Shi et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2014 15(6):385-394 385

Journal of Zhejiang University-SCIENCE A (Applied Physics & Engineering)
ISSN 1673-565X (Print); ISSN 1862-1775 (Online)

www.zju.edu.cn/jzus; www.springerlink.com 7——
E-mail: jzus@zju.edu.cn Z S

Measurements and analysis of track irregularities on

high speed maglev lines”

Jin SHI™, Wen-shan FANG', Ying-jie WANG', Yang ZHAO?

(‘Department of Road and Railway Engineering, School of Civil Engineering, Beijing Jiaotong University, Beijing 100044, China)
(*Patent Examination Cooperation Center of the Patent Office, State Intellectual Property Office of the People’s Republic of China,
Beijing 100083, China)

"E-mail: jshi@bjtu.edu.cn
Received May 12, 2013; Revision accepted Feb. 20, 2014; Crosschecked May 21, 2014

Abstract: Track irregularities have an obvious effect on the running stability and ride quality of maglev trains traveling at high
speeds. We developed a measurement principle and data processing method which were applied to the high speed maglev line
operating. The method, which includes partial filtering, integration, resampling of signal, and a low pass Butterworth filter, was
used to calculate the irregularities of the maglev line. The spectra of the sample space were evaluated. A 7-parameter power
spectrum density (PSD) function of line irregularities was fitted, based on the measured data. Analysis of the results showed that
the maglev stator plane irregularities were better than conventional railway vertical rail irregularities when the wavelength was
5-100 m, and worse when the wavelength was 1-5 m. The PSD of maglev guidance plane irregularities was similar to that of cross
level GRSHL (German railway spectra of high irregularity) when the wavelength was 10-100 m. The irregularities were clearly
worse than cross level rail irregularities in a conventional railway when the wavelength was 1-10 m. This suggests that
short-wavelength track irregularities of a maglev line caused by deviation and inclination of the stator plane should be minimized

by strictly controlling the machining error of functional components during construction and maintenance.
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1 Introduction

The maglev system has the advantages of less
environmental impact and better ride quality than a
conventional rail system. Research and development
in maglev technology are being actively pursued in
Europe, Japan, and the USA. The Shanghai maglev
system, which adopted Transrapid 08 (TROS) tech-
nology, was the first commercial high speed maglev
system (Fig. 1). This line, which links Pudong Inter-
national Airport with Long Yang Road Station, is
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about 30 km long, and the journey takes just 7 min to
complete. The peak speed is 431 km/h and the aver-
age speed 266 km/h. All adjustment and test work has
been conducted successfully without any safety or
operational problems.

Track irregularities have important effects on the
stability and ride quality of maglev trains. In the past
two decades, numerous researchers have focused
their efforts on this problem. The power spectrum
density (PSD) function of track irregularities of a
permanent maglev line (Tsunashima and Abe, 1998)
has been studied by some researchers (Kwon et al.,
2008; Zhao and Zhai, 2008). A vertical profile of
maglev line irregularities was simulated by PSD
functions of a conventional railway track (Yau, 2009;
2010). The actual track irregularities of a maglev
system were applied in Korea to investigate the
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dynamic responses of an urban transit maglev vehicle
and guideway (Lee et al., 2009). The PSD function of
track irregularities of the Tangshan low speed maglev
line in China was estimated by means of a sample
stationary test (Zhou et al., 2012). An inertial meas-
urement method for detecting long wave irregularity
of a maglev guideway was introduced, and a linear
phase IIR variable filter was designed to extract the
long wave components from the measured signals
(Zheng et al., 2007). An integrated measurement
system was described (Nieters, 2004), which used the
vehicle’s own sensors to monitor the position of the
statorpacks and guidance rails for the Shanghai
maglev line. However, little research has been con-
ducted on analyzing the irregularity of a high speed
maglev line, and no detailed method has been pro-
posed to characterize the irregularities, especially for
the high speed maglev (TRO0S8) line.

In this paper, a method for measurement and
processing of irregularities of the high speed maglev
line is described. By using our processing method,
the irregularities are calculated by air gap and
magnet displacement. The characteristics and dis-
tribution of track irregularities in space wavelengths
are analyzed.

2 Cause of track irregularities

Guideway girders of the high speed maglev are
precast in a girder factory and equipped with the
system components of a statorpack, guidance rail, and
gliding rail, and then assembled on site as a part of the
space curve (Fig. 2). A series of these functional
components 3.096 m long are installed on a 24 m-
span girder using high strength bolts.
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After transportation to the installation site on the
route, the guideway girders are mounted and fine-
positioned at the girder joints, and thereby assigned to
the defined space curve. High standard geometric
specifications are used to control deformation and
deviation of the guideway, but track irregularities are
unavoidable. Track irregularities may be caused by
deviation and inclination of the stator plane (Fig. 3),
subsidence of the foundation, machining error of
functional components, or temperature deformation
of the girder.

Gliding rail
-,

Guidance rail
Statorpack

Concrete part

Fig. 2 Girder structure of the high speed maglev
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Fig. 1 Shanghai maglev route (Wu, 2003)
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According to the specifications of the high speed
maglev (Schwind, 2006), the deviation tolerances for
the stator plane are 0.4 mm (in every girder) and
0.6 mm (between two girders). The permissible
maximum change of inclination of the stator plane is
1.5 mm/m. For the guidance rail plane, the permissi-
ble maximum value is 2.0 mm/m. The permissible
temperature deformation of the girder is about
L/5400—-L/6500 (L is the length of a girder, in m). For
subsidence of the foundation, a value of about
L/4500—-L/6000 is permitted.

3 Methods for testing track irregularities

An inertial reference method has been developed
and used for maglev systems to measure track irreg-
ularities (Fig. 4). The system is established by means
of vibration acceleration of a magnet, and track ir-
regularities are calculated by air gap and magnet dis-
placement. The value of the irregularities (%) is de-
termined by

h=z-s5=|[ad’ -s, (1

where a is the acceleration of the magnet, 7 is the time,
s 1s the air gap between the magnet and the guideway,
and z is the displacement of the magnet.
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Fig. 4 Principles for measuring irregularities on a high
speed maglev line

The hardware for recording and evaluating the
measurement data, including acceleration and air gap
data, has been completely integrated into the overall
architecture of the vehicles. The acceleration data of
the magnet is measured by acceleration sensors in-
stalled in electromagnetic modules (Fig. 5). Air gap
data are obtained from vehicle-own gap measurement
units.
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Fig. 5 Acceleration sensors installed in electromagnetic
modules

4 Methods for digital processing of track
irregularities

4.1 Processing method

To reduce integral saturation due to the
longwave composition of the space curve, partial
filters are used in acceleration signal processing. The
transfer function of a partial filter is given by (Aru-
lampalam et al., 2002; Deng, 2005)

C(1-@)1-z"
R = e @)

where wqy is the cut-off frequency, which is deter-
mined according to experience.

A partial filter is designed by zero pole matching
in frequency domain. wq determines the attenuation
characters and transition band. In other words, when
w4 1s small, the amplitude-frequency character in the
passing band is flatter, the attenuation of direct-
current parameters is better, and the transition band is
narrower. But if wq is too small, the transition band
will be too narrow and the signal attenuation will not
be sufficient near the pole frequency. As a result, the
low-frequency components will not be filtered effec-
tively. So wq should be chosen according to actual
application. Following analysis and simulation of the
acceleration signal on a curved part of the line, we
adopted @4=1/20000 rad/s. The low-frequency
components are filtered from the irregularities thus
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obtained, thereby improving the filtering result and
system stability.

After partial filtering of the signal, a rectangle
method is used for acceleration integration. The
method is used to compute an approximation of a
definite integral. It accumulates the area of a series of
rectangles whose heights are determined by the val-
ues of the acceleration signal, and whose widths are
time steps. Specifically, the time interval over which
the signal is to be integrated is divided into M equal
subintervals of length T;,,. The approximation of the
integral is then calculated by adding up the areas of
the M rectangles, i.e.,

J'm) = f'(m)+ f"(m=DT,, 3)
fm)=f(m=D+f"(m-DT,, “)

where m=2, 3, ..., M, f'(m), f(m), and f(m) are the
acceleration, velocity, and displacement of the mag-
net at the mth time step, respectively.

The frequency of testing signals based on equal
time sampling is 10000 Hz. To eliminate velocity
effects, a resampling method is used to transform the
time signal into spatial domain signal. Because wave
crests and troughs of velocity signal obtained from
vehicle-own measurement units are caused by the
tooth and slot sequence of the stator pack, the dis-
placement and air gap signal in spatial domain can be
obtained by resampling the signal of the pulse edges
at 86 mm intervals (the distance between teeth).

Based on the partial filtering, integration and
resampling of the signal, the values of the initial ir-
regularities are determined.

A low pass Butterworth filter is designed for in-
itial processing of irregularities. The transfer function
of the Butterworth filter is given by

1

. 2
|H(Ja’)| _W,

®)

where . is the cut-off frequency, and N is the order
of the filter.

Fig. 6 shows the gain of a discrete-time Butter-
worth filter. As N approaches infinity (from N=1, 3,
5, ...), for smaller values of &, the cut-off will be less
sharp. In this study, the cut-off wavelength of the
passband was selected as 180 m (the circular fre-

quency of the passband w, was 0.0348 89 rad/s), and
the cut-off wavelength of the stopband was selected
as 165 m (the circular frequency of the stopband wy
was 0.038061 rad/s). The value of the cut-off fre-
quency was determined according to wavelength
analysis, as described in the next section.

A |H(jw)|
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Fig. 6 Gain of a discrete-time Butterworth filter

The passband and stopband attenuated into the
damping of the transfer function, and suppressed
noise at high frequencies. According to the filter de-
sign parameters given by Zheng et al. (2007), the pass
band attenuation 4;was 0.0275 dB, and the stop band
attenuation 4, was —50 dB.

According to the characteristics of the Butter-
worth filter (Siebert, 1986):

10" —1
lg 0.14,
>_1007 =1 _59 (6)
2lg(w, / ,)

where A is the pass band attenuation, and 4, is the
stop band attenuation. Let N=30, and put N into the
passband equation:

w
p —
ZW— 0.036905. (7)

C

Accordingly, the cut-off wavelength can be calcu-
lated by

[\

=T _170, (8)
a)C

where Q is the space frequency (m ).

According to the calculation results, the filter
parameter N was 30 and the cut-off space frequency
was 1/170 m ™.
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4.2 Processing results

The measurement principle was developed and
applied to the daily operations of the high speed
maglev line. Field data from the maglev line were
recorded in 2010. The sampling frequency was
1/10000 Hz. In this study, the data were acquired
from DK17+000.00 to DK17+600.00 on the maglev
line where the running speed was 430 km/h. Fig. 7
shows the air gap and acceleration of the levitation
magnet, and Fig. 8 shows the air gap and acceleration
of the guidance magnet. The change in the air gap of
the levitation magnet was found to be in the range of
—2 mm—+2 mm, and the maximum acceleration of the
magnet was about 40 m/s’ (4g). The change in the air
gap change of the guidance magnet was found to be in
the range of —1.25 m—+1.25 mm, and the maximum
acceleration of the magnet was about 10 m/s’ (1g).
The change in the levitation air gap was greater than
that of the guidance air gap due to vertical defor-
mation induced by train loads. The pulse signals that
appeared at 24 m intervals (Fig. 7a) indicated the
levitation gap signal between two girders, and those
that appeared at 3.096 m intervals (Fig. 8a) indicated
the guidance gap signal between two functional
components. The above pulse signals were recorded

to determine the precise position of the deviation on
the girders.

The measured signals were analyzed using
short-time Fourier transform (STFT), which is used to
determine the sinusoidal frequency and phase content
of local sections of a signal as it changes over time.
Fig. 9 shows spectrograms of the air gap and accel-
eration of the levitation magnet, and Fig. 10 shows
spectrograms of the air gap and acceleration of the
guidance magnet, measured using STFT method. The
stable peak energy of the air gap and acceleration
occurred at about 0—2 Hz. To determine the cause of
stable composition, the excitation wavelength causing
a change in frequency composition was analyzed. The
relationship between these two parameters is given by
(Chen and Zhai, 2004)

A=—, 9
7 ©)

where 4 is the excitation wavelength (m), f is the
frequency (Hz), and v is the running speed (m/s).

The length of the maglev track beam was 25 m.
Thus, for one beam, the irregularity in a wavelength
range of 25 m was excited mainly by deviation of
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the stator and functional elements mounted on the
beam. Due to continuous settings of the maglev track
beam, the irregularity at a wavelength of an integer
multiple of the beam length was excited mainly by
support settlement. The length of the curve of the test
section in the maglev line was about 500 m. Therefore,
the components of the wavelength above contained
long wave irregularity components excited by spatial
curved settings. According to Eq. (6), the excitation
wavelength and the cause of the stable composition
are summarized in Table 1.

The maximum peaks of air gap and acceleration
occurred at about 0-0.25 Hz and were induced by the
long wave composition of the space curve. Because
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this long wave composition has an effect on integra-
tion, it should be eliminated. Signals within
0.25-2.4 Hz corresponding to long wavelengths of
50-475 m are stable, which indicates that long wave
irregularities are dominant on the high speed maglev
line.

By this processing method, the initial irregulari-
ties can be determined. The cut-off frequency or
wavelength of the Butterworth filter plays an im-
portant role in the final processing results. Vehicle
resonance occurs when the excitation frequency (or
wavelength) of irregularities is close to integer mul-
tiples of the vehicle natural frequency (Museros and
Alarcéon, 2005; Shi and Wang, 2011). Wavelengths
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Fig. 9 Spectrograms of the air gap (a) and acceleration (b) of the levitation magnet (unit: dB)
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Fig. 10 Spectrograms of the air gap (a) and acceleration (b) of the guidance magnet (unit: dB)

Table 1 Relationship between excitation wavelength and frequency composition

Frequency (Hz) Excitation wavelength (m) Note
<0.25 ~475 Induced by §e51gn of space curve, a wide range of settlement
of foundations, etc.
0.25-0.96 125-475 . .
0962 4 50125 Il:ﬁ)lfse(i tl():y arrangement of girders, subsidence of founda-
2448 25-50 T
~48 <5 Induced by single girder deformation, deviation, and incli-

nation of functional components, etc.
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which may result in vehicle resonance at different
speeds are summarized in Table 2. Wavelength in-
creases as speed increases, and if the maximum
wavelength is 173 m, almost all wavelengths that
affect maglev vehicle vibration can be embodied. In
Section 4.1, based on the approximate value of 170 m
wavelength, the cut-off wavelength of the passband
and stopband were determined.

Table 2 Wavelength of irregularities of vehicle reso-
nance at different speeds

Dominant
frequency of
vehicle (Hz)

0.8-2.0

Wavelength of irregularities (m)
100 km/h 200 km/h 430 km/h 500 km/h
34.7-13.9 69.4-27.8 149-59 173.6-69.4

By using a processing method which includes
partial filtering, integration, resampling of signal, and
a low pass Butterworth filter, the irregularities of the
maglev line were calculated. Fig. 11 shows the final
irregularities of the stator and guidance plane from
DK17+000.00 to DK17+600.00 on the maglev line.
The deviation of the girder end is apparent. The
maximum deviation of the stator is about 2 mm and of
the guidance plane, about 4.5 mm. Irregularities of the
stator plane are a little smaller than those of the
guidance plane due to the high design standard of the
stator. In addition, a series of pulse signals between
two girders were recorded to determine precise posi-
tion of the deviation.

5 Power spectrum density analysis of track
irregularities

In railway engineering practice, track irregulari-
ties are frequently characterized by a one-sided PSD
function of the track geometry. PSD functions of rail
irregularities have been studied by many railway
researchers. The Federal Railroad Administration
(FRA), USA developed a system of classification for
track quality (Fries and Coffey, 1990). The class of a
track section determines the maximum possible run-
ning speed limit and traffic capacity of passenger
trains. The PSD functions for class-5 and class-6
tracks (FRAS and FRAG, respectively) are applied to
passenger railways at maximum speeds of 144 km/h
and 176 km/h, respectively. German railway spectra
of high irregularity (GRSHI) and low irregularity

(GRSLI) are applied to general railways and high
speed railways with train speeds of over 250 km/h,
respectively (Yang et al.,, 2004; Xia and Zhang,
2005).

6,
4t
£ 2f
S 0
=
;ED- 2
41
-(%7.0 171 17.2 17.3 17.4 17.5 17.6
Distance (m)
(@)
8,
6,
T 4f
E 2ot
S 0
2
g
< 4
65
-%7.0 171 17.2 17.3 17.4 17.5 17.6

Distance (m)
(b)
Fig. 11 Irregularities of the maglev line measured on-site
(a) Stator plane; (b) Guide plane

The track irregularity data of the high speed
maglev line were collected in 2010 and evaluated by
the above method in this study as an example of a
maglev line. The track length is 2000 m (from
DK17+000.00 to DK19+000.00), adopting 24 m-span
simple girders all along. The sampling velocity was
430 km/h and the space length 0.086 m in this section.
By fast Fourier transform (FFT), the PSD of the
maglev irregularities can be obtained (Fig. 12). For
comparison with railway irregularities, the PSDs of
FRAS, FRA6, GRSHI, and GRSLI are also shown in
Fig. 12. Fig. 12a shows that the PSD of the maglev
stator plane irregularities is smaller than that of the
vertical GRSHL within a wavelength range of
5-100 m corresponding to space frequency of
0.01-0.2 m™ " according to Eq. (8), which indicates
that the track quality of the maglev line is better than
that of railway lines within this wavelength range. As
the PSD is larger than that of railway vertical rail
irregularities within a wavelength range of 1-5 m
corresponding to space frequency of 0.2—1 m’', the
track quality of the maglev line is worse at smaller
wavelengths. The PSD of maglev guidance plane
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irregularities is close to that of cross level GRSHL
within a wavelength range of 10—100 m correspond-
ing to space frequency of 0.01-0.1 m "', and obviously
larger than that of railway cross level rail irregulari-
ties in a wavelength range of 1-10 m corresponding to
space frequency of 0.1-1 m™' (Fig. 12b), which in-
dicates that the track quality of the maglev line is
better than that of railway lines when the irregularity
wavelength is larger. We suggest that short wave-
length track irregularities of maglev lines are caused
by deviation and inclination of the stator plane, and
that the machining error of functional components
should be strictly controlled during construction and
maintenance.
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Fig. 12 Power spectral density (PSD) with different
irregularities

(a) Comparison of the PSDs of the stator plane and railway
vertical track; (b) Comparison of the PSDs of the guidance
plane and railway lateral track

6 Fitting of the irregularity spectrum of a
high speed maglev guideway

PSD is a statistical curve gained from a large
number of samples. It is usually described as a non-
linear function which, for convenience, approximates
to the spectral density function. We adopted a
7-parameter fitting function to describe maglev line
irregularities, by reference to foreign and domestic
rail transit PSDs (Chen et al., 2008):

A(Q* + B2’ +C)

S(02)= s
) Q'+ DQP+EQ*+FQ+G

(10)

where S(Q) is the PSD (mm*m), and 4, B, C, D, E, F,
and G are spectral characteristic parameters.

According to Eq. (7), the track irregularity data
of the high speed maglev line was collected and fitted
by the least square method (Table 3). A comparison
between fitted and actual PSDs is shown in Fig. 13.
The fitted PSD is almost identical to the actual PSD.
The fitted PSD is obviously divided into two sections,
whose wavelengths are 50-100 m and 1-50 m cor-
responding to space frequencies of 0.01-0.2 m ' and
0.2-1 m ', respectively. The fitted PSD provides not
only a unified expression of track irregularities for a
high speed maglev line, but also a system excitation
source for dynamic analysis of the vehicle and
guideway.

7 Conclusions

The track irregularities of the high speed maglev
line were measured, and then the field data were
processed to study their characteristics and wave-
length sensitivity. Finally, the PSD functions of the
maglev line were compared with those of railway
lines. The following conclusions can be drawn:

1. A measurement principle and processing
method were developed and applied to the daily

Table 3 Spectral characteristic parameters of PSD function

Plane A B C D E F G
Stator plane 0.10985 —2.24978 0.54237 —100.78699 30.53182  —0.89744 0.00869
Guidance plane 0.03391 3551335  —0.42813 32.463 66 1.90277  -0.03211 3.49549x10°°
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Fig. 13 Comparison between fitted and actual PSDs
(a) PSD of the stator plane; (b) PSD of the guidance plane

operations of the high speed maglev line. The im-
plementation steps were as follows: partial filtering,
integration, resampling of signal, and low pass But-
terworth filter. By using this processing method, the
irregularities of the maglev line could be determined.

2. Based on the amplitudes of time domain
samples, the deviation of the girder end was apparent.
The maximum deviation of the stator was about 2 mm
and of the guidance plane, about 4.5 mm. Irregulari-
ties of the stator plane were a little smaller than those
of the guidance plane due to the high design standard
of the stator.

3. The PSD of the maglev stator plane irregular-
ities was smaller than that of vertical GRSHL within a
wavelength range of 5-100 m, indicating that the
track quality of the maglev line is better than that of
railway lines within that range. As the PSD is larger
than that of railway vertical rail irregularities within a
wavelength range of 1-5 m, the track quality of the
maglev line was worse within this lower range. The
PSD of the maglev guidance plane irregularities was
close to that of the cross level GRSHL within a
wavelength range of 10-100 m, and obviously larger

in a wavelength range of 1-10 m (Fig. 12b), indicat-
ing that the track quality of the maglev line is better
than that of a railway line when the wavelength of the
irregularities is larger. We suggest that short-
wavelength track irregularities of a maglev line are
caused by deviation and inclination of the stator plane,
and that machining error of functional components
should be strictly controlled during construction and
maintenance.

4. Track irregularity data of the high speed
maglev line were collected and fitted by the least
square method. The fitted PSD was clearly divided
into two sections, with wavelengths of 50-100 m and
1-50 m, respectively. The fitted PSD provides a uni-
fied expression of track irregularities for high speed
maglev lines.
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