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The traction drive system of a high-speed train is the key subsystem of a high-speed train, which controls the driving and braking
of the train through electromechanical coupling, and determines the running speed, power quality, and comfort of the train. The
traction drive system is subjected to many internal and external excitation sources and frequency bandwidth, and the dynamic
response and dynamic characteristics of the system are extremely complex. The results of the traction motor field vibration test
showed that 100 Hz vibration frequency occurred during traction and braking of high-speed trains when the inverter output
voltage frequency was close to 100 Hz, and its vibration amplitude was higher than other frequency bands. When traction power
was cut-off, the 100 Hz frequency was not significant. Through simulation analysis of fatigue damage, it was found that 100 Hz
DC-link voltage pulsation would aggravate the fatigue damage of the motor hanger. The line vibration test and bench test of the
gearbox showed that there was a natural frequency of the gearbox at about 2500 Hz, when the meshing frequency was close to it.

Thus, the resonance characteristic became significant.

1. Introduction

As an important development direction of China’s railway
transportation, the high-speed train is of great significance to
the nation’s development and social progress. As one of the
core components of a high-speed train, the traction drive
system is used to convert electrical energy into mechanical
energy to drive the train and convert mechanical energy into
electrical energy to feed back to the power grid during train
braking [1]. The traction drive system as shown in Figure 1 is
mainly composed of a traction transformer, traction con-
verter, traction motor, and mechanical drive system. The
pantograph receives single-phase AC from the catenary and
transmits it to the traction transformer. The single-phase
alternating current is input to the pulse rectifier after being
depressurized by the traction transformer. The pulse rectifier
rectifies the single-phase AC into DC voltage and inputs it to
the traction inverter. The inverter then outputs a three-phase
AC with controllable frequency to supply the three-phase

asynchronous traction motor, which converts electric energy
into mechanical energy, and then drives the train through
the gear transmission system [2].

The traction drive system determines the running speed
and traction force of a high-speed train [3]. The speed and
torque of the traction motor could be regulated by the
variable frequency and amplitude AC, that is, the output of
the electrical system [4]. The output end of the motor could
be connected to the reduction gearbox through coupling.
The pinion of the gearbox is the torque input end, which
could transmit the torque to the big gear on the wheelset
through gear meshing, so as to change the high speed and
small torque output by the traction motor into low speed and
large torque, and then drive the bogie of the train. During
train operation, there are abundant internal and external
excitations such as electrical system harmonics, wheel-rail
excitation, and gear meshing [5, 6], which directly or in-
directly affect the vibration characteristics of traction drive
system components.
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FIGURE 1: Schematic diagram of traction drive system for a high-speed train.

A high-speed train traction drive system has a complex
transmission structure, rich nonlinear factors and internal
excitation, and complex external excitation of high-speed
trains [7-9]. The structural components of the traction drive
system could usually work under high-frequency vibration
conditions and bear periodic loads [10]. So, special attention
should be paid to its vibration control and structural re-
liability. The high-speed trains running in China have the
characteristics of long-running mileage, high use density,
many long and short routes, large differences in regional
climatic conditions, and complex environments along the
high-speed railway [11]. When the train is running at high
speed, complex random external excitation would be im-
posed on the traction drive system due to the coupling effects
of wheel irregularity, tread scratch, peeling, welded joints on
the rail surface, wave wear, and other irregularities, as well as
the suspension characteristics of the bogie of the vehicle [12].
During the meshing process of the transmission gear of the
traction gearbox, pitting corrosion, wear, contact fatigue,
and fracture often occur due to alternating internal load,
vibration, and shock on the gearbox [13].

With the large operation frequency of high-speed trains
and the sharp increase in running mileage, and the in-
tensification of wheel wear, the reliability problems of the
traction drive system appeared gradually. The dynamic re-
sponse and dynamic characteristics [1, 12, 14, 15] of the
traction drive system could be extremely complex due to
many excitation sources, frequency bandwidth, and strong
coupling characteristics between external variable load ex-
citation [16] and internal incentive and flexible supports. The
internal excitation of the traction drive system mainly in-
cludes multiple pairs of meshing pair variable stiffness ex-
citation, meshing error, and motor output torque ripple.
Wang et al. [4] revealed the influence of high-frequency
vibration caused by the harmonic torque of the traction
motor on the bogie of rail vehicles. The influence of the time-
varying stiffness of meshing teeth pairs and the gear
transmission error as internal excitation of the traction
system on the bogie of the high-speed train was analyzed by

Huang et al. [9] through simulation and test, which did not
consider the internal excitation caused by oscillation of the
traction electric system. The fatigue problem of bogie caused
by electrical system fluctuation was studied by Mao etal. [17]
and Wu et al. [18]. Overall, the analysis of the impact of
electrical signals in the traction system on the mechanical
components of the transmission system mainly focuses on
the impact of the pulsating torque formed by harmonics in
the traction motor, which are generated by the PWM in-
verter. There are also a few simulation studies on the impact
of 100 Hz beat frequency on the mechanical components of
the transmission system, but there is a lack of complete data
obtained through field tests to study the impact of 100 Hz
beat frequency on the traction motor hanger. In this work,
the vibration characteristics of traction drive system com-
ponents could be analyzed through field tests and simula-
tion. It is helpful for the innovative design and dynamic
performance optimization of high-speed train traction drive
systems under multisource excitation, as well as for the safe
and reliable operation of the system.

2. Vibration Characteristics of Traction Motor

Due to the inherent characteristics of single-phase pulse
rectifiers in high-speed railways, the intermediate DC
voltage contains a beat frequency component which is twice
the size of grid side frequency. The beat frequency com-
ponent is transmitted to the traction motor through the
inverter, resulting in beat frequency phenomena such as
motor current and electromagnetic torque fluctuation, and
abnormal vibration of the motor. According to the equiv-
alent mathematical model of a traction rectifier, its input
power is

P, =UJIcos(¢) + U, cos(2wgt + ). (1)

The output power is

d
P, =Ugl; + chdc%, (2)

out
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where U is the effective value of grid side voltage, I, is the
effective value of grid side current, w, is the grid side angle
frequency, ¢ is the phase angle of grid side current lead
voltage, U, is the average value of DC side output voltage,
ug. is the fluctuation value of DC side output voltage, and I;
is the average value of load current.

By ignoring the loss of rectifier power devices and the
equivalent impedance of transformer’s secondary side, the
output power is equal to the input power, and the DC side
voltage ripple component could be obtained as follows:

I sinQwt + ¢)

Hae = 20,C cos(¢) 3)

According to equation (3), the fluctuation frequency of
pulsating voltage on the DC side is twice the electric

1 o0
Uyo = udc(sv - 5) =Ugc z Ay cos k(wnt + ¢v) +

k=odd

The output phase voltage of the traction inverter could
have an odd harmonic component caused by the steady-state
component of DC voltage and a harmonic component
caused by the beat frequency component. Since the co-
efficient A, is inversely proportional to kw,, that is, the
higher the number of times of the beat frequency voltage
component, the smaller the amplitude of the beat frequency
voltage component. Therefore, the amplitude of the beat

3n

Ty =571y E; cos (205t — ¢g) +

:2711

where f, is the fundamental voltage frequency of the motor
stator, n, is the number of pole pairs, E, is the electromotive
force induced by the motor, and I,,, is the reduction value
of rotor current at an angular frequency of 2w, + w,
components.

In the AC-DC-AC traction drive system, the beat fre-
quency component with angular frequency 2w, + w,, of the
DC-link is inevitable. When the output voltage frequency of
the inverter is close to 100 Hz, the amplitude of the pulsating
torque is the highest. In the design of the traction drive
system, two solutions are used to solve this problem, i.e.,
hardware filtering in parallel with LC series connection
components in the DC-link or software filtering. However, if
the filtering fails, the harmonic pulsation torque of the motor
would increase, and transmission occurs through the me-
chanical transmission system to cause the motor suspension
fatigue damage.

As the key equipment of the high-speed train, the traction
motor completes the conversion of electrical energy and
mechanical energy in the process of traction and braking, its
operation performance directly affects the performance of the
train. The vibration problem of traction motor [17] during

frequency on the grid side, 1ie, 100Hz. Let
AU, =1;2w,C;cos(¢), and the actual value of DC side
voltage could be rewritten as

Uge = Uge + AU g sin 2w t + ¢). (4)

Assuming that all switching devices of traction inverters
are ideal switches, the switching function could be defined as
[ee]

1
S,()==+ Y Aycosk(wt+¢,) (v=abe), (5
2 k=odd

where ¢, =0, ¢, = -27/3, ¢.=2n/3, w, is the angular
frequency of the output voltage of traction inverter.
The output phase voltage of the traction inverter is

AUs &
ch Z Aysin[(2wg + kw, )t + ¢ + k¢, ]. (6)
k=odd

frequency voltage component with angular frequency
2w, + w, is the largest.

The beat frequency current in the traction motor is
induced by the voltage beat frequency component of the
traction inverter, and the beat frequency component vi-
bration torque with angular frequency 2w, + w,, is formed as
follows:

3n

—2 L,4_E, cos 2wyt + 7 — ¢y), (7)
1

2nf

operation would have an adverse impact on the service life of
the motor. The traction motor is suspended on the frame
through the motor hanger, as shown in Figure 2(a), so the
motor hanger would be affected by torque pulsation of the
traction motor. The motor hanger and traction motor are
shown in Figure 2(b). If the motor vibration amplitude is too
large, vibration fatigue may occur at the welding position of
the motor hanger, as shown in the red circle in Figure 2(c).
Internal excitations such as harmonic torque output by the
traction motor and meshing of the gearbox would cause
motor vibration and would transmit it to the motor hanger.
The external excitation of the wheel-rail is transmitted to the
frame through the primary suspension and then to the motor
hanger and traction motor [19, 20].

The motor of the EMU is suspended on the frame
through the leaf spring structure, which is an important part
of the traction transmission system. In order to improve the
safety of the leaf spring suspension structure, the field test
research of the motor hanger was carried out. Through the
field test, the vibration characteristics of the transmission
system of the vehicle were examined. The distribution of the
test points is shown in Figures 3 and 4.
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FIGURE 2: Structure of the traction motor suspension system for high-speed train: (a) motor hanger, frame, and traction motor, (b) motor
hanger and traction motor, and (c) motor hanger.
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FIGURE 4: The layout of measuring points for the traction motor test.

The large and small gears in the gearbox would produce fo=Fu*n,
meshing frequency in the meshing process. During the 8)
operation of a high-speed train, the meshing frequency v _
would increase with the increase in speed. The gear meshing fur= 2nr fur = fur*a

frequency of the gearbox of high-speed trains is as follows:
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where f, is the gear rotation frequency, Hz; f, is the large
gear rotation frequency, Hz; f,, is the pinion rotation
frequency, Hz; v is the train running speed, m/s; r is the
wheel radius, 0.46 m; », is the number of gear teeth; and a is
the gear ratio, 85:35.

During the uniform motion of the train, small fluc-
tuations in speed are inevitable, as well as some errors
during gear operation. Therefore, the meshing frequency
band was selected for data analysis, rather than a certain
meshing frequency value. According to the calculation of
the number of teeth of the large and small gears of the
gearbox, the gear meshing frequency band was between
2400 Hz and 2600 Hz when running at 300 km/h and the
gear meshing frequency band was between 1600 Hz and
1700 Hz when running at 200 km/h. The time-frequency
analysis of motor vibration under three operation con-
ditions of 300km/h, 200km/h traction cut-off, and
200km/h was performed. The results showed that the
contribution of meshing frequency to the vibration
components of the motor was not significant. During
traction and braking, there was a remarkable vibration
frequency of 100 Hz in the vibration components of the
traction motor when the inverter output voltage frequency
was close to 100 Hz.

As shown in Figure 5(a), there was little significant
vibration frequency between 2400 Hz and 2600 Hz. The
vibration frequency amplitude was very small and had
little impact on the transmission system. In the 0-200 Hz
frequency band, it could be observed from Figure 5(b) that
there is a very prominent vibration frequency of 100 Hz
under the traction condition. In the whole train operation
process of traction-constant speed-braking, a 100 Hz vi-
bration frequency always existed. However, under trac-
tion conditions, when the speed was from 148 km/h to
194 km/h, the 100 Hz vibration frequency was very sig-
nificant, and the vibration amplitude was far greater than
that of other frequency bands. It showed that 100 Hz
vibration frequency had a great impact on motor vibra-
tion, which may aggravate the fatigue damage of motor
hangers.

It could be seen from Figure 6(a) that the color of the
time-frequency diagram of motor vibration was green, the
vibration amplitude was very small, and the meshing
frequency was not significant. It could be seen from the
time-frequency diagram of 200km/h traction cut-off as
shown in Figure 6(b) that the amplitude of vibration fre-
quency below 15 Hz was greater than that of other vibration
frequency bands. It indicated that the rigid body motion of
the motor was relatively significant in this condition.
Compared with Figure 7(b), the 100 Hz vibration frequency
basically did not exist during traction cut-off, indicating
that 100 Hz was a torque ripple caused by electrical signals.
It showed that the 100 Hz vibration frequency was trans-
mitted by the electrical system, causing abnormal vibration
of the motor.

From Figure 7, it could be seen that in the whole 200 km/
h constant speed operation process, the vibration frequency
amplitude between 1600Hz and 1750Hz was relatively
small, and the meshing frequency was not prominent. It

could be seen from Figure 7(b) that the 100 Hz vibration
frequency always existed during the whole operation of the
high-speed train. It was worth noting that for a period of
time in the process of traction and braking, the 100 Hz
vibration frequency was very significant, the vibration
amplitude was very large, and the amplitude of the 100 Hz
vibration frequency under traction conditions was larger
than that under braking conditions. Compared with
Figure 5(b), under traction conditions, the amplitude of
100 Hz vibration frequency at 300 km/h was larger than that
at 200 km/h.

Through comparative analysis of the abovementioned
three operating conditions, it can be seen that the meshing
frequency of the gear system has little effect on the vertical
vibration of the motor. The 100 Hz vibration frequency is
the vibration caused by the actual electrical signal during
the operation of high-speed trains, which is most severe
when the inverter output voltage frequency is close to
100 Hz. Based on previous theoretical analysis, this 100 Hz
is the beat frequency component that exists after rectifi-
cation in the traction transmission system and is filtered
and processed by the DC-link. However, a significant
100 Hz vibration appeared in the vertical vibration of the
traction motor field test data, indicating that the filtering
effect of the DC-link may not be ideal and requires at-
tention, otherwise it may cause fatigue damage to the motor
hanger.

The time domain diagram of vibration acceleration and
stress for traction motor as shown in Figure 8 was obtained
after 100 Hz filtering. It could be seen from the diagram that
the variation trend of stress and acceleration with time was
consistent, indicating that the stress and vibration of the
100 Hz component could correspond to each other.

As shown in Figure 9(a), the three vibration frequencies
were prominent, which were the fundamental component f,
and two harmonic components f; + 2f,,.; and f; — 2f,,.. Based
on the motor control theory, the operation speed of the high-
speed train is controlled by the fundamental frequency f.
The other two components are current harmonics caused by
the pulsating component of the 2f, . frequency of the DC-
link. It could be seen that as the fundamental frequency of
the current f; approaches the DC voltage pulsation frequency
2fyer» the current component of the two harmonic fre-
quencies becomes significant. From Figure 9(b), we could
observe the two vibration frequencies, 2f,., and 4f,, for the
entire acceleration-uniform-deceleration process. It could be
found from Figure 9 that the harmonic component of the
motor electromagnetic torque was most pronounced when
the fundamental frequency of the current f; was close to the
DC voltage pulsation frequency 2f,,..

The rain-flow counted history of the dynamic stress
could be presented in a cumulative exceedance diagram as
shown in Figure 10. The overall trend showed that the stress
amplitudes in the two datasets differ by two orders of
magnitude. Based on the statistics, the fatigue damages of the
motor hanger in two situations were calculated, as shown in
Table 1, and the results indicated that the 100 Hz DC-link
voltage pulsation aggravated the fatigue damage of the
motor hanger [18].
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FIGURE 5: Time-frequency diagram of vertical vibration for motor under 300 km/h: (a) 2400 Hz-2600 Hz and (b) 0 Hz-200 Hz.
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FIGURE 7: Time-frequency diagram of vertical vibration for motor under 200 km/h: (a) 1600 Hz-1750 Hz and (b) 0 Hz-200 Hz.

3. Vibration Characteristics of Gearbox

A high-speed train gearbox system consists of a transmission
system composed of a gear pair and transmission shaft and
a structural system composed of a bearing and box. It is
a complex elastic mechanical system and its working per-
formance directly determines the service safety of the train.
As the carrier of the gear transmission system of a high-
speed train, the gearbox must bear complex and changeable
internal and external excitation loads during the high-speed

operation of the train [21] including the internal excitation
of periodic vibration caused by the change of gear meshing
stiffness, the external excitation of wheel-rail impact caused
by track irregularity and wheel wear, and the harmonic
torque formed by the rotating shaft of traction motor
[22-24]. Under the coupling action of these excitations, the
working state of the gearbox is complex and changeable.
When the vehicle is running at 300km/h, the gear
meshing frequency band is about 2500 Hz. In order to study
the influence of speed on gear meshing, the gearbox
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FIGURE 9: Simulated results with 100 Hz DC voltage pulsation for traction motor: (a) stator current spectrum and (b) torque spectrum [18].
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acceleration was analyzed through a 2400 Hz-2600 Hz band-
pass filter. The gearbox data sampling frequency is 10000 Hz.
The installation position of the gearbox measuring point is
the top position of the gearbox. The time domain diagram of
gearbox lateral vibration acceleration is shown in Figure 11.

2400 Hz-2600 Hz band-pass filtering was applied to
lateral vibration acceleration data of the gearbox, and the
time domain diagram of gearbox vibration acceleration is
shown in Figure 11. Under the operation of 300 km/h, it
could be observed from Figure 11 that when the speed was
slightly different, the gear meshing vibration amplitude of
the gearbox was significantly different. The maximum gear
meshing vibration amplitude of the gearbox was 20g at
290 km/h and its maximum vibration amplitude was 25 g at

TaBLE 1: Fatigue damage of the motor hanger [18].

Situation Fatigue damage
With 100 Hz DC voltage pulsation 8.30 x 10°°
Without 100 Hz DC voltage pulsation 1.81 x 10712

295 km/h and 45 g from 300 km/h to 305 km/h. It could be
found that the gear meshing vibration amplitude of the
gearbox increased significantly with the increase of speed
under the operation of 300 km/h.

It could be found from Figure 12(a) that there was
a significant frequency band at about 2500 Hz, and its vi-
bration amplitude was much larger than that of other fre-
quency bands. The short-time Fourier of gearbox vibration
acceleration at the speed of 300 km/h was locally amplified,
as shown in Figure 12(b), and the vibration amplitude in-
creased significantly when the gear meshing frequency band
crossed from 2480 Hz to 2500 Hz during the rising process.
It indicated that the gearbox had a natural frequency of
about 2500 Hz. When the speed of a high-speed train is at
300 km/h, the gear meshing frequency of the gearbox could
be close to the natural mode of the structure to form res-
onance, resulting in a relatively large vibration amplitude of
the gearbox.

In order to further confirm whether the structural mode
of the gearbox at about 2500 Hz really exists, the bench test
of the ZF gearbox was carried out. The bench test speed was
gradually increased from 0km/h to 360 km/h, and the gear
meshing frequency was from OHz to 3030Hz. The
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FIGURE 12: Time-frequency diagram of gearbox vibration acceleration at 300 km/h for a high-speed train: (a) 0-5000Hz and (b)

2400 Hz-2600 Hz.

corresponding torque was applied during the test, and the
test was carried out at two working conditions: forward
rotation and reverse rotation. In order to eliminate the
influence of the sensor, BK and Kistler high-frequency re-
sponse sensors were pasted at the same time. Meanwhile, AB
glue and 502 glue were used to eliminate the influence of
bonding glue. The layout of test measuring points and some
sensors is shown in Figure 13.

As can be seen from Figure 14, the vibration frequencies
around 2450 Hz, 2500 Hz, and 2550 Hz were prominent, and
the most significant vibration frequency was 2516 Hz.
Compared with Figure 15, the same Kistler sensor was
bonded with AB glue and 502 glue, respectively, to test
gearbox vibration, and the vibration amplitude of the
gearbox was similar and the frequency characteristics were
nearly the same. It eliminated the possibility that the 2500 Hz
frequency band was affected by the glue bonded to the
Sensor.

In Figure 16, it could be observed that there were three
significant vibration frequencies at high frequencies.
Compared to Figure 14, the gearbox vibration test adopted
an AB adhesive bonded sensor, the gearbox vibration am-
plitude measured by BK and Kistler sensors was similar, and
the frequency characteristics were the same. It excluded the
possibility that the 2500 Hz frequency band of gearbox vi-
bration was caused by the sensor itself.

Gearbox vibration acceleration with Kistler sensor and
502 adhesive bonding is shown in Figure 15, and it could be

FiGure 13: Site map of bench test and distribution position of
measuring points for the gearbox.

seen that the vibration amplitude of three frequencies was
clearly greater than that of the other vibration bands. Based
on the comparative analysis of Figures 14-16, it can be seen
that the gearbox had a significant resonance characteristic at
about 2516 Hz, and the bonded sensor and bonded glue used
in the gearbox vibration test had little effect on the gearbox
vibration characteristic results.



Journal of Advanced Transportation 9
25500 | I T T I T I I ] 20.00
2500.0 |- ] ggg
24500 [ - 1/
24000 |- W 1200 _
T 23500 F — 1 # 10.00 § 50

23000 |- .
22500 | 170
22000 |- . ggg
21500 | ]
20000 L v Lo 0.04e-3

55179 57000  5900.0 6100.0  6304.1

S
(Time)

FIGURE 14: Time-frequency diagram of gearbox vibration acceleration with Kistler sensor and AB adhesive bonding.

25500 | T T T T T I 2 T ] 5(7)22
2500.0 |- == ol
2450.0 [ — ]
2400.0 [ 4§ 1200 _
T 23500 F {1 10.00 § 50
2300.0 - .
2250.0 [ ] Z:gg
2200.0 .
2150.0 | 11 300
21000 b v 1o 0.04e-3
5517.9  5700.0 5900.0 6100.0  6304.1
S
(Time)
Figure 15: Time-frequency diagram of gearbox vibration accel-
eration with Kistler sensor and 502 adhesive bonding.
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FIGURE 16: Time-frequency diagram of gearbox vibration accel-
eration with BK sensor and AB adhesive bonding.

results show that there is a natural frequency of about
2500 Hz, and it was proved by the bench test of the
gearbox.
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