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Abstract: This study aims to develop a track-side online monitoring system for malfunction detection
in the suspension controllers of maglev trains during their in-service operation. The hardware module
of the system includes two arrays of accelerometers deployed on an F-type rail and a data acquisition
unit. The software module of the system consists of codes for three functions: (i) the identification of
time intervals in relation to the passage of each suspension controller via synchrosqueezing transform;
(ii) the extraction of a feature index (FI) sequence synthesized by modulating the response amplitude,
frequency, and running speed; and (iii) the formulation of a Bayesian dynamic linear model for
real-time malfunction detection in maglev suspension controllers. For verification of the proposed
monitoring system and malfunction detection algorithm, full-scale tests have been conducted on
an maglev test line using the devised system, where a maglev train was run at different speeds
with malfunction occurring in the suspension controllers. The malfunction detection results of the
proposed approach are exemplified via comparison with the recorded suspension gaps after the trial
run of the maglev train. The fidelity of the results obtained using the extracted FI sequence and
using the raw monitoring data are compared. The superiority of the proposed malfunction detection
algorithm is also discussed via comparison with the results of the different train speeds.

Keywords: Bayesian dynamic linear model; maglev train; malfunction detection; suspension control
system; track-side online monitoring

MSC: 68M20

1. Introduction

The maglev train is friction-free, highly comfortable, and of low risk of derailment
as it runs without mechanical contact with the track, thus making it a promising mode
of transport for the future [1]. Compared with the conventional wheel–rail system, the
suspension and guidance functions of a maglev train are achieved via electromagnetic
force. In accordance with the suspension type, maglev techniques can be categorized
into electrodynamic suspension (EDS) and electromagnetic suspension (EMS). In the EDS
system, the train is suspended via repulsive levitation using superconductivity magnets [2]
or permanent magnets [3]. The electromagnetic force is partially stable, and the gap between
the magnet and track allows for a large clearance of 10–15 mm. In contrast, the EMS system
utilizes the attractive suspension force to lift the train up to 8–10 mm at any speed; yet
the maglev force is inherently unstable [4]. Due to the flexibility of the track, continuous
oscillations such as electromagnet-track coupled resonance [5] and track-induced self-
excited vibration [6] often occur between the track and the electromagnet [7–10]. Hence,
a suspension control system targeting stable performance is necessary in order to ensure
the safety and stability of the EMS system [4]. While the EMS system is nonlinear and
open-loop unstable, linearized control models such as the proportional integral derivative
(PID) controller are usually adopted to realize the suspension control. The main function
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of the suspension controller is to ensure the suspension gap is at a stable value. The
malfunction of suspension controller means that the suspension controller fails to suspend
the maglev train within a certain range. Experiments have indicated that the malfunction
of the suspension control system easily occurs when the linearized model is subjected to
interference [11]. In addition, malfunction of the suspension control system can be caused
by the failure of its components such as the abnormal of suspension sensors (including gap,
current, and acceleration sensors), the short circuit failure, the electromagnet with a less
effective number turn or higher temperature, the earth leakage failure of electromagnet, and
the failure of power supply [12–14]. The malfunctioning suspension control system can result
in a deviation of the suspension gap from the equilibrium point and a sudden change or
loss of electromagnetic force. This not only reduces the ride quality of the maglev train but
might also lead to crash between the electromagnet and the track, causing damage to the
electromagnet and rail [15,16]. Hence, it is essential to develop a diagnosis scheme by which
to identify in real time whether the suspension control system performs normally or not.

The risk of malfunction in the suspension control system mainly stems from the fault
of the system components, the coupling vibration between vehicle and track, and the
external environment [12]. However, any sort of malfunction can result in gap fluctuation
and might cause the electromagnets to touch or crash the track. Hence, it is appropriate
to use the suspension gap for malfunction detection in the suspension control system. In
practice, information concerning the suspension gap is used only as feedback to suspension
controllers. The maglev’s operation data—for example, suspension—gap is recorded
online at a low sampling rate, whereas it is analyzed by experts off-line. Recently, some
researchers have investigated fault detection by using the suspension gap signal. Wang
et al. [12] proposed a fault detection method for a suspension control system by using the
suspension gap data. Wang et al. [13] designed a method based on the singles from gap
sensors to detect the abnormal status of the suspension control system. Hou et al. [17]
used the suspension gap signal for the fault detection of accelerometers in the suspension
control system. However, the maglev train has various operating conditions, such as
suspension and static, positive line operation, and returning to warehouse, which lead to a
large difference in data, thus weakening the capability of fault detection [12]. Moreover, it is
difficult to concurrently achieve fault detection and suspension control using the suspension
gap signal at the same time during maglev’s in-service operation. Hence, fault detection of
the suspension control system using the suspension gap has rarely been put into practice
so far. Nowadays, real-time monitoring technologies have been applied successfully
in industrial cyber physical systems by using the sensor data for online performance
monitoring, supervised fault diagnosis, control, and management [18]. In particular, plenty
of state-of-the-art SHM techniques and methods that have been widely used in traditional
railways [19]. However, few of them apply to the maglev system. Sun et al. conducted
the Internet of Things-based online condition monitor for a medium-low-speed maglev
train system and proposed an improved adaptive fuzzy control [20]. Kang and Chung [21]
designed an integrated monitoring scheme for a maglev guideway using multiplexed FBG
sensor arrays. In the traditional railway industry, wayside acoustics are adopted for the
diagnosis of defective train bearings by measuring sound pressure or the sound intensity of
the bearings [22]. The sound amplitude is nearly proportional to the vibration acceleration
in the same direction and is thus sensitive to incipient defects in the bearing. The track-
based sensors system is deployed [23] for the online fault detection of wheelset [24–26].
The electromagnet in the maglev system is taken as ‘wheelset’. The suspension controller
is installed to enable the control of the levitation gap between the electromagnet and
the F-type rail. According to reference [27], the increase in airgap variation may lead to
mechanical contact between the vehicle and guideway, which, in turn, brings impulsive
high accelerations to the vehicle and guideway. As the gap fluctuation directly affects the
attractive force applied on the track, the vibration response of the track will be altered
once the suspension controllers are abnormal. In view of this, an alternative technique of
using acceleration signals acquired by a track-based sensing system is proposed in this
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paper, which aims to provide online detection of malfunctions of the suspension controllers
during the maglev routine operation.

Malfunction of the suspension control system can be viewed as a type of ‘fault’. Hence,
some fault identification algorithms might be adapted for malfunction detection of the
suspension control system. The existing monitoring techniques employed to enable fault
detection use model-based techniques (such as Kalman filters, particle filter, and the least
square approach) [28], signal-based techniques (such as band-pass filter, spectral analysis,
and wavelet analysis) [29], and knowledge-based methods (such as expert systems, decision
tree, and fuzzy theory) [30]. With the increasing collection of real word data, data-driven
methods [31,32] using the multiple data statistics method of quantitative analysis have
been developed. By using the data-driven method for fault diagnosis, the fault feature
can be extracted from a large quantity of historical data. The typical method includes
principal components analysis (PCA), partial least squares (PLS), and the multivariate
state estimation technique (MSET) [33]. Data-driven methods have been widely used
for fault diagnosis of the traction system [34], vehicle system [35], and rail system in the
traditional railway system [36]. Recently, few of them has been applied to the maglev
system. Wang et al. [37] proposed a damage detection method based on monitoring
data for multiple damage detection of maglev rail joints. In recent years, intelligent fault
diagnosis methods such as expert systems, fault tree, artificial neural network (ANN),
and the Bayesian network have been used for fault diagnosis [38]. Among these methods,
Bayesian-based approaches [39–44] have attracted increasing attention for fault/damage
detection and condition assessment because of their abilities to account for uncertainties
contained in the monitoring data stemming from model error and to quantify the predictive
uncertainty. The Bayesian dynamic forecasting approaches which integrate Bayesian
inference and time series analysis, such as Bayesian dynamic linear model (BDLM), have
been proposed for online outlier detection, change detection, and quantification of damage
and uncertainty [40,43]. The BDLM is a kind of process-based Bayesian prediction model
which provides a flexible means of intuitively capturing how a process evolves over time.
It can accommodate both stationary and non-stationary time series data and is capable of
directly capturing a variety of features of time series data such as trend, seasonality, and
regression effects [44]. More importantly, the BDLM allows for the description of temporary
or permanent shifts in time series parameters that occur abruptly, which is sometimes
necessary for fault detection. In the present study, the BDLM will be formulated using
a feature index (FI) sequence that is extracted from the acceleration response signals of
the instrumented track during the electromagnet transit generated by passing suspension
controllers to accomplish real-time malfunction detection of the suspension control system.

The aim of this investigation is to develop a track-side online monitoring system for
the malfunction detection of suspension controllers during the routine operation of maglev
trains. The system includes two arrays of sensors deployed on the F-type rail to collect
acceleration signals of the paired rails. The collected accelerations are used to construct
FI sequences in relation to the passage of each suspension controller which generates
electromagnet transit when a maglev train travels over the instrumented rail so that the
potential malfunction of all suspension controllers can be diagnosed using only one sensory
system. With the aid of the synchrosqueezing transform (SST), the time interval of rail
acceleration responses in accordance with the electromagnet transit generated by each
passing suspension controller is identified in order to correlate each time interval with
a specific suspension controller. Since the sensory system comprises an array of sensors
deployed on the paired rails, the fidelity of malfunction detection is warranted when the
diagnostic results from different sensors simultaneously alert malfunction of the same
suspension controller.

The main contributions of this study include the provision of the following: (i) a
track-side online monitoring system for malfunction detection in the suspension system of
maglev trains during their routine operation; (ii) a feature index (FI) formulated from the
monitored acceleration responses after modulating the response amplitude, frequency, and
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train’s running speed; and (iii) a Bayesian dynamic linear model (BDLM) and elicit Bayes
factor for the malfunction detection of suspension controllers. The remainder of this paper
is organized as follows. Section 2 presents an overview of the maglev system; Section 3
describes the devised track-side monitoring system; the methodology of malfunction detec-
tion of the suspension controllers using online monitoring data is described in Section 4;
the field verification test and the detection results are provided in Section 5; conclusions
are presented in Section 6.

2. Overview of Maglev System

A common maglev system, as shown in Figure 1, is composed of an elevated guideway,
a power rail, and an EMS-type train. The elevated guideway consists of the guideway
supporting beam, a track bearing platform, fasteners, transverse steel sleepers, and an F-
type rail. Each maglev vehicle typically has five bogies which work together to bear the
weight of the vehicle body by using air springs as buffers and supporters. Each bogie is
designed to couple two integrated electromagnets by using two suspension control modules
on each side of the track. In general, a suspension control module consists of an integrated
electromagnet panel (with four electromagnets clipped by a pair of integrated steel magnetic
pole), two suspension sensors (including gap, current, and acceleration sensors) configured
at each terminal of the integrated electromagnet panel, and two suspension controllers. The
electromagnets are partitioned into two groups, in which the two electromagnets in the front
(or rear) of the integrated electromagnet panel are connected in series as a pair, and the current
through each pair of electromagnets is controlled by a suspension controller. As illustrated in
Figure 1, the suspension controller receives signals from the current transformer, suspension
gap, and acceleration sensors. Then, the signals are amplified by power chopper and sent to
suspension electromagnets. With a proper control algorithm, the suspension electromagnets
are commanded to generate an attractive force. The principal component of the attractive
force is the suspension force, which enables the device to adjust the suspension gap and keep
the suspension gap at a target, e.g., 8 mm. As the suspension gap reflects the distance between
the electromagnets and the track, excessive fluctuation of the gap signal can directly lead to
a fluctuation of the attractive force, resulting in the abnormal vibration of the track. In view
of this, acceleration singles acquired by the track-side sensory system will be used for the
real-time detection of potential malfunctions in the suspension control system.

Mathematics 2023, 11, x FOR PEER REVIEW 5 of 20 
 

 

 
Figure 1. Configuration of maglev train system. 

3. Track-side Online Monitoring System  
The track-side online monitoring system for malfunction detection of the maglev sus-

pension controllers is designed to meet the following requirements: (i) the deployed sen-
sors, signal cables, and data acquisition unit are insulated to immunize them against elec-
tromagnetic interference (EMI); (ii) a sufficient signal acquisition resolution helping to sin-
gle out malfunctioning suspension controllers; and (iii) an appropriate number of sensors 
to enable online malfunction detection while minimizing false alarms. 

3.1. System Configuration 
As illustrated in Figure 2, the proposed online monitoring system consists of the fol-

lowing: (i) two arrays of insulated piezoelectric accelerometers (or optic fiber accelerome-
ters that are immune to EMI) deployed on the right and left F-type rails separately; (ii) a 
high-speed interrogator (data acquisition unit); and (iii) a computer equipped with data 
processing and fault identification software. To ensure a sufficiently high resolution, the 
monitoring system collects data at a sampling rate of 5000 Hz and is triggered to sample 
and store data automatically during the maglev train passage. To meet the demand for 
online execution, a BDLM-based method utilizing time-series data is developed for mal-
function detection of the suspension control system. To minimize false alarms, each sen-
sory array includes several accelerometers (e.g., three, as shown in Figure 2) located on 
each side of the F-type rail. The detailed deployment positions of the accelerometers will 
be provided in the next subsection. 

Figure 1. Configuration of maglev train system.



Mathematics 2023, 11, 4045 5 of 20

3. Track-Side Online Monitoring System

The track-side online monitoring system for malfunction detection of the maglev
suspension controllers is designed to meet the following requirements: (i) the deployed
sensors, signal cables, and data acquisition unit are insulated to immunize them against
electromagnetic interference (EMI); (ii) a sufficient signal acquisition resolution helping
to single out malfunctioning suspension controllers; and (iii) an appropriate number of
sensors to enable online malfunction detection while minimizing false alarms.

3.1. System Configuration

As illustrated in Figure 2, the proposed online monitoring system consists of the
following: (i) two arrays of insulated piezoelectric accelerometers (or optic fiber accelerom-
eters that are immune to EMI) deployed on the right and left F-type rails separately;
(ii) a high-speed interrogator (data acquisition unit); and (iii) a computer equipped with
data processing and fault identification software. To ensure a sufficiently high resolution,
the monitoring system collects data at a sampling rate of 5000 Hz and is triggered to
sample and store data automatically during the maglev train passage. To meet the demand
for online execution, a BDLM-based method utilizing time-series data is developed for
malfunction detection of the suspension control system. To minimize false alarms, each
sensory array includes several accelerometers (e.g., three, as shown in Figure 2) located on
each side of the F-type rail. The detailed deployment positions of the accelerometers will
be provided in the next subsection.
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3.2. Deployment of Accelerometers

As the electromagnetic force between the electromagnets and the F-type rail is con-
trolled by suspension controllers, and as each controller commands a pair of electromagnets,
the paired electromagnets passing through the F-type rail cause an acceleration peak. If
the paired electromagnets are controlled by a malfunctioning suspension controller, a
distinct attractive force will be exerted on the F-type rail, resulting in abnormal response.
As such, a set of accelerometers are mounted on a segment of the F-type rail to monitor
the real-time dynamic response of the F-type rail and detect potential malfunction of the
suspension controllers. Additionally, since the suspension force is the primary component
of the attractive force (refer to Figure 1), the sensors are deployed on the F-type rail only for
the measurement of accelerations in the vertical direction. As shown in Figure 3, the F-type
rail is supported by the steel sleepers, and the accelerometers are mounted on the F-type
rail between two adjacent steel sleepers. The cross section of the F-type rail is also shown in
Figure 3, where the outward part of the F-type rail is named the inverted U-type orbit. The



Mathematics 2023, 11, 4045 6 of 20

attractive force is generated between the U-type electromagnet and the inverted U-type
orbit, as illustrated in Figure 1. Hence, the accelerometers are deployed at the cantilevered
side (inward part) of the cross section of the F-type rail as shown in Figure 3. The deployed
locations of sensors on the F-type rail are mid-span, 1/4 span, and end of the bridge. Each
accelerometer measures the vertical vibration of the F-type rail excited by the suspension
force.
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4. Track-Side Online Monitoring System Bayesian-Based Method for Online
Malfunction Detection
4.1. General Description

In addition to the attractive force (controlled by suspension controllers) exerted on the
F-type rail, each pair of integrated electromagnets also generates a moving magnetic force
that acts on the rail when the paired electromagnets travel over it. The latter force results in a
small-amplitude and low-frequency response ingredient in the rail, which will be extracted
to identify the time interval (window) in conformance with the passage of each suspension
controller. Due to its ability to extract individual components, the synchrosqueezing
transform (SST) is performed for the extraction of this response ingredient from the raw
acceleration signal. Then, the segmented acceleration signal stretching each time interval is
adopted to construct the FI with modulation on the response amplitude, frequency, and
train speed. The FI sequences are finally utilized to formulate BDLMs for detecting whether
a specific suspension controller is malfunctioning or not.

4.2. Identification of Time Intervals during Electromagnet Transit

In order to link up the segmented acceleration responses with the respective sus-
pension controllers, the SST is performed to extract the response ingredient caused by
the moving magnetic force and estimate the time interval (window) of the acceleration
signal during each electromagnet transit generated by a specific suspension controller. As a
relatively new and promising signal processing tool based on the concepts of continuous
wavelet transform (CWT), SST enables the decomposition of noisy nonstationary signals
into their individual components. The signal with coarse resolution (approximations) con-
tains information about low-frequency components, while the signal with fine resolution
(details) contains information about high-frequency components. By using the wavelet-
level selection and perfect reconstruction (PR) properties of SST for multi-component signal
analysis, the response ingredient specifically caused by the moving magnetic force can be
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extracted from the raw acceleration signal. In the case of synchrosqueezing, as defined
in [45], one starts from the CWT Wx defined by

Wx(a, b) =
∫

x(t)
1√
a

ψ

(
t− b

a

)
dt, (1)

where a is the scale parameter; b is the time parameter; and ψ(·) is the mother wavelet. The
estimation of instantaneous frequency ω(a, b) for all values is given by [46]

ω(a, b) =
−i

Wx(a, b)
∂

∂b
Wx(a, b). (2)

In fact, the wavelet coefficients in Wx(a, b) are computed only at discrete scales ak, and
its synchrosqueezed counterpart Tx(ωc, b), determined at the centers ωc of the successive
bins, can be derived as follows:

Tx(ωc, b) =
1

∆ω ∑ak :|ω(ak ,b)−ωc |≤∆ω/2 Wx(ak, b)a−3/2
k ∆ak, (3)

where ∆ω = ωc − ωc−1 and ∆a = ak − ak−1. To reconstruct the signal after the syn-
chrosqueezing, the following equation is defined as follows:∫ ∞

0 Wx(a, b)a−
3
2

k da = 1
2π

∫ ∞
−∞

∫ ∞
0 x̂(ξ)ψ̂(aξ)eibξ a−1dadξ

=
∫ ∞

0 ψ̂(ξ) dξ
ξ ·

1
2π

∫ ∞
0 x̂(ζ)eibζ dζ.

(4)

Setting Cψ = 1
2

∫ ∞
0 ψ̂(ξ) dξ

ξ , the individual modes can be recovered by inverting the
SST (integrating) along the frequency axis as follows:

xc(b) = Re
[
C−1

ψ ∑c Tx(ωc, b)(∆ω)
]
. (5)

To obtain the response ingredient caused by the moving magnetic force, the low-
frequency content is extracted from the raw signal. At the present sampling frequency,
the low frequencies ranging from 1 Hz to 15 Hz are composed to generate the response
caused by the moving magnetic force. As shown in the bottom panel of Figure 4, each
response peak corresponds to the passage of a pair of integrated electromagnets (controlled
by the suspension controller) over the rail, and the time interval (window) during each
electromagnet transit driven by a specific suspension controller can be readily estimated
from the noise-removed response curve.
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4.3. Feature Index (FI)

Figure 5 shows the acceleration responses and the power spectral densities of the
F-type rail during electromagnet transit driven by different suspension controllers at two
running speeds (30 km/h and 50 km/h). By analyzing and comparing large amounts
of acceleration responses of the F-type rail under various running speeds and control
statuses in both time and frequency domains, it is observed that the train’s running speed,
vibration frequency, and vibration magnitude are the main factors which affect the response
characteristics. For example, the acceleration response amplitude of the F-type rail increases
in general with the increase in the running speed. The dominant vibration frequency of the
F-type rail at the running speed of 30 km/h fluctuates between 39 Hz and 117 Hz, while
the dominant vibration frequency of the F-type rail at the running speed of 50 km/h varies
between 39 Hz and 156 Hz. To eliminate the influence of these normal variabilities on fault
detection, we define the following feature index (FI):

χi[an:n+m] =
f
fc
·

√
1
m ∑n+m

j=n a2
j

V
, (6)

where χi is the ith FI calculated from the acceleration response segment an:n+m; an:n+m
denotes the acceleration response segment from an to an+m, with n = 1 + (i- − 1) × (m- − p)
being the start point; m is the length of acceleration response segment which equals the
time interval (window) determined in the preceding subsection; p is the overlap length in
calculating FI by using a moving time window scheme; f is the dominant frequency of the
acceleration response segment an:n+m; fc is the minimum dominant frequency of the rail
acceleration response (set to be 39 Hz in this study as it is the first-order vertical bending
frequency of F-type rail); and V represents the train’s running speed.
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With the time intervals determined by the SST method, the segmented acceleration
responses of the F-type rail obtained at each sensor location can be used to calculate
an FI sequence with the help of (6) (in this study, an overlap ratio of 50% is considered
in time window moving). Figure 6 illustrates the acceleration response signal and the
corresponding FI sequence obtained at one sensor location.
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Figure 6. Acceleration response signal and feature index (FI) sequence: (a) raw acceleration response;
(b) FI sequence.

4.4. BDLM for Malfunction Detection

The BDLM consists of an observation (measurement) equation and a system (evolution)
equation. The observation equation represents the relationship between the observed data
and the unknown state parameters, while the system equation describes the evolution of
state parameters over time. The two equations stated above are defined as follows [42]:

Observation Equation : yt = F′t θt + vt , vt ∼ N[0, Vt] (7)

System Equation : θt = Gtθt−1 + ωt , ωt ∼ N[0, Wt], (8)

where yt is the observation vector at time t; θt is unknown state parameter vector; Ft and
Gt are the respective known regression and evolution matrices; and vt and ωt are two
independent Gaussian random vectors with mean zero and unknown covariance matrices
Vt and Wt. The BDLM defined above amounts to treating θt as a Markov chain, with yt
being conditionally independent of θt.

When applying BDLM to describe a time series, the observation is obtained by com-
bining several elementary components, each of which captures a series of diverse features,
such as trend, seasonality, and dependence on covariates [44]. To represent the trend in
BDLM, the second order polynomial is considered in this study. The general expression of
the second order polynomial BDLM is as follows [34]:

yt = µt + vt , vt ∼ N
(

0, σ2
obs

)
(9)

µt = µt−1 + αt−1 + ω1t , ω1t ∼ N
(

0, σ2
level

)
(10)

αt = αt−1 + ω2t , ω2t ∼ N
(

0, σ2
trend

)
, (11)

where yt is the monitoring-derived time series data defined in (6); µt represents the data
range level at time t; αt represents the data range change between times t− 1 and t; vt is a
zero-mean Gaussian random variable representing the measurement error at moment t;
and ω1t and ω2t are both zero-mean Gaussian random variables representing the evolution



Mathematics 2023, 11, 4045 10 of 20

of BDLM from t− 1 to t. In association with the standard BDLM defined in (7) and (8), we
have the following:

θt =

(
µt
αt

)
, Ft =

(
1
0

)
, Gt =

(
1 1
0 1

)
, Wt =

(
σ2

level 0
0 σ2

trend

)
, Vt = σ2

obs. (12)

The details of utilizing BDLM for recursive one-step ahead forecast (posterior) of
the distribution of the monitoring-derived time series data and fault detection under the
Bayesian framework are presented as follows.

Step 1: Given the initial information D0, the distribution of initial state parameters
characterizing the monitoring-derived time series data is specified as follows:

P(θ0|D0) ∼ N(m0, C0), (13)

where m0 and C0 are initial mean and variance of the state parameters, which can be
determined by using the first measured data of the time series. Set t = 0.

Step 2: By using the posterior distribution of the state parameters at current time
t, P(θt|Dt) ∼ N(mt, Ct), the prior distribution of the state parameters at next time t+1,
P(θt+1|Dt) ∼ N(at+1, Rt+1), can be estimated by

at+1 = E[θt+1|Dt] = Gt+1mt (14)

Rt+1 = Var[θt+1|Dt] = Gt+1CtG′t+1 + Wt+1, (15)

where Dt is the state of information at time t; and Wt+1 is the variance of the evolution
error in the system equation.

Step 3: The mean and variance of the distribution of the data at next time t + 1,
P(yt+1|Dt) ∼ N( ft+1, Qt+1), can be forecasted through the observation equation:

ft+1 = E[yt+1|Dt] = F′t+1at+1 (16)

Qt+1 = Var[yt+1|Dt] = F′t+1Rt+1Ft+1 + Vt+1. (17)

Step 4: Once the new data yt+1 at time t + 1 is available, the posterior distribution of
the state parameters can be updated to P(θt+1|Dt+1) ∼ N(mt+1, Ct+1), of which the mean
and variance are given by

mt+1 = at+1 + At+1et+1, Ct+1 = Rt+1 − At+1 AT
t+1Qt+1 (18)

et+1 = yt+1 − ft+1, At+1 = Rt+1Ft+1/Qt+1, (19)

where Dt+1 = {Dt, yt+1}.
Step 5: The BDLM yields a PDF for the next measurement, labeled as M0. Meanwhile,

an artificial alternative model, labeled as M1, is defined by shifting the mean of M0 by +h.
Thus, for each time step t, the Bayes factor is obtained as the ratio of the PDF under M1 to
that under M0 [43], which can be calculated by

Ht =
p(yt|Dt−1, M1)

p(yt|Dt−1, M0)
, (20)

where yt is the measurement at time t; and Dt−1 refers to the history information up to time
t− 1. In the case of Gaussian distributions, the Bayes factor is as follows:
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H t = exp
(
±2h(yt − ft)− h2

2σ2
t

)
, (21)

where ± represents the positive deviation value and the negative deviation value, respec-
tively; and h is the shift value, which can be determined by the inverse of the standard
normal cumulative distribution function ∅−1, the confidence level α, and the standard
deviation for the forecasting σt as follows:

h = ∅−1
(

1− α

2

)
σt (22)

Step 6: Set t = t + 1 and repeat the steps from Step 2 until to the end of the observation
data.

To summarize the steps of using BDLM for recursive one-step ahead forecast (posterior)
of the distribution of the monitoring-derived time series data and fault detection under the
Bayesian framework, the pseudocode of Bayesian probability recursive processes of BDLM
is given in Table 1.

Table 1. The pseudocode of the Bayesian probability recursive processes of BDLM.

For t = 1→T

Calculate P(θt+1|Dt) through (14) and (15)
Sample ft+1 and Qt+1 from P(θt+1|Dt)
Calculate yt+1 through (8)
Update P(θt+1|Dt+1) by adding new data yt+1 through (18) and (19)
Calculate Ht through (20)

End

Potential malfunction detection is a crucial step in the process of the proposed mal-
function detection approach, accomplished by the Bayes factor calculation. Because of
its straightforward and natural interpretation of the evidence afforded by the data, Bayes
factor is advocated in fault detection [40]. In general, a Bayes factor H = 1 indicates that
the probability of the observation derived from model M1 is identical to the probability of
that derived from model M0. For better quantitative comparison between any two models,
Jeffreys [47] suggested interpreting the Bayes factor as a scale of evidence and provided
descriptive statements, although the partitions are somewhat arbitrary. According to his
suggestion, a Bayes factor is divided into several intervals for assessing the significance
of discrimination: 1 < H < 3 is ‘barely worth mentioning’; 3 < H < 10 is ‘substantial’,
10 < H < 30 is ‘strong’; 30 < H < 100 is ‘very strong’; and H > 100 is ‘decisive’. In
this study, Hmin = 10 is set as a threshold for malfunction detection. With this threshold
and a confidence level of 90% adopted, the shift value h is obtained as 1.645σt. After the
confirmation of Hmin and h, an uncertainty limit (ucl = ln

(
Hmin

h

)
σ2

t + h/2) can be procured
as 2.22σt. Thus, an observation is diagnosed as a malfunction if its deviation from the mean
value of M0 is larger than 2.22σt. The flowchart of the malfunction detection framework
based on BDLM is shown in Figure 7.
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5. In-Suit Verification
5.1. Full-Scale Tests

For the purpose of verification, the online monitoring system has been deployed on
a maglev test line and acceleration responses of the instrumented F-type rail have been
collected during the trial run of a maglev train with malfunctions in its suspension control
system being artificially introduced (the running speed was controlled and did not exceed
50 km/h to ensure the operation safety). The maglev test line and the deployed sensors are
shown in Figure 8, where three accelerometers were installed on each side of a segment of
the F-type rail supported by a viaduct (refer to Figure 2). The maglev train in the trial run
comprises three vehicles, and each maglev vehicle has five bogies and twenty suspension
controllers. The suspension gap between the electromagnets and the F-type rail is targeted
to be 8 mm. When the maglev train travels through a straight guideway, the allowable
variation of the suspension gap is limited to ±2 mm. As the performance of the suspension
gap signal filters can directly influence the working condition of the suspension controllers,
the artificial malfunction was made on two controllers of the maglev train by improperly
altering the filter parameters, whereas the controllers with malfunctions were unknown to
us at the test stage. The accelerations of the F-type rail were recorded as the train traveled
over the instrumented rail at different running speeds. In the meantime, the signals of the
suspension sensors were also stored in the controller area network (CAN) system of the
maglev train at a low sampling rate of 4.0 Hz, which will be utilized to examine the fidelity
of malfunctioning controllers identified by the proposed method.

In the following, the malfunction detection results using the accelerations obtained
at different sensor locations and under different running speeds will be presented and
discussed. In particular, the results obtained using the modulated FI sequences and using
the raw acceleration data will be compared. Afterwards, the gap signals collected by the
suspension sensors will be provided to verify the malfunction detection results.
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Figure 8. Track-side online monitoring system deployed on a maglev test line.

5.2. Malfunction Detection Results by Using Accelerations at Different Locations

As illustrated in Figure 2, accelerometers are deployed at three locations on each side
of the F-type rail. The accelerations at locations R1, R2, R3, and L4 obtained under the
running speed of 50 km/h are used here to illustrate the malfunction detection capability of
the BDLM-based method in line with the FI sequences. Figure 9 illustrates the malfunction
detection results of the suspension controllers. It is seen that the Bayes factor (H) at time
points t = 38 and t = 43 in Figure 9 a exceeds the threshold value of Hmin = 10, indicating
that suspension controllers corresponding to these two malfunctioning points are not in
good performance. Meanwhile, it is observed that the Bayes factor at time points t = 48 and
t = 53 in Figure 9b and at time points t = 58 and t = 63 in Figure 9c exceeds the threshold.
More importantly, it is found that the time interval of the first malfunction point between
Figure 9a,b is the same as that between Figure 9b,c. The same observation is obtained for
the second malfunction point. Therefore, making use of the acceleration measurements at
three locations, the malfunctioning suspension controllers can be reliably detected with
mutually verifiable results. With the identified malfunction points, the two controllers
with malfunctions are consistently identified to be suspension controllers No. 25 and
No. 29. The suspension gap signals of suspension controllers No. 25 and No. 29 are
illustrated in Figure 10 (the gap signals look discontinuous because they were acquired
at a low sampling rate via built-in equipment). It is evidenced that the gap fluctuations
at suspension controllers No. 25 and No. 29 are up to +4 mm and −3 mm, respectively,
exceeding the maximum allowable variation of ±2 mm.
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To verify the effectiveness of the formulated FI, malfunction detection is also conducted
by applying the BDLM-based method but using the raw acceleration data directly. The
results are illustrated in Figure 11. It is seen that the two malfunctioning suspension
controllers are correctly detected using the acceleration collected at R2, but only one
malfunctioning suspension controller is detected using the acceleration collected at R1
and R3. Likewise, the acceleration signal collected at L1 is also used to identify potential
malfunctioning suspension controller(s) above the left rail, using of the raw acceleration
data and the FI sequence, respectively. The detection results are illustrated in Figure 12. It is
seen that one suspension controller (No. 48) is identified as malfunctioning when using the
raw acceleration data (Figure 12a), but no malfunctioning suspension controller is detected
when using the FI sequence (Figure 12b). The gap signal of suspension controller No. 48 is
shown in Figure 10. As can be observed from Figure 10, the condition of the suspension
controller No. 48 is healthy. This implies that this suspension controller is falsely identified
as malfunctioning when using the raw acceleration signal instead of the FI sequence.
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5.3. Malfunction Detection Results by Using Accelerations at Different Running Speeds

As the vibration of the F-type rail is also affected by the running speed of the train, the
FI was modulated by the running speed in its formulation. Now, we examine the fidelity of
the malfunction detection results obtained under different running speeds. During the trial
run of the maglev train, acceleration response signals of the F-type rail were collected at
three running speeds: 30 km/h, 40 km/h, and 50 km/h. By utilizing the raw acceleration
signals and the derived FI sequences at the three running speeds, respectively, the Bayesian
factor is elicited for malfunction detection of the suspension controllers. Figure 13 shows
the detection results when using the accelerations collected at location R1 under different
running speeds. It is observed from Figure 13b that when using the FI sequence in the
BDLM-based method, the Bayesian factor exceeds the threshold value (Hmin = 10) at time
points t = 60 and t = 68 for running speed of 30 km/h, at time points t = 47 and t = 53
for running speed of 40 km/h, and at time points t = 38 and t = 43 for running speed of
50 km/h, which all indicate the identical malfunctioning suspension controllers (No. 25 and
No. 29). This means that the proposed method yields correct and consistent malfunction
detection results when using the FI sequences formulated from accelerations obtained under
different running speeds. However, as shown in Figure 13a, when the raw acceleration
signals are used for malfunction detection, the Bayesian factor exceeds the threshold at
time points t = 60 and t = 68 for 30 km/h, at time points t = 47 and t = 53 for 40 km/h, and
at time point t = 43 only for 50 km/h. It is shown that using the raw acceleration signals
enables the detection both malfunctioning controllers at running speeds of 30 km/h and
40 km/h, but the malfunctioning controller No. 25 is not identified at the running speed
of 50 km/h. Similar results are obtained when using accelerations collected at locations
R2 and R3, as shown in Figures 14 and 15. In summary, the malfunctioning suspension
controllers can be detected with high fidelity when using the FI sequences formulated from
accelerations acquired at different locations and under different running speeds. However,
when directly using the raw acceleration signals without modulation, either false-negative
(refer to Figures 13a, 14a and 15a) or false-positive (refer to Figures 14a and 15a) detection
results can be yielded.
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The BDLM-based method is performed on a Lenovo ThinkCentre M720t desktop
(Lenovo, Beijing, China) with Dual Intel Core i7-8700 processor (Intel, CA, USA) and 24 GB
of memory. The average computation time of the BDLM-based method is 2.23 s. As the
BDLM-based method can automatically detect the malfunction of the suspension controller,
real-time malfunction detection can be realized using the BDLM-based method.

6. Conclusions

A track-side online monitoring system in conjunction with the Bayesian dynamic
model has been developed for malfunction detection in the suspension system of maglev
trains during their routine operation. The system, which consists of accelerometers de-
ployed on both sides of a segment or a few segments of the F-type rail, aims to detect
potential malfunction in all suspension controllers affiliated with a maglev train when it
travels over the instrumented rail. By means of the synchrosqueezing transform (SST),
the time interval (window) of rail acceleration responses in conformance with the elec-
tromagnet transit generated by each passing suspension controller is first identified in
order to correlate each time interval with a specific suspension controller. Then, a feature
index (FI) is formulated from the monitored acceleration responses after modulating the
response amplitude, frequency, and train’s running speed. The derived FI sequence is
used to construct a Bayesian dynamic linear model (BDLM) and elicit Bayes factor for
malfunction detection in suspension controllers.

The capability of the proposed monitoring system and malfunction detection algo-
rithm was exemplified by using rail accelerations collected during a trial run of a maglev
train on a test line where the devised monitoring system was installed. In the field tests,
malfunction of the suspension controllers was artificially introduced by improperly altering
the parameters of a few suspension gap signal filters, and the gap signals were collected
and stored by built-in equipment for verification of the detection results via the proposed
method. The field test results confirm the following: (i) with the use of rail acceleration
measurements at multiple locations, suspension controllers with malfunction can be re-
liably identified with mutually verifiable results via the proposed BDLM-based method
in line with the FI sequence; (ii) when directly using the raw acceleration signal to formu-
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late BDLM, either false-negative or false-positive detection results can be generated; and
(iii) in comparison with the BDLM famulated using the raw acceleration signal, the BDLM
famulated using the FI sequence is more robust and tolerant with respect to the running
speed and sensor location.

As the proposed online monitoring system consists of only two arrays of insulated
piezoelectric accelerometers, a high-speed interrogator and a computer equipped with data
processing and fault identification software, the cost of the proposed technology depends
on the price of equipment which is relatively low. In the future, the accuracy and efficiency
of the proposed algorithm under different operation conditions, such as those introducing
wind, vehicle loading changes, and higher train speed, will be further studied.
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