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The operation transfer path analysis (OTPA) technique was used to measure the vibration and noise transfer coefficient functions
of wheel-rail noise and radiated noise from an electric multiple unit (EMU) train (high-speed train in China) trailer bogie
structure to the central area of the trailer bogie for a train running at speeds of 0-5km/h. By applying these transfer coefficient
functions to the noise analysis of high-speed train operation, the contributions of wheel-rail noise and frame-radiated noise to the
noise of the bogie area at high speeds are obtained, and the aerodynamic noise is separated from the total noise, providing a
reference for vibration damping and noise reduction in high-speed trains. Analysis of test data shows that, in the central area of the
trailer bogie of high-speed trains, the low-frequency noise mainly comes from the structural radiated noise of the bogie, and the
mid- to high-frequency noise is primarily due to aerodynamic noise. In addition, when an EMU train operates at speeds below
250 km/h, the noise in the central area of the trailer bogie is primarily caused by the structural radiated noise. When the operating
speed is higher than 250 km/h, the noise in the central area of the trailer bogie is mainly due to aerodynamic noise, and the
aerodynamic noise contribution increases with increase in speed.

1. Introduction

The bogie is one of the most important components of an
EMU train. The noise of the bogie area directly affects the
interior noise of the EMU train and affects the comfort of the
train. The noise of an EMU bogie varies with the increase in
the running speed of the train. At low speeds, noise is mainly
generated from the vibration of the mechanical structure
such as rails, wheels, bogies, gear boxes, and motors. At high
speeds, noise mainly consists of the aerodynamic noise
caused by the air disturbances due to changes in air pressure.
This article studies the contribution of aerodynamic noise to
the central area of the trailer bogie at high speeds.

Several scholars have studied the aerodynamic noise of
high-speed train. Experimental and numerical methods for
studying aerodynamic noise are reviewed including the use
of microphone arrays, wind tunnels, computational fluid
dynamics, and semiempirical methods [1]. Latorre Iglesias

et al. developed a semiempirical component-based method
for fast prediction of aerodynamic noise from a high-speed
train pantograph on the basis of similar models applied to
landing gear noise prediction [2]. Zhang et al. analysed the
near-field unsteady flow around a pantograph using a large-
eddy simulation (LES) with high-order finite difference
schemes, using a computational fluid dynamics (CFD)/
Ffowcs Williams-Hawkings (FW-H) acoustic analogy to
predict the far-field aerodynamic noise from a pantograph
[3]. Gao et al. established a testing method of aerodynamic
noise for 1: 8 scale high-speed train model in an aeroacoustic
wind tunnel and the treatment way to highlight the different
noise sources of the model. The characteristics of the major
noise sources and their contribution to the model were
analysed according to the measurement results from the
microphones and microphone array out of the flow field [4].
Han et al. conducted a long-term monitoring and analysis of
the wheel wear status and the interior vibration-noise of
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coaches X and Y marshalled in trains focusing the re-
lationship between the interior abnormal noise and the
noncircular wear of wheels [5]. Sun et al. applied detached
eddy simulation (DES) to conducting numerical simulations
of flow fields around pantographs of high-speed trains which
run in the open air [6]. Zhu et al. conducted research on the
aerodynamic noise via a simplified model of a high-speed
train bogie [7-10]. Nobuhiro et al. studied the aerodynamic
noise of high-speed train bogies by using wind tunnels
[11,12]. Zhu et al. studied the flow simulation and forecasted
the aerodynamic noise of a high-speed train wheel set by
using a scaling model [13]. Huang et al. performed nu-
merical simulations of the aerodynamic noise of a high-
speed train bogie [14]. Zhang et al. studied aerodynamic
noise of trailer and motor bogies by using the numerical
simulation method and found that the aerodynamic noise in
the far field of the trailer bogie was broadband noise, with
noise directivity, attenuation, and amplitude characteristics.
The main energy was concentrated in the frequency range of
28-56kHz [15, 16]. Morita et al., studied the aerodynamic
noise sources around the bogie section of a high-speed train
and carried out a numerical analysis on them [17]. Frémion
et al. studied the aerodynamic noise radiated by a bogie and
the intercoach spacing of a high-speed train [18].

This paper presents a method to separate the structural
noise and aerodynamic noise in the bogie area of the EMU
trailer, which enables the contribution of aerodynamic noise
to the bogie area noise to be evaluated. When an EMU train
runs at low speed, the noise in the bogie area of the trailer is
mainly composed of the noise of the wheel and rail and
radiated noise from the bogie frame; the aerodynamic noise
is negligible. Therefore, by performing an OTPA method on
the test data at low speeds, the transfer coeflicient function
between the wheel-rail noise and the response point noise in
the bogie area, the vibration of the bogie structure, and the
response point noise in the bogie area can be obtained.
During high-speed operation, the noise in the bogie area
includes both structural noise and aerodynamic noise. The
air flow in the bogie area is complex, and the installation
position and number of acoustic sensors to test the aero-
dynamic noise source are not easily determined. It is difficult
to determine the contribution of the aerodynamic noise to
the response point by directly using the OTPA method.
Since the transfer coefficient function obtained by the low-
speed operation of the train does not vary with the running
speed of the train, it can be used at high speeds to obtain the
structural radiant noise during high-speed operation of the
train. The contribution of the aerodynamic noise in the bogie
area to the response point can be determined by comparing
this value to the total value of the target response point
obtained by the test.

The test data of the EMU at low speeds are used to obtain
the transfer coefficient function, which is then applied to
high speeds to extract the aerodynamic noise in the bogie
area. Unlike numerical simulation analysis and wind tunnel
tests, this method is based on the actual vehicle’s line op-
erating conditions, OTPA method, and sound pressure level
superposition theory for aerodynamic noise separation re-
search. Only actual measured data under operating
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conditions need to be obtained to determine the contri-
bution of the aerodynamic noise to the target response point
in the bogie area.

2. Aerodynamic Noise Separation Principle

2.1. Solving the Structural Noise Contribution Based on the
OTPA Method [19]. The transfer coefficient function of
each path is solved according to the data of each excitation
source and response source under actual measured oper-
ating conditions by using the OTPA method. The main
contribution of each path is determined by a transfer co-
efficient function solved and combined with singular value
decomposition (SVD) and principal component analysis
(PCA) to reduce the deviation caused by the interference
between each excitation source and other interference
noises.

When the train runs at low speeds, the relationship
between excitation source signal and target response point
signal under operating conditions is as shown in the fol-
lowing equation:

P=Zi:]’li-x0pi, (1)

where P represents the target point signal, h; represents the
transfer coefficient of the ith excitation point to the target
point, and x,,; represents the ith excitation point signal
under operating conditions.

SVD refers to any real matrix X € R,,,,. There must be
an orthogonal matrix U € R,,.,,, V € R,,,, and a diagonal
matrix D € R, that satisfies the following equation:

X =UDV", (2)

mxXn

where D = [diag(0,,0,,...,0,)O] or D = [diag(0,,0,,...,
0,) O]", O represents the zero matrix, and a = min (1, n), in
which one of these two forms depends on the size of m and n,
where the diagonal elements satisfy the relation
0,20,>,...,>0,>0. The diagonal elements (0,,0,,...,
0,) are referred to as singular values of matrix X.

We cannot obtain the complex transfer coefficients of the
excitation points to the response points with data from a
single stimulus test as in equation (1). Therefore, we usually
select n(n > 1) excitation points during the test process, and
set m test steps during data processing. Then, we can obtain
m-dimensional linear equations as given by equation the
following equation (i.e., m >n):

[ P1 ] [ xopll xoplz xopli . xopln ] —hl ]
Pz xop21 xop22 xopzi . xopZn hz
= >
P; Xopjl  Xopj2 Xopji Xopjn h;
-Pm E -xopml xopmz ce xopmi te xopmn . -hn E

(3)

where P; represents the target point response signal gen-
erated in the jth test step, h; represents the transfer
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coefficient of the ith excitation point to the target point, and
Xopji Tepresents the excitation signal at the ith stimulus in the
jth test step.

Its matrix form can be simplified as follows:

[P] = [X][H]. (4)

To solve the matrix [H], we need to know the inversion
of matrix [X], which can be obtained from equation (2):

[X] = [U][D][V]", (5)

(X1 =[vIDI Ul (6)

where [U] is a positive definite matrix of m xm, [V] is a
positive definite matrix of n x #, and [D] is a diagonal matrix
of mxn.

From equations (4) and (6), the transfer coefficient
matrix [H] can be calculated as shown in the following
equation:

[H] = [X]'[P]. (7)

During the test, the interference noise and crosstalk
between measurement points are inevitable and will affect
the accuracy of the transfer coefficient matrix [H], resulting
in a large deviation in the subsequent contribution results.
To a certain extent, the PCA method can mitigate the effects
of interference noise and the crosstalk phenomenon. The
principal component analysis matrix [T] is defined as shown
in the following equation:

(T] = [X][V] = [U][D]. (8)

In general, the larger elements of the diagonal matrix [D]
are considered to be the main component in the PCA
progress, while the smaller elements are considered to be
interference noise and crosstalk between excitation sources,
which can be eliminated by zeroing out the smaller diagonal
elements. After zero processing, we can obtain a new di-
agonal matrix [D,] and the new positive definite matrixes
[U,] and [V,]. The new diagonal matrix [D,] is expressed as
shown in the following equation, where r <a:

' ) (9)

L 0

The zero-processed PCA matrix is shown in the fol-
lowing equation:

[Tr] = [X] [Vr] = [Ur] [Dr] (10)

Equation (4) expresses the form of the main component
analysis matrix multiplied by its coefficient matrix, as shown
in the following equation:

[P] =[T.][C]. (11)

The coeflicient matrix [C] is expressed as shown in the
following equation:

(€1 =(I.]" 1)) (7" () (12)

Then, when the train runs at low speeds, the function
matrix of the transfer coefficient of the structural radiated
noise can be obtained as shown in the following equation:

[H] =[V,][C] =[V,][D,] ' [U,][P]. (13)

Since the transfer coefficient function of structural ra-
diated noise does not vary with the speed, the transfer co-
efficient function of the structural radiated noise obtained at
low speeds is used for the high-speed scenario. According to
the high-speed excitation source signal matrix and low-
speed transfer function matrix, the contribution of the
structural radiated noise to the target response point at high
speed, p;, and the total structural noise contribution, P, can
be solved as shown in the following equations:

Xopi * hi = ps>

: (14)
Pst = Zpl
i=1

2.2. Aerodynamic Noise Separation Based on Wave
Superposition. P, is the effective value of the structural
radiated noise, Py, at high speed. P, is the effective value of
the aerodynamic noise, P,. P ;- is the effective value of the
target noise point total noise, Pp. Because the structural
radiated noise is not related to the aerodynamic noise, the
following equation can be obtained according to the wave
superposition principle:

Pl =Pl + P, (15)
Then, the following equation is obtained:

Lp, = 101og(10%"7 + 10%"74), (16)

where Lp is the sound pressure level of the target response
point total noise, Pp; L, is the sound pressure level of the
target response point aeraodynamic noise, P; and Lp_ is the
sound pressure level of the target response point’s structural
radiated noise, Pg.

The aerodynamic noise is separated from the target
response point total noise, Lp , as shown in

Ly, = 10log(10"!rr —10%1n), (17)

where Ly is obtained directly from the test and Lp_ is the
structural radiated noise at the target response point ob-
tained from the analysis of the transfer path.

3. EMU Noise Separation Test Scheme and Measuring Point
Layout. The test object is the middle trailer of a high-speed
EMU. The test circuit is an overhead line with no reflector
around it. During the test, the train first performs a low-



speed idle running test at a speed of 5 km/h. Then, the OTPA
technique is used on the measured data to obtain the transfer
coefficient function of the structural radiated noise. The
running test is performed in the train at 200, 250, 300, and
350 km/h. The test site is shown in Figure 1.

The sensor placement and measurement point de-
scription are shown in Figure 2 and Table 1, respectively,
where Figure 2(a) is a top view of the measuring point
arrangement and Figure 2(b) is a side view of the measuring
point arrangement.

To reduce the impact of aerodynamic noise on the test,
the wheel-rail noise test microphones are installed in the
groove at a lower position closest to the wheel-rail contact
point and points towards the wheel. For the wheel-rail
contact point, the linear velocity is zero when the train is
running, so the aerodynamic noise generated by the wheel-
rail at this position is almost zero. The intensity of the
acoustic radiation of the wheel gradually increased with the
increase of the running speed of the train, but the directivity
of the main mode radiation noise of the wheel and the
position of the sound source did not change significantly,
which can ensure the accuracy of the transfer path analysis
under different speed grades [20].

A kind of gun microphone that convinces with its ex-
cellent directivity was used to reduce the influence of wind
noise and aerodynamic noise from other directions. The
microphone’s polar diagram is shown in Figure 3.

The microphone’s filter module effectively filters out
interference caused by infrasound, such as low-frequency
wind noise. The microphone is also equipped with a foam
windshield. The windshield changes the sound only slightly
but attenuates wind noise by approx. 25dB. As shown in
Figure 4, place the foam windshield  over the microphone
head  so that all lateral slots are covered.

Figure 5 shows the site layout of a portion of the
measuring points, where Figure 5(a) is an air spring bogie
frame measuring point and Figure 5(b) is the axle box-bogie
frame measuring point.

According to the measuring points in Figure 2 and
Table 1, the transfer path analysis network of the high-speed
train bogie is established, as shown in Figure 6, and the
contribution of the structural radiated noise of the bogie area
in each speed level is obtained. A comparison of the OTPA
composite value of the response point with the test value of
the response point at each speed level illustrates that the
aerodynamic contribution at high speeds can be separated
based on the sound pressure level superposition from
equation (17).

4. Analysis of the Aerodynamic Noise Separation
Test Results of EMU Trains

4.1. Vibration and Noise Characteristics of the Main Mea-
suring Points. Before analysing the vibration and noise
transfer paths and separating the aerodynamic noise, a
preliminary analysis of the test data was conducted. Figure 7
shows the wheel-rail noise of the 4th position and the re-
sponse point bogie area noise at each speed.
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F1GUre 1: Test site.

As shown in Figure 7, the noise at the two measurement
points is mainly concentrated in the frequency range be-
tween 100 Hz and 5,000 Hz at each speed. The total values of
the bogie area noise in the overall analysis frequency band at
5, 200, 250, 300, and 350 km/h are 64.2, 111.4, 113.8, 118.7,
and 122.1 dB(A), respectively. The total values of the wheel-
rail noise of the 4th position in the overall analysis frequency
band at 5, 200, 250, 300, and 350 km/h are 66.9, 113.4, 115.8,
118.7, and 121.4 dB(A), respectively. As the speed increases,
the noise amplitude of each measuring point also shows an
increasing trend, and the measured signal is in agreement
with the known rate of change.

Figure 8 shows the FFT spectrum of the Z-axis of the axle
box-bogie frame at the four positions at each speed. The
metal plate of the bogie frame has large thickness, and the
vibration excited by aerodynamic force can be neglected.

As shown in Figure 8, the vibration at the Z-axis vi-
bration measurement point of the axle box-bogie frame at a
speed of 5km/h is mainly concentrated in the frequency
band below 300 Hz. The total values of the vibration of axle
box-bogie frames 1 to 4 in the analysis frequency band are
0.24, 0.24,0.23, and 0.22 m/s respectively. At speeds of 200,
250, 300, and 350 km/h, the vibration at the Z-axis vibration
measurement point of the axle box-bogie frame is mainly
concentrated in the frequency band below 1,000 Hz. At
200 km/h, the total values of vibration of axle box-bogie
frames 1 to 4 in the analysis frequency band are 4.21, 4.25,
417, and 3.54m/s’, respectively. At 250km/h, the total
values of vibration are 5.24, 5.24, 5.49, and 4.97 m/s>, re-
spectively. At 300 km/h, the total values of vibration are 7.04,
6.91, 7.04, and 6.94 m/s> respectively. At 350 km/h, the total
values of vibration are 7.74, 7.73, 8.07, and 7.79 m/s>, re-
spectively. As the speed increases, the total value of vibration
of axle box-bogie frames 1 to 4 in the analysis frequency
band shows an increasing trend.

4.2. Analysis of the Aerodynamic Noise Separation Results.
According to the theory in Part 2 and the TPS calculation
network in Figure 6, the structural radiated noise is analysed
and calculated, and the aerodynamic noise is extracted. The
aerodynamic noise generated by the train operation is very
small under low-speed (0-5 km/h) operation, and the effect
of aerodynamic noise on the total noise of the bogie area can
be ignored. Using the measured vibration and noise data,
such as the data for the wheel-rail and bogie frame, the
transfer coeflicient function of the wheel-rail noise to the
central area of the bogie and the vibration of the bogie frame
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FIGURE 2: Measuring point layout. (a) Top view. (b) Side view.

to the central area of the bogie is obtained. The transfer
coefficient function is used for the structural radiated noise
analysis of trains operating at high speeds. In the TPS
calculation network of Figure 6, the source signal is the test
signal from the bogie area structure under high-speed
running conditions of the train, and the transfer co-
efficient function is obtained when the train is running at
speeds of 0-5km/h. Figure 9 shows a spectrum diagram of
actual test noise and the structural radiated noise at the
target response point, calculated from the TPS network.
As shown in Figure 9, there is a clear difference between
the structure radiation noise and measured noise spectra at

each speed. The spectra of structural radiated noise and test
noise in the lower-frequency section are in good agreement,
indicating that the structural radiated noise of the bogie area
is dominant in this frequency band. The difference between
the test noise and structural radiated noise in the high-
frequency region is significant, mainly due to the enhanced
aerodynamic noise effect in this frequency band. The total
noise in the analysis frequency band at the test response
point of 200 km/h is 111.5dB(A), and the total value of the
structural radiated noise obtained from the transfer path
analysis is 109.3 dB(A). The total noise in the analysis fre-
quency band at the test response point of 250km/h is
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TaBLE 1: Location and description of the measuring points.

Measuring point Sensor type Measuring point description
. I . M ing the vibration of the 1 iti 1
1 Axle box-bogie frame vibration 1 Acceleration easuring the vibration of the Ist position axle box to
the frame
. a . M ing the vibration of the 2 iti 1
2 Axle box-bogie frame vibration 2 Acceleration easuring the vibration of the 2nd position axle box
to the frame
3 Axle box-bogie frame vibration 3 Acceleration Measuring the vibration of the 3rd position axle box
to the frame
. a . M ing the vibration of the 4th position axle b
4 Axle box-bogie frame vibration 4 Acceleration casuring the vibration of the postion axie box
to the frame
. . . o . M ing the vibration of the 1st position ai i
5 Air spring bogie frame vibration 1 Acceleration casuring the vibrahon of e 15t pOston it Sprifg
to the frame
. . . I . M ing the vibration of the 2nd position air spri
6 Air spring bogie frame vibration 2 Acceleration easuring the vibration of the 2nd position air spring
to the frame
Installed in the groove close to the wheel-rail contact
7 Wheel-rail noise 1 Sound point and points to the wheel to measure the wheel-
rail noise of the 1st position
Installed in the groove close to the wheel-rail contact
8 Wheel-rail noise 4 Sound point and points to the wheel to measure the wheel-
rail noise of the 4th position
9 Bogie area noise Sound Measurement of the bogie area noise

90°

120°

—— 1000 Hz

FIGURE 3: Microphone’s polar diagram.

113.9dB(A), and the total value of the structural radiated
noise obtained from the transfer path analysis is
110.9 dB(A). The total noise in the analysis frequency band at
the test response point of 300 km/h is 118.8 dB(A), and the
total value of the structural radiated noise obtained from the

=

FiGURrEe 4: Microphone’s windshield.

transfer path analysis is 115.7 dB(A). The total noise in the
analysis frequency band at the test response point of 350 km/
his 122.3 dB(A), and the total value of the structural radiated
noise obtained from the transfer path analysis is
118.2 dB(A).
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FIGURE 5: Site layout of a portion of the measuring points. (a) Air spring bogie frame. (b) Axle box-bogie frame.
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Y

Wheel-rail noise 1

Wheel-rail noise 4
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contribution

A 4

FIGURE 6: Bogie area transfer path TPS computing network.
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FIGURE 9: Spectrum diagram of the actual test noise and structural radiated noise at the target response point. (a) 200 km/h. (b) 250 km/h. (c)

300 km/h. (d) 350 km/h.

The contribution of aerodynamic noise at each speed can
be separated according to equation (17). The bogie area
aerodynamic noise separation results are shown in Figure 10.

Figure 10 illustrates that the structural radiated noise and
aerodynamic noise increase with increasing speed. The
contribution of aerodynamic noise is highly similar to that of
structural radiated noise at a speed of 250 km/h, and the
contribution of structural radiated noise is higher than that
of aerodynamic noise at velocities below 250 km/h. When
the speed is higher than 250 km/h, the aerodynamic noise
contribution to the response point of the bogie area is higher
than that of the structural radiated noise. As the speed
increases, the difference between the aerodynamic noise and
structural radiated noise increases.

5. Conclusions

In this paper, the separation of aerodynamic noise in a high-
speed train trailer bogie area is studied. Since there is low
aerodynamic noise when the train is running at low speeds,
the transfer coeflicient function calculated at low speeds is
substituted into the calculation of the transfer path con-
tribution of the high-speed structure, and then, the

121 -

119 -

A weighted sound pressure level
e
S o = = = =
~ N\l — [S) v ~
1 1 1 1 1 1

105

103 T T T T T 1
200 250 280 300 330 350
Speed (km/h)

—¢— Aerodynamic noise
—@- Structural noise

FIGUure 10: Structure radiated noise and aerodynamic noise con-
tribution at each speed.
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aerodynamic noise in the bogie region is separated at high
speeds. The noise contribution of the aerodynamic noise to
the target response point can then be obtained. The fol-
lowing conclusions can be drawn:

1. In the central area of the middle trailer bogie of high-
speed trains, the low-frequency noise mainly comes
from the structural radiated noise of the bogie, and the
mid- to high-frequency noise is primarily due to
aerodynamic noise.

2. Analysis of test data shows that when an EMU train
operates at speeds below 250 km/h, the noise in the
central area of the middle trailer bogie is primarily
caused by the structural radiated noise. When the
operating speed is higher than 250 km/h, the noise in
the central area of the middle trailer bogie is mainly
due to aerodynamic noise, and the aerodynamic noise
contribution increases with increasing speed.
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