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Abstract: The structure of a high-speed maglev guideway is
taken as the research object. With the aim of identifying the
inconsistency of modal parameters between the simulation
model and the actual model, and based on the 600 km/h high-
speed maglev vehicle and the high-speed maglev test line, the
arrangement of sensors and the vibration acceleration data
collection of the 12.384 m concrete guideway were conducted.
The modal parameters were identified from the guideway
response signal using wavelet transform, after which the
wavelet ridge was extracted by using the maximum slope
method. Next, the vibration modes and frequency parameters
of the interaction vibration characteristics of the high-speed
maglev guideway and 600 km/h maglev vehicle were
analyzed. The updating objective function for the finite
element model of the guideway was established, and the initial
guideway finite element model was modified and updated by
repeatedly iterating the parameters. In doing so, the model
structure of the high-speed maglev guideway was obtained,
which is consistent with the actual structure. The accuracy of
the updated guideway model in the calculation of the dynamic
response was verified by combining this with the vehicle-
guideway coupling dynamic model of the high-speed maglev
system with 18 degrees of freedom. The research results reveal
that the model update method based on the wavelet transform
and the maximum slope method has the characteristics of high
accuracy and fast recognition speed. This can effectively
obtain an accurate guideway model that ensures the correctness
of the vehicle-guideway coupling dynamic analysis and
calculation while meeting the parameters of the measured
structure model. This method is also suitable for updating
other structural models of high-speed maglev systems.
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H igh-speed maglev transportation is the fastest ground
transportation system worldwide. The high-speed

Received 2021-11-04, Revised 2022-03-28.
Biographies: Wang Xiaonong ( 1993—), Ph. D.

doctor,

male, candidate;

Huang Jingyu ( corresponding author), male, professor,
huangjingyu@ tongji. edu. cn.

Foundation items: The National 13th Five-Year Science and Technology
Support Program of China (No. 2016 YFB1200602).

Citation: Wang Xiaonong, Huang Jingyu. Updating method of a high-
speed maglev guideway model based on wavelet transform[ J] . Journal of
Southeast University ( English Edition), 2022, 38(2): 171 — 177. DOI:

10.3969/j. issn. 1003 —7985.2022. 02.009.

maglev guideway is an important part of the maglev trans-
portation line that undergoes many changes under trans-
verse, vertical, and longitudinal static and dynamic
loads. With the development of high-speed railways,
more studies on the vibration characteristics of railway
bridges and vehicles have been conducted .
the dynamic interaction response characteristics of high-
speed maglev vehicles running on flexible guideways have
received less research attention. When a high-speed ma-
glev vehicle is running, the guideway and vehicle are eas-

ily affected by the external natural environment and the

However,

coupling vibrations. Meanwhile, the maglev transporta-
tion system has strict requirements for the deformation
control of the guideway and the vehicle. The dynamic re-
sponse is not only related to the vehicle but also to the
guideway system; thus, it is of great significance to the
analysis and research of the dynamic response of high-
speed maglev vehicles on a flexible guideway. Further-
more, the dynamic response can provide reference and
guidance for the health monitoring of guideways and for
avoiding the so-called “frequency resonance effect” in the
design of high-speed maglev vehicle components.

As an inherent property of a structure, frequency re-
flects the changes in the dynamic characteristics of the
231 The fast Fourier transform is a widely used
signal frequency domain processing technology. Howev-
er, for most multi-degree-of-freedom ( multi-DOF) sys-
tems, the system frequency cannot be accurately ob-

structure

tained, the frequency domain identification accuracy is
low, and the signal cannot be analyzed in the time-fre-
quency domain simultaneously, resulting in the loss of
signal time information 131 The wavelet transform,
which is a time-scale signal analysis method, has the
characteristics of multi-resolution and a good ability to
characterize the local characteristics of signals in the time
and frequency domains. Therefore, this method is not on-
ly suitable for detecting transient phenomena in normal
signals and showing their components but also has a good
effect on detecting and diagnosing dynamic system faults

. 67
using wavelet transform '°'.

In practice, the measured
signal of the structure is inevitably mixed with noise and
interference. Related to this, wavelet transform can sim-
ultaneously analyze signals in the time and frequency do-

mains, distinguish the effective and noise interference
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components in the signal and effectively realize the pre-
processing of signal noise elimination '*'.

As presented in the literature, the method of modal
identification using the wavelet transform achieved good
results. For example, phase and amplitude information is
used to extract the ridgeline of the wavelet. However,
these two methods are only accurate in the case of a rela-
tively high signal-to-noise ( SNR) ratio. Furthermore,
both methods are only suitable for cases in which the sig-
nal contains a single component. Even if each component
can be clearly distinguished on the wavelet transform
plane, multiple ridges cannot be extracted simultaneously
when the signal contains multiple components. However,
the two methods mentioned above cannot meet the re-
quirements of vibration response characteristics analysis
because the dynamic response of a high-speed maglev ve-
hicle on a flexible guideway has the characteristics of a
low SNR and multiple frequency components. Therefore,
to solve the shortcomings of the above two methods, this
study uses a method based on the maximum slope method
to extract the wavelet ridge. Doing so can simultaneously
meet the situation of low SNR and multi-frequency com-
ponents and effectively improve the accuracy of wavelet
ridge extraction.

In the current study, a high-speed maglev guideway
was taken as the research object, and a finite element
model of the guideway was established. The method of
extracting the wavelet ridgeline using the maximum slope
method was used. The effectiveness of the method was
proven by taking the simulated real response signal as an
example. At the same time, the data collection of the vi-
bration acceleration response of the guideway was con-
ducted based on the 600 km/h high-speed maglev vehicle
and high-speed maglev test line. We also analyzed the
frequency parameters and vibration modes of the interac-
tion vibration characteristics of the guideway and the 600
km/h maglev vehicle. Furthermore, the objective func-
tion of the finite element model was established due to the
inconsistency between the finite element model of the
guideway and its measured modal parameters. The initial
guideway finite element model was also updated and
modified using the iterative parameter method in order to
obtain the model of the high-speed maglev guideway,
consistent with the actual guideway. Combined with the
maglev vehicle/guideway coupling dynamic model with
18 DOF, we verified the accuracy of the updated guide-
way in the dynamic response calculation. This lays the
foundation for the analysis of the high-speed maglev vehi-
cle/guideway coupling dynamic response and the design
of the maglev control system.

1 Extraction of the Wavelet Ridgeline Based on
the Maximum Slope Method

The signal distribution on the continuous wavelet plane

is similar to the ridge in the topographic map. The param-
eters distributed along the ridgeline in the time-frequency
plane of the wavelet transform share a strong similarity
with the original signal, which can be used to describe the
original signal’s important parameters. The amplitude or
phase of the wavelet transform can be extracted from the
ridgeline in the time-frequency plane. The steps of the ex-
traction of wavelet ridgelines based on the phase informa-
tion of the Morlet wavelet and the amplitude information
can be found in a previous study "”'. The phase and ampli-
tude information methods based on the wavelet coefficient
are particularly sensitive to noise. The ridgeline of the sig-
nal wavelet transform can be extracted accurately only
when the real response signal contains a single component
and when the SNR is relatively high. To overcome the
shortcomings of the above two methods, this study thus a-
dopts the maximum slope method to extract the wavelet
ridgeline under the condition of a non-stationary signal
with a low SNR and multi-frequency components """ .
Here, we used the maximum slope method to extract
the wavelet ridge of the original signal x(¢) = cos(4t)
with the addition of a 25% noise signal. The specific ex-
traction results of the wavelet ridge compared to the am-
plitude and phase information methods are shown in Figs.
1 (a) and (b). The results of the frequency identification
reveal that the noise level has little effect on the accuracy
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Fig.1 Comparison of the frequency recognition results of dif-
ferent methods. (a) No noise signal added; (b) 25% noise signal
added
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of the frequency extraction. The maximum and minimum
errors of the three methods were also compared and ana-
lyzed. The results indicate that the maximum errors of the
phase information, the amplitude information, and the
1. 735%, and
compared to the

maximum slope methods are 2. 655%,
0.400% ,
phase and amplitude information methods, the accuracy
of the maximum slope method improved by 2.255% and
1.335%, respectively. Therefore, the method of extrac-
ting wavelet ridges based on the maximum slope method
overcomes the shortcomings of the amplitude and phase
information while also reducing the influence of signal
noise level on the accuracy of wavelet ridge extraction.
Moreover, the maximum slope method can effectively ex-

respectively. Furthermore,

tract the instantaneous frequency of various non-stationary
signals, and the identified instantaneous frequency values
are consistent with the theoretical results. Finally, the
recognition accuracy is better than that of the wavelet
phase information and amplitude information methods.

2 Modal Identification of the High-speed Ma-
glev Guideway Structure

2.1 Field data measurement of the guideway struc-
ture

As the basic structure of a high-speed maglev vehicle,
the guideway bears the load generated by a high-speed
maglev vehicle and transmits the load to the ground. The
upper structure is a prestressed concrete guideway, each
comprising of a concrete beam and two steel reaction
rails. The sectional diagrams are shown in Fig. 2. The
concrete beam and reaction rail were connected using a
steel support. To ensure stable and reliable cooperation
between the concrete beam and the reaction rail, one end
of the steel support was embedded in the guide rail beam,
while the other end was connected to the reaction rail
through high-strength bolts. The high-speed maglev test
line, located inside the Jiading Campus of Tongji Univer-
sity, Shanghai, has a total length of 1 475 m. The over-
all configuration of this line is shown in Fig. 3. There are
four types of maglev track lines: turnout, straight, hori-
zontal curve, and vertical curve. The 12. 384 m guide-
way at the straight section was taken as the test object.
The linear guideway of the test section consisted of a sin-
gle-span beam, the two ends of which were supported
using elastic supports. The tie constraint was used to sim-
ulate the rigid connection between the reaction rail and the
concrete beam. The density of the concrete beam struc-
ture was 2 500 kg/ m’, the elastic modulus was 36. 5
GPa, and the cross-sectional area was 1.550 m”. Further-
more, the structural density of the reaction rail was 7 850
kg/ m’, the elastic modulus was 310 GPa, and the cross-
sectional area was 0.038 m’.
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Fig.2 Structure of the 12. 384 m high-speed maglev guide-

way. (a) Cross-section view of the guideway structure; (b) Cross-sec-
tion view of the reaction rail structure; (c) The model of the 12.384 m
guideway structure
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Fig.3 High-speed maglev test line at Tongji University

Relying on the 600 km/h high-speed maglev test vehi-
cle, a field vibration test of a 12. 384 m guideway was
conducted on the high-speed maglev test line. The speed
of the high-speed maglev vehicle was 30 km/h, and the
weight of the vehicle was 60 t. Seven sensors were ar-
ranged on each side of the guideway to measure the vibra-
tion frequency of the guideway as much as possible.
Among these, measuring sensors V7 and V8 served as the
midpoints of the guideway; sensors V1, V3, and V5
were on the left side; sensors V9, V11, and V13 were on
the right side; and sensors V2, V4, V6, V8, V10,
V12, and V14 were arranged on the other side of the
guideway. The arrangement of the field sensors is illus-
trated in Fig. 4. As can be seen, the z-direction accelera-
tion sensors were arranged at each measuring point, while
the y-direction acceleration sensor was set at an odd num-
ber measuring point. The acceleration sensor adopted a
941 B-type vibration pick-up. The field layout and instal-
lation of the z- and y-direction acceleration sensors are
shown in Fig. 5 (a). The z-direction sensor was arranged
and installed separately, as shown in Fig. 5 (b). A laser
velocimeter was used to measure the speed of the 600
km/h maglev vehicle passing through the guideway. The
device is shown in Fig. 5 (c¢). The field test guideway is
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shown in Fig. 5 (d), and the signal acquisition equip-
ment is shown in Fig. 5 (e). The sampling frequency of
the field acquisition instrument was set to 1 024 Hz.
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Fig. 5 High-speed maglev test site and test equipment.
(a) Sensor arrangement in the z- and y-directions; (b) Sensor arrange-
ment in the z-direction; (c¢) Laser velocimeter; (d) Field test structure
of guideway; (e) Field acquisition equipment

2.2 Modal identification of the guideway structure
based on wavelet transform

In the measured data of the high-speed maglev guide-
way, the sampling frequency was 1 024 Hz, the sampling
time was 10 s, and each measuring point had 10 240
data. Taking as an example the measurement sensors V7,
V8, and HI18 in the middle of the high-speed maglev
guideway, the power spectrum curve is
smooth, and the modal frequency identification results are

relatively

relatively accurate. Next, we calculated the correlation
function curves among sensors V7, V8, and HI18. The
correlation between V7 and V8 is large because they are
located on both sides of the same section of the guide-
way, and all vertical accelerations are highly correlated in
the low-frequency range. However, the correlation be-
tween V7 and H18 and that between V8 and H18 shows a
significant decrease, especially at the low-frequency spe-
cial vibration frequency. Furthermore,
function is lower than 0. 4, indicating that the coupling

the correlation

degree of the lateral vibration and vertical vibration of the
guide rail is not significant. The peak values of the guide-
way response excited by the maglev vehicle in the middle
of the guideway ranged 0.6 to 0.8 m/s’, while those of
the lateral acceleration ranged 0.8 to 1.0 m/s".

Based on wavelet transform theory, a continuous wave-
let transform was applied to the free vibration response
data of the guideway at the above sensors. To identify the
modal frequencies of the sensor V7, the maximum slope
method was used. The time-frequency wavelet diagram is
shown in Fig. 6 (a). The frequency domains of the
measuring point 7V from low to high frequency are [ 20,
23], [42, 46], [60, 70]. The frequency identification
of sensor V7 based on the maximum slope method is
shown in Fig. 6 (b). Meanwhile, the frequency identifi-
cation values from low to high frequency are 22.89, 44.
98, and 66.65 Hz, respectively, which can also be used
for the frequency identification of other sensors.
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Fig. 6 Time-frequency wavelet diagram and frequency identifi-

cation based on maximum slope method of measurement point
V7. (a) Time-frequency wavelet diagram; (b) Frequency identification
based on the maximum slope method

The first-order transverse vibration mode curve of the
high-speed maglev guideway was obtained through the a-
nalysis and calculation of the wavelet coefficients and the
least square fitting of the analysis results of each measuring
point, as shown in Fig.7 (a). As can be seen, the first
and last points represent the end nodes of the high-speed
maglev guideway, and their values are constant at zero.
Similarly, the acceleration data of 14 vertical sensors of
the high-speed maglev guideway were processed using the
same wavelet transform. We also used the surface fitting
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method to obtain the first- and second-order vertical vibra-
tion modes of the high-speed maglev guideway, as shown
in Figs. 7 (b) and (c), respectively. The first-order tor-
sional vibration mode is shown in Fig. 7 (d). According
to the measured data of the high-speed maglev guideway,
the first-order transverse, first-order vertical, second-order
vertical, and first-order torsional damping ratios are
1.68%, 2.68%, 0.76%, and 0.25%, respectively.

Wavelet coefficient amplitude
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Fig.7 Frequency parameters and mode shapes. (a) First-order
transverse mode shape; (b) First-order vertical mode shape; (c) Sec-
ond-order vertical mode shape; (d) First-order torsional mode shape

3 Updating Method of the High-Speed Maglev
Guideway Structure

3.1 Updating method of the guideway structure

In the existing maglev guideway, the concrete elastic
modulus ( E,) causes large errors in the finite element
model structure due to the influence of the embedded
parts and other complex factors. In addition, the elastic
support stiffness value (K,) of the guideway has not been
clearly defined in previous studies "'. Therefore, the cur-
rent study selected E, and K, as the adjustment and cor-
rection parameters, respectively, to update and modify
the guideway model. Based on the relevant research data,
the value range of the concrete elastic modulus E,_ is 34.5
to 50.0 GPa, and the value range of the elastic support
stiffness K, is 1 to 100 GN/m. The initial vertical stiff-
ness of the elastic bearing was defined as 1 x 10" GN/m,
while the initial elastic modulus of concrete was 34. 5
GPa. Therefore, based on the finite element model of the
guideway, the modal frequency parameters of the initial
guideway (f, ;) and experimental modal frequency pa-
rameters (f, ;) are listed in Tab. 1.

Tab.1 Modal frequency parameters of the initial guideway
and the experimental modal
Frequency/Hz S fei W / %
First-order vertical 20.956 22.897 8.45
First-order transverse 38.088 40.290 5.47
First-order torsional 40.519 44.980 9.92
Second-order vertical 74.002 66. 650 11.03

Based on the experimental modal parameters, the pa-
rameter iteration method was used to update and modify
the guideway so that the error between the experimental
modal parameters and finite element guideway modal pa-
rameters can meet the accuracy requirements of the mod-
el. The definition of objective function G for updating
and modifying the guideway model is given by

n 2
Gk, E) = Yow[1 S BTy

i=1 fm, i
where f, ; and f,, ; are the i-th natural vibration modes ob-
tained from the test and calculation of the guideway mod-
el, respectively; K, is the vertical stiffness of the elastic
boundary; E_ is the elastic modulus of concrete; and w;, is
the weight function of the ith mode. In this study, the
value of w, is 1, and n is the number of vibration modes
identified in the process of updating the guideway model.
Here, n =4 was selected and combined with the actual
modal test because the vibration of the maglev guideway
was mainly concentrated in the low-frequency band below
100 Hz. Based on the iterative parameter calculation,
when K, is 4.5 GN/m and E_ is 42 GPa, the objective
function G is less than 0. 005, which meets the accuracy
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requirements of the guideway model. Furthermore, com-
pared to the original model,

transverse, first-order vertical, second-order vertical, and

the errors of the first-order

first-order torsional frequency parameters of the updated
guideway model are reduced by 2.85%, 5.15%, 8.89%,
and 10. 933%, respectively, based on the experimental
modal frequency parameters of the guideway.

3.2 Validating the results of the updating of the

guideway structure

An 18-DOF dynamic numerical model of a high-speed
maglev vehicle and guideway with one carriage, four sus-
pension frames, and eight electromagnets was estab-
lished, including the control model of the magnet, in or-
der to verify the validity of the finite element model and
evaluate the accuracy of the updated model """, In this
study, the suspension frame, the elastic deformations of
the carriage, and the electromagnet were ignored, and
only the rigid carriage motion of the maglev carriage was
considered. The carriage and each suspension frame in-
cluded a vertical translational DOF and rotational DOF in
the vertical plane, while each electromagnet included a
vertical translational DOF. The structural,
model of the maglev carriage is shown in Fig. 8. The
maglev vehicle was connected to four suspension frames
thus forming a
secondary suspension system. Each suspension frame was

mechanical

through eight air-spring damping units,

connected to two electromagnets by two rubber spring
damping units. The four suspension frames were then
connected to eight spring damping units to form a primary
suspension system.

A
%%%

Car body

Secondary suspension

[4th bogie| [3rd bogie| [2nd bogie] [/, DM, Levitation bogie
g Primary suspension
Magnet
Irregular tracks
( ) Guide way

O

Fig.8 Mechanical model of the high-speed maglev system
with 18 DOF

The relevant dynamic parameters of the 600 km/h high-
speed maglev vehicle are listed in Tab. 2. We also com-
pared the dynamic response of the initial model of the
guideway, the updated guideway model, and the test, as
shown in Fig. 9. The maximum displacement of the initial
guideway model is 0. 501 9 mm, whereas the maximum
displacement of the updated guideway model is 0. 437 7
mm. Therefore, compared to the displacement calculation
results of the field test, the maximum errors of the initial

and updated models are 14.18% and 0.42%, respectively.

Tab.2 Dynamic model parameters of the 600 km/h high-
speed maglev vehicle
Parameter Value

Carriage mass M_/kg 39 000
Suspension frame mass M,/kg 1 500
Electromagnet mass M, /kg 1 000
Moment of inertia of carriage mass J,/(kg - m?) 2 x10°
Moment of inertia of suspension frame mass J,/(kg - m?) 1.2 x10°
Vertical spring stiffness of primary suspension K,/ (MN-m™") 40
Vertical damping of primary suspension C,/(kN -s -m~1) 10
Vertical spring stiffness of secondary suspension K,/(kN-m~') 400
Vertical damping of secondary suspension C,/(kN-s-m™") 10

Test measurement value
----- Initial model value
—e— Update model value

Displacement/mm
I
<)
)
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Fig.9 Comparison of the test results and the numerical model
results of the displacement of the guideway structure

4 Conclusions

1) Regarding frequency identification, the maximum
errors of the phase and amplitude information methods are
2.655% and 1.735%, respectively, whereas that of the
maximum slope method is 0.4% . Compared to the phase
and amplitude information methods, the accuracy of the
maximum slope method improved by 2. 255%
1.335%,

2) The frequency of the first transverse mode is 40.29
Hz; the frequencies of the first and second vertical modes
are 22. 89 and 66. 65 Hz, respectively; and the frequency
of the first torsional mode is 44. 98 Hz, based on the
measured data of the guideway. The vibration of the
high-speed maglev guideway is mainly concentrated in the
low-frequency band below 100 Hz. Compared to the orig-
inal model,

and
respectively.

the errors of the first-order transverse, first-
and first-order tor-
sional frequency parameters of the updated guideway
model are reduced by 2. 85%, 5. 15%, 8.89%, and
10.933%, respectively.

3) When the vehicle’s running speed is 30 km/h, the
guideway response excited by the maglev vehicle in the
middle of the guideway span is evident. At this resonance
speed, the peak vertical acceleration ranges from 0. 6 to
0.8 m/s’, while the peak value of lateral acceleration is
from 0.8 to 1.0 m/s’.

4) The vertical vibration and transverse vibration of the

order vertical, second-order vertical,
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12.384 m high-speed maglev guideway have a low cou-
pling degree. Compared to the displacement calculation
results of the field test, the maximum errors of the initial
guideway and the updated guideway are 14. 18% and
0.42%, respectively. Therefore,
of the updated guideway in terms of the dynamic response
are more accurate.

the calculation results
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