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Abstract
The dynamic characteristics of traction gear transmission system have great influence on the safety,
comfort and reliability of EMU. Base on acoustic-structural coupled theory, the noise radiation
characteristics of gear transmission system in high-speed train CRH380A are researched by finite
element-boundary element method. Based on the multi-body dynamics theory, the dynamic meshing
characteristics of the gear transmission system are revealed by RecurDyn. The natural frequency and
the natural mode of vibrating are analysed for system by finite element method, and the vibration
response curves of transmission gears under continuous working conditions are solved by modal
superposition method. Furthermore, the radiated noise is predicted based on the acoustic radiation
analysis model constructed by the acoustic BEM and Helmholtz boundary integral equation. The
research results can provide theoretical basis for the optimization design of the low noise gear in EMU.
(Received, processed and accepted by the Chinese Representative Office.)
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1. INTRODUCTION
Traction transmission system is the core of power source for high-speed electric multiple unit
(EMU), located directly below the passenger vehicle. The vibration noise derived from gear
alternation meshing in the high-speed cases, not only degrades system performance, affects
the comfort of passengers, but also even endangers the safety of EMU train running. That to
study the dynamic mechanical characteristics and acoustic response characteristics in gear
meshing process, as well as to analyse and predict the magnitude and the origin of noise is the
key for improving the transmission performance of traction gear and reducing vibration and
noise.
The traction gear transmission system of EMU is essentially a nonlinear multi-degree of
freedom system in which time-varying parameters and transmission clearance coexist. Its
structural noise is mainly dynamic response results from the joint effect of the internal
excitation and external excitation in the gears meshing process. The internal excitation is the
characteristic of gear transmission for distinguishing other mechanical systems, also is the
source of the gear transmission system noise. By means of computer-aided modelling and
finite element simulation analysis, domestic and foreign scholars have conducted extensive
research on the dynamic mechanical characteristics of gear transmission. Xue et al. [1]
established the spur planetary gear model by using the parametric method, simulated and
analysed the gear meshing process, and obtained the contact pressure and stress in a meshing
period. Kim et al. [2] proposed a new dynamic model of the planetary gear, where the
pressure angles and contact ratios change with time. The dynamic responses of a planetary
gear are analysed under considering time-varying pressure angles and contact ratios caused by
bearing deformations. Xuan et al. [3] established the dynamic model of transmission and
studied the dynamic characteristics of FT reducer at the transmission joint. Tang et al. [4]
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established finite element model of traction gear transmission system for the high-speed train
CRH380A, and based on transient dynamics, analysed the distribution and variation of
equivalent stress and contact pressure on the gear tooth surface. Taking the dynamic meshing
force, the dynamic tooth force and the bearing force along the meshing line or away from the
meshing line as measure, Ghosh and Chakraborty [5] evaluated the vibration and noise of
gears under different conditions. According to the relationship between the speed and the
dynamic meshing force, Cao et al. [6] proposed that the higher the rotational speed and the
greater the dynamic load coefficient under the same load is, the more obvious the mesh
contact impact is. As well as the maximum contact force increases sharply with the increase
of rotational speed.
The noise of gear transmission is not only related to the mechanical characteristics, such
as transmission error fluctuation, tooth surface stress distribution and dynamic meshing force
change, but also related to the gear structural characteristics, vibration characteristics and
meshing force transmission characteristics. Bahk and Parker [7] respectively took the
minimized transmission error and the minimized vibration response as modification
optimization objective. It is found that significant difference exits between the two
optimizations. So the traditional view or hypothesis is corrected that there are strong
correlation between transmission error and dynamic response. Jolivet et al. [8] studied the
influence of tooth surface roughness and lubricating oil viscosity on automobile gear
vibration, and the laboratory tests showed that gear noise was related to tooth surface
processing technology. Divandari et al. [9] established a six-degree-of-freedom nonlinear
dynamic model containing different gear errors and defects, and studied the influence of local
defects and tooth shape changes on the overall dynamics of gear. The results showed that
tooth shape changes and tooth shape errors had a greater impact on the vibration of gear pairs.
Guo et al. [10] developed a system-level vibro-acoustic model of an actual gearbox, including
gears, bearings, shafts, and housing structure, and compared the results to experiments. ĆirićKostić and Ognjanović [11] defined the mechanism of exciting and emission of transmission
noise by carrying out the process of propagation of excitation energy through the structure of
power transmitters and by modal testing of the housing. Wang et al. [12] calculated
transmission noise of a gearbox using FEM / BEM and analysed the influences of modal
shapes on the noise. The results showed that the flexural vibration of the gearbox housing has
most obvious effects on the noise.
The noise analysis and prediction of gear transmission system was achieved indirectly by
studying the shock vibration and dynamic load on gear teeth [13-15], however, further
acoustic study is few. The main reason is that to build a noise analysis model for system is
more difficult and complex [16]. It belonged to an interdisciplinary difficulty in both theory
and method. In this paper, based on acoustic-structural coupled theory, by the finite-element
boundary method, the dynamic characteristics and vibration response characteristics of the
gear meshing has been analysed for EMU (high-speed train CRH380A) under continuous
traction condition. On that basis, the acoustic response characteristics are further studied, and
the noise is predicted for the gear pairs. The study lays a foundation for optimal design on
noise reduction of the gear system.

2. PARAMETERIZED MODEL
Gear parameterization modelling has a mature design flow. In this paper, based on the
constraint relationship among inner geometry parameters of gear and the involute parameter
equation in Cartesian coordinate, using software PRO/E, a parametric solid model is
constructed for helical gear transmission system.
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The basic geometric parameters of traction gear pair in high-speed train CRH380A are
shown in Table I.
Table I: Basic geometric parameters of gear pair.
Name
Teeth z
Modulus mn (mm)
Pressure angle n ()
Helix angle  ()
Tooth face width B
The coefficient of addendum ha*
The coefficient of tip gap c*
Modification coefficient Xn

Driving gear
29
7
26
20
70
1
0.25
0

Driven gear
69
7
26
20
70
1
0.25
-0.284588

To define the relations of the basic parameters in table I, and to draw a series of circles and
helix of the gear under the driven dimension by these relations, according to the parametric
equation of the involute curve in Cartesian coordinate, the involute curve of the gear is
created. The basic profile of the gear teeth can be constituted by the mirrored involute and the
series of circles, and then the gear model is generated through a series of feature operations
such as the swept blend, array. The noise of gear pair transmission system is mainly studied in
the paper. Considering the workload of simulation calculation, to ignore some parts such as
the transmission shaft, bearing and spline, the simplified gear pair model is taken as a
research object (Fig. 1).

Figure 1: Simplified model of gear transmission system.

3. DYNAMIC CHARACTERISTICS ANALYSIS
The dynamic characteristics of gear transmission system include dynamic meshing
characteristics, modal characteristics and vibration response characteristics. By analysing and
solving the dynamic characteristics of gear pair, the accurate sound source and acoustic
boundary conditions can be provided for the acoustic radiation study.
3.1 Kinetics equation of gear pair
The meshing impact force (dynamic excitation force) is main inducement of the gear vibration
noise. The meshing force characteristics are analysed and solved by the multi-body dynamics
analysis software RecurDyn.
According to Newton's law, the differential equations of motion for the gear pair can be
expressed as:
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I p a p  Rp cm ( Rp v p  Rg vg  e(t ))  R p k (t ) f ( R p s p  Rg sg  e(t ))  Tp
I g ag  Rg cm ( Rp v p  Rg vg  e(t ))  Rg k (t ) f ( R p s p  Rg s g  e(t ))  Tg

(1)

In the equation, si (i = p, g), vi (i = p, g) and ai (i = p, g) respectively are the vibration
displacement, speed and acceleration of the driving gear or driven gear. Ri (i = p, g) and
Ii (i = p, g) respectively are the base circle radius and rotary inertia of the driving or driven
gear. k(t) is gear pair mesh synthesizing stiffness. e(t) is gear pair mesh synthesis error. Cm is
gear pair mesh damping. Ti (i = p, g) is torque of the driving or driven gear.
Due to the dynamic meshing force mainly results from the mesh stiffness of gear,
according to the Eq. (1), the dynamic meshing force can be expressed as:
F (t )  k (t ) f ( Rp s p  Rg sg  e(t ))  (Tp  I p a p  Rpcm ( Rpv p  Rg vg  e(t ))) / Rp

(2)

3.2 Simulation of gear dynamic meshing
The built model of gear pair in PRO/E is imported into software RecurDyn and the dynamic
meshing force of gear pair can be solved. The main steps are as follows:
(1) To define transmission mode. The imported model mode is defined as gear
transmission, and the driving gear and driven gear are assigned.
(2) To define material properties. The density, elastic modulus, Poisson's ratio and other
material properties are respectively given to the gears, as shown in Table II.
Table II: Material properties of gear pair.
Material properties
Elastic modulus E (MPa)
Poisson's ratio 
Density  (kg/m3)

Driving gear
2.06  1011
0.31
850

Driven gear
2  1011
0.29
7800

(3) To define boundary conditions. To set the constraint conditions, speed and load for
the gear transmission system, and it shall conform as closely as possible to reality. The driving
gear and driven gear is constrained as only rotation. The speed and torque are respectively
841.5 Nm and 434 rad/s for traction gear pair of high-speed train CRH380A under the
continuous working condition.
(4) To simulate and solve. The solution mode is selected as dynamics. The time domain
of the solution is set as 0-5 s, the time domain step is set as 0.0001 s, and the frequency
domain is set as 0-3500 Hz. According to Eq. (2), the dynamic meshing force is solved by the
nonlinear finite element simulation analysis.

Figure 2: Time domain diagram of meshing force.

Considering the steady-state process of the system, the time range of the time domain
diagram is selected as 3-4 s (Fig. 2). The frequency domain diagram of meshing force is
plotted by FFT (fast Fourier transform) (Fig. 3).
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Figure 3: Frequency domain diagram of meshing force.

It can be seen from Figs. 2 and 3, the overall trend of the meshing force in each period is
stable and presents a periodic variation law although the meshing force fluctuates with time.
In addition, the analysis and solution can provide the data for the analysis of vibration
response characteristics and noise radiation characteristics of gear transmission system.
3.3 Modal analysis
The vibration characteristics of the mechanism caused by external force have relation not only
to external excitation, but also to its natural frequency and natural mode of vibrating. By the
modal analysis, the any ordered natural frequencies and modal characteristics of the
transmission gear pair in a certain frequency range can be solved. On this basis, the vibration
response of the gear pair under various excitations can be predicted in a certain frequency
range.
According to the kinetics equation of undamped free vibration system in modal theory, by
Fourier transformation, it can be obtained as follows:
[ K ]{i }  i 2 [ M ]{i }
(3)
In Eq. (3), M is systematic mass matrix, K is stiffness matrix,  is time-invariant
eigenvector. The eigenvalue i is systematic natural frequency.
The modal analysis can be realized by the workbench module in ANSYS. The specific
steps are as follows:
(1) To construct 3D models and define material properties. The operation is the same
as that in section 3.2.
(2) To generate mesh. The smaller the mesh division is, the more accurate the solution is.
However, the corresponding workloads will be increased. Therefore, it is necessary to define
reasonably edge length for mesh under the premise in accuracy.
(3) To define boundary conditions. To set the boundary constraint conditions of the gear
transmission system, and it shall conform as closely as possible to reality.
(4) To simulate and solve. To select the modal order to solve, the first 6 order modes of
gear pair are set in this paper.
The finite element structures were solved by Eq. (3), and the results are shown in Table III.
The first vibrating model is shown in Fig. 4, and the others are omitted.
Table III: The first six order natural frequency of gear pair.
Order

Frequency (Hz)

1
2
3
4
5
6

507.34
769.1
882.65
1457.6
2186.7
2603
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Figure 4: The first order natural mode of vibration of gear pair.

3.4 Dynamic harmonic response analysis
Because the fluctuating law of the dynamic meshing force of the gear pair approximates to a
sinusoid function, the harmonic response and the vibration response of the gear transmission
system under the meshing shock excitation should be analysed. The harmonic response
analysis includes vibration displacement, vibration velocity and vibration acceleration. In the
analysis, the peak value and the corresponding frequency should be emphatically observed as
to avoid fatigue and resonance in gear transmission system design. The forced vibration
equation of undamped system is:
[M ]{a}  [ K ]{s}  {F}
(4)
In the equation, s is vibration displacement, a is vibration acceleration.
The excitation load of harmonic response can be expressed as:
Fi  Fi max sin(t  i )
(5)
In Eq. (5), Fimax is load amplitude,  is load frequency,  is load phase angle.
By using workbench, the structural harmonic response can be analysed. The main steps
are as follows:
(1) To import model and define material.
(2) To define the contact of gear pair.
(3) To generate mesh. The results of harmonic response analysis will be used for
simulation on the noise radiation, and the volume meshes will also be used to extract and
generate acoustic surface mesh. The acoustic radiation simulation requires more accurate
results. So the size of the acoustic mesh will be limited. The maximum edge length can’t
exceed 1/6 of the corresponding acoustic wavelength in the maximum scanning frequency
[17]. In the harmonic response analysis, the scanning frequency range fa is 100-2400 Hz, the
acoustic velocity va equals 340 m/s, so the corresponding acoustic wavelength in the
maximum scanning frequency is:
v
min  a  141.67mm
mm
(6)
fa
Then the maximum edge length of mesh element is:
1
mm
(7)
lmax  min  23.61mm
6
So, the edge length of mesh element is set to 16-20 mm. By Workbench, as the block of
model change sharply, the mesh block is finer, and as the block change smoothly, the mesh
block is bulkier.
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(4) To load and solve. Type of analysis is assigned as harmonic response. The specified
analysis options include the output form and the formation of the mass matrix for the solution.
According to the results of the dynamic meshing force in the previous section, the amplitude,
phase angle and frequency range of the load are assigned.
(5) To simulate and analyse. According to Eq. (4), the vibration response characteristics
are calculated and the frequency response curve is output (Fig. 5).

Figure 5: Frequency response curve of gear pair.

According to Fig. 5, the frequency response curve has a peak at frequency 500 Hz, and to
compare with the modal analysis results in the section 3.3, the peak–owes the 500 Hz is close
to the first order natural frequency 507.34 of gear pairs. However, there is no significant peak
near the subsequent order natural frequencies; it shows that the generated vibration of gear
transmission concentrated in the low frequency band. It is completely consistent with the
actual situation, in the meantime, the reliability of the model and method is verified.

4. TRANSMISSION NOISE ANALYSIS
The above dynamic characteristics analysis can provide boundary conditions for acoustic
noise analysis of gear transmission system.
4.1 Numerical computation method
To solving the acoustic radiation problem in unbounded sound field, if the whole model entity
is meshed by the finite element method, the computational complexity is often too high to
calculate. However, by the boundary element method based on Helmholtz boundary integral
equation, the acoustic radiation calculation can be accomplished by extracting the surface
mesh of the structure [18]. The expression is as follows:
p  [ Av (w)]T vn ( w)
(8)
In Eq. (8), p is sound pressure, Av(w) is acoustic transfer vector, vn(w) is the normal
velocity of vibration on structural surface unit.
Then, the normal velocity vn and sound pressure p at any point with a distance of r to the
origin in the acoustic radiation field of gear transmission system are satisfied as:
ne

p(ra )   Nie (ra )  a pi , ra ae

(9)

vn (ra )   Nie (ra )  avi , ra ae

(10)

i 1
ne

i 1

In Eqs. (9) and (10), ne is the number of nodes on the ae unit, api is sound pressure on the
e
boundary element nodes, avi is normal velocity on the unit nodes, N i is shape function of
unit.
The range of human hearing is very wide, so it is inconvenient to directly reflect the
strength of sound by using the sound intensity or sound pressure. For comparison purposes,
sound pressure is measured by logarithmic scale. Acoustic pressure level is defined as 20
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times the logarithm of the ratio of the effective sound pressure to the reference acoustic
pressure, i.e.,
p
Lp  20 lg 
(11)
pr
In Eq. (11), p is the measured sound pressure, pr is the reference acoustic pressure, and
usually pr = 2  10-5 Pa, it is the lowest sound pressure value can be perceived l kHz sound in
air by human ears.
Acoustic pressure level is nondimensional number, and it is generally in decibels (dB) for
easy use and good understanding.
4.2 Noise analysis based on boundary element method
The obtained results of the vibration response from the analysis in section 3 are imported into
the noise vibration analysis software LMS, and the noise can be simulated and predicted. The
main steps are shown as follows:
(1) To import related data. The material properties and mesh models of the gear pair are
imported. The finite element mesh model can be directly used as the structural mesh of the
acoustic boundary element model, and the acoustic boundary element surface mesh can be
obtained by extracting the envelope mesh of the gear surface. Additional, the previously
obtained *.rst file from Workbench's vibration response results can be imported into the
acoustic boundary element module of LMS's Virtual.Lab.
(2) To define the material properties and create sound field mesh. The sound field
medium is defined as the air fluid property, and the action of the field point is similar to the
acoustic sensor, where it needs to calculate the noise level [19]. The ISO standard spherical
mesh is created and centres on gear pairs (Fig. 6).

Figure 6: The sound field mesh.

(3) To transfer vibration response data. In Virtual.Lab, firstly, the data from the
harmonic response analysis must be transferred to the acoustic mesh by interpolation, then the
vibration response of the acoustic mesh can be excited. The volume mesh of the model has
much larger quantity than that of the acoustic boundary element mesh, so it is necessary to
map some elements on the volume mesh to the acoustic mesh node.
In this paper, 4 nodes interpolation is used, that is, the vibration response data of the 4
finite elements are mapped to the node E on the acoustic boundary element. Supposing that
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the distances between E and 4 points respectively are d1, d2, d3, d4, and corresponding
vibration velocities are respectively , the mapped velocity on E is:
v1 v2 v3 v4
  
d1 d 2 d3 d 4
vE 
(12)
1 1 1 1
  
d1 d 2 d3 d 4
(4) To simulate and analyse. In Virtual.Lab, acoustic boundary element method is chosen.
According to the Eq. (9), the acoustic pressure level nephogram of the radiation noise for gear
transmission in the ISO standard spherical sound field is obtained as Fig. 7.

Figure 7: Acoustic pressure level nephogram.

The distance is about 1 m from each point to the centre of the gear pair on the ISO
spherical acoustic field. Taking the positions of passengers are right above the gear pair into
consideration, in the sound field, as marked in Fig. 8, the four appropriate points is selected.
To check the sound pressure level at those points, and the corresponding sound pressure level
curves are plotted (Fig. 9).

Figure 8: Schematic diagram of selected points.
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Figure 9: Acoustic pressure level curve of points.

5. RESULTS
From the Fig. 9, the RMS value represents the root mean square of the acoustic pressure level
curve at the four points in the whole scanning frequency, that is, the sound is in the range of
the human ear at the four points. It can be seen that the detecting sound has a difference in
orientation, so the level of radiated noise will not be judged by the noise at a specific point.
In the paper, the sound power level will be solved for reflecting the radiated energy of the
sound source per unit time. Its expression is shown as follows:

W   c0 S
(13)
In Eq. (13), c0 is the speed of sound propagation, S is the area of acoustic diffusion
direction,  is sound energy density, and can be calculated as Eq. (14).
E 1
1
    0 (v 2 
p2 )
(14)
2
V0 2
2 0c0
Also for comparative purposes, the acoustic power level is defined as 10 times the
logarithm of the ratio of the acoustic power to the baseline value, i.e.,
W
L  10 lg
(15)
W0
In Eq. (15), the baseline value of acoustical power W0 is 10-12 W.
Through the acoustic pressure level curve (Fig. 9), according to the Eqs. (13) to (15), the
sound power level curve and its root mean square (RMS) can be obtained (as Fig. 10). From
Fig. 10, it can be seen that the corresponding RMS in the whole scanning frequency band is
114.44 dB.

Figure 10: Sound power curve.
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6. CONCLUSIONS
Through the simulation analysis on the dynamic mechanical properties and acoustic response
characteristics of the traction gear transmission system in high-speed train CRH380A, by
using of the finite element-boundary element method, the noise of the gear transmission
system is predicted which can provide reference for the optimization design and the
modification design of low noise gears in high-speed EMUs. The main conclusions are shown
as follows:
(1) Based on the parametric model of traction gear transmission system in high-speed
EMU, the dynamic characteristics are analysed, including dynamic meshing force, natural
vibration characteristics and dynamic vibration response. There is a close connection among
them. The analysis of dynamic meshing force reveals excitation sources for the vibration
response. By modal analysis, the natural frequencies and corresponding vibration modes can
be obtained, to provide a theoretical basis for judging the harmonic response analysis. The
research results show that the generated vibration is mainly concentrated in the middle and
low frequency band in the running process of the gears, and the peak value occurs around
500 Hz, which is just corresponding to the first order natural frequency.
(2) The vibration characteristic curve from harmonic response analysis, can establish
boundary conditions for solving the noise response in boundary element method. Using two
indexes of acoustic pressure level and sound power level respectively, and based on acoustic
simulation software Virtual.Lab, the noise of gear transmission system is predicted. The RMS
of sound power level of the traction gear in the whole scanning frequency band is 114.44 dB.
(3) In multiple stages, such as system modelling, dynamic analysis, vibration response
analysis and so on, for taking advantage of various simulation soft wares fully, it is necessary
to reasonably deal with the model compatibility and data transmission. This article provides a
new idea and method for noise prediction on the coupled acoustic-structure system.
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