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Abstract: Multiple field tests were carried out on the Fenghuang medium and low speed maglev train. During the
tests, the authors collected the vibration data of train carriage and suspension frames under no-load (AW0). Next,
the stability of the maglev train under corresponding conditions was investigated, using indices like weighted RMS
acceleration (1SO 2631) and Sperling index. Through the in-depth analyses, it was concluded that the maglev train
runs smoothly, and the passengers on the train generally feel comfortable.
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1. Introduction

In comparison to the conventional wheel-rail train, the maglev train has the advantages of low loss, low noise,
and great climbing ability because of the non-contact running characteristics between the maglev train and guide
rail. Maglev train technology, which is used in the sector of medium and low speed and is now evolving, has
emerged as a brand-new method of intercity and even urban rail transit [1-3]. Following the Changsha Maglev
Express Line's successful operation, Fenghuang County in Hunan Province is using the building of a medium and
low speed maglev commercial operating line as an opportunity to grow the local tourism industry.

Medium and low speed maglev lines that have been commercially operated around the world. However, due to
the inherent instability of the electromagnetic levitation, the train-track-bridge coupled vibration problem is still a
key factor restricting the engineering application of medium and low speed maglev technology [1, 4, 5]. The ability
to extract maglev non-stationary signals can be improved using the short-time Fourier transform approach [6]. The
vehicle-rail coupling and the suspension system's control efficiency are also indirectly reflected in the vibration
data. Track stiffness and vibration caused by vehicle-rail coupling were investigated by Zhang [7], Mace and
Manconi [8]. To ensure that the calculation accuracy satisfies the criteria and is consistent with the actual
engineering, Zhang et al. [9, 10] investigated the random vibration of the vehicle bridge coupling system and the
rail coupling system. In their discussion of the nonlinear dynamic properties of maglev vehicles under track random
irregularities, Chen et al. provided evidence that the suspension stability of maglev vehicles can be considerably
impacted by random track abnormalities [11]. Numerous researchers have suggested various strategies to enhance
the suspension system's control performance and train stability [12-15]. However, additional testing in engineering
applications is still required to confirm the efficacy of these techniques. Therefore, numerous field tests were
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carried out by researchers [16-19]. In the meanwhile, it is of certain significance to carry out field test in Fenghuang.

To intuitively reflect train running stability, a quantitative indicator was developed based on the collection and
analysis of vibration data from train carriage and suspension frames. Besides, the current evaluation criteria for
vehicle vibration comfort were adopted to reflect the stability and unique features of train operation.

2. Field Test
2.1 Test Line and Vehicle

As shown in Figure 1, the test site is in Fenghuang County, Xiangxi Tujia and Miao Autonomous Prefecture,
Hunan Province, China. The line's straight and tunnel sections are where the test is primarily conducted. A

medium- and low-speed maglev train made by CRRC Zhuzhou Electric Locomotive Co., Ltd. was used for the
test.

Figure 1. Test line and vehicle

2.2 Test Contents

This test uses a variety of acceleration sensors to collect vibration data from the carriage and suspension frame,
depending on the equipment state and test objectives. Weighted RMS acceleration (ISO 2631) and the Sperling
index were utilized to examine the operating stability of the train on the basis of filtering the actual acquired data.

(1) Carriage vibration

The head carriage's front, middle, and back floors all have vibration sensors fitted to gather acceleration
information. The front of the carriage has a three-way vibration sensor, the middle of the carriage has a vertical
sensor, and the back of the carriage has a horizontal and vertical sensor. The running stability of the carriage under
various working conditions can be examined using the gathered acceleration data. Schematic diagram of the test
plan is shown in Figure 2.

data carriage
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suspension frame

Figure 2. Test plan

(2) Vibration of suspension frame

One crucial element in controlling the suspension state of the maglev train, which is essential to the investigation
of the stability of the maglev train, is the suspension frame. To get the vibration acceleration data of the suspension
frame, measuring points are put on the head carriage's suspension unit and vibration sensors are installed in various
directions.

(3) Running stability analysis

Weighted RMS acceleration (1SO 2631) and the Sperling index are used to generate the relevant train stability
index and assess the running stability of the maglev train after collecting, filtering, and processing the vibration
data of various measuring points of actual carriages.
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3. Test Results

Three train conditions were considered: (1) AWO (ho-load) load condition, (2) speed limit of 20km/h, and (3)
straight section operation.

3.1 Wavelet Domain Denoising

Wavelet domain denoising is mainly adopted to process data. In different scales, the wavelet generating function
is translated by a distance of 1, and the translated function is multiplied by the original signal for further processing.
The wavelet function can be expressed as:

t—1

WT,(a, 1) = %fj:x(t)l/}* (T) dta>0 Q)

where, x(t) is the target signal; w(?) is the wavelet generating function; « is the scaling function; 7 is the distance
of translation.

The signal analysis will change into a two-dimensional space with scale domain and temporal domain when
wavelet generating function is in play. To get the greatest effect, modify the frequency of position adjustments,
the scale function alpha on the window's shape, and the distance of translation.

As an illustration, the Haar wavelet basis function can be defined as:

(1 0<x< 1
) — x — 2
= 1 2
v —1.5 <x<1 )
0, else
Its scale function can be defined as:
1, 0<x<1
¢ = { x 3)
0, else

The Haar wavelet can be used to realize the fundamental wavelet transform. Additionally, the signal's signal to
noise energy ratio typically dictates the precise number of decomposition layers.

The threshold with a good denoising impact is chosen using the model y=f(t)+e, where e is a white Gaussian
noise that follows a N(0,1) distribution. By analyzing the wavelet coefficients, the noise in the signal is removed.
Typically, the unbiased risk estimation threshold can be referred to choose the threshold.

This method involves extracting the absolute values of each element in the original signal s(t) before arranging
the sequence of absolute values from small to large. Finally, the resulting sorted sequence is squared to get the
new signal sequence, which is denoted as f(k):

f(k) = (sort(IsD)” @)

Taking the threshold for (k) of the square root of the first k elements, namely, 1, = ./f(k), (k =0,1,2,--,N —
1), then the threshold of risk can be expressed as:
1
N

k
Risk(k) = =N — 2k +Zf(j) +(N—Kk)f(N—k) (5)

According to the risk function, the corresponding risk and curve can be obtained. Then, the j value corresponding
to the minimum risk can be recorded as jmin, and the unbiased risk estimation threshold can be derived from jmin:

A = Vf(jmin) (6)
This study adopts the wavelet threshold denoising technique, which involves tailoring the denoising process to

the different features of the amplitude of the signal and noise's wavelet coefficients after signal decomposition.
The effect of wavelet analysis depends on the choice of wavelet basis function, number of decomposition layers,
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threshold value, and threshold function. Thus, it is important to choose these factors flexibly.
In conclusion, the test data are processed using the wavelet denoising algorithm.

3.2 Carriage Vibration

Figure 3 and Figure 4 show how each component of the head carriage vibrated in the given conditions. When
the train moves in the straight section, it is clear by comparing the acceleration signals of different parts that the
vertical vibration amplitude is higher than the horizontal and longitudinal vibration amplitude.

The greatest acceleration of the carriage at its front during this section of driving is 0.4123 m/s?, its middle
during this section is 0.2181 m/s?, and its rear during this section is 0.3349 m/s.

time-domain plot
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Figure 3. Vibration state of the front of the carriage in straight section
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Figure 4. Vibration state of the middle and rear of the carriage in straight section
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The result of FFT
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Figure 5. Frequency domain diagram of vibration in front of carriage
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Figure 6. Frequency domain diagram of vibration in middle and rear of carriage

Figure 3 and Figure 4 illustrate how different findings are obtained at various measurement positions when the
carriage vibrates in the vertical direction. It is obvious that the vertical vibration in the carriage's front is stronger
than in its middle and back. A passenger may feel more stable when he/she is in the middle of the carriage because
the vertical vibration amplitude in the middle of the carriage is lower than that at the front and back.

Based on this, spectral estimation and one-third frequency doubling analysis were adopted to examine the
vibration acceleration obtained from each measuring point of the carriage in the frequency domain. The FFT results
are shown in Figure 5 and Figure 6. The findings indicate that the carriage's vibration frequency is primarily
dispersed between 0 and 30 Hz.

In addition, the first natural frequency in the horizontal vibration is approximately 1.1Hz: The level at the front
is about 81dB, and that at the rear is about 69dB. The first natural frequency in the vertical vibration is roughly
2.1Hz: The level at the front, middle, and rear is 96, 90, and 102dB, respectively.

3.3 Vibration of Suspension Frame

Figures 7-10 present the acceleration changes at each measuring point of the 1#, 2# and 3# suspension frames
of the head carriage, when the train is running under the setting conditions. The following conclusions can be
derived from the time-domain diagrams:

1) For the same measuring point on the suspension, there is a constant variation trend in vertical, horizontal, and
longitudinal vibration acceleration, with vertical acceleration having the biggest amplitude and longitudinal
acceleration having the smallest. The right rear of a 2# suspension frame has a maximum vertical vibration
acceleration of 1.1771 m/ s?, the left rear of a 2# suspension frame has a maximum horizontal vibration acceleration
of 3.1561 m/ s?, and the maximum longitudinal vibration acceleration is 5.0211 m/ s2.
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2) Numerous elements, including sudden train braking, suspension control, track irregularity, etc., have an
impact on the vibration of the suspension frame. The impact vibration will give an excessively large peak value in
the time domain diagram. As a result, it is evident that the 2# suspension frame's left rear measuring point has a
significant vibration amplitude between 20 and 22 seconds. This explains why vertical vibration has a lower
maximum acceleration than horizontal and longitudinal vibration.

3) The left and right sides of the suspension frame have varied vibration accelerations, which may be due to the
variable suspension controls used by the left and right sides.

4) The suspension system between the carriage and the suspension frame can effectively regulate the
transmission of vibration because the vibration acceleration of the suspension frame is considerably larger than
that of the carriage.
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Figure 7. Vertical vibration of 1# suspension frame in straight section
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Figure 8. Vertical vibration of 2# suspension frame in straight section
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time-domain plot
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Figure 9. Vertical vibration of 3# suspension frame in straight section
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Figure 10. Horizontal and longitudinal vibrations of 2# and 3# suspension frame in straight section

The vibration acceleration of each measuring point in the suspension frame is then examined in the frequency
domain, by virtue of acceleration power spectral density estimation and one-third frequency doubling analysis.
The FFT results of the vibration of suspension frame are shown in Figure 11 and Figure 12. The findings
demonstrate that the suspension frame's vibration is low frequency, with a vibration frequency between 0 and 40
Hz.

With the exception of the left rear measuring point of the 2# suspension frame, all measuring points of the
suspension frame's horizontal vibration have essentially the same vibration frequency distribution and horizontal
vibration power spectrum. Around 25.0Hz is the primary vibration frequency, while 82dB is the vibration level.

The main vibration frequency of the suspension frame is roughly 25.0Hz, and the vibration intensity is
approximately 92dB. The vibration frequency distribution of the vertical vibration power spectrum is essentially
the same at all measuring places.
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The result of FFT
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Figure 11. Vertical vibration spectrum of 2# suspension frame
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Figure 12. Horizontal vibration spectrum of 2# and 3# suspension frame
3.4 Carriage Comfort Index

Sperling carried out numerous experiments to investigate how vibration affects physiological feeling in humans.
Based on the findings, they developed and suggested indicators to assess the quality of vehicle operation and
passenger comfort. The Sperling stationarity assessment index has been adopted across the globe. In China, the
passenger truck stability index can be calculated by:

W, = 7.08 * IO/A—?F(fi) (7)

where, A; is vibration acceleration; i is vibration frequency; F(f;) is frequency correction coefficient. The value
of the correction coefficient is related to the direction and frequency of vibration.

The RMS value of vibration acceleration, vibration frequency, sustained vibration time, and vibration direction
are the four fundamental vibration characteristics that make up the weighted RMS acceleration (ISO 2631)
approach, which is intended to describe the impact on the human body. The RMS value of the vibration
acceleration of numerous different frequency bands at 1/3 octave is computed in accordance with the theory of
energy addition, and the weighted value is rectified by various weighting coefficients. The effective value a; of
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weighted acceleration can be calculated by:

©)

where, a; is the RMS of vibration acceleration at the center frequency of the i-th frequency band of 1/3 octave;
Ti is the corresponding weighting coefficient.
For vertical vibration, T; can be calculated by:

0.5f2%,01< f <4 Hz
T, ={4/f,4< f <8Hz )
8/f,f > 8 Hz

The carriage comfort index under the test conditions were obtained from the above acceleration data (Table 1).

Table 1. Carriage comfort index (AWO0, 20km/h, Straight section)

Location 1S02631 Index Sperling Index
Front 0.23 1.54
Middle 0.20 1.48
Rear 0.33 1.91

The established rules can be used to realize the corresponding value of weighted RMS acceleration (ISO 2631)
and human subjective feelings. When the value is less than 0.315, it means that people will not feel uncomfortable;
when the value is between 0.315 and 0.63, it means that people will feel slightly uneasy. When the value is larger
than 0.63, it means that people will undoubtedly feel uncomfortably.

Furthermore, the Sperling index can be used to determine the carriage's stability. The level of ride comfort for
passengers is evaluated as excellent when the Sperling index is less than 2.5 [20].

The aforementioned rules demonstrate that, during testing, the maglev train operates smoothly, each component
of the carriage has great stability, and the human body experiences the environment as being generally comfortable.

4. Parameter Analysis
4.1 The Effect of Speed

The test was repeated under the AWO load condition with a variable speed limit in the straight section of tracks.
The speed limits were set at 20, 40, and 60km/h, respectively. The maximum carriage vibration acceleration

measured for each condition is displayed in Table 2.

Table 2. Maximum vibration acceleration of carriage at different speeds (m/ s?)

Location 20km/h 40km/h 60km/h
Front 0.4123 0.4682 0.5858
Middle 0.2181 0.1860 0.3404
Rear 0.3349 0.4359 0.8301

The three speed limiting conditions all exhibit a largely consistent variation trend in vibration acceleration.
Similar to Figure 3 and Figure 4, under various speed limits, the amplitude of vertical vibration is much higher
than that of horizontal and longitudinal vibration.

The impact vibration will result in an excessively high peak acceleration due to the influence of track irregularity,
suspension control, and other factors throughout the testing process. However, generally speaking, as train speed
increases, so does the carriage's vibration amplitude. The carriage's vibration level also increases to some amount,
as shown by the results of the one-third frequency doubling analysis and spectrum estimation.

The suspension frame's vibration is essentially consistent with the previous findings and conclusions about
vibration. The suspension frame's vibration amplitude increases with the running speed. At the same time, the
suspension frame's vibration acceleration is still significantly greater than that of the carriage. It is obvious that the
vibration transmission may be efficiently controlled by the suspension system between the carriage and the
suspension frame.
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4.2 Effect of Track Section

The test was repeated in the tunnel part of the tracks with an AWO load. The speed limit is 20 km/h to allow for
analysis of how different parts affect train vibration. The highest vibration acceleration of the carriage measured
during the test in the tunnel portion and the straight section is displayed in Table 3 when the train is traveling at
the 20 km/h speed limit.

Table 3. Maximum vibration acceleration of carriage under different section conditions (m/ s?)

Location Straight Tunnel
Front 0.4123 0.4592
Middle 0.2181 0.3315
Rear 0.3349 0.7923

The carriage's vibration during the train's run in the tunnel section is not notably different from that during the
straight portion. The carriage and suspension frame's vibration pattern essentially follows that of the straight
section. The vibration acceleration is considerable, owing to factors such track irregularity.

4.3 Difference in Carriage Comfort Index

The relevant carriage comfort index was determined in accordance with the setting test parameters, and used to
capture the variations in the index under various working conditions. Table 4 and Table 5 present the findings.

Table 4. Carriage comfort index of straight section

1SO2361 index Sperling index
20km/h 40km/h  60km/h  20km/h  40km/h  60km/h
Front 0.23 0.38 0.38 1.54 1.74 1.69
Middle 0.20 0.31 0.30 148 152 1.40
Rear 0.33 0.53 0.52 1.91 2.01 1.98

Location

The results of the carriage comfort index test for the straight section are displayed in Table 4. It can be seen that
when speed increases, the carriage's vibration level also climbs, as does the value of the carriage comfort index.
This indicates that when speed increases, passengers are more likely to experience discomfort from the carriage's
vibration. In addition, the center compartment's carriage comfort index is higher than that of the front and rear
compartments.

The test data on carriage comfort index for the tunnel section are displayed in Table 5. The earlier data from the
straight section also hold true for the operation of the tunnel section.

The straight section and the tunnel section were compared, revealing that the tunnel section is more
uncomfortable. The subjective feeling of the human body was relatively comfortable, and the ride comfort for
passengers in the carriage was excellent in the given circumstances, according to both indices.

Table 5. Carriage comfort index of tunnel section

1SO2631 index Sperling index
20km/h  40km/h  60km/h  20km/h  40km/h  60km/h
Front 0.21 0.29 0.31 1.68 1.75 1.83
Middle 0.18 0.25 0.26 1.58 1.79 1.63
Rear 0.30 0.39 0.42 2.15 2.40 2.20

Location

5. Conclusions

The field tests and analysis on the running stability of the Fenghuang medium and low speed maglev train led
to the following conclusions:

1) The test data for the vibration acceleration at each measuring point of the carriage and suspension frame are
gathered and thoroughly examined. Comparatively, it is clear that the suspension system between the carriage and
the suspension frame is capable of reducing vibration transmission efficiently.

2) Impact vibration will be triggered by elements such track irregularity, suspension control, and unexpected
train braking, resulting in a significant peak acceleration of vibration.

3) The vibration amplitude of the vehicle will climb together with the increase in train operating speed, as will
the vibration intensity of the vehicle.
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4) The overall stability of the vehicle operation can be inferred from the outstanding ride comfort for passengers
and the subjectively comfortable feeling of the human body.

Data Availability

The data used to support the findings of this study are available from the corresponding author upon request.
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