylinder liner is shown in Figure 21.

In Figure 21, FG is the thrust of the cylinder pressure
generated in the in-cylinder combustion on the top surface
of the piston. FIC and FIP are, respectively, the piston
inertia force and the piston pin inertia force generated by
the reciprocating movement of the piston. FIC, FIP, and
MIC are, respectively, the inertial force of the piston, the
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C~

p

E

H

W

M

C D
+

–

Figure 18: Single-cylinder combustion noise calculation model.
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inertial force of the piston pin, and the inertial moment of
the piston produced by the second-order motion of the
piston. Fhyd and Mhyd are, respectively, the lubricating
force and lubricating torque acting on the piston skirt. Ff
and Mf are, respectively, the viscous friction of the lu-
bricating oil and the frictional moment generated by the
piston skirt. F is the force of the connecting rod. dCOG is the
distance between the center of the piston pin and the
centerline of the piston. a and b are, respectively, the the
distance between the center of mass of the piston pin and
the upper part of the piston skirt and the distance between
the center of mass of the piston and the upper part of the
piston skirt. ϕ is the angle between the connecting rod, and
the axis of the piston.

According to the force of the piston in the cylinder liner,
the dynamic equation of piston movement in the cylinder
liner can be obtained:

mpin 1−
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  + mpis 1−
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⎤⎥⎥⎥⎥⎥⎦.

(15)

In fact, there is a lubricant film between the piston and
the cylinder liner. (erefore, it is also necessary to consider
the effect of lubricant film on the movement of the piston in
the cylinder liner. (e Reynolds equation for the effect of
lubricant film is defined as follows:

0 1 2 3 4 5 6
0

0.1

0.2

0.3

0.4

Frequency (kHz)

 A
m

pl
itu

de

Spectral filtering method
Separated combustion noise

(a)

0 1 2 3 4 5 6
0

0.1

0.2

0.3

0.4

Frequency (kHz)

 A
m

pl
itu

de

Spectral filtering method
Separated combustion noise

(b)

0

0.1

0.2

0.3

0.4

 A
m

pl
itu

de

0 1 2 3 4 5 6
Frequency (kHz)

Spectral filtering method
Separated combustion noise

(c)

Figure 19:(e compared results between the calculated combustion noise and the separated combustion noise. At (a) cylinder head top, (b)
main slap side, and (c) vice slap side.
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(16)

where x is the circumferential direction of the piston liner, y

is the axial direction along the liner, V is the reciprocating
speed of the piston, η is the viscosity of lubricating oil, t is the
time, p is the lubricating oil film pressure, h is the thickness
of the lubricant film, and ρ is the lubricating oil density.

(rough formulas (15) and (16), the lubricant film
pressure and the piston second-order motion displacement,
velocity, and acceleration can be obtained.

(e piston collides with the inner wall of the cylinder liner
to generate piston slap noise, and it will attenuate through the
body structure. (erefore, it is necessary to calculate the
attenuation factor of sound propagation of the body structure:

ηa/v �
Wa

Wv
, (17)

whereWa is the surface acoustic power of the body andWv is
the piston and liner inner wall collision sound power.

(e formula for calculating the body surface acoustic
power Wa is defined as follows:

Wa � σρacaArv
2
r , (18)

where σ is the surface radiation efficiency, ρa is the air
density, ca is the velocity of sound waves in air, Ar is the
surface area of noise radiation, and vr is the surface vibration
velocity.

(e formula for calculating piston and liner inner wall
collision sound power Wv is as follows:

Wv � Zv
2
v, (19)

where Z is the impact impedance between piston and liner,
Zi,j � (Fv)i,j/(vv)i,j. vv is the impact speed.

According to formulas (17)–(19), the following formula
can be obtained:

ηa/v �
σρacaArv

2
r

Zv2v
. (20)

Assume that the energy generated at the inner wall of the
cylinder liner is not changed when it is transmitted to the
body surface through the body structure:

1
2
ρvht,vAvv

2
v �

1
2
ρrht,rArv

2
r , (21)

where ρv is the density of the body structure, ht,v is the
thickness of the body structure, Av is the surface area of the
body structure, vv is the vibration speed of the body
structure, ρr is the density of the liner structure, ht,r is the
thickness of the liner structure, Ar is the surface area of the
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Figure 20: (e dynamic model of the piston.
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liner structure, and vr is the vibration speed of the liner
structure.

By combining formula (20) and formula (21), the at-
tenuation factor of sound propagation of the body structure
can be calculated:

ηa/v( i,j �
σρacaρvht,v

ρrht,r

Av( i,j

Zi,j

. (22)

Now, the attenuation factor of sound propagation of the
body structure and the sound power of the piston and
cylinder liner at the point of impact are obtained. (e sound
power level at each node (i, j) on the body structure surface
is defined as follows:

Lw( i,j � 10 lg
Wa( i,j

Wref
 , (23)

where Wref is the reference sound power, and it is usually
10−12 W.

(en, the sound pressure level needs to be calculated:

SPLi,j � Lw( i,j + 10 lg
1

2πR2
b

 , (24)

where Rb is the distance between the calculation area lo-
cation and the structural surface of the internal combustion
engine body.

Finally, the piston slap noise of the internal combustion
engine can be calculated:

SPLT � 10 lg 
i


j

10 SPLTS( )i,j
/10

+ 
i


j

10 SPLATS( )i,j
/10⎛⎝ ⎞⎠,

(25)

where SPLTS is the piston slap noise on thrust side and
SPLATS is the piston slap noise on antithrust side.

(e calculated piston slap noise based on the dynamic
model is utilized to evaluate the separated piston slap noise.
(e calculated results are shown in Figure 22.

From Figure 22, at cylinder head top, the separated
piston slap noise is consistent with the calculated piston slap
noise. (ere is a difference at about 1,500Hz. At main slap
side, the separated piston slap noise is basically consistent
with the calculated piston slap noise. At vice slap side, the
separated piston slap noise is also basically consistent with
the calculated piston slap noise. But it has some other
frequency components around 1,000Hz.(is may be caused
by some other parts, such as exhaust pipe, and it needs to be
further researched. On the whole, for the real measured
noise signals of internal combustion noise, it can be con-
sidered that the separated piston slap noise is generally
consistent with the calculated piston slap noise. (us, piston
slap noise is accurately separated by using the proposed
single-channel algorithm.

5.3. Error Analysis. From Figures 19 and 22, it can be seen
that the separated combustion noise and piston slap noise is
basically consistent with the calculated independent com-
bustion noise and piston slap noise. But there are still some

errors. (e main reasons for the error are as follows: (1) (e
internal combustion engine has complex structure and
numerous parts, which will produce a lot of noise. Besides
combustion noise and piston slap noise, there are also fuel
injection pump noise, valve mechanism knocking noise, etc.
(e combustion noise and piston slap noise separated by
using the single-channel algorithm will contain a small
amount of other noise components.(erefore, it is necessary
to further study the high-precision separation algorithm. (2)
(e independent combustion noise calculation method (the
spectral filtering method) and the piston slap noise calcu-
lation method (the calculation method of piston slap noise
based on the dynamic model) are mainly based on math-
ematical algorithms and models to calculate independent
combustion noise and piston slap noise. (e calculated
results can reflect the main characteristics of combustion
noise and piston slap noise. But the calculated combustion
noise and piston slap noise are slightly different from the
actual combustion noise and piston slap noise of an internal
combustion engine. In order to better evaluate the accuracy
of combustion noise and piston slap noise, it is necessary to
further build independent combustion noise and piston slap
noise simulation test bench to obtain independent com-
bustion noise and piston slap noise. It needs to be further
researched.

In engineering, the sound pressure level (SPL) is usually
used to represent the noise situation of the internal com-
bustion engine. (e calculation formula of sound pressure
level is as follows [7]:

SPL � 10 log
p

pref
 

2

� 20 log
p

pref
 , (26)

where pref � 20 μPa.
(e calculated sound pressure level of the combustion

noise and piston slap noise is shown in Figure 23.
It can be seen from Figure 23 that the sound pressure

level of separated combustion noise and piston slap noise is
consistent with the calculated combustion noise and piston
slap noise. In order to quantitatively analyze the error, the
following error calculation formula is adopted [7]:

error �


N
i�1abs SPLi(separated)− SPLi(calculated)( 

N
,

(27)

where abs means to take the absolute value.
(e calculation results are shown in Table 6.
From Table 6, it can be seen that the sound pressure level

errors between the calculated combustion noise and each
side (cylinder head top, main slap side, and vice slap side)
combustion noise are 4.14 dB(A), 3.86 dB(A), 3.81 dB(A),
respectively. (e sound pressure level error at the cylinder
head top is the largest. (is is because the cylinder head top
receives interference noise from main slap side and vice slap
side. Since the main slap side has a fuel injection pump, the
sound pressure level error is also large. (e fuel injection
pump noise has a greater impact on main slap side piston
slap noise, and the sound pressure level error between the
calculated piston slap noise and main slap side piston slap
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Figure 22:(e compared results between calculated piston slap noise and separated piston slap noise. At (a) cylinder head top, (b) main slap
side, and (c) vice slap side.
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Figure 23: Continued.
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noise is 4.24 dB(A). On the whole, compared with main slap
side and vice slap side, the average error of cylinder head top
is 3.67 dB(A). (e main slap side has the largest error, and
the average is up to 4.05 dB(A). From the perspective of
engineering applications, the error of sound pressure level
within 3 dB indicates the calculation results are very good. In
general, the error of sound pressure level within 5 dB is also
acceptable. In the next step, it is needed to study high-
precision separation algorithms and build the independent
noise source test bench for more in-depth research.

6. Conclusions

(1) In order to obtain the radiation noise signal of an
internal combustion engine in the marine engine
laboratory, the lead coverage method using a three-
layer covering is utilized to isolate interference noise
from other cylinders. (e interference noise is ef-
fectively reduced from the noise source level, and the
quality and reliability of the radiation noise signal
measured by the test are greatly improved.

(2) (e single-channel algorithm based on the TVF-
EMD and RobustICA methods is proposed to sep-
arate the noise sources. Moreover, the spectral fil-
tering method and the calculation method of piston
slap noise based on the dynamic model are further
proposed to calculate independent combustion noise
and piston slap noise. (e research results show the

proposed method can effectively separate noise
sources. (e separation method and calculation flow
of internal combustion engine noise sources are
obtained.
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