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Abstract: The vibration data of the gearbox on a high-speed train was measured, and the vibration
characteristics were analyzed in this paper. The dynamic stress of the gearbox under the internal
and external excitation was examined by a railway vehicle dynamic model with a flexible gearbox
and a flexible wheelset. The ideal 20th polygonal wear was considered, and dynamic stresses of
the gearbox under different polygonal wear amplitudes were calculated. The gear transmission
model was established to study the dynamic stress of the gearbox under the influence of the time-
varying stiffness of the gear meshing. Based on the rigid—flexible coupling model, and considering
the influence of wheel polygonization, gear meshing time-varying stiffness, and wheelset elastic
deformation, the dynamic stress of the gearbox was investigated with consideration of the measured
polygonal wear and measured rail excitation. The results show that the dynamic stress of the gearbox
is dominated by the wheel polygonization. Moreover, not only the wheel polygonization excites the
resonance of the gearbox, but also the flexible deformation of the wheelset leads to the deformation of
the gearbox, which also increases the dynamic stress of the gearbox. Within the resonant bandwidth
of the frequency, the amplitude of the dynamic stresses in the gearbox will increase considerably
compared with the normal case.

Keywords: railway vehicle; rigid—flexible coupling; wheel polygonization; dynamic stress of gearbox;
vibration analysis

1. Introduction

As a critical component of a high-speed train mechanical traction drive system, the
primary function of the gearbox is to transmit the power of the motor to the wheelset. With
the increase in train operating speed, the mechanical performance of the train at high speed
is affected by various sources of excitation, such as the frequency range of vibration, which
is significantly higher than that of conventional trains. These sources of excitation were
not evident in low-speed trains in the past. Gearboxes of high-speed trains have been
working in very harsh conditions for a long time. The manufacturing of machinery and
equipment is more focused on high reliability and long service life [1-4]. Hence, it is of
great engineering significance to study the dynamic response of the gearbox under the
complicated internal and external excitation.

The high-speed train gearbox has special working environment in comparison with
gear transmission systems in machine tools, aviation, wind turbines, etc. [5-8]. The gear
wheel is fixed on the wheelset axle directly through interference fit, and the gearbox
housing is hinged with the wheelset axle through bearing; due to this installation method,
the vibration of the wheelset will be transferred to the gearbox directly. The wheelsets and
tracks of trains are made of steel. Due to manufacturing errors, installation errors, and
wear and tear, rigid shocks are generated between the wheels and tracks when the vehicle
is running, which is the main source of excitation for high-speed train gearboxes. As the
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mileage of high-speed trains increases, the uneven wear of the wheels in the circumferential
direction makes the wheel-rail impact more and more serious, which leads to a sharp
increase in the amplitude of the vibration of the gearbox. Figure 1 is a photograph of the
uneven wear that occurs in the wheels of high-speed trains, a phenomenon known as wheel
polygonal wear. Figure 2 shows the evolution trend of vibration acceleration of high-speed
train gearboxes with operating mileage obtained from long-term tracking tests.
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Figure 2. The evolution trend of vibration acceleration of high-speed train gearboxes with
operating mileage.

Vibration fatigue and reliability problems of mechanical systems have received a
great deal of attention from researchers [9-12]. A great deal of work has been done in
the field of railroad vehicles, which focuses on the effect of internal excitation sources on
gearboxes [13-16]. Previous studies [17-19] have shown that the wheel polygonization will
lead to a surge in vibration response of various components of the vehicle. Wu et al. [20,21]
used an intelligent algorithm to improve the accuracy of the gearbox model and stud-
ied the influence of harmonic traction torque on the vibration and stress of the gearbox.
Huang et al. [22] established a dynamic model of a high-speed train and a finite element
model of the gearbox housing and analyzed the influence of internal excitation (the periodic
variation of meshing stiffness) and external excitation (rail excitation, harmonic traction
torque). Wang et al. [23] established a multi-body dynamic model of a high-speed train
with flexible gearbox housing to investigate the influence of the wheel polygonization on
the dynamic response of the gearbox housing.

Gearbox excitation sources in high-speed trains can be divided into external sources
and internal sources. There are three external excitation sources according to the connection
between the other components and the gearbox, which are the wheelset, the motor, and
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the bogie frame [24,25]. It should be mentioned that the excitation from the bogie frame is
generated by another two excitation sources coupling. The internal excitation is caused by
the time-varying stiffness of the gear meshing [13]. It can be seen from the above analysis
that the gearbox on the railway vehicle is in a nonlinear system with multi-input and
high-frequency coupling.

In this paper, the finite element model of the gearbox was established to analyze
eigenmodes, and the multi-body dynamics model of the high-speed train was established
to calculate the dynamic response of the gearbox. The gearbox and the wheelset were
considered as flexible bodies, a rigid—flexible coupling model was established. Based on this
model, the excitation sources inside and outside the gearboxes were analyzed, respectively,
and the influence of each excitation source on the dynamic stress of the gearbox housing
was studied.

2. Modeling of High-Speed Train with Gear Transmission
2.1. Multibody System Dynamics Model

The typical high-speed train model of China was established in this study, as shown in
Figure 3, which is composed of a car body, two bogies, and four wheelsets. Each wheelset
is mounted with a traction motor and a gear transmission system. The detailed model
has been illustrated in Reference [20], and the total degrees of freedom of the train model
are listed in Table 1. The primary suspension parameters of the train are given in the
literature [17]. The dynamic model of the gear transmission system has been illustrated in
Reference [26]. The main design parameters of the gear transmission are listed in Table 2.
The multi-body dynamic model is established by Simpack. The formula of motion of the
multi-body dynamic model is as follows:

Mi+Ci+Kx=F )

where M, C, K are the mass matrix, the damping matrix, and the stiffness matrix, respec-
tively. X is the displacement vector and F is the vector of loads.

Table 1. Degrees of freedom for the railway vehicle.

Type of Motion
Vehicle Model . ; B .
Longitudinal = Horizontal Vertical Roll Yaw Pitch
Carbody X Y. Zc ¢c Pe Be
Bogie frame Xpi Ypi Zy; Poi Pbi Bri i=1~2
Wheelset Xui Yui Zyi Puwi Pui Buwi i=1~4
Stator Xoni Yo Zyi Pmi Pmi Brmi i=1~4
Rotor Bri i=1~4
Gear wheel Bpi i=1~4
Pinion wheel Bgi i=1~4
Gearbox housing Babi i=1~4
Table 2. Main design parameters of the gear transmissions.
Value
Specification
Pinion Gear
Tooth shape Involute Involute
Material Steel Steel
Normal module 6 mm 6 mm
Normal pressure angle 20° 20°
Dedendum diameter 222 mm 522 mm
Addendum diameter 195 mm 495 mm
Flank width 65 mm 65 mm

Number of teeth 35 85
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The wheel-rail contact force is evaluated by the Hertzian nonlinear contact theory,
which can be expressed as follows:

3
(%52,»0)) *if6Zi(t) > 0
0 if 6Z;(f) < 0

fi(t) = 2)

where G is the wheel-rail contact constant and 6Z;(t) is the elastic compression deformation
of the ith wheelset and rail at the contact point in the normal direction, as follows [17]:
0Zi(t) = Zwi(t) — Zr(xit) — Zoi(t) (i =1 ~ 4) ©)

where Z,,;(t) is the displacement of the ith wheelset, Z,(x;, t) is the rail displacement under
the ith wheelset, and Z;(t) is the track irregularity under the ith wheelset.

~  Carbody ~

Bogie
frame

- Wheelset

Pinion

Gear Motor Gearbox

Figure 3. Vehicle system dynamics model.

2.2. Finite Element Model

The gearbox finite element model was established to carry on the modal analysis,
as shown in Figure 4. Due to the complex structure of the gearbox, Abaqus was used to
build the finite element model of the gearbox. To accurately simulate the actual working
environment of the gearbox, the boundary conditions of the model were set as follows: the
gear and pinion wheel bearing bores of the gearbox are coupled to their respective center
points and constrained the translation in X,Y,Z-axis and the rotation in X,Z-axis around the
center of the gear bearing bore. The upper and lower planes of the bracket are coupled to
the same suspension point and connected with the mass of the bogie frame by a spring. The
mass of the bogie frame is connected with the foundation by a spring. The stiffness of each
spring is set in accordance with the actual stiffness of the connecting parts of the gearbox.
The wheelset does not have any degree of freedom constraints, so the free modality of the
wheelset is calculated directly.

The results of mode shapes and modal frequencies are shown in Figures 4 and 5. It
can be seen that there are two modal frequencies of the wheelset, which are 338 Hz and
381 Hz in the frequency band of 300~400 Hz; the gearbox housing has a 405 Hz mode in
the frequency band of 400~500 Hz; in the frequency band of 500~600 Hz, there is a 578 Hz
mode of the gearbox housing as well as a 591 Hz mode of the wheelset; the gearbox housing
has a 927 Hz mode near to the frequency of 900 Hz.
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Figure 5. Wheel set modality.

The flexible models of the gearbox housing and the wheelset were established by the
finite element method to evaluate the high-frequency response of the gearbox housing
induced by the wheel polygonization. The detailed method used to describe the flexible
body in the multi-body dynamic model refers to [27-29]. The stress of gearbox housing can
be calculated by the modal stress recovery method [30-32].

2.3. Model Verification with Measured Data

A line test was conducted on a high-speed train gearbox in China to study the vibration
characteristics of the gearbox of the high-speed train. The B&K vibration transducers were
used to measure the vibration acceleration of the gearbox and the axle box on the wheelset.
The signals of each measurement point were continuously collected by the eDAQ data
recording system as shown in Figure 6, which can ensure the authenticity of the sampled
data; the test system has high accuracy, fast dynamic response, and can achieve continuous
sampling throughout the test, thus ensuring the completeness of the test data. The data
sampling frequency in the test is 10 kHz. Points 1 and 2, respectively, measured the vertical
and the lateral vibration acceleration of the gearbox. Point 3 measured the vertical vibration
acceleration of the axle box on the wheelset.
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Figure 6. Measuring points of gearbox and axle box.

The above system was used to measure the vibration acceleration in both directions of
the gearbox and the axle box on the wheelset during the whole operation of the traction—
uniform-braking of the high-speed train. The vertical vibration acceleration of the axle
box and gearbox at the speed of 300 km/h is as shown in Figure 7. The vibration accel-
eration amplitude reaches a maximum of 600 m/ s2, and the RMS value is 63.6 m/s2. We
performed a fast Fourier transformation (FFT) on the vibration acceleration signal to obtain
the frequency spectrum characteristics of the vibration acceleration of gearbox and axle
box, as shown in Figure 8. It can be seen from the spectrum diagram that there are multiple
main frequency vibrations in the axle box and gearbox. Since the wheel radius is 0.434 m, it
is calculated that 30.6 Hz is the wheelset rotation frequency when the train is running at the
speed of 300 km/h; this was to more intuitively express the main frequency of the vibration
in the frequency spectrum chart, so that the frequency of the wheelset is presented as f,
so another main frequency can be expressed as multiples of f. According to the spectrum
diagram, it can be analyzed that there are obvious 1st order polygonal wear and 17th-19th
order polygonal wears of the wheelset.
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Figure 7. Vibration of gearbox and axle box.
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Figure 8. Spectrum of gearbox and axle box.
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Comparing the vibration components of the axle box and gearbox at each main
frequency in the frequency domain, it can be seen that the vibration of the axle box is
greater than that of the gearbox at f and 17~19 f, while the vibration of the gear box is
greater than that of the axle box at the gear meshing frequency. This is because the gear
mesh is the internal excitation of the gearbox, the vibration energy at this frequency is
generated by the gearbox and transferred to the axle box through the wheelset, while the
vibration energy at the other vibration main frequencies is generated by the wheel-rail
contact and transferred to the gearbox through the wheelset.

The short-time Fourier transform (STFT) was performed on the vertical vibration
acceleration of the gearbox to verify the above analysis. It can be seen from Figure 9 that
during the traction condition of the train, the main vibration frequency of the gearbox
increases with the increase in speed. At the constant speed of 300 km /h, the main frequency
of the vibration of the gearbox remains unchanged, and then in the braking condition, the
main frequency of vibration decreases with speed. At the constant speed of 300 km/h, the
interval between the main frequencies of each vibration is 30.6 Hz, which indicates that
these main frequencies are caused by the polygonal wear of wheels.

2soof (T T\ P i ol i gk ai " [ — 8.0
/,“ 1&
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Figure 9. STFT of the vibration acceleration of gearbox in the frequency range of (a) 0~2500 Hz
(b) 0~1000 Hz.

In addition, even if the vehicle operates speed changes, which means the excitation
frequency also changes, the amplitudes of the vibration acceleration of the gearbox in the
frequency range of 300~400 Hz, 400~500 Hz, around 600 Hz, and 800~900 Hz are still
obvious in the whole traction-constant speed-braking operation. The modalities of the
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wheelset or the gearbox in these several frequency ranges are described. The resonance is
caused by the superposition of the structural modal frequency and the excitation frequency
caused by the polygonal wear of wheels. Due to the limitation of test conditions, the modal
test of the gearbox is not performed for the time being.

During traction acceleration, the gearbox has a major vibration frequency that varies
with speed, which is caused by gear meshing. The vibration energy concentration near
frequencies up to 1800 Hz and 2400 Hz indicates that the gearbox shows a resonance
phenomenon at this time. However, these two excitation frequencies are only transiently
present, and the resonance disappears when the vehicle is running at a constant speed. It
is necessary to focus on the fact that the resonance phenomenon at 500~600 Hz (17~19 f)
has been existing in the constant speed operation phase, which indicates that the excitation
frequency has existed for a long time; moreover, combined with the characteristics of the
change of the excitation frequency with speed in the traction and braking phases, it can be
identified as the excitation of wheel polygon wear.

Therefore, in the comparison of Figure 9 with Figures 4 and 5, it can be inferred that
the vibration in the frequency range of 300~400 Hz in Figure 9 is due to the wheel-rail
impact excitation causing the wheelset to resonate with the mode of 338 Hz, which results
in an increase in the vertical vibration acceleration amplitude of the gearbox. The vibration
in other frequency ranges is caused by the gearbox and wheelset coupling together.

3. Influence of Ideal Excitations on Dynamic Response of Gearbox Housing

Due to the connection relationship between the gearbox and wheel pair of high-speed
trains, the gearbox vibration and wheel pair vibration are coupled with each other. In this
section, the vibration and stress response of the gearbox is calculated by using the rigid—
flexible coupling dynamics model of high-speed trains for three factors: wheel polygon,
gearbox traction torque, and wheelset elastic deformation, respectively. The simulation
parameters are set as shown in Table 3.

Table 3. Simulation parameters.

Value Unit
Sample frequency 10,000 Hz
Order of the wheel 20
polygonization
Wheel rolling circle radius 0.43 m

3.1. Effect of Wheel Polygonization

According to measurement on the wheel polygonization, it can be concluded that the
20th order of the wheel polygonization dominates in most of the wheels of the high-speed
train [17]. In order to study the effect of the wheel polygonization on the dynamic stress of
the gearbox housing, the ideal 20th order wheel polygonization shown in Figure 10 was
considered in the rigid—flexible coupling model of the multi-body system, while the wheel
polygons on the left and right sides of the wheelset in the model were considered in the
same phase of wear. The amplitudes of both wheels’ polygonal wear were 0.01 mm. The
wheelset was considered as a rigid body and the traction torque of the gearbox set to 0 Nm.

Figure 11 shows the relationship between the wheel-rail contact force and the running
speed of the high-speed train. When the velocity is in the range of 100~360 km /h, with the
increase in speed, the wheel-rail normal force amplitude at the main frequency shows a
parabolic trend, reaching the peak value at the 360 km/h speed. Nevertheless, when the
running speed is higher than 360 km/h, the amplitude of the main frequency decreases
gradually while the speed increases. The reason for this phenomenon is that the wheel-rail
system has an eigenmode around 750 Hz, and when the excitation frequency of the wheel
polygonization is coupled with the eigenfrequency, the resulting wheel-rail impact energy
reaches its peak.
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Figure 11. The relationship between the wheel-rail force and the running speed under 20th
wheel wear.

The spectrum analysis of the vertical vibrate acceleration at each speed level is shown
in Figure 12. With the increase in the running speed, the excitation caused by the wheel
polygonization leads to an increase in the vertical vibration acceleration of the gearbox.
However, unlike the wheel-rail force law, the amplitude of the gearbox vibration suddenly
increases in the two speed ranges around 200 km/h and 280 km/h. According to the
running speed and wheel radius, the 20th wheel polygonal wear excitation frequency is
calculated to be 411 Hz and 576 Hz at speeds of 200 km/h and 280 km/h, respectively,
which is in the resonance range of the gearbox eigenfrequencies (405 Hz and 578 Hz) in
Section 2.2. It indicates that the gearbox is resonating in these speed ranges and causing
abnormal vibration acceleration. When the speed exceeds 360 km/h, the wheel-rail force
decreases with increasing speed in Figure 11. Nevertheless, the vibration acceleration of the
gearbox increases with speed, which is also an abnormal vibration caused by the resonance
of the gearbox, since the gearbox has an eigenfrequency of 927 Hz.
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Figure 12. The vertical vibration acceleration of gearbox housing under 20th wheel wear.

As shown in Figure 13, dynamic stress and vibration acceleration have the same
frequency domain characteristics and reach the peak at 411 Hz and 576 Hz due to resonance.
This shows that when the high-speed train wheel polygon wear causes modal resonance of
the gearbox, the dynamic stress of the gearbox will increase sharply. If it is operated under
the wheel polygon wear condition for a long time, it will lead to the acceleration of fatigue
damage accumulation in the gearbox.

Gearbox resonance region
resonance area

Frequency(Hz) 200
Figure 13. The dynamic stress of the gearbox housing under 20th order wheel wear.

With the continuous increase in the vehicle operating mileage, the wear on the wheel
will also increase. In order to study the influence of the polygonal wear amplitude of the
wheel on the dynamic stress of the gearbox, the dynamic stress of the gearbox is calculated
when the vehicle runs at the speed of 280 km/h under the condition that the amplitude of
the 20th order polygonal wear amplitude range from 0.01 mm to 0.08 mm. It can be seen
from Figure 14 that the maximum and average values of dynamic stresses in the gearbox
increase as the polygon amplitude increases. When the amplitude of wheel polygon wear
increases from 0.01 mm to 0.08 mm, the maximum stress amplitude increases by 50 times
and the average stress increases by 2.5 times. At present, the formation mechanism of
wheel polygon wear is not clear. According to the theory related to structural failure
degradation, it is known that in order to slow down the process of structural fatigue
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damage accumulation, the deterioration of wheel polygon wear should be controlled by
wheel turning in a timely manner [33-35].

Normal stress Z(Pa)

Figure 14. Dynamic stress of gearbox housing with the amplitude of 20th wheel wear.

10"
—
6 Maximum dynamic stress amplitude
10 Average stress E
105 F
104 L L | L L L
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20th order polygonal wear amplitude(mm)

3.2. Effect of Traction Torque

In order to study the effect of traction torque on the dynamic stress of the gearbox,
vehicle dynamics models with and without gearing were developed separately. The
simulation parameters are as follows: the 20th order polygon wear amplitude is 0.01 mm,
the vehicle speed is 280 km/h, the traction torque of the gearbox is 800 Nm, and the
wheelset is considered as a rigid body. The dynamic stress of the oil surface observation
hole of the gearbox is shown in Figure 15.

z-axis stress(Pa)
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Figure 15. Effect of gear meshing on the stress of the gearbox housing.
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It can be seen that the mean value of dynamic stress of gearbox is 27,000 Pa considering
the effect of time-varying stiffness of gear transmission, fluctuating within the range of
—80,000~100,000 Pa. As a comparison, the average stress in the gearbox without consider-
ing the gear meshing condition is 19 Pa, and the stress value fluctuates from —40,000 to
40,000 Pa.

The spectra of both situations are compared in Figure 16. From the figure, it can be seen
that the gearbox stress spectrum contains more harmonic components when considering
gearing conditions. In the low frequency band, f; and f, and their multiples appear,
where f; and f; represent the active and passive wheel rotation frequencies of the gearbox,
respectively, and the main frequency of gear meshing and the side frequency band appear
at 2500 Hz. In addition, the stress amplitude at f; and the main frequency of the wheel
polygon increases significantly. It follows that when the gearbox has torque input, the
time-varying excitation of the gear mesh stiffness and the wheel polygon excitation of the
wheel track are coupled with each other, and the effect on the gearbox stress is not just a
simple superposition of the stress response under the two excitations.

4
310 , :
with gear transmission

251 without gear transmission | -|
. 2F f2 Wheel polygon frequency 1
@ Vs
o
F / 2f
» 1.5 2 4
o £
2 of

1 Gear mesh frequency
0.5 N

0 “ sl N I AT 1 u.l;
0 500 1000 1500 2000 2500
Frequency(Hz)

Figure 16. Spectra of the stress of the gearbox housing considering gear transmission.

3.3. Effect of the Elastic Deformation of the Wheelset

Based on the parameter settings in Section 3.2, the wheelset was considered as a
flexible body in this section for simulation to study the influence of the elastic deformation
of the wheelset on the dynamic stress of the gearbox housing. In the comparison of the
dynamic stress of the gearbox housing with the elastic wheelset and that with the rigid
wheelset, Figure 17 indicates that the maximum dynamic stress of the gearbox housing
with the flexible wheelset reaches 367,194 Pa, while the maximum of the dynamic stress
of the gearbox housing with the rigid wheelset is 114,489 Pa. The maximum dynamic
stress of the gearbox housing with the wheelset deformation is three times larger than that
without the elastic deformation of the wheelset. The dynamic stress of the gearbox housing
with flexible wheelset shows the waveform with a period of 0.034 s, which is exactly the
wheelset’s rotation period at 280 km/h.

The spectral analysis of the gearbox stresses under the flexible and rigid wheel pairs is
shown in Figure 18. Compared with the rigid wheel pair, the gearbox stresses appear more
abundant in harmonic components, such as 4 f; and 6 f;, in the low frequency band, after
considering the wheel pair flexibility. Additionally, the stress amplitude of the original
harmonic components, such as f, f,, 2 f;, and 2 £, increases significantly, and the same
phenomenon also appears at the wheel polygon band and the gear mesh band. It indicates
that the three factors of wheel pair elastic deformation, traction torque, and wheel polygon
present a more complex coupling phenomenon in the gearbox.
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Figure 17. Effect of wheelset elastic deformation on dynamic stress of gearbox.
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Figure 18. Spectra of the stress of the gearbox housing considering gear transmission.

4. Actual Excitations Comprehensive Simulation

In the actual operation of the vehicle, the wear of the left and right wheels are different,
and the left and right sides of the rail have vertical irregularities. Therefore, real wheel
profiles on the left and right side of a wheelset are measured by the ®DS measurement
instrument with the uncertainty of 0.05%. The wear of the left and right wheels on the
circumference is shown in Figure 19. Figure 19a,b indicate the wheel polygonization in the
polar coordinate system, Figure 19¢,d indicate the irregularity spectrum of polygonal wear.
A real track vertical irregularity was adopted as shown in Figure 20. The traction torque
and the wheelset elastic deformation are also considered when calculating the dynamic
stress of gearbox housing.



Appl. Sci. 2022,12,712

14 of 17

Left wheel 90
- 120

=
1=
5

e

=)

S
T

(b

90

Right wheel
0.05 120

£

) £

] =4

s =

g L

E 150 20T 150

g E

§-0.05 $-005F

= =

= =

= =

s -0.10 80 0 ‘3 -0.10 {180

g e

2005 005}

g z

z 210 330 E 210

E 000f T 000f

2 z

E E

< 005 < oost

270 270
(€) 39 . (d) 30 r
Teft wheel Right whecl
20} 0t . ]
.
E of . 2 1w % . _/,A 1
NN 7, EA P N e
?f \ /')\-j E \/ N\ \'\f“"-\
E : \V

R-T & - ./'\/ S -of 1

=20 H B 20k .

-30 . " -30

20 25 3

5

10 15

Order of polygonal wear

0

' " N
) 5 10 15

N '
20 25 30

Order of polygonal wear

Figure 19. Measured wheel polygonal wear.(a) left wheel (b) right wheel in the polar coordinate
system; the irregularity spectrum of (c) left wheel (d) right wheel.

10 T T T T T T
€ leftrail
1S right rail
= 5k il
= ) \
3 I ,
> i | Al | ) w\ t , | %
o ! I ! 1. “
; 0 q‘ -" “\ | I‘ I A ‘ " i I | .“ l J 1 | y ‘ ‘ ‘ |
8 ‘ ﬁ '\ | 11 iyl i Ll ]
© i | |
9 ' VY ) A i ” | |
b= I ! \ U 1‘
2 | [ '
< 5T !
s}
o
'_

_10 | | | | | | | | |

0 100 200 300 400 500 600 700 800 900 1000

Distance(m)

Figure 20. Track vertical irregularity.

Since the position of the gearbox is closer to the right wheel in the Y-direction, the
right wheel has a greater influence on the vibration of the gearbox housing than the left
wheel. Hence, the irregularity of the right wheel is used to compare with the spectrum of
the vertical vibration acceleration of the gearbox. As shown in Figure 21, there are multiple
dominant vibration frequencies in the vertical vibration acceleration of the gearbox that
differ by 29 Hz, which is the wheelset rotational frequency when the vehicle is running
at 280 km/h. Each vibration frequency can correspond to a certain order of the wheel
polygonization, and the amplitude of the main vibration frequency is consistent with the
distribution of the irregularity of the wheel polygonization. The simulation results of the
vibration characteristics of the transmission case agree with the experimental results in
Section 2.3, indicating that the simulation of the transmission vibration characteristics,
based on the vehicle dynamics model established in this paper, has sufficient accuracy.
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Figure 21. Gearbox vertical vibration acceleration.

Figure 22 shows the calculation results of the dynamic stress of the gearbox at
280 km/h. In the time domain diagram, the maximum stress in the Z-axis direction of the
gearbox reaches 1.3 MPa. It can be seen from the frequency spectrum diagram that the
primary frequency distribution of the dynamic stress and the vibration acceleration of the
gearbox is basically the same, and a primary frequency occurs every 29 Hz. In the stress
spectrum, the main frequency of 144 Hz is obvious. After calculating the eigenvalues of the
railway vehicle system, it is found that 144 Hz is the eigenfrequency of the wheelset roll
mode, and it is also the excitation frequency of the 5th wheel polygonization at a speed of
280 km/h. As a result, the rolling motion of the wheelset was stimulated. There is only one
degree of freedom of rotation about the Y-axis between the gearbox and the wheelset, so
that the gearbox is torsionally deformed when the wheelset rolls around the Y-axis, which
increases the local gearbox stress.
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Figure 22. Gearbox dynamic stress.
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5. Conclusions

This paper analyzes the vibration acceleration data of the measured gearbox, di-
vides the main frequencies of the gearbox vibration according to the forced vibration and
resonance characteristics, and investigates the causes of each main frequency vibration.
Considering the impact of the three excitation sources—which are the polygonal wear of
wheel, the elastic deformation of the wheelset, and the time-variable meshing stiffness—on
the vibration of the gearbox, the following conclusions can be drawn:

(1) The gearbox is constrained to the wheelset by a bearing. There is only a single degree
of freedom about the Y-axis rotation between the two structures. Therefore, when
studying the vibration of the gearbox and calculating the dynamic stress, the wheelset
elastic deformation and the wheelset roll motion should be considered. Moreover, due
to the traction torque, the gears of the gearbox mesh closely with each other, further
strengthening the coupling relationship between the wheel pair and the gearbox.

(2) There is multi-order of the wheel polygonization, so the excitation caused by the
polygonal wear of the wheel is also a wide-band excitation. Not only the 20th order
wheel polygon wear excitation will increase the stress caused by the resonance of
the gearbox, but also the 5th order polygonal wear of the wheel, which causes the
wheelset roll motion to lead to a significant increase in the local stress of the gearbox.
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