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Abstract A train–bridge coupling vibration model for

low-speed maglev traffic was established to study the

dynamic response of low-medium speed Maglev Train and

simply supported beam interation system. In this model,

the vehicle is assumed as a secondary suspension mass-

spring-damper model with 12 degrees of freedom. The

finite element model is supplied to simulate the bridge

structure. The influence of the track irregularity is also

taken into account. Then, the program for vertical coupling

vibration simulation of low-speed maglev traffic is devel-

oped. Finally, a field test was carried out on a 25-m simply

supported beam in a low-speed maglev test line. The

results show that the fundamental frequency, the vibration

mode, the mid-span dynamic deflection and the accelera-

tion of the track beam measured values are slightly smaller

than the simulation results. When the maglev train passes

the simply supported beam, the measured acceleration

values of the vehicle are slightly less than the simulation

ones. These research results show that the vertical coupling

vibration model of low-speed maglev train–track beam is

reasonable and the simulation results are credible. With the

increase of speed, the accelerations of the bridge and car

body are increased in the overall trend. But, the acclera-

tions of the bridge and the maglev car body are both small

versus the speed, wich indicates that the dynamic perfor-

manceof the bridge and maglev train are good.

Keywords Low-speed maglev � PD control � Coupled

vibration � Track beam � Dynamic responses

1 Introduction

Since the twenty-first century, China’s urban rail transit

has experienced rapid development. Low-speed maglev

transportation has become one of the most competitive

green ground transportation systems by the virtue of low

noise, excellent climbing ability, small turning radius and

many other advantages. The maglev system is different

from the wheel–rail system, and its coupling effect is more

complex. Therefore, it is necessary to study the coupling

vibration of the low-speed maglev train–track beam

system.

At present, the coupling vibration research of the track

beam of maglev train at home and abroad is mostly con-

ducted for high-speed maglev, such as Yang [1] used

moving uniform mass model to analyze the vibration of

track beam; Zeng [2] analyzed coupling vibration of

vehicle–track beam by simplifying the maglev vehicle as a

7 rigid body vibration system connected by a spring

damping element; Teng [3], based on the prototype of the

German maglev vehicle, established the coupling vibration

analysis model of high-speed maglev vehicle–track beam

which includes 10 DOF vehicle model, electromagnet

model, track beam model and suspension control model.

This paper, based on the existing research results,

introduced of a feedback mechanism with the active con-

trol of the suspension controller and used finite element

method to build the bridge structure model. The maglev

vehicle is simplified as a vertical model with 12 degrees of

freedom and secondary suspension. Track irregularity is
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also considered. The vertical coupling vibration analysis

model of the maglev car bridge is established.

The dynamic load test was carried out on the 25-m

simply supported beam of a low-speed maglev test line.

The contrast between the simulated values and the mea-

sured values of the field test shows that this model is

reasonable.

2 Theoretical Model

In this paper, the train–bridge dynamic simulation analysis

model of low-speed maglev vehicle system is composed of

maglev vehicle model, bridge model, electromagnet system

model and suspension controller model, with consideration

of the track irregularity, according to a certain track rela-

tionship (as shown in Fig. 1). The numerical simulation

analysis method is used to solve the dynamic response of

maglev train–bridge system.

2.1 Vertical Dynamic Model of Maglev Vehicle

Model

The vertical model of the maglev vehicle consists of six

rigid bodies, includinga car body and five suspension

frames. Each rigid body vertically considers two degrees of

freedom of nods, ups and downs. The vertical dynamic

model of maglev vehicle is shown in Figs. 2 and 3.

In Fig. 2, Mci, Jci, yci and ai denote the mass, moment of

inertia, displacement and nod angle at the center of gravity

(or geometrical center) of the ith maglev vehicle. fkim and

fsim, respectively, represent the maglev vehicle department

of suspension point of the spring force and damping force:

fkim ¼ Kp yTim � yBim
� �

ð1Þ

fsim ¼ Cp _yTim � _yBim
� �

ð2Þ

where Kp and Cp represent the two-line suspension stiffness

and damping, and yTim and yBim represent the displacement of

the top and bottom points of the vehicle body to the cor-

responding secondary suspension points.

Using the d’Alembert principle, the vertical dynamic

equation of a maglev vehicle system can be written.

Considering that the maglev vehicle is composed of

three carriages, the whole vehicle system has 36 degrees of

freedom in the vertical direction. In the simulation analysis,

the numerical method is used for solving.

2.2 The Model of Bridge

When finite element method is used to analyze the dynamic

behavior of the bridge structure, two parts are analyzed

including the characteristics of bridge vibration and

dynamic response. The dynamic response analysis is

mainly used to solve the structural response (such as dis-

placement, velocity and acceleration) with the time course

of change.

The finite element method is used to analyze the

dynamic behavior of the bridge structure. The derivation of

the motion equation of the bridge structure is shown as

follows:

M €X þ C _X þ KX ¼ F ð3Þ

where M, C, and K are the mass matrix, the damping matrix

and the stiffness matrix for the global coordinate system,

respectively. X is the total column vector of the system

displacement, and F is the external load column vector.

The vibration superposition method and step-by-step

integration method [4] are two methods which are used to

solve system motion equation. In this paper, the Newmark-

b integration method is used for solving.

Fig. 1 Dynamic simulation analysis model
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2.3 The Model of Electromagnet System

The electromagnet model is based on the EMS-type SC

magnets in Ref. [5], including guideway iron rail, iron-core

magnet, SC coil and normal coil. The model is shown in

Fig. 3. The current ISC in the constant current coil is pro-

vided by a constant current source in which the total weight

of the maglev vehicle is balanced by the electromagnetic

force generated by the constant current.

The time-varying current i in the rated coil, which is

driven by a control voltage source, is used to maintain the

suspension gap h in the vicinity of its rated value. Elec-

tromagnet system parameters are shown in Table 1.

2.4 The Model of Suspension Controller

Considering that maglev system itself is an unstable system

[2, 6, 7], to achieve suspension stability, the introduction of

active control of the suspension controller is necessary. The

suspension controller function is to generate the appropri-

ate time-varying control voltage according to a certain

algorithm generated by the feedback signal of the sensor

installed at the bottom of the suspension. Then, the time-

varying current is generated to adjust the maglev vehicle

and maintain the suspension gap in the rated suspension

gap.

Considering all factors, the PD control method, which is

commonly used in industrial control, is induced in this

project. The model is shown in Fig. 4. h0 is the rated

floating clearance; kp and kd are the two key control

parameters of the suspension controller, respectively;

u denotes the time-varying control voltage.

3 The Equations of Vertical Coupled Vibration

The vertical motion equations the vehicle and bridge

structure can be written as the following matrix form.

Mvþb€uvþb þ Cvþb _uvþb þ Kvþbuvþb ¼ Pvþb ð4Þ

Among them, Mv?b, Cv?b, Kv?b denote the mass,

damping and stiffness matrices of the system, respectively.

uv?b represents the displacement column vector of the

system, and Pv?b represents a load column vector.

Formula 4 form a large-scale complex time-varying

nonlinear dynamic system. To solve such a dynamic sys-

tem, only the time of numerical integration method can be

used. The Newmark-b method is used to solve the dynamic

responses of the maglev vehicle and the bridge structure. In

the calculation, the time step is 0.001 s.

The main idea is to calculate the suspension clearance

h and the change rate of floating gap at the current time

based on the previous maglev vehicle and bridge response.

It can be substituted into the suspension controller equation

for the current control voltage u and solved for the time-

varying current i according to the solenoid system loop

equation. The electromagnetic force f at the current

moment can be calculated. Finally, the current maglev

vehicle and bridge response can be obtained by solving the

vibration equation. Repeating the above process, the entire

maglev vehicle bridge vibration response of the whole

process can be solved.

4 Field Test

In order to verify the rationality of the model and the

reliability of the simulated program, a field test of a 25-m

simply supported beam on a maglev test line was carried

out.

Figure 5 shows the mid-span section of the concrete

simply supported track beam. Two sides of the beam are,

respectively, single track beam. The bridge span is

24.94 m. The height is 2.1 m, and the width is 1.3 m. The

material of the beam is C55 concrete, and the second phase

of the dead load is 10 kN/m. The design speed is 100 km/h.

Fig. 4 Suspension controller model

Fig. 5 Mid-span section of the track beam (unit: cm)

Table 1 Electromagnetic system parameters

Parameter Unit Value

Constant current coil turns — 1020

Control coil turns — 96

Magnetic pole area m2 0.04

Control coil resistance X 1

Air permeability w/Am-1 4pE-7
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Round-shaped pier is used with height of 11.25 m. Fig-

ure 6 shows the field test photos.

During the test, a typical span was selected according to

the site conditions. The vertical displacement, vibration

and acceleration sensors were arranged at the mid-span to

measure the dynamic displacement and acceleration of the

bridge.

Loading conditions include car body loads of 24, 30 and

33 t. The speed rating is 50–100 km/h. Due to the random

response of the dynamic factors and in order to ensure the

test accuracy, each test condition includes no less than 6

groups.

5 Comparison and Analysis of Simulation
and Measurement

Using the program developed in this paper, the vehicle–

bridge coupling vibration of the 25-m simply supported

beam on the maglev test line is analyzed and compared

with the measured values in the field test. The effect of

track irregularities is also considered. Track irregularity is

shown in Fig. 7.

The maximum displacement and acceleration of the

bridge structure are obtained by peak analysis of the

recorded acceleration and displacement time history

curves. The measured value of the vertical base frequency

of the bridge is 6.768 Hz, slightly larger than the calculated

value 6.030 Hz.

The measured results show that the measured base fre-

quency of the bridge is higher than the simulation value,

due to the impact of the track structure. The measured

simulation mode is the same as the simulation mode.

When the test maglev vehicles pass the 25-m simply

supported beam in the speed of 50–100 km/h, the contrast

of the beam in the dynamic deflection and vertical accel-

eration between the simulation value and the measured

values is shown in Tables 2 and 3. The contrast of vertical

acceleration of the maglev train body between the simu-

lation values and the measured values is shown in Table 4.

It can be seen from Tables 2, 3, 4, when maglev vehicles

pass through the 25-m simply supported beam:

1. Through the theoretical simulation, it could be seen

that values of the mid-span deflection and acceleration

of the track beam vary with the speed of the vehicle.

2. The theoretical simulation value of the mid-span

deflection and acceleration of the track beam is at the

same order of magnitude of the test value however it is

slightly bigger than the measure value. The change rule

is consistent with the measured value.

3. The measured values of the vertical acceleration of the

maglev vehicle are close to the theoretical simulation

values, and the measured values are basically smaller

than the theoretical simulation values.

Fig. 6 Photographs of the field test
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Fig. 7 Track irregularity
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4. The heavier the maglev train, the greater deflection of

the bridge and the acclerations of the bridge and car

body are. The regular of simulation values between the

weight of the cay body and the dynamic responses is

the same as that of the measured.

6 Conclusions

In this paper, based on the existing research results, the

vertical vibration analysis model of the maglev car bridge

is established including a feedback mechanism with active

control of the suspension controller, the finite element

method to build the bridge structure model, the maglev

vehicle for 12 degrees of freedom of the two-line vertical

model and the track irregularities. Relevant program is

worked out based on this. A field test is carried out.

The result of field test shows that:

1. The measured base frequency of the bridge span

structure is slightly higher than the simulation calcu-

lation frequency, but vibration mode is the same.

2. The measured values of the vertical acceleration in the

beam are close to and slightly smaller than the

simulation values. The theoretical simulation value of

vehicle acceleration is consistent with the measured

law. The variation trend is the same. The analysis

result of the compiled software is credible.

3. With the increase of speed, the accelerations of the

bridge and car body increases in the overall trend. With

the increase of the maglev weight, the accelerations of

the bridge and car body increases.

4. The acclerations of the bridge and the maglev car body

are both small versus the speed and the maglev train

weight, wich indicates that the dynamic performance

of the bridge and maglev train are good.
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Table 2 Contrast of maximum deflection of bridge between mea-

sured and predicted values (Unit: mm)

Condition 33 t 30 t 24 t

50 km/h Predicted 2.270 2.049 1.640

Measured 1.587 1.608 1.428

60 km/h Predicted 2.238 2.053 1.636

Measured 1.620 1.642 1.768

70 km/h Predicted 2.296 2.047 1.640

Measured 1.885 1.612 1.443

80 km/h Predicted 2.376 2.074 1.670

Measured 1.732 1.629 1.482

90 km/h Predicted 2.419 2.103 1.681

Measured 1.730 1.651 1.457

100 km/h Predicted 2.300 2.101 1.701

Measured 1.726 1.648 1.443

Table 3 Contrast of maximum acceleration of bridge between

measured and predicted values (Unit: m/s2)

Condition 33 t 30 t 24 t

50 km/h Predicted 0.589 0.537 0.433

Measured 0.351 0.31 0.268

60 km/h Predicted 0.624 0.562 0.435

Measured 0.464 0.351 0.284

70 km/h Predicted 0.614 0.547 0.448

Measured 0.379 0.37 0.456

80 km/h Predicted 0.596 0.547 0.447

Measured 0.54 0.365 0.383

90 km/h Predicted 0.607 0.556 0.456

Measured 0.568 0.378 0.328

100 km/h Predicted 0.603 0.55 0.445

Measured 0.584 0.342 0.368

Table 4 Contrast of maximum acceleration of vehicle between

measured and predicted values (Unit: m/s2)

Condition 33 t 30 t 24 t

50 km/h Measured 0.351 0.310 0.268

Predicted 0.589 0.537 0.433

60 km/h Measured 0.464 0.351 0.284

Predicted 0.624 0.562 0.435

70 km/h Measured 0.379 0.370 0.456

Predicted 0.614 0.547 0.448

80 km/h Measured 0.540 0.365 0.383

Predicted 0.596 0.547 0.447

90 km/h Measured 0.568 0.378 0.328

Predicted 0.607 0.556 0.456

100 km/h Measured 0.584 0.342 0.368

Predicted 0.603 0.550 0.445
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