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1. Introduction 
 

Maglev transportation systems are advantageous over the 

conventional rail-wheel systems in terms of ride quality, 

running safety, noise reduction, and cost efficiency (Chandra 

and Agarwal 2013). Therefore, it is more and more important 

to study Maglev systems with their development in Europe, 

Japan, Korea, and China over the past two decades. At present, 

elevated bridges are employed in most Maglev lines. Studies 

and engineering practices have shown that the Maglev vehicle-

guideway coupled vibration is widely present in Maglev 

systems and poses significant issues, which should be focused 

on (Zhou et al. 2010). Otherwise, using field monitoring data 

to assess the reliability and stability of elevated bridges is 

helpful and necessary (Ni et al. 2010, Ni et al. 2012), which is 

also important in the estimation and maintenance of maglev 

line. In general, there are three main types of vibrations that 

pose issues: moving vehicle-bridge coupled vibration, 

stationary vehicle-guideway self-excited vibration, and 

vehicle-guideway interaction vibration in the presence of track 

irregularities (Zhou et al. 2010). In this study, we mainly focus 

on the third type of vibration of high-speed Maglev vehicles. 

This vibration amplifies with the increase of the running  
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velocity, and in addition, the irregularities have great impact on 

the levitation stability (Zhai and Zhao 2005, Yu et al. 2015, 

Zhou et al. 2017). Long-wavelength irregularities adjustment is 

of key importance in the maintenance of high-speed Maglev 

lines. Therefore, adjustment methods have to be extensively 

studied and further advanced.  

For the adjustment method, track irregularities should be 

measured and their influence should be estimated. Over the 

past two decades, extensive studies have been performed on 

Maglev track irregularities; however, most of them considered 

random irregularities for the calculations or focused only on 

middle-low-speed Maglev vehicles. Tsunashima and Abe 

(1998) proposed the concept of power spectrum density (PSD) 

of Maglev line‟s track irregularities. Zhai and Zhao (2005) and 

Shi et al. (2007) proposed a high-speed Maglev vehicle-

guideway interaction dynamic analytical model to compute 

dynamic responses of girders. They studied the dynamic 

response for a random-irregularity PSD excitation. Jiang et al. 

(2007) analyzed the dynamic responses of a low-speed maglev 

vehicle for a sinusoidal excitation. They revealed the influence 

of track irregularities with different frequencies on vehicle‟s 

vertical vibration and proposed levitation control approaches. 

Zhou et al. (2008) calculated vehicle‟s vertical response PSD 

using an analytical method of virtual excitation based on the 

TR08 Maglev vehicle prototype. The proposed method was 

designed to conveniently and rapidly evaluate riding quality of 

Maglev vehicles. Jun-Seok et al. (2009) developed a numerical 

model which considers guideway properties and irregularities  
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to investigate dynamic responses of low and medium speed 

Maglev systems. Lee et al. (2009) considered actual track 

irregularities of an urban transit Maglev line in Korea in order 

to study dynamic responses of vehicles and guideways. Min et 

al. (2012) explore the dynamic response under irregularity by 

considering the nonlinear forms of electromagnetic force and 

current. Zhou et al. (2012) performed a simple stationary test 

to calculate the PSD function of the track irregularities of the 

Tangshan low-speed Maglev line in China. Shi et al. (2014) 

employed an inertial reference method to perform a field-test 

of the Shanghai high-speed Maglev line. They obtained the 

PSD of the track irregularities; however, its influence was not 

studied. Talukdar et al. (2016) employed the block diagram 

approach (MATLAB SIMULINK) to examine the effects of 

vehicle speed and guideway‟s random-irregularities PSD for 

the optimization of suspension parameters. Ju et al. (2015) 

investigated the influence of track irregularities caused by 

foundation settlement, and proposed a proportional-integral 

(PI) controller to achieve better control. Yu et al. (2015) and 

Zhou et al. (2017) studied a low-speed Maglev vehicle 

levitation module. They studied the random track irregularities 

in order to reveal the PSD responses of the levitation module, 

and proposed an adaptive vibration control method to reduce 

vibrations. 

Therefore, extensive studies have been already performed 

on analysis and management of track irregularities. However, 

all of them considered hypothetical irregularities in rail-wheel 

systems for the calculations of dynamic responses of vehicles 

and guideways. However, the guideway structure of high-

speed Maglev lines is very different from that of rail-wheel 

systems, and in addition, their track irregularities differ (Shi et 

al. 2014). Therefore, suitable models of track irregularities 

have to be employed in the calculations of vibrations in high-

speed Maglev systems. Until now, only several studies on 

high-speed Maglev lines have been reported, while the track 

irregularities management methods mainly focused on 

levitation controllers; adjustment methods of irregularities and 

their dynamics have not been yet extensively investigated.  

This study is a follow-up of a previous study of Shi et al. 

(2014), where an inertial reference method was proposed to 

investigate characteristics of track irregularities in high-speed 

Maglev lines. In this study, through track irregularities  

 

 

inspection and analysis of dynamic responses of vehicles and 

guideways, a track irregularities adjustment method for high-

speed Maglev lines is proposed. As shown in Fig. 1, two 

modules are considered in this study: long-wavelength track-

irregularities inspection module and vehicle-guideway 

coupling vibration analysis module. In the inspection module, 

the inertial reference method (Shi et al. 2014) is employed for 

a field-test of the Shanghai high-speed Maglev demonstration 

line in the location range of 19.1 km to 19.45 km, performed in 

April 2016. The length of the demonstration line is 30 km, the 

highest operation speed is 431 km/h, while the peak 

experimental speed is 500 km/h. Then, a series of data 

processing methods are described to reveal the irregularities. In 

the analysis module, a 32-degrees-of-freedom (DOFs) vehicle-

guideway interaction numerical model is developed to 

investigate dynamic characteristics of vehicles and guideways 

with irregularities. The obtained irregularities are employed as 

the excitation in the calculations. Furthermore, using the results 

of the actual sample, virtual irregularities are constructed with 

different end deviations of the girder, which are also employed 

for the simulations and comparison. The results show that the 

girder end‟s deviation adjustment values and adverse track 

irregularities conditions can be determined, which could be 

employed in the daily maintenance of high-speed Maglev 

lines. 

 

 

2. Track irregularities inspection module 
 

2.1 Processing method 
 

Using the inertial reference method (Shi et al. 2014), the 

relative position h of the guideway contour in an inertial 

coordinate system can be obtained, as illustrated in Fig. 2. The 

acceleration a of the magnet is measured by acceleration 

sensors, which can be used to obtain the relative vertical 

displacement z of the magnet. The value s is the distance 

between the magnet of suspension vehicle and stator surface of 

guideway, namely „air gap‟ in maglev transportation, which 

can be measured by on-board gap sensors. Using Eq. (1), the 

position h of the guideway contour can be obtained 
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Fig. 1 Framework of the study 
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Where c1 and c2 are constants that emerge from the 

integration of the acceleration. 

The vertical displacement BZ of the magnet is obtained 

by integrating its vibration acceleration BZ  

12

2)()( CtCdttZtZ BB     (2) 

where C1 and C2 are constants determined by the initial 

conditions, which are not important for this analysis. Their 

existence will eventually lead to a saturation of the 

integrator. In order to remove their influence, a partial filter 

(Eq. (3)) is employed (Du et al. 1997) 
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where d is the cut-off frequency, which determines the 

damping feature of the filter and transition bandwidth. By 

employing trial-and-error method, we set the value of d to 

1/20000 rad/s.  

In order to obtain the displacement value of the 

electromagnet, the acceleration of the electromagnet should 

be integrated twice. Taking into account the characteristics 

of the line inspection system, the rectangular numerical 

integration method is employed in this study. 

The measured track irregularities change with the 

vehicle running velocity. Therefore, a resampling method is 

utilized to transform the time signal into a spatial signal, in  

 

Fig. 2 Irregularities inspection method for high-speed Maglev lines 

 

Fig. 3 Filter design flow 

 

Fig. 4 Frequency response of a fourth-order low-pass elliptic filter 
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order to eliminate the influence of the velocity. The space-

sampling interval of 86 mm is employed as the sampling 

pulse to convert the time signal into a spatial signal (Shi et 

al. 2014). After the above procedures, the values of the 

initial track irregularities are determined. Then, an elliptic 

filter is designed to filter out the undesired frequency 

components or random noise in the spectrum of the 

decaying signal. The design flow of the filter is shown in 

Fig. 3. The design method is based on the digital filter 

technical index, and it converts time domain into frequency 

domain. 

The elliptic filter provides equiripple of the stop- and 

pass-bands, and in addition, it provides minimum 

fluctuations in the pass- and stop-bands, of the same order; 

these features are different from those obtained using 

Butterworth and Chebyshev filters. The amplitude of the 

frequency response of a low-pass elliptic filter is 

)/(1

1
)(

22
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cNR
jH
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where  is the attenuation of the pass-band, NR is the nth-

order Jacobi elliptic function, and c is the cut-off 

frequency. The frequency response of a fourth-order low-

pass elliptic filter is shown in Fig. 4, where the pass-band 

boundary frequency, stop-band boundary frequency sf , 

pass-band attenuation pR , and stop-band attenuation sR

were set to 1/199 Hz, 1/318 Hz, 4 dB, and 35 dB, 

respectively. 

 

2.2 Track irregularities processing  
 

In April 2016, a field-test of long-wavelength track 

irregularities was performed in the location range of 19.1 

km to 19.45 km of the Shanghai high-speed Maglev 

demonstration line. Figs. 5(a) and 5(b) shows the 

irregularities of the right and left side of the guideway, 

obtained by using the track irregularities inspection method 

respectively. Track irregularities which have a wavelength 

of ~ 50 m can be clearly observed, and the impulses in the 

peaks and troughs of the waveform are induced by the the  

 
(a) Track irregularities processing results of right side obtained in this study 

 
(b) Track irregularities processing results of lef side obtained in this study 

 
(c) Processing results obtained by German technology supporter of the Shanghai high-speed Maglev line 

Fig. 5 Comparison of track irregularities processing results 
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gap between the stators of linear motor which is 90~100 

mm at the adjacent girder, and the span length of girder is 

24.768 m (Wu and Huang 2004), as shown in Fig. 7. Form 

the pictures and analysis, it can be concluded that the 

Maglev line exhibits larger deviations at the end of the 

girder, long-wavelength track irregularities caused by the 

girder end‟s deviation dominate. These processing results 

can be verified by comparison with those shown in Fig. 

5(c), measured by German, which is the engineering 

technology supporter of the Shanghai high-speed Maglev 

line. 

 

 

3. Vehicle-guideway coupling vibration analysis 
module 

 

3.1 Vehicle-guideway interaction model 
 

The proposed high-speed Maglev vehicle-guideway 

interaction model consists of a vehicle model and a 

guideway model. The vehicles comprise several 

components: cabin, 8 pairs of swinging bolsters, 4 pairs of 

suspension frames with magnets, and spring-damping 

suspension devices, as illustrated in Fig. 6. 

The vehicle model is simplified to a two-dimensional 

(2D) numerical model, which has 32 DOFs. They are the  

 

 

 

 

 

cabin vertical motion cZ (1 DOF), cabin pitch motion
c

 (1 

DOF), swinging bolsters‟ vertical motions bZ (8 DOFs), 

suspension frame vertical motions tZ (4 DOFs), suspension 

frame pitch motions
t

 (4 DOFs), electromagnet vertical 

motions mZ (7 DOFs), and electromagnet pitch motions
m



(7 DOFs). 

The guideway structure consists of girders, piers, and 

functional components, as shown in Figs. 7(a) and 7(b). 

In order to decrease the number of computational DOFs, 

the modal superposition method is introduced in the 

guideway model. First, the vibration frequencies and modes 

of vibration of the guideway are calculated. Then, using the 

orthogonality of the vibration modes, the equations of the 

nodes, coupled with each other, are decoupled so that they 

can be transformed into independent modal equations (Xia 

and Guo 2008). It is reasonable to suppose that there is no 

relative displacement between the guideway girder and 

functional components. Therefore, the vibration mode of a 

pier node is identical to that of the corresponding girder 

node. The mode of vibration between two nodes is 

determined by the Lagrange interpolation method; the 

cross-section deformation is neglected in the vibration 

analysis. Using the expansion theorem, the nth girder modal 

equation can be expressed as 

 

Fig. 6 Vehicle model 

 
 

(a) (b) 

Fig. 7 Illustration of the vehicle and guideway structures 
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where
n

 and
n

 are the damping ratio and natural frequency 

of the n
th

 vibration mode, respectively, while Fn is the 

generalized force, which is the product of the magnetic 

force and vibration mode )(x .  

The displacement kdzZ of the girder can be expressed as 
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where
n

q is the generalized coordinate, ( )
n

v
x is the vertical 

vector of the nth mode, 
b

N is the number of modes. 

The displacement kdijkZ of the kth control point of the jth  

 

 

 

suspension frame of the ith vehicle on the girder can be 

expressed as the superposition of the girder displacement 

and track irregularities
s

Z  
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By combining the vehicle model and guideway girder 

model, the vehicle-guideway interaction dynamic equation 

can be expressed as 
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Where M,K,C are the mass, stiffness, and damping 

matrices of the vehicle-guideway system, respectively, 

XXX  ,, are the displacement, velocity, and acceleration 

vectors, respectively, vbF , bvF are the interaction forces  

Table 1 Parameters of the high-speed Maglev system 

Symbol Quantity Value 

m Total weight of suspended object 700 kg 

A Pole face area 356 cm2 

N Number of turns in the magnet winding 300 

0  Air permeability 4×10-7 H/m 

( )c t  Magnetic air gap 0.01 m 

pk  Feedback gain that corresponds to the air gap change 6000 

vk  Feedback gain that corresponds to the velocity of the magnet 60 

ak  Feedback gain that corresponds to the acceleration of the magnet 1 

Start

Read vehicle-guideway system data

Calculate the state of control point 

location system and its irregularity

Calculate electromagnetic force

Calculate the right item of the vehicle-

guideway system equation

Solve equation of the system(Newmark 

method)

Record the present results

Estimate degree of convergent

t+∆t>Tend

NoYes

No

Output the present results

The train arrives at the  

designed location

End
 

Fig. 8 Flow diagram of the developed program 
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between the vehicle and guideway, and the subscripts v and 

b correspond to the vehicle and guideway, respectively.  

 
3.2 Electromagnetic guideway interaction force 
 
The decoupling concept of multiple-points independent-

suspension-guidance control systems is employed for the 

Maglev vehicle, which provides the vehicle with 

mechanical flexibility and mechanical statically. Single- 

point suspension system is the basic unit of the 

electromagnetic action. Using the electromagnetic theory 

proposed by Sinha (1987), the electromagnet attractive 

force F as a function of the time is 

22
0
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4
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tiANu
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where N is the number of turns of the coil, 0u  is the 

magnetic permeability of the vacuum, A is the effective area  

of the magnetic pole, ( )i t  is the current in the circuit, and 

( )c t  is the air gap between the magnet and stator surface of 

the guideway. 

As the open-loop system has an inherent instability, the 

air gap variation has to be controlled within a predefined 

error range using the closed-loop feedback control method. 

There are many developed programs which can be 

employed for a current feedback control. For the high-speed  

Maglev systems, feedback programs for the position, 

velocity, and acceleration of the air gap variations, can be  

 

 

 

employed (Shi et al. 2007) 

)()()()( tzktzktckti avp    (10) 

where kp, kv, and ka are the position, velocity, and 

acceleration feedback coefficients, respectively, )(tc  is 

the air gap change, )(tz represents the change of the 

displacement of the suspended. The employed parameters 

are listed in Table 1 (Shi et al. 2007). 

Based on the above analysis, a computer program was 

developed to perform dynamic analysis; its flow diagram is  

illustrated in Fig. 8. 

 
 
4. Threshold analysis for the control of track 
irregularities 

 

In the current practice for the maintenance of the 

Shanghai high-speed Maglev line, the end deviation of the 

girder is adjusted to manage the irregularities. Accordingly, 

it is necessary to investigate the effects of the girder end‟s 

deviation on the dynamic responses of the vehicle and 

guideway. In this study, using the field-measured track 

irregularities, several types of track irregularities with 

different amplitude scales are simulated, which is utilized to 

perform comparative studies.  

Using the field-measured track irregularities (Fig. 9), 

virtual track irregularities are constructed by setting the 

amplitude of the girder end‟s deviation to 3, 4, 5, 6, and 7 

mm at a distance of 250 m from the measured line, as 

 

Fig. 9 Track irregularities of the guideway, obtained by performing a field-test 

 

Fig. 10 Virtual track irregularities for different end-deviations of the girder 
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shown in Fig.10. The running velocity is set to 431 km/h, in 

order to consider the unfavorable conditions. 

Track irregularities with five different amplitudes are 

considered for the excitation in the simulations to examine 

the effect of the amplitude of the girder end‟s deviation. 

By performing simulations using the numerical vehicle-

guideway model, the dynamic characteristics of the vehicle 

and guideway are obtained. The calculated variations of the 

vertical acceleration, variations of the air gap, deformation 

of the girder, and acceleration of the girder mid-span, are 

presented in Figs as follows. Fig. 11 shows the comparision 

of the vehicle‟s vertical vibration accelerations under 

different girder-end deviations, and the Figs. 13(a)-13(e) are 

their acceleration respectively. Figs.11 and 13 suggests that 

the end-deviation of the girder leads to an obvious vertical 

vibration of the cabin. Fig.12 shows that the suspension air 

gap varies under different girder-end deviations, and Figs. 

14(a)-14(e) are their variations respectively. Figs.16 and 18 

show that the vibration of the girder increases with the 

deviation amplitude; however, from the Figs. 15 and 17, it 

can be found that the deviation has only a small influence 

on the vertical deformation of the girder 

Furthermore, by analyzing the peak value of the cabin 

vibration, suspension gap variations, and girder 

acceleration, the relationships between the girder end‟s 

deviation and cabin vertical acceleration, suspension gap 

variations, and mid-span acceleration of the girder, can be 

obtained, as shown in Fig. 19 and Table 2. The largest 

vehicle acceleration increases with the girder end‟s 

deviation. It rapidly increases in the deviation range of 0 

mm to 4 mm, while for deviations larger than 6 mm the 

increase is slower. However, it is worth noting that the 

largest vehicle acceleration never exceeds the value of 0.4 

m/s2. According to the passengers‟ comfort standard, 

China‟s national standard GB5599-85, the allowable value 

of the largest vertical acceleration is set to 0.4 m/s2. 

Therefore, the vertical acceleration should comply with 

the requirements. Fig. 19 shows that the largest gap 

variation increases slowly when the deviation is in the range 

of ~ 0 mm to ~ 3 mm; it rapidly increases for deviations 

larger than 3 mm. Table 2 shows that for a deviation of 6 

mm, the gap variation can reach a value of 2.1 mm, which 

exceeds the 2-mm-range of the deviation adjustment. 

Moreover, Fig. 20 shows that the largest acceleration of the 

girder mid-span increases rapidly for deviation values in the 

range of 0 mm to 4 mm; the increase of the largest  

acceleration is slower for deviations larger than 4 mm. The 

acceleration can reach a value of 2.5 m/s2, when the 

deviation is 6 mm.  

 

 

The above analysis shows that when the deviation is 

larger than 6 mm, the gap variation exceeds the adjustment 

range of 2 mm. In addition, the simulation result in Fig.21 

shows that when the deviation is larger than 8 mm, for a 

running velocity of 500 km/h, a collision will occur 

between the suspension magnet and guideway, which 

certainly has to be avoided in high-speed Maglev lines. 

Therefore, the girder end‟s deviation should be controlled 

below 6 mm. 

 

 

 

Fig. 11 Time-history of the vehicle‟s vertical acceleration 

 

 

 

 

Fig. 12 Time-history of the air gap variations 
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Table 2 Vehicle operation indices as a function of the girder end‟s deviation 

Deviation (mm) 
Largest acceleration of the vehicle 

(m/s2) 

Largest gap variation 

(mm) 

Largest acceleration of the beam‟s mid-

span (m/s2) 

3 0.16 1.5 1.25 

4 0.25 1.5 2.25 

5 0.27 1.5 2.43 

6 0.32 2.1 2.48 

7 0.32 2.7 2.5 
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(a) 3 mm (b) 4 mm (c) 5 mm (d) 6 mm (e) 7 mm 

Fig. 13 Time-history of the vehicle‟s vertical acceleration 

     
(a) 3 mm (b) 4 mm (c) 5 mm (d) 6 mm (e) 7 mm 

Fig. 14 Time-history of the vehicle‟s vertical acceleration 

 

Fig. 15 Dependence of time history of mid-span displacement of girder under different deviations 

 

Fig. 16 Dependence of time history of mid-span acceleration of girder. Under different deviations 
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Fig. 19 Dependences of the largest acceleration of the 

vehicle and gap variation as a function of the girder end‟s 

deviation 

 

 

 

 

Fig. 20 Dependence of the largest acceleration of the 

girder‟s mid-span as a function of the end deviation 

 

 

 

 

 

 

 

 

 

 

Fig. 21 Time-history of the air gap variations for a running 

velocity of 500 km/h 

 

 

4.1 Calculations for different shapes of track 
 
Based on the field-measured track irregularities, V-, M-, 

and N-shape irregularities investigate the effects of the 

shape of the irregularities, as shown in Fig. 19. For the 

simulations, the amplitude was set to 7 mm, the span length 

of the girder was set to 24.768 m, and the running velocity 

was set to 431 km/h.  

 

4.2 Analysis of the results  
 

Fig. 20 shows the dynamic responses for three different 

shapes of track irregularities. It can be noticed that the 

largest accelerations of the vehicle are 0.23 m/s2, 0.38 m/s2, 

and 0.38 m/s2 for the V-, M-, and N-shape deviations, 

respectively. Fig. 21 indicates the largest gap variations are 

1.8 mm, 4.1 mm, and 4.1 mm for the V-, M-, and N-shape 

deviations, respectively. Therefore, it can be concluded that 

the M- and N-shape deviations can amplify the vibration of 

the vehicle, i.e., increase the air gap variations, which is 

unfavorable. 
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(a) 3 mm (b) 4 mm (c) 5 mm (d) 6 mm (e) 7 mm 

Fig. 17 Time history of mid-span displacement of girder 

     
(a) 3 mm (b) 4 mm (c) 5 mm (d) 6 mm (e) 7 mm 

Fig. 18 Time history of mid-span acceleration of girder 
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   (a) V-shape 

 

(b) M-shape 

 

(c) N-shape 

Fig. 22 End deviation‟s shapes. 

 

 

 

Fig. 23 Vehicle accelerations for different shapes of 

deviations 

 

 

 

Fig. 24 Air gap variations for different shapes of deviations 

 

 

5. Conclusions  
 

Track irregularities of high-speed Maglev lines were 

studied. A vehicle-guideway dynamic interaction model was 

developed to study the dynamic responses of vehicles and 

guideways. Girder end‟s deviation threshold analysis 

method was developed. Using the results of the threshold 

analysis, several conclusions can be summarized, as 

follows.  

 An inertial reference method is applied to detect the 

track irregularities, and the detection data is processed 

by a partial filtering, integration method, resampling 

method, and designed elliptic filter. After that, the 

results are obtained, which are similar to those 

obtained by German‟s technology team, both 

performed at the same field-measurement position of 

the Shanghai high-speed Maglev line. This shows that 

the inertial reference and data processing methods are 

effective for characterization of irregularities in high-

speed Maglev lines.  

 The samples that have long-wavelength track 

irregularities show larger girder end‟s deviations. This 

implies that it is necessary to improve the installation 

accuracy of guideways during construction. In 

addition, effective approaches should be developed to 

measure the girder end‟s deviation and reduce the 

impact of the irregularities by adjusting the deviation.   

 The threshold analysis shows that the girder end‟s 

deviation has only a small influence on the vertical 

deformation of the girder. But the vertical acceleration 

of the vehicle rapidly increases with the increase of the 

girder end‟s deviation (for deviations smaller than 4 

mm), and the acceleration can meet the requirements 

of ride comfort. The increase is slower for deviations 

larger than 6 mm, and in addition, the air gap 

variations exceed the variation range of 2 mm. 

Moreover, the suspension magnet will collide with the 

stator surface when the deviation exceeds 8 mm, for a 

running velocity of 500 km/h. Therefore, to ensure 

ride safety and comfort, girder end‟s deviation should 

not exceed 6 mm, which should be considered in the 

maintenance of high-speed Maglev lines.  

 M-shape and N-shape track irregularities could 

amplify the vehicle vibration, and increase the air gap 

variations. This should be prevented by employing 

adjustment methods of track irregularities in high-

speed Maglev lines. 
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