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Abstract

In order to improve the safety of linear motor metro operation, the wheel rail
wear prediction and dynamic performance analysis of linear motor metro are
carried out. Firstly, the working principle and evolution process of the linear
motor are analyzed, and the traveling wave magnetic field and slip ratio of the
linear motor are calculated. Secondly, the friction principle between wheel
and rail is analyzed, and the running data of wheel and rail area are collected
by MiniProf series profiler. By calculating the wear energy flow density
and wear mass flow density of wheel rail contact surface, the relationship
between wear coefficient and energy flow density is obtained, and the wheel
rail wear area is obtained, so as to complete the prediction of wheel rail wear.
Finally, the running resistance of Metro is analyzed, including mechanical
resistance and aerodynamic resistance. Combined with the calculation results
of Metro kinetic energy and electromagnetic, the position of linear motor is
obtained by modal superposition method in the elastic coordinate system,
and the dynamic equation of linear motor Metro is constructed to complete
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the dynamic performance analysis of Metro. The experimental results show
that this research method can accurately predict the wear of linear motor
metro, and can study the running stability of Metro from the two aspects
of horizontal stability and derailment coefficient.

Keywords: Linear motor, metro wheel rail, wear prediction, dynamic
performance.

1 Introduction

With the continuous development of urban traffic, subway has gradually
become an effective means of transportation, which greatly meets the daily
travel needs of urban residents with its huge carrying advantages [1]. With
the development of computational power technology, a kind of linear motor
has been developed on the basis of rotating motor. Compared with rotating
motor, linear motor has the characteristics of sufficient power and strong
climbing ability. The climbing gradient of linear motor Metro can reach
60‰∼80‰, which can meet the needs of metro operation in cities with
complex terrain [2–4]. However, with the increase of running mileage, the
Metro wheel rail of linear motor will be subject to certain wear. If the wear
is serious, it will affect the safety of metro operation. Therefore, it is very
necessary to predict the wear degree of Metro wheel rail of linear motor and
analyze the dynamic performance under wear [5, 6].

Reference [7] in order to study the driving performance of linear motor
Metro in curve sections, a dynamic model of Metro wheel rail is built. With
the support of the model, the relationship between the traction speed and time
slot of the motor under the action of vertical electromagnetic force is studied.
The dynamic response performance of linear metro is analyzed by changing
the electromagnetic force, curve radius and track smoothness. Reference [8]
in order to study the wear of Metro wheel and rail, the multi-body dynamics
software is used to build the Metro dynamics simulation model to analyze
the dynamic performance of the wheel in contact with chn60 rail, and the
surface fatigue index is used to analyze the fatigue characteristics Of the
wheel and rail. Reference [9] takes the metro with different types of motors
as the research object to study the wheel rail wear and dynamic performance.
Firstly, the evolution law of Metro wheel rail wear, wear area and wear rate
is analyzed. Secondly, the wear amount in different states is obtained by
changing the stability and stability of metro operation. Finally, the wheel rail
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structure characteristic model and dynamic model are constructed to reveal
the dynamic characteristics of Metro.

In order to improve the running safety of linear metro, a method of wheel
rail wear prediction and dynamic performance analysis for linear metro is
proposed.

2 Structure Analysis of Linear Metro

The basis of linear motor is still rotating motor, so the working principle
of linear motor is basically the same as that of rotating motor. In terms of
electromagnetic force, the traveling wave magnetic field is generated by the
primary coil of both motors. At this time, the induction plate will generate
eddy current, which will cut the magnetic field to generate electromagnetic
force [10]. In terms of motor structure, the rotating motor can be cut along
the radius and expanded to obtain the linear motor. Therefore, the stator and
rotor of the rotating motor can be regarded as the primary and secondary of
the linear motor respectively. The evolution process of linear motor is shown
in Figure 1.

The magnetic field in the linear motor is a traveling wave magnetic field,
and the synchronous speed of the magnetic field can be expressed as:

vs = 2τf (1)

In the formula, τ represents the pole distance of linear motor and f
represents the frequency of current [11].

Slip ratio of linear motor can be written as:

s =
vs − v
vs

(2)

Figure 1 Evolution of linear motor.
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Figure 2 Structure diagram of linear metro.

In the formula, v represents the moving speed of the secondary in the
linear motor.

Compared with the rotary motor metro, there is no gear transmission
between the motor and wheel set of the linear motor Metro [12], so the
traditional system structure of the whole vehicle is more simplified. The
structural diagram of the linear motor Metro is shown in Figure 2.

It can be seen from Figure 2 that the linear metro is mainly composed
of primary suspension device, secondary suspension device, car body, bogie,
linear motor and wheel set system. Therefore, the wear between wheel set
and track is the key content affecting the operation safety of the whole Metro.
Therefore, the linear metro wheel rail wear prediction is carried out and the
dynamic performance under wheel rail wear is studied [13–15].

3 Wheel Rail Wear Prediction of Linear Metro Based on
Data Acquisition

Wheels are an important part of the metro. Once serious wear occurs, it will
lead to derailment or wheel collapse. Therefore, it is necessary to analyze
the failure causes of Metro wheels and strengthen the management of Metro
quality [16]. The schematic diagram of abnormal wear of wheel rail tread is
shown in Figure 3.

When the linear metro wheel set moves along the track, there is not
only a separate rolling motion between the wheel and the rail, but creep
and rotation in the contact area between the wheel and the rail. The creep
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Figure 3 Abnormal wear of wheel-rail tread.
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Figure 4 Creep diagram.

motion mainly includes three components: longitudinal, transverse and spin.
The creep diagram is shown in Figure 4.

Before the wheel rail wear prediction of linear metro, it is necessary
to collect the operation data of the wheel and track area. Using MiniProf
series contour measuring instrument for contact measurement can improve
the accuracy of data collection and reduce the cost of collection [17, 18].
The measuring device is shown in Figure 5.

Based on the data collected by the measuring device, the wear predic-
tion is calculated. Firstly, the curve deviation function of linear metro is
constructed to express the curve deviation:

F (X,Y, alpha) =

n∑
k=1

(‖dk‖)/n (3)
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Figure 5 Measuring device.

In the formula,X represents transverse motion, Y represents longitudinal
motion, alpha represents rotation of coordinate origin, dk represents distance
between adjacent points on the curve before and after wear, and n represents
scattered points after wear [19].

When the volume of linear metro wheel rail wear rubs against the contact
surface, the expression of energy and volume dissipated by the relative
motion of the two is:

V = kRW (4)

In the formula, V represents the volume of wheel set material, kR rep-
resents the wear constant of wheel rail, and W represents the wear work of
wheel set material.

The calculation formula of wear energy flow density at one point of wheel
rail contact surface is:

Ėd(rp, t) =


FxVx + FyVy +Mzwz

A(t)

p(rp, t)

p̄(t)
, rp ∈ A(t)

0, rp /∈ A(t)
(5)

In the formula, (rp, t) represents the coordinate position of the con-
tact point, Ėd represents the energy flow density, Fx and Fy represent the
transverse force and longitudinal force of creep respectively, Mz represents
the torque during creep, wz represents the sliding speed during spin, p̄(t)
represents the mean value of wheel rail contact stress, and A(t) represents
the contact area [20].
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Figure 6 Energy flow density.

The calculation formula of wheel rail wear mass flow density is:

ṁd(i, j) = kZ(i, j) · Ėd(rp, t) (6)

In the formula, kZ represents the wear coefficient of wheel rail. According
to formula (6), the relationship between wear coefficient and energy flow
density can be obtained, as shown in Figure 6.

According to the energy dissipation parameters, the calculation formula
of wheel rail wear area is constructed:

δp =



I
0.25

⇀
T ·

⇀
ξ

D
,
⇀
T ·

⇀
ξ < 100N

II
25

D
, 100N ≤

⇀
T ·

⇀
ξ≤ 200N

III
1.19

⇀
T ·

⇀
ξ −154

D
,
⇀
T ·

⇀
ξ > 200N

(7)

In the formula, δp represents the wear area of wheel rail, D represents

the diameter of Metro wheel,
⇀
T represents the creep force within the contact

area, and
⇀
ξ represents the creep rate.

I, II and III in formula (7) represent light, medium and heavy wear
respectively.



224 D. Feng et al.

4 Dynamic Performance Analysis of Linear Metro Wheel
Rail Based on Modal Superposition

After the wheel rail wear prediction of linear metro is completed, the
mechanical performance of linear metro under wear is analyzed. In general,
the resistance suffered by the subway during operation mainly includes
mechanical resistance and aerodynamic resistance. Therefore, the resistance
suffered by the linear motor subway is analyzed first [21]. The size of subway
resistance is mainly affected by vehicle speed. The expression of subway air
resistance is constructed:

Fd =
ρ · Sc · v2 ·

(
CD + λ

d·l
)

2
(8)

In the formula, Sc represents the cross-sectional area of the subway, ρ rep-
resents the air density, v represents the running speed of the subway [22], CD
represents the aerodynamic resistance coefficient, λ represents the hydraulic
friction coefficient, d represents the hydraulic diameter, and l represents the
length of the subway.

The mechanical resistance of linear metro is mainly affected by the
extrusion between wheel and rail, so the expression of mechanical resistance
can be written as:

Ff = µ ·N (9)

In the formula, µ represents the wheel rail friction coefficient of Metro.
During the operation of linear metro, the system of electromagnetic

and mechanical interaction is electromechanical coupling system. In order
to analyze the dynamic characteristics of the system [23], it is neces-
sary to comprehensively consider the influence factors of electromagnetic
and mechanical. In order to simplify the calculation process, the dynamic
equation of electromechanical coupling system is constructed:

d

dt

(
∂L

∂ėk

)
− ∂L

∂ek
+
∂Fw
∂ėk

= Uk(k = 1, 2, . . . , n)

d

dt

(
∂L

∂q̇j

)
− ∂L

∂qj
+
∂FW
∂q̇j

= Qj(j = 1, 2, . . . ,m)

(10)

In the formula, Fw represents the electromagnetic energy dissipation
function, L represents the Lagrange function, and its expression is:

L = T (qj , q̇j)− V (qj) +Wm(qj , ėk)−Wp(qj , ek) (11)
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In the formula, T represents the kinetic energy of Metro machinery,
V represents the potential energy of Metro machinery, Wm represents the
magnetic field energy of metro, and Wp represents the electric field energy of
Metro.

The expression of dissipation function Fw can be written as:

Fw = Fm(qj , q̇j) + Fp(ėk) (12)

In the formula, Fm represents the dissipation function of mechanical
system and Fp represents the dissipation function of electromagnetic system.

Assuming that the overall mass of the metro is M , the moment of inertia
of the wheel and the main shaft is J , the wheel radius is R, the displacement
of the linear motor is x, and the rotation angle of the main shaft isϕ, the Metro
kinetic energy expression as shown in formula (13) can be constructed:

Ek1 =
1

2
M · ẋ2 +

1

2
J · ϕ̇2 (13)

And the electromagnetic energy expression of Metro is constructed:

Ek2 =
1

2
iTabc1 · LS1 · iabc1 + iTabc1 · ψabc1

+ · · ·+ 1

2
iTabcn · LSn · iabcn + iTabcn · ψabcn (14)

In the formula, iabcn represents the current of the linear motor, LSn
represents the inductance of the linear motor, and LSn represents the flux
linkage of the linear motor.

Add formula (13) and formula (14) to obtain a new Lagrange function
expression:

L = Ek1 + Ek2 (15)

Thus, a new expression of dissipation function Fw can be constructed:

Fw =
1

2
iTabc1 ·RS1 · iabc1 + · · ·+ 1

2
iTabcn ·RSn · iabcn

+
1

2
D · ẋ21 + · · ·+ 1

2
D · ẋ2n (16)

In the formula, D represents the viscous friction coefficient and RSn
represents the energy consumption resistance of the linear motor.

In the process of studying the dynamics of linear metro, the influence of
inertia needs to be considered. Therefore, a dynamic model is built in the
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inertial coordinate system to study the dynamic performance of Metro. The
dynamic model is built according to the operation parameters of linear metro,
so it can simulate the operation characteristics of linear metro under differ-
ent working conditions, and can get more accurate dynamic characteristic
analysis results. The vector expression of any wear position in the elastic
coordinate system is:

r0k = r001 +A0
01(ρ

1
k + d1k) (17)

In the formula, r001 represents the path from the origin of the elastic coor-
dinate system to the origin of the inertial coordinate system, A0

01 represents
the conversion matrix, ρ1k represents the path from the location pointK to the
elastic coordinate system, and d1k represents the elastic displacement of the
location point K.

Based on the above calculation results, the expression of linear motor
position can be constructed by modal superposition method:

x =
H∑
j=1

hjwj = Hw (18)

In the formula, H represents the modal matrix, hj represents the modal
value, and wj represents the modal coordinates.

Combined with the elastic matrix, the expression of stress and strain is
constructed:

ε = Dxk (19)

σk = Hε = HDxk (20)

In the formula, D represents the elasticity matrix.
Combining formula (17) to formula (20), the dynamic equation of linear

metro can be constructed: mI ḋCM Ct
d̈CM J Cr
Ct Cr Me

aω̇
q̈

+

 mω̃ω̃ḋCM
ω̃Iω̃ +Grω
OeΩ +Geω

+

 0
0
Keq



=



∑
k

pk∑
k

c̃kpk∑
k

XT (ck)pk


(21)
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In the formula, Ct represents the translational deformation coupling
matrix, Cr represents the rotational deformation coupling matrix, dCM rep-
resents the position of the deformation point, Gr represents the rotational
force,Ge represents the rotational force,Ge represents the centrifugal force,a
represents the acceleration, and ω̃ represents the vector machine.

5 Experimental Verification

In order to verify the performance of the proposed method, comparative
experiments are carried out. First, it is necessary to build the dynamic model
of the subway, as shown in Figure 7.

In Figure 7, the car body, structure, motor and gear transmission structure
of the metro are rigid bodies with multiple degrees of freedom. As the subway
lines in different cities are different, they can be set under the S-shaped curve
in order to simulate different operating environments.

Parameters of linear metro are shown in Table 1.
The parameters of linear motor are shown in Table 2.
Relevant parameters of air resistance during metro operation of linear

motor are shown in Table 3.
After setting the relevant parameters of the linear metro, collect the wear

data of the metro. Since the obvious wheel rail wear only occurs under long-
time and long mileage operation, the wheel rail wear data at 30000 km,
60000 km and 90000 km are selected respectively, as shown in Figure 8.

Based on the wheel rail wear data of linear motor Metro shown in
Figure 8, experiments on wear prediction accuracy, stability and derailment
coefficient are carried out to clarify the prediction performance and dynamic

Figure 7 Linear metro dynamic model.
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Table 1 Metro parameters of linear motor
Project Parameter
Locomotive quality 14900 kg
Rotational inertia of wheel and main shaft 400 kg·m2

Wheel radius 365 mm
Supply voltage DC1500V
Friction coefficient between wheel and rail 0.08
Vehicle length 17 m
Vehicle width 2.89
Vehicle height 3.625

Table 2 Linear motor parameters
Project Parameter
Polar logarithm 12
Electrical time constant 21.9
Viscous friction coefficient 1.2 Ns/m
Effective flux linkage 0.607 wb
Mover inductance 33 mH
Armature resistance 1.5Ω

Continuous thrust 5341 N
Maximum thrust 12726 N
Polar distance 0.032 m

Table 3 Relevant parameters of air resistance
Project Parameter
Hydraulic diameter 4.086 m
Comprehensive hydraulics 1.2 kg/m3

Air hydraulic friction coefficient 0.0116
Aerodynamic drag coefficient 0.0525
Cross sectional area of vehicle 10.476 m2

research performance of the method, so as to comprehensively ensure the
safety of linear motor metro operation.

5.1 Prediction Accuracy of Wheel Rail Wear

Since the safety of linear motor metro operation is directly related to the
wear amount, if the wear amount can be accurately predicted, reasonable
maintenance and replacement measures can be formulated according to the
wear degree under different operating mileage or time, so as to improve the
safety of metro operation. Therefore, in order to verify the performance of this
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Figure 8 Wheel rail wear data.

method, this method is directly compared with reference [7] and reference [8]
methods by taking the prediction accuracy of Metro wheel rail wear as the
comparison index. The experimental results of prediction accuracy of Metro
wheel rail wear are shown in Figure 9.

From the prediction accuracy results of Metro wheel rail wear shown
in Figure 9, it can be seen that under different experiments, the prediction
accuracy of this method is higher than that of the two comparison methods.
Compared with the methods in reference [7] and reference [8], the prediction
accuracy of Metro wheel rail wear of this method is above 97%, and the
prediction accuracy of the highest wear is even 99%. However, the wear
prediction accuracy of the methods in reference [7] and reference [8] does not
exceed 90% at most. Therefore, it fully shows that this method can accurately
predict the wheel rail wear of linear motor Metro and improve the safety of
metro operation.

5.2 Stationarity

When analyzing the dynamic performance of linear motor metro operation, it
is necessary to consider the stability index. In the study of subway operation
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Figure 9 Prediction accuracy of Metro wheel rail wear.

Table 4 Vibration frequency correction factor
Transverse Vibration Vertical Vibration

0.5∼5.4 Hz F (f) = 0.8f2 0.55.9 Hz F (f) = 0.325f2

5.4∼26 Hz F (f) = 650f2 5.9∼20 Hz F (f) = 400f2

>26 Hz F (f) = 1 >20 Hz

stability, the main factors considered are vibration frequency and vibration
acceleration. Therefore, the calculation formula of Metro stability index can
be established:

W = 7.0810

√
A3

f
F (f) (22)

In the formula, f represents the vibration frequency of the subway during
operation, A represents the vibration acceleration of the subway, and F (f)
represents the frequency correction factor. The value of frequency correction
factor is shown in Table 4.

According to the above results, the stability of subway operation can be
judged. The stability judgment results of linear metro are shown in Table 5.

Referring to the above calculation formula and stability index grade,
considering that the maximum mileage in the collected data is 90000 km,
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Table 5 Level of Metro stability index
Metro Stability Level Metro Stability Grade Index Assessment Results
Level 1 <2.50 Excellent
Level 2 2.50∼2.75 Good
Level 3 2.75∼3.00 Qualified

Table 6 Evaluation standard for derailment coefficient
TB/T2360-1993 GB5500-1895

Evaluate Excellent Good Qualified First limit Second limit
Q/P 0.6 0.8 0.9 ≤1.2 ≤1.0

it is not necessary to consider the stability at 30000 km and 60000 km, but
only at 90000 km. The results of stationarity and initial values at 90000 km
are shown in Figure 10.

By observing the running stability results of the linear metro shown in
Figure 10, it can be seen that the stability of the wheel rail of the linear metro
is basically consistent with the initial value, whether it is horizontal stability
or vertical stability. Even after driving 90000 km, the stability of the linear
metro remains at a good level, indicating that the safety of the metro operation
has been improved to a certain extent.

5.3 Derailment Coefficient

Derailment refers to that the subway is running off the track. Once a derail-
ment accident occurs, it will directly damage the passengers and produce
serious adverse effects. Therefore, it is necessary to study the derailment of
linear motor Metro. In the process of derailment research, the ratio of wheel
rail vertical force to lateral force is the key factor. The ratio of the two forces
is the derailment coefficient, and the expression is:

Q

P
=

sinα− η cosα

η sinα+ cosα
(23)

In the formula, η represents the wheel rail friction coefficient, α repre-
sents the wheel flange angle, P represents the wheel rail vertical force, and
Q represents the wheel rail lateral force.

The evaluation criteria for derailment coefficient during metro operation
of linear motor are shown in Table 6.

According to the evaluation standard of derailment coefficient and
the data collected by linear metro, only the derailment coefficient under
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Figure 10 Running stability results of linear motor Metro.

90000 km is considered. The derailment coefficient results of linear metro
are shown in Figure 11.

From the results of derailment coefficient of linear metro shown in
Figure 11, it can be seen that compared with the derailment coefficient
under the initial plane, the derailment coefficient increases significantly when
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Figure 11 Derailment coefficient results.

traveling for 90000 km, especially when the running speed of the metro
is greatly 60 km/h, and the derailment coefficient reaches the maximum,
which indicates that the possibility of derailment of linear metro is increased
at this time, and the Metro staff should pay attention to the driving safety
at this speed. From the above results, it can be seen that calculating the
derailment coefficient of linear metro can effectively determine whether the
running speed is safe under the driving mileage, so it provides a guarantee for
improving the operation safety of linear metro.

To sum up, this study analyzes the friction characteristics between wheels
and rails according to the working principle of linear motor. The MiniProf
series profilometer is used to accurately collect the running data of the sub-
way, calculate the wear energy flow density and the wear mass flow density
of the wheel rail contact surface according to the collected data, and complete
the wear prediction. According to the mechanical resistance and aerodynamic
resistance, the modal superposition method is used to accurately calculate
the position of linear power. According to the operating characteristic param-
eters, a dynamic model is built to clarify the dynamic performance of the
subway. Through the performance test results of the existing methods, it can
be seen that this method can accurately predict the wear of linear electric
metro, and analyze the operation stability of linear electric Metro.
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6 Conclusion

Aiming at the stability and safety of linear motor metro operation, this study
proposes the prediction of wheel rail wear and dynamic performance analysis
of linear motor Metro. The performance of the method is verified from both
theoretical and experimental aspects. This method has high wear prediction
accuracy and stability, derailment coefficient accuracy when carrying out
linear motor Metro wheel rail wear prediction and dynamic performance
analysis. Specifically, compared with the dynamic response performance
research method proposed in reference [7] and the dynamic simulation model
method proposed in reference [8], the prediction accuracy of wheel rail wear
of this method is significantly improved, reaching more than 97%. And this
method can accurately calculate the derailment coefficient of subway under
different speeds. Therefore, it can better ensure the operation safety of linear
metro.
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