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Wheel flat can seriously affect the wheel–rail contact performance and cause impact vibrations, which significantly threaten the
safe operation of railway vehicles. It is crucial to accurately assess the effects of wheel flats on the wheel–rail contact performance
and the vibration impact on the traction drive system. However, studies related to wheel flats have focused on the mechanical part
and have yet to fully consider the electrical and mechanical parts of the entire traction drive system. Therefore, this paper first
builds an electromechanical coupling model based on the electric traction drive system and the locomotive-track coupling
dynamics model. Then, based on this model, the impact of the wheel flat on the electrical and mechanical parts of the traction
drive system under different flat lengths, different flat depths, and different vehicle speeds was analyzed. The results indicate that
with the increasing depth of the flat spot, the wheel–rail dynamic response, motor rotor speed, and motor torque exhibit more
significant fluctuations. Additionally, as the locomotive speed increases, the impact of the flat on the wheel–rail contact perfor-
mance intensifies. Wheel flats can excite the 1st bending mode of the wheelset, resulting in vibration shocks at 90Hz.

1. Introduction

The dynamic interaction between vehicles and tracks has
intensified with the increase in train operating speeds and
axle loads. As a result, the service environment for the wheels
has deteriorated, leading to more severe wear and damage
between the wheels and the track [1–3]. Currently, wheel flat
is one form of wheel wear in railway vehicles. Wheel flats
refer to the damage caused by wheel sliding during condi-
tions such as startup and braking when the wheels lock or
experience low adhesion [4, 5], as shown in Figure 1. Wheel
flats can lead to significant impact loads and seriously reduce
the service life of the wheels [5]. In extreme cases, wheel flats
can even cause derailment, posing a significant threat to the
safety of railway vehicle operations. Hence, an accurate analysis
of the impact of wheel flat on wheel–rail contact parameters
and the drive system is urgently needed. In addition, accurate
detection of wheel flat scars is also crucial. The automatic

damage identification algorithm proposed by Mosleh et al.
[6, 7] can be used to detect wheel tread damage.

Domestic and international scholars have conducted exten-
sive research on the wheel–rail impact issue caused by wheel
flats through experimental research, theoretical research, and
numerical simulation. Existing research mainly focuses on the
influence of wheel flat scars onwheel–rail impact force, vehicle-
rail system dynamics, and transmission system vibration.

1.1. Wheel–Rail Impact Force.Wheel flat can directly cause a
large vertical relative displacement between the wheel and
the rail, resulting in a considerable impact. In [8], a simpli-
fied formula for calculating impact force was introduced
based on the formula relating low joint impact force and
flat impact velocity. Uzzal et al. [9, 10] researched the char-
acteristics of wheel–rail impact forces caused by individual
wheel flats and multiple wheel flats and analyzed the impact
of train speed, flat length, and vehicle suspension parameters
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on the wheel–rail forces. In [11], a non-Hertzian founda-
tional theoretical model was established considering the
actual dimensions of wheel flats, and the vibration impact
caused by wheel flats was analyzed. Similarly, Baeza et al.
[12] studied the wheel–rail impact force caused by wheel
flats, considering both new and worn wheel flats using a
non-Hertzian contact theory. The research findings indicate
that within the 20–200 km/hr speed range, the maximum
wheel–rail impact force caused by new wheel flats increases
with increasing train speed. However, the rate of increase
gradually diminishes. It is worth noting that in [13], a full-
scale high-speed wheel–rail interface test rig was used to test
the wheel–rail dynamic impact caused by the wheel flat, and
the same conclusion was obtained. In [14], wheel flats were
input into the wheel-rail system as uneven displacements at
the wheel–rail interface, and the impact and vibration char-
acteristics caused by wheel flats were studied.

1.2. Vehicle-Track System Dynamics. The severe impact
between the wheel and rail caused by the wheel flat can be
transmitted to the entire vehicle-track coupling dynamic sys-
tem. Lin et al. [15] established a rigid-flexible coupled model
of high-speed trains and a finite element model for flat dam-
age contact. The impact of single- or double-wheel flats with
different positional distributions on the wheel–rail dynamics
was analyzed [15]. In [16], the dynamic characteristics of the
wheel–rail interaction under the influence of new and worn
wheel flats in heavy freight trains were studied based on the
vehicle-track coupled dynamics theory, and suggestions for
the maximum allowable limits of the two types of wheel flats
were proposed. Han et al. [17] conducted numerical simula-
tions using a finite element explicit algorithm and considered
the strain rate-related parameters of wheel–rail materials to
investigate the wheel–rail impact response caused by wheel
flats in high-speed trains. In [18, 19], a 3D wheel flat model
considering length, width, and depth was established, and
the influence of wheel flat on the dynamic response of the
vehicle-track system was analyzed. Wang et al. [20] found
that wheel flats caused a significant increase in contact force,

contact stress, frictional force, and vibration acceleration
between the brake interfaces. Additionally, Ye et al.’s [21]
research showed that wheel flats can cause or exacerbate wheel
polygonal wear, and the vehicle operating speed and the length
of the flats significantly impact wheel polygonal wear.

1.3. Vibration of the Traction Drive System. Yang et al. [22]
developed a wheel–rail dynamics model equipped with a gear
system and analyzed the time-domain and frequency-domain
effects of wheel flats on the gear system under variable speed
conditions. The study conducted byWang et al. [23] found that
wheel flats can cause high-frequency vibrations in longitudinal
creep forces and gear mesh forces. Similarly, a vehicle-track
dynamics model considering the dynamic coupling of the
gear system was established, and the effects of wheel flats on
wheel–rail forces and gear mesh forces were analyzed [24]. The
vibration impact of wheel flats on motor bearings was analyzed
by combining the Miner linear damage theory and vehicle-
track coupled dynamics [25]. The results showed that the peri-
odic impact forces and high contact forces caused bywheel flats
would reduce the fatigue life of the motor. The study in [26]
demonstrated that wheels with flats exhibit more pronounced
dynamic characteristics under traction and braking conditions,
while the characteristic changes under sliding conditions are
not significant.

In summary, there have been many studies on wheel flat,
as shown in Table 1. However, these studies have mainly
focused on the mechanical aspects of the traction drive sys-
tem. A complete traction drive system consists of rectifiers,
inverters, motors, gearboxes, and wheelsets. The traction
drive system is a complex electromechanical coupling model
where the vibration impact caused by wheel flats can be
propagated to the electrical components of the drive system.
Additionally, the fluctuating torque output by the traction
motor can exacerbate the dynamic response fluctuations of
the wheel–rail system [3]. Therefore, relying solely on
mechanical vibrations is insufficient to accurately calculate
the dynamic response of the wheel–rail system and the trac-
tion drive system. In order to address this issue, this study

FIGURE 1: Wheel flat.
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employs an electromechanical coupling model to analyze the
impact of wheel flats on both the electrical and mechanical
aspects of the traction drive system.

The main contributions of this study are as follows: Con-
sidering the electromechanical coupling effect of the traction
transmission system, a comprehensive analysis is conducted
on the vibration impact of flat length, flat depth, and operat-
ing speed on the local dynamic response of the wheel–rail
system. In addition, the influence of wheel flat scars on the
electrical side rotor speed and motor torque fluctuations is
also investigated.

2. Wheel Flat Impact Theory

In this section, it is assumed that the rail is rigid. In the case
of an ideal wheel, the distance between the wheel center and
the wheel–rail contact point is equal to the wheel radius.
When analyzing the motion of a wheel with flats, it can be
divided into low-speed and high-speed conditions [4].

In the low-speed scenario, depicted in Figure 2, the wheel
undergoes a specific behavior as it rolls to point “a.” It rotates
around point “a” until the entire flat surface of the wheel
aligns with the rail surface. At this juncture, the drop in the
wheel center matches the depth of the flat spot, and point “b”
of the wheel exerts a notable impact on the rail. Following
this, the wheel rotates around point “b,” ultimately restoring
its normal rolling state.

In the high-speed scenario, as shown in Figure 3, after the
wheel rolls to point “a,” wheel–rail separation occurs. At this
juncture, the normal force between the wheel and rail becomes
zero. The wheel center undergoes a parabolic motion with a
horizontal initial velocity of v under the effect of the wheel’s
self-weight and axle load. Eventually, the wheel’s point “b”
imparts a greater impact on the rail.

From the above analysis, it can be concluded that the
impact characteristics of the wheel flat will inevitably change
at a certain critical impact speed. The time for the wheel to
rotate around point “a” by an angle α=2 is denoted as t1. The
height corresponding to the wheel flat length is h. The time
for the wheel center to drop h is denoted as t2. Assuming that
the critical speed is v0, which should satisfy t1 ¼ t2. t1 and t2
can be calculated respectively as follows [4]:

t1 ¼ α= 2ωð Þ; ð1Þ

t2 ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2h=a0

p
; ð2Þ

where ω is the wheel rolling angular velocity, a0 is the wheel
drop acceleration in vertical direction. According Newton’s
second law, a0 can be presented as follows:

a0 ¼ FpszL þ FpszR þm2g
À Á

=m2; ð3Þ

where FpszL is the vertical force of primary spring on the left
side of the wheelset; FpszR is the vertical force of primary
spring on the right side of the wheelset; m2 denotes the
primary unsprung mass of the wheelset; g is the acceleration
due to gravity. According to the theory of multibody dynam-
ics for locomotives, the vertical force exerted by primary
springs can be expressed as the sum of the gravitational force
corresponding to the primary unsprung mass and the pre-
stress of primary sprung, which can be written as follows:

Fpsz ¼m1gþ Fpre; ð4Þ

where Fspz is the superposition of FspzL and FspzR;m1 denotes
the primary sprung mass of the wheelset; Fpre is prestress of
primary sprung.

r
a
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ω ω ω

a b b
a

Df Lf

FIGURE 2: The motion characteristics of a wheel with flats at low
speeds.

TABLE 1: Classification of wheel flat research.

Categories References Research focuses

Wheel–rail impact force caused
by wheel flat

[8] Calculating the wheel–rail impact force and impact velocity
[9–14] The influence of flat length, depth, and vehicle speed on wheel–rail impact force

The influence of wheel flat on the
vehicle-track system dynamics

[15–20] The influence of flat on wheel–rail contact response
[21] The influence of flat on wheel wear

The influence of wheel flat on traction
drive system

[22–24] The influence of flat on gear system
[25] The influence of flat on traction motor
[26] The influence of flat on wheel–rail impact under traction and braking conditions

α

ω ω ω

r
a

b a b
b

a

FIGURE 3: The motion characteristics of a wheel with flats at high
speeds.
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When t1 ¼ t2, thus

α

2ω
¼ αr
2v

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2hm2

Fpsz þm2

À Á
g

s
: ð5Þ

Let h¼ rð1− cos α
2Þ : ≈ 1

8 rα
2, critical speed v0 can be

expressed as follows:

v0 ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Fpsz þm2g

m2
r

r
; ð6Þ

where r is the radius of the wheel. According to Zhai [27],
when the vehicle speed is less than the critical speed, the
wheel impact speed can be calculated as follows:

vmax ¼ 1þ γð Þ Lf
2r

v; ð7Þ

where γ is the coefficient for converting the rotational inertia
of wheels into reciprocating inertia, Lf is the length of the
wheel flat. When the vehicle speed is larger than the critical
speed, the wheel impact speed can be calculated as follows:

vmax ¼
Lf

v þ ffiffiffiffiffiffiffi
a0r

p a0 þ γv

ffiffiffiffiffi
a0
r

r� �
: ð8Þ

3. Electromechanical Coupling Model

3.1. Locomotive-Track Coupling Dynamics Model. The
locomotive-track coupled dynamics model mainly consists of
three parts: the locomotive dynamicsmodel, the track subsystem
model, and the wheel–rail coupling subsystem model, as shown
in Figure 4. Based on the vehicle dynamics theory [24, 28] and
the actual locomotive parameters listed in Table 2, a detailed
locomotive dynamics model is established in SIMPACK. The
model includes one body, two bogies, six wheelsets, and six
motors. The motor suspension in this locomotive is axle-hung,
so only the vertical and pitch degrees of freedom of the motors
are considered, while the other components are considered to
have 6 degrees of freedom. The wheelsets are treated as flexible
bodies, and their modal analysis results are shown in Figure 5. In

themodal analysis of the wheelset, it is assumed that the wheel
and gear are rigidly attached to the axle without considering
their relative motion. An 8-node and 6-hexahedral element
discretization is employed for the wheelset. The wheelset is
assumed to have free boundary conditions, and the Lanczos
method is used to calculate its modal characteristics. Figure 5
shows the mode shapes and natural frequencies of the first 8-
order modes of the flexible wheelset. As the wheel flat mainly
induces vertical vibration impacts between the wheel and rail,
the first bending mode may be excited, resulting the presence

Body

Bogie

Wheelset

Rail
Sleeper

Ballast
Subgrade

Motor

FIGURE 4: Locomotive-track coupling dynamics model.

TABLE 2: Parameters of the vehicle system.

Parameter Value

Car body mass (kg) 6.26× 104

Bogie mass (kg) 7.84× 103

Wheelset mass (kg) 2.77× 103

Motor mass (kg) 2.66× 103

Mass moment of inertia of car body (kg ·m2) 1.434× 106

Mass moment of inertia of bogie frame (kg ·m2) 1.311× 104

Mass moment of inertia of wheelset (kg ·m2) 4.2× 102

Mass moment of inertia of motor (kg ·m2) 2× 102

Stiffness of primary suspension (N/m) 3.14× 106

Stiffness of secondary suspension (N/m) 2.14× 106

Stiffness of suspension connecting motor and bogie
frame (N/m)

1.0× 1010

Stiffness of axle-hung bearing supporting motor on
wheel axle (N/m)

1.0× 1010

Damping coefficient of primary suspension (N s/m) 5× 104

Damping coefficient of suspension connecting
motor and bogie frame (N s/m)

9× 104

Damping coefficient of secondary suspension (N s/m) 1.0× 103

Damping coefficient of axle-hung bearing
supporting motor on wheel axle (N s/m)

1.0× 103

Semi-longitudinal distance between bogies (m) 5.03
Semi-longitudinal distance between wheelsets in
bogie (m)

1.3

The longitudinal distance between bogie center and
hung position of motor on bogie (m)

0.374

Longitudinal distance between pinion center and
hung position of motor on bogie (m)

0.35

Distance between centers of pinion and gear (m) 0.576
Wheel radius (m) 0.625

1st torsion
(73 Hz)

1st bending
(82 Hz)

Lateral bending
(121 Hz)

1st umbrella
(183 Hz)

Gear pitch
diameter mode

(235 Hz)

Left wheel second
pitch diameter

(241 Hz)

Right wheel second
pitch diameter

(240 Hz)

2nd umbrella
(255 Hz)

FIGURE 5: Modal analysis results of flexible wheelset.
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of vertical oscillation components around 82Hz in the
wheel–rail contact parameters.

The track system model is simplified as a double-mass
(rail pad and sleeper), three-layer (rail-sleeper-ballast) spring-
damping model; the detailed modeling parameters are shown
in Table 3. Equivalent spring-damping units are used to con-
nect these components of the track system. The accuracy of the
vehicle-track coupling dynamics model has been verified in the
authors’ previous work [3]. The wheel–rail coupling subsystem
mainly consists of the normal contact and tangential contact
models. The Hertz contact theory is used to simulate the nor-
mal contact for the wheel–rail system [29], while the FASTSIM
algorithm is responsible for the tangential contact [30–32].

The primary function of this subsystem is to calculate the
wheel-rail normal forces, creep forces, and size of the contact
patch. In the Hertz contact theory, the contact patch between
the wheel and rail is equivalent to an ellipse and can be
represented as follows [29]:

a¼m
3
4
×

G∗

Aþ B
P

� �

b¼ n
3
4
×

G∗

Aþ B
P

� �
8>>><
>>>:

; ð9Þ

where a and b denote the long half-axis and short half-axis of
the ellipse, respectively, A and B denote longitudinal and
lateral relative curvature; P denotes wheel-rail normal force;
G ∗ is determined by the materials of the wheel and rail, and
can be represented as follows:

G∗ ¼ 1 − v2w
Ew

þ 1 − v2r
Er

; ð10Þ

where vr and Er are Poisson’s ratio and elastic modulus of rail
material, respectively, vw and Ew are Poisson’s ratio and
elastic modulus of wheel material, respectively. The main

function of Hertzian theory is to solve the distribution of
normal force, which can be expressed as follows [31]:

pv x; yð Þ ¼ 3P
2πab

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 −

x
a

� �
2
−

y
b

� �
2

r
: ð11Þ

Wheel-rail creepage is an important parameter for evaluat-
ing wheel-rail contact performance. According to Yang et al.
[22], when the wheel-rail contact is in a full sliding state, the
calculation of the wheel-rail creepage needs to consider
the relative vibration speed between the wheel and the rail.
The wheel-rail creep force can be expressed as follows:

Fc ¼ P × μ; ð12Þ

where μ denotes the friction coefficient between the wheel
and rail, which can be calculated as follows:

μ¼ aμe
−xμvslip − bμe

−yμvslip ; ð13Þ

where aμ; bμ; xμ; yμ are the key parameters that affect the
friction coefficient. vslip represents the relative slip speed
between wheel and rail, which can be calculated by wheel
angular velocity ω and vehicle forward velocity v. Thus, rel-
ative slip speed vslip can be expressed as follows [33]:

vslip ¼ ωr − v; ð14Þ

where r is the wheel radius.
The main objective of this paper is to investigate the impact

of wheel flats on the vibration of the traction drive system.
Therefore, it is necessary to incorporate the initial defect of
the wheel into the locomotive-track coupling dynamics model.
According to Li et al. [34], the wheel flat can be described using
a cosine function, which can be represented as follows:

r xð Þ ¼ 1
2
Df 1 − cos

2πx
Lf

� �� �
; ð15Þ

where Df is the depth of the wheel flat, Lf is the length of the
wheel flat. The relationship between the length and depth of
wheel flat can be expressed as follows:

Df ¼
L2f
16r

: ð16Þ

3.2. Electric Traction Drive System. The electric traction drive
system, as the power source for locomotive operation
[35–38], mainly consists of rectifiers, DC links, inverters,
and traction motors [39–42], as shown in Figure 6. Single-
phase 25 kV AC power from the traction grid is converted to
DC 1,800V power through the rectifier [43–45]. In this sys-
tem, the speed control method for the motor is variable
frequency control [46–48]. Therefore, the DC power is con-
verted to three-phase AC power with variable amplitude and

TABLE 3: Parameters of track system.

Parameter Value

Elastic modulus of rail (N/m2) 2.0591× 1011

Torsional inertia of rail (m4) 3.741× 10−5

Rail second moment of area about Y-axis (m4) 3.217× 10−5

Rail second moment of area about Z-axis (m4) 5.24× 10−6

Rail torsional stiffness (Nm/rad) 1.9587× 105

Rail mass per unit length (kg/m) 60.64
Density of rail (kg/m3) 7.86× 103

Sleeper spacing (m) 0.545
Effective support length of half half-sleeper (m) 1.25
Sleeper width (m) 0.273
Ballast mass (kg) 660
Ballast density (kg/m3) 1.75× 103

Ballast stiffness (N/m) 1.5× 107

Ballast damping (N·s/m) 5.88× 104

Elastic modulus of ballast (Pa) 1.2× 107

IET Electrical Systems in Transportation 5



frequency through the inverter, which is then supplied to the
asynchronous motor. A Simulink model of the electric trac-
tion system is constructed, with specific modeling parame-
ters shown in Table 4. The rectifier adopts transient current
control [49, 50], while the inverter-motor system uses indi-
rect field-oriented vector control [41, 51, 52].

3.3. Coupling of Electrical and Mechanical Parts of Traction
Drive System. The traction motor converts electrical energy
from the electric traction drive system into mechanical energy
in the form of electromagnetic torque, which is then transmitted
to the gearbox to drive the wheels and propel the vehicle [53, 54].
Therefore, the traction motor itself is an electromechanical cou-
pling module. By establishing a closed-loop feedback between
the electric traction drive system model in Simulink and the
locomotive-track coupled dynamics model in SIMPACK,
the electrical side and mechanical side of the drive system are
coupled together. Specifically, the torque output from the motor
in Simulink is applied to themotor shaft in SIMPACK, while the
rotor speed output from SIMPACK is fed back to the motor
control system in Simulink. The transfer of these parameters is
facilitated through the interface SIMAT between Simulink and
SIMPACK, ensuring real-time interaction and closed-loop
feedback between the electrical and mechanical systems, as
shown in Figure 7.

4. Analysis of Simulation Results

From the locomotive wheel out-of-roundness experiments, it
is known that wheel flats exhibit various patterns. In order to
fully investigate the impact of wheel flats on the traction drive
system, this paper adopts a controlled variable method to
consider the effects of different lengths and depths of flats.
Additionally, this study takes into account the impact of wheel
flats on the drive system under different locomotive operating
speeds. Specifically, three simulations are conducted:

Test 1: The locomotive operates at a speed of 70 km/hr,
with a flat depth of 0.24mm. The range of the flat lengths
is from 0.05 to 0.35m, with an interval of 0.1m, as shown
in Figure 8(a).
Test 2: The locomotive operates at a speed of 70 km/hr,
with a flat length of 0.25m. The range of flat depths is
from 0.18 to 0.36mm, with an interval of 0.06mm, as
shown in Figure 8(b).
Test 3: The flat length is 0.25m, and the flat depth is
0.24mm. The locomotive operates at a speed range of
60–100 km/hr.

4.1. The Impact of Wheel Flat Depth on Traction Drive
System. According to the simulation settings in Test 1, the
electromechanical coupling model established in Section 3 is
operated. Due to the presence of initial wheel defects (flats),
there will be instability in the locomotive-track coupled
dynamics during the initial stage of operation. Therefore,
the dynamic model undergoes free uniform linear motion
from 0 to 10 s. After 10 s, the mechanical and electrical parts
of the traction drive system are coupled. It is worth noting
that this approach is employed for all subsequent simulations
in this paper. Key data from the electrical and mechanical
sides of the traction drive system are obtained, such as the
wheel-rail normal force, creepage ratio, contact patch char-
acteristics, rotor speed, and torque, as shown in Figures 9–16.

From Figure 9(a), it can be observed that as the flat depth
increases, there is an increasing fluctuation in the wheel-rail
normal force. Figure 10 shows the wheel-rail normal force
with and without torque excitation. When the wheel rolls
over the flat, there is a significant impact between the wheel
and the rail, which then gradually attenuates. Comparing
Figures 10(a) and 10(b), it can be seen that without torque
excitation, the wheel-rail normal force essentially attenuates
to a stable state. However, in the presence of torque excita-
tion, the normal force first attenuates and then continues to
exhibit small-amplitude oscillations. The fast Fourier trans-
form (FFT) [55] analysis of the normal force reveals that the
main fluctuation frequency is 90Hz, which is attributed to
the vibration impact caused by the wheel flat exciting the first
bending mode of the flexible wheel (as seen in Figure 5).

The longitudinal creepage, lateral creepage, and spin creep-
age between the wheel and rail are shown in Figures 11–13,

MuabUs Cs

Rs Ls

Cd
L

R

Rectifier InverterDC link

a
b

Filter capacitor Resonant circuit

Traction network

Motor

FIGURE 6: Electrical traction drive system.

TABLE 4: Modeling parameters of electric traction drive system.

Parameters Value

Rated frequency (Hz) 66.6
Number of pole pairs 2
Stator resistance (mΩ) 18.5
Stator leakage inductance (mH) 0.198
Rotor resistance (mΩ) 18.5
Rotor leakage inductance (mH) 0.198
Mutual inductance (mH) 7.75

Motor

Rectifier

Inverter

Electrical traction drive
system 

Control

Locomotive-track
coupling dynamics

system

SIMAT
interface

Torque

Rotor speed

Body

Bogie

Wheelset

Motor

Closed loop
feedback 

Real-time
interaction

FIGURE 7: Diagram of the electromechanical coupling model.
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respectively. As the depth of the wheel flat increases, the fluctua-
tions in wheel-rail creepage in all directions also increase. The
frequency of these creepage fluctuations is concentrated at
90Hz. The average value of the longitudinal creepage shown
in Figure 11 increases after 10 s, which is attributed to the trac-
tion torque driving the wheels, resulting in an increase in the
relative slip between the wheel and rail.

Figure 14 illustrates the size of the contact patch between
the wheel and rail. It can be observed that an increase in the
depth of the wheel flat leads to a larger contact patch. This
result corresponds to the wheel-rail normal force shown in
Figure 9. Due to the wheel-rail vibration impact caused by
the flat, when the normal force reaches the peak value, the
size of the contact patch between the wheel and rail also
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reaches the peak value. Accordingly, the frequency of the
contact patch size fluctuations aligns with that of the normal
force.

Figure 15 presents the rotor angular velocity of the
motor. It can be observed that variations in the depth of
the wheel flat have a relatively small impact on the fluctua-
tion of the rotor speed. When the depth of the flat increases,

there is a slight increase in the fluctuation of the rotor speed.
From Figure 15(b), it can be seen that the frequency of the
rotor speed fluctuations is also around 90Hz. Comparing the
dynamic parameters shown in Figures 9–15, it can be con-
cluded that the vibration impact caused by the wheel flat
primarily manifests in the vertical direction and has a rela-
tively minor influence on the rotor rotation.
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The motor torque from the electric traction drive system
is shown in Figure 16. It can be seen that variations in the
depth of the wheel flat have a minimal impact on the torque.
As the depth of the wheel flat increases, the torque remains
consistent in both the time domain and frequency domain.
The transient current mentioned in Section 2.1 of the electric
traction drive system, which is responsible for the inverter-
motor. Field-oriented vector control is developed based on
PI control. PI control has a certain degree of disturbance
rejection capability. Therefore, despite the fluctuations in
rotor speed feedback to the electric traction transmission

system caused by the wheel flat depth variation, the motor
torque output can remain unchanged.

4.2. The Impact of Wheel Flat Length on Traction Drive
System. According to the simulation settings in Test 2, the
electromechanical coupling model established in Section 3 was
operated to obtain the mechanical and electrical parameters of
the traction drive system. The temporal and spectral character-
istics of the wheel-rail normal force are shown in Figure 17.
When the flat length is 0.05m, the vibration impact between
the wheel and rail is exceptionally large. The minimum value of
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the normal force has already reached zero, indicating the occur-
rence of wheel-rail separation. It is worth noting that the spectral
characteristics of the normal force at the flat length of 0.05m are
different from the other cases. In other cases, the frequency of the
normal force fluctuation ismainly centered around 90Hz. How-
ever, when Lf=0.05m, the frequency of the normal force fluc-
tuation is mainly centered around 270Hz, which is close to the
second-order umbrella mode of the flexible wheelset (as can be
seen in Figure 5). This indicates that the second-order umbrella

mode of the wheelset is excited in this case. In Figure 18, it can be
observed that as the wavelength of the flat decreases, the vibra-
tion impact of the normal force becomesmore pronounced, and
simultaneously, the rate of vibration attenuation slows down.

Figures 19–21 show the longitudinal creep, lateral creep,
and spin creep of the wheel-rail contact. Overall, with the
increase of the wheel flat length, the peak value of creepage
fluctuation decreases. Except for the case with a flat length of
0.05m, the fluctuation frequency of the longitudinal, lateral,
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and spin creep is mainly centered around 90Hz. However,
when Lf = 0.05m, the fluctuation frequency of the spin creep
is mainly centered around 275Hz, but there is also a signifi-
cant component at 90Hz.

The temporal and spectral characteristics of the wheel-rail
contact patch size are shown in Figure 22. Similar to the
analysis in Section 4.1, the fluctuation characteristics of the
contact patch size correspond to those in the normal force. As
the flat length increases, the fluctuation of the contact patch

size decreases. Except for the case with a flat length of 0.05m,
the fluctuation frequency is mainly centered around 90Hz.

The temporal and spectral characteristics of the motor rotor
angular velocity are shown in Figure 23. Except for the case with
a flat length of 0.05m, the fluctuation of themotor rotor speed is
not sensitive to changes in the wheel flat length, and its main
fluctuation frequency is mainly centered around 90Hz. In the
extreme case of Lf = 0.05m, the rotor speed exhibits larger fluc-
tuations, but it is important to note that its main fluctuation
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frequency still remains centered around 90Hz. Figure 24
presents the temporal and spectral characteristics of the motor
torque. It can be seen that due to the anti-interference character-
istics of the PI control, the motor output torque is not signifi-
cantly affected by changes in the wheel flat depth.

4.3. Impact of Wheel Flats on the Traction Drive System at
Different Speeds. Based on the simulation settings in Test 3,
the electromechanical coupling model established in Part 3 is
operated to obtain the mechanical and electrical parameters

of the traction drive system. Figure 25 shows the wheel-rail
normal force at the speed range of 60–100 km/hr. It can be
observed that as the locomotive speed increases, the wheel
flats can cause larger fluctuations in the normal force. From
the spectral characteristics of the normal force in Figure 25(a),
it can be seen that the main frequency of the fluctuation is
around 90Hz. However, it should be noted that as the loco-
motive speed increases, the components at 168 and 275Hz
gradually increase, which correspond to the first-order and
second-order umbrella modes of the wheelset, as shown in
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Figure 2. Figure 26 shows the temporal characteristics of the
wheel-rail normal force within the time span of 2.1–2.7 s at
different speed levels. To clearly display the oscillation period
of the normal force, we have shifted the normal force along
the vertical axis for each speed. As the wheel rolling speed
increases, the oscillation period of the normal force becomes
shorter. This means that the normal force has not completely
reached a steady state before the next impact occurs. This is

the reason why the fluctuation of the normal force increases as
the locomotive speed increases.

The longitudinal, lateral, and spin creepage of the wheel-
rail contact at different speeds are shown in Figures 27–29.
The longitudinal and lateral creepages are sensitive to changes
in locomotive speed. As the locomotive speed increases, the
fluctuations in the longitudinal and lateral creep coefficients
become significantly larger. When the locomotive speed
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reaches 100 km/hr, there is a significant spike in the longitu-
dinal and lateral creepage. The main frequency component of
the longitudinal and lateral creepage is 90Hz. In Figure 29, as
the running speed increases, the fluctuation of the spin creep-
age gradually increases, but it is slightly smaller than the

longitudinal and lateral creepage. From Figure 29(b), it can
be seen that there are significant components at 168 and 275
Hz in the spin creepage.

The temporal and spectral characteristics of the wheel-rail
contact patch size are shown in Figure 30. The fluctuation of
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the contact patch size increases with the locomotive speed.
From Figure 30(b), it can be seen that the fluctuation of
the contact patch size contains components at 90, 168, and
275Hz, which is similar to the normal force. As the locomo-
tive operates at different speeds, the rotor speed of the motor
also varies. To compare the rotor fluctuations at different
speeds more clearly, the measured rotor speed waveform is
subtracted by its mean value, as shown in Figure 31. The rotor
speed fluctuations are not sensitive to changes in locomotive
speed. When the locomotive speed increases from the range
of 60 to 90 km/hr, the rotor speed fluctuations remain rela-
tively unchanged. However, when the locomotive operates at
100 km/hr, there is a significant increase in rotor speed fluc-
tuations. The fluctuation frequency of the rotor speed is
mainly centered around 90Hz.

Since the resistance experienced by the locomotive is
related to the running speed, the required traction torque
output from the motor varies at different speed levels. To
depict the variation in torque fluctuations more clearly, the
waveform of the motor output torque at different running
speeds is subtracted by its mean value, as shown in Figure 32.
When the locomotive operates in the range of 60–90 km/hr,

the torque fluctuations slowly increase with the locomotive speed.
However, when the locomotive speed reaches 100km/hr, there is
a significant increase in torque fluctuations. It is worth noting
that there are distinct differences in torque fluctuations before
and after applying torque excitations. The torque mainly con-
tains fluctuations at 90Hz.

5. Conclusions

Based on the electromechanical coupling system of the elec-
tric traction drive system and the locomotive-track coupling
dynamics system, this study investigated the impact of wheel
flats on the locomotive traction drive system. The following
important conclusions can be drawn:

(1) Wheel flats can excite the first-order bending mode
of the wheel-rail system, leading to significant fluc-
tuations in the dynamic responses of the wheel-rail
system and rotor speed, primarily at a frequency of
90Hz.

(2) The wheel-rail normal force, creepage, and contact
patch area are significantly influenced by changes in
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the depth of wheel flats. As the depth of the flats
increases, the magnitude of these parameters’ fluc-
tuations also increases. However, the rotor speed and
torque are not significantly affected by changes in the
depth of wheel flats.

(3) The wheel-rail normal force, creepage, contact patch
area, and rotor speed are sensitive to changes in the
length of wheel flats. Smaller flat lengths result in
larger fluctuations in these parameters. Again, the
torque is not significantly affected by changes in
the length of wheel flats. When the flat length reaches
0.05 m, the wheel-rail system experiences severe
vibrations, leading to wheel-rail separation.

(4) With increasing locomotive speed, the impact of wheel
flats on electrical and mechanical parameters becomes
more significant. When the locomotive speed reaches
100 km/hr, there is a noticeable increase in torque
fluctuations.
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