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High-Speed Rail Suspension System Health
Monitoring Using Multi-Location
Vibration Data

Ning Hong™, Lishuai Li

Abstract— A mnovel data-driven framework to monitor the
health status of high-speed rail suspension system by measuring
train vibrations is proposed herein. Unlike existing methods, this
framework does not rely on sophisticated dynamic models or
high-fidelity simulations; it combines the power of data and
domain knowledge to generate a model that can be trained
quickly and adapted easily to different rail systems. In addition,
the framework includes a module to generate a training dataset,
tackling a typical challenge in real-world system monitoring,
namely, the lack of labeled data due to practical limits. Based on
the multi-output support vector regression (MSVR), the proposed
framework can monitor the stiffness and damping coefficients of
the suspension system using vibration signals measured on trains
in real time. The framework comprises three modules. First,
a simple suspension system dynamics model is built to generate
a training dataset. Furthermore, key features are extracted
from frequency response curves to reflect the impact of spring
and damper degradation. Subsequently, a supervised learning
model based on the MSVR is built to predict the stiffness
and damping coefficients of suspension systems from features
extracted in the second module. Once the model is built, real-
time monitoring can be achieved by feeding the vibration signals
as they are collected during operations. The proposed framework
was evaluated on simulation data for its accuracy and tested on
real-world operational data for its practicability.

Index Terms—Health monitoring, suspension system,
high-speed rail, multi-output support vector regression,
vibration signal, field data, data-driven approach.

I. INTRODUCTION
S HIGH-SPEED railway transports are developing
at a considerable speed in many regions worldwide,
especially China, the safety and reliability issues of rolling
stocks are receiving increasing attention. Because of the
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higher speed, more intensive use, and more complex
structures compared to ordinary trains, safety concerns are
accentuated for high-speed trains. The possible failure of
train structures during their operation may cause immense
loss of life or monetary damage, resulting in irretrievable
and catastrophic consequences [1]. Therefore, the current
maintenance strategy of high-speed rail systems is highly
conservative. Maintenance events are scheduled based on
fixed intervals (i.e., running mileage or time) that include a
large safety margin, causing increased operational cost.

Real-time health monitoring for high-speed rail systems
could address this issue — maintaining a high standard of safety
while reducing cost. It could provide an early warning of a
fault or component degradation, avoid in-service failures, and
schedule maintenance when required. Therefore, unnecessary
maintenance can be reduced significantly. Furthermore, oper-
ations can be optimized based on health monitoring results.
In support of real-time health monitoring development, this
study develops a data-driven framework to monitor the status
of methods for the suspension system of high-speed rail
systems. We focus on the suspension system because it is
fundamental in rail vehicles and its reliability is directly related
to vehicle safety. It supports the bogie and car body, reduces
the forces generated by the track unevenness on the wheels,
and controls the behavior of the car body with respect to the
track surface for rider comfort.

Many studies have been performed to develop methods
for the condition monitoring or fault detection of railway
suspension systems, where two distinctive approaches are
primarily applied: the model-based approach and the data-
driven approach. Surveys on the modern techniques used
for the health monitoring of railway vehicle dynamics are
provided in [2]-[4]. Most model-based methods transform
the vehicle’s equations of motion into state-space represen-
tations. Subsequently, the changes of the model’s parameters
(stiffness or damping) can be detected using a Kalman filter
as well as its variations [5]-[10]. A dynamic model of the
suspension system for a three-car CRH2 (China Railway High-
speed 2) multiple unit was established and an improved total
measurable fault information residual method was proposed to
estimate the health condition of vehicles in [11]. An interacting
multiple-model algorithm was introduced for detecting faults
in suspension systems in [12]. The parameter estimation
method applies a particle filter to monitor the health condition
of the components [13]. A number of other model-based
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approaches have been proposed for rail vehicle suspension
system fault detection or health monitoring in [14]-[20].
Although these model-based methods have proven their diag-
nostic usefulness in simulation studies, they require precise
suspension and inertial parameter values. This causes two
problems: (i) they are cumbersome to use when being applied
to different rail systems; (ii) the results of the model-based
methods could be primarily distorted if the parameter values
are inaccurate. Another issue of the model-based approach is
that the development of an appropriate model requires the
detailed knowledge of the system concerned. For systems
that are dynamically complex and/or nonlinear, model-based
approaches may require the use of high-order and/or linearized
multiple models that can be unsuitable for practical implemen-
tations [21].

Alternatively, data-driven techniques can be used for
condition-based monitoring (CBM), and the fault-detection
and identification (FDI) of suspension components. Data-
driven methods do not utilize complex vehicle dynamic models
and typically require only some vibration/acceleration signals
acquired from the vehicle. For example, the peak-to-peak
amplitude of pass-band filtered acceleration signals was used
to detect faults in rotary components of the traction system
in Shinkansen bogies [22]. The level of interactions of the
dynamic behaviors between the two suspensions was used as a
key indicator of the suspension conditions [21]. Similarly, rela-
tions between the specific motions of a vehicle’s bogie (angu-
lar and translational) were used as important features for the
CBM of suspension systems proposed in [23], [24]. Moreover,
using multivariate statistical approaches has garnered increas-
ing interest, such as principle component analysis, multi-block
partial least squares, independent component analysis, and
canonical variate analysis, to monitor system health condi-
tions [25]-[27]. Generally, these data-driven approaches have
fewer application limitations, and can be easily extended to
different systems if a large amount of training data is available.
These data-driven approaches present two typical limitations.
One limitation is that the results are less interpretable than
the results from the model-based approaches — indicators of
system health status or fault categories can be computed yet
detailed health information is difficult to obtain, i.e., the phys-
ical degradation parameters. Another limitation is that few of
these studies validate the model using the real operational data
of high-speed trains.

To bridge the gap between the model-based and data-driven
approaches, this paper presents a novel domain-knowledge
guided data-driven approach that is simple but effective for
the health monitoring of vehicle suspensions, which does
not require numerous precise information of the underlying
physical model. Based on vibration data collected on the
trains, the proposed approach can estimate the health status
of major components in the suspension system via the multi-
output support vector regression (MSVR) model [28]-[30].
The primary idea of our proposed method is to extract features
from the vibration data that are relevant to the suspension
system degradation, and predict the stiffness and damping
coefficients of suspension systems based on a simple dynamics
model. The key components of the proposed method include
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1) a feature extraction method based on a simple dynamics
model to select the relevant information in the multi-location
vibration data, 2) a module to generate a training dataset to
handle the issue of no labeled data due to practical limits,
and 3) a supervised learning framework based on the MSVR
model to reconstruct system health conditions.

The main advantages of our approach compared with exist-
ing methods are:

1) Easy-to-implement and adaptable to other systems —
using simple dynamics model, not sophisticated dynamic
models, compared with the model-based approach;

2) Interpretable results — reporting the health status of
major components in the suspension system using indicators
(e.g. spring stiffness & damping coefficient) with physical
meanings, not a few fault labels, compared with pure data-
driven methods;

3) Unbound to the availability of real-world labeled data
- a novel way to generate training datasets via a simple
dynamic model and impact analysis, which addressed a typical
challenge in real-world system monitoring, namely, the lack
of labeled data due to practical limits.

This paper is structured as follows: The proposed framework
is described in Section II. Model evaluation and testing are
presented in Section III. In Section III, we evaluate the pro-
posed approach and apply it to real operational data. Finally,
conclusions and future works are presented in Section I'V.

II. METHOD

We herein propose a novel data-driven framework for the
prediction of the health status of high-speed rail suspension
systems. The inputs of the framework are vibration signals
collected on trains during its operation. The outputs are the
stiffness and damping coefficients of train suspension sys-
tems. Spring stiffness and damping coefficients are chosen as
model output because they are key indicators reflecting the
health condition of a suspension system. The primary and the
secondary suspensions are often simplified to spring—damper
elements [5]-[9], [31]. The performance of the spring-damper
elements is monitored by spring stiffness and damping
coefficients.

A key challenge lies in the lack of labeled data for training
the data-driven model from real operations and simulations.
In real operations, the health status of the suspension systems
cannot be evaluated unless they are removed from the train
to the test bench. Because the operational cost related to
such testing is extremely high, the suspension systems are
typically inspected visually, maintained regularly, and replaced
at a pre-specified age or usage. Therefore, the labeled data of
suspension system health conditions from real operations are
rare. Alternatively, high-fidelity simulations are often used to
generate labeled data, yet it is difficult to match the simulation
data with the vibration data collected from real operations.
Detailed technical specifications are required for the high-
fidelity simulations to be similar enough to the trains from
which vibration data are collected. Different trains would
require different simulations and different models, thereby
rendering them cumbersome to use. To address these chal-
lenges, the proposed framework includes a simple vehicle
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Fig. 1. Integral framework for suspension system health monitoring.
dynamics model that is used to generate labeled data and
develop feature extraction techniques for processing vibration
data. The vehicle dynamics model can be easily adapted to
other trains because it only requires a few key parameters of
the train system.

Overall, three modules are included in the proposed frame-
work: 1) modeling vehicle dynamics and transfer function
generation, 2) impact analysis and feature extraction, and
3) supervised learning via MSVR, as illustrated in Fig. 1.
Herein, we introduce each module briefly. The details are
provided in the following sub-sections.

1) Modeling vehicle dynamics and transfer function gener-
ation. The first module consists of the modeling and transfer
function generation of a high—speed rail’s primary and sec-
ondary suspension systems. The suspension system is simpli-
fied as a two degree-of-freedom (2-DOF) model. This module
is the foundation of the following two modules. It facilitates
the second module: impact analysis to enable us learn how
to select and construct features. Also, it serves as a training
dataset generator for the third module: Supervised learning via
MSVR.

2) Impact analysis and feature extraction. The second mod-
ule investigates the impact of springs and damper degradation
on frequency response curves. Based on the impact analysis
results, features are selected and constructed as input for the
proposed method. The vehicle parameters of a specific bogie
type under study are applied to obtain the theoretically based
Bode plots of the primary and secondary suspension systems.
Through simulation analysis, the impact of specific component
degradation is analyzed on frequency response curves. We find
that the shape and location of the peak with the largest
magnitude in the response curve are most sensitive to changes
in spring stiffness and damping coefficient of a suspension
system. Thus, the positions, heights, and widths of the peaks
at the resonant frequency are chosen as important features to
be measured and extracted for building the regression model
in the third step. A signal processing algorithm was applied to
perform the smoothing and peak detection of the magnitude
response curves.

3) Supervised learning via MSVR. The third module per-
tains to obtaining the health status of each suspension system

Impact Analysis
&
Feature Extraction

Supervised Learning
via MSVR

Detection via MSVR

’ “W ! = :

Health Monitoring
Spring Stiffness
Damping Coefficient

component (spring and damper in primary and secondary
suspensions) based on the features extracted from the sec-
ond module. The MSVR method was applied to model the
components’ parameters to obtain the point estimates of the
components’ condition. The output of the MSVR model is
the relative changes of the spring and damper parameters, and
the input is the relative changes of the position, width, and
height of the peak at the resonant frequency.

Once the model is built, it can be used for real-time
monitoring. Vibration signals collected on the trains can be
processed using the feature extraction technique and analyzed
via the MSVR model to predict the health conditions of the
suspension systems in real time.

A. Modeling Vehicle Dynamics and Transfer Function
Generation

The objective of this module is to build a simple dynamics
model that can provide insights into how vibration signals
change because of suspension system degradation. The model
is not required to generate raw vibration signals that match
the operational data exactly. Only underlying features that are
applicable to the operational data are required. The results
of this module will be used to develop the second module
for feature extraction and the third module for supervised
learning.

Rail vehicles generally contain both a primary (between
the wheelset and bogie frame) and a secondary (between the
bogie frame and vehicle body) suspension to support the car
body and bogie, to isolate the forces generated by the track
unevenness at the wheels, and to control the behavior of the
car body with respect to the track surface for providing ride
stability, comfort, and safety [32]. The vertical suspension
system considered in this research is shown in Fig. 2 [33],
including four air springs, four secondary dampers, eight
primary springs and eight primary dampers.

In this research, the suspension system is simplified as a
2-DOF model, as depicted in Fig. 3, after ignoring the pitch
and rolling. A quarter train model (one of the four wheels
in one bogie) was used to simplify the problem to a one-
dimensional spring—damper system [34]-[37].
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Fig. 2. Vertical suspension system of the rail vehicle.
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Fig. 3. Simplified 2-DOF vertical suspension system of the rail vehicle.
TABLE I
PARAMETERS OF THE VEHICLE SUSPENSION SYSTEM
Description Unit
M Mass of bogie frame Y4 kg
P
M Mass of car body V4 kg
k Primary spring stiffness per wheelset KN/m
P
k Secondary spring stiffness per bogie KN/m
s
c Primary damping coefficient per wheelset KNs/m
P
c Secondary damping coefficient per bogie KNs/m

A

The standard dynamic equations of the 2-DOF model for
both the car body and bogies are described as follows:

MpZp + (cp +¢5)2p — Csis
+(kp+ks)Zp_kSZs_Cpu.)—kpd)zo (1)
_Cs(ip_zs)_ks(Zp_Zs):O 2)

where z,, zy, and w denote the vertical displacement of the
car body, bogie, and wheel, respectively. The parameters of
the vertical vehicle suspension system are given in Table 1.

To generate the transfer function of such a system, assume
that all of the initial conditions are zeroes, and that these equa-
tions represent the situation when the high-speed rail’s wheel
passes a bump. Using the Laplace transform, the dynamic
equation (1) and (2) are expressed in the form of transfer
functions. The Laplace transform takes a function of a positive
real variable t (time) to a function of a complex variable s
(frequency). Subsequently, we can obtain the transfer function
G, (s) of the primary suspension system, and G,(s) of the
secondary suspension system as follows:

MS.Z‘S

zp(s)

Gp(s) = 00

cps +kp
Mps? +[cp +cs(1 = A)ls + [kp + ks(1 — A)]
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Fig. 4. An example of the longitudinal, lateral, and vertical vibration signals
(from top to bottom) from the axle box, and speed data for one trip; the curves
highlighted in red is the vibration signals smoothed by the moving average
method.

cgS + kg
here A = —————— 3
W Mys? + cos + kg )
s css + k
GS(S) _ Zs( ) _ 2s s (4)
Zp(s) Mgs + cgs + kg
where, s is a complex number frequency parameter, called

the Laplace variable. Therefore, the transfer functions of
our simplified primary and secondary suspension systems are
obtained as Equation (3) and (4), which can be used to derive
the magnitude response and phase response of a system.

For operational data, the exact transfer function is difficult
to obtain. Thus, we estimate the magnitude information of a
transfer function via measured vibration data of the suspension
systems. Considering that the data are time domain vertical
acceleration data, as shown in Fig. 4, we first perform mean
removal and normalization. Subsequently, an algorithm called
TFESTIMATE [38] is applied to estimate the transfer func-
tion of the primary and secondary suspension systems via a
nonparametric system identification method, Welch’s averaged
periodogram method [39]. Given the input signal from the axle
box and the output signal from the bogie frame, the function
can compute and plot the transfer function estimate of the
primary suspension system. Similarly, the transfer function of
the secondary suspension system can be obtained based on the
vibration signals from the bogie frame and car body.

B. Impact Analysis and Feature Extraction

After formulating the transfer function of the suspension
system, the next step is to generate the Bode plots and
investigate the impact of spring and damper degradation on
the magnitude of the frequency responses to guide feature
construction.

Applying the vehicle parameters in Table I, the theoretically
based Bode plots of the primary and secondary suspension
systems are generated, as shown in Fig. 5. The frequency at
which the response curve exhibits the maximum magnitude is
known as the resonant frequency. At this frequency, the slope
of the magnitude curve is zero; meanwhile, the output phase
angle shifts by 90 degrees from the input. Some systems
contain multiple, distinct resonant frequencies [40]. For the
primary suspension system (Fig. 6), it contains two resonant
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Fig. 5. Bode plots of primary and secondary suspension systems.
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Fig. 6. Peaks at resonant frequencies of the primary suspension system.

frequencies because it is a 2-DOF system and the number of
secondary suspension systems is one for the same reason.

To quantify the impact on the frequency responses of the
suspensions’ specific components degradation and payload
changes, a series of frequency response curves were generated
by changing the spring stiffness, damping coefficient, and mass
of car body simultaneously. As shown in Fig. 7, we find that
the shape and location of the peak with the largest magnitude
in the response curve are most sensitive to changes in spring
stiffness and damping coefficient of a suspension system. This
is aligned with domain knowledge - The frequency at which
the response curve exhibits the maximum magnitude is the
resonant frequency, which is an inherent attribute of a system.
For high-speed rail suspension systems, the resonant frequency
relates directly to the performance of a suspension system.
When the resonant frequency changes, it implies that some
intrinsic parameters of the system have changed. Therefore,
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we use Position, Height and Width of the largest peak in
magnitude frequency response curves as our model input.
The features inside all the curves and the relative changes
in the component parameters form the database for training
the supervised learning module in the next step. Using Fig. 7
(1) as an example, when reducing the primary spring stiffness
kp by half and the remaining primary damping coefficient
cp unchanged (highlighted in blue), the peak in the first
resonant frequency shifts to the left, while its height and
width increase. Therefore, the output vector of this train-

. . —50% . . .
ing set is y; = 0% | and the input vector of this training
position%
set x; = | width% consists of the relative changes (use
height%

the features from 100% healthy condition as the standard) in
the features extracted from the curve. Here, i represents one
particular training set.

For the operational data, the findpeaks [41] algorithms
are used to locate and measure the peaks of the magnitude
response curve. It detects peaks and subsequently estimates
the position, height, and width of each peak by least-squares
curve fitting at the top part of the peaks, assuming they are
locally Gaussian or Lorentzian, when the frequency response
curve is subject to noise.

C. Supervised Learning via MSVR

In the last module, we develop the support vector regression
(SVR) method to predict the health status of the suspension
system components based on the features extracted from the
magnitude frequency response curves. SVR is chosen because
its performance is the most accurate and reliable among
advanced regression methods that can solve this problem.
The commonly used advanced regression methods are SVR,
Gaussian process regression (GPR), Random Forest (RF),
artificial neural network (ANN), and linear regression (LR).
Except for ANN and RF, all other commonly used regression
methods are tested and evaluated. SVR-based methods perform
better in general. Details on the performance comparison of
different regression methods can be found in Section III. C.
ANN is not chosen in the proposed method because ANN
requires a large number of training data and difficult to
tune the parameters. SVR requires less training data and is
relatively easier for others when they want to reproduce the
estimation results. RF is not tested in the research, because it
has been observed to over-fit for some datasets with noisy
regression tasks [42]. MSVR is chosen over SVR because
our model has multiple outputs: spring stiffness and damping
coefficient.

Let us consider a set of independent samples denoted as
L = {(x;, y,-)}f.‘i |» Where each x; € W™ represents a vector
of m extracted features of the peak, y; € M" is a vector of
n associated relative variations of the component parameters,
and M is the number of samples for modeling. For brevity,
we aggregate all x;s (i =1,2,..., M) into an m x M feature
matrixx and all y;s(i = 1,2,..., M) into an M x n target
vector y, such that L = {x, y}. Our goal is to infer from the
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Fig. 7. Changes in frequency responses of damper and spring with increasing and decreasing parameters for the suspension system.

set of samples L the function f(-), such that

y=/) 5)
Considering that the output components’ parameters are mul-
tidimensional, the MSVR was applied. The key idea of MSVR
is to expand the Vapnik e-insensitive loss function to a multi-
dimensional output case, that is, a hyper-spherical insensitive
zone, to handle all the outputs together [29], [43]. Therefore,
MSVR can improve the generalization performance of the
decision model especially when only scarce samples are
available [43]. Here, a brief introduction of MSVR will be

provided as follows:
position;

width; s
height;

which is the relative variations of the position, width, and
height of the peak at the resonant frequency. Further, each

In this study, each input vector is x; =

spring stif fness;
damping coefficient;
variations of the spring and damper parameters. The goal of
the MSVR model is to develop a function f(x) that can
accurately predict the relative change rate values based on the
input features of future data:,

J)=W-¢k)+b

output vector y; = is the relative

(6)

where - denotes the dot product, Wis a set of weight vectors,
b refers to a set of biases, and ¢(-) represents the nonlinear
mapping from the primal space to the high-dimension feature
space.

Subsequently, MSVR is formulated as the minimization of
the following function by searching the regressors W and
b (28], [43]:

RRRED S 21 M RS TR
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where W = [w!, -+, w@], b =[b, .-, 621", u; = |le;|| =

el.Te,-, and eiT = yiT — ¢x)TW — bT; C is a positive real
regularized parameter that determines the tradeoff between the
regularization and the error reduction term. The e-insensitive

quadratic loss function L(u) is defined as follows:

0 u<e
L) = ; 8
@) [u2—2u8+82, u>ce ®)

As (5) cannot be solved straightforwardly, an iterative
reweighted least-squares (IRWLS) method [28] was adopted to
obtain the desired solution. To construct the IRWLS procedure,
we approximated (1) using a first-order Taylor expansion of
L(u) over the previous solution, thus resulting in the following
equation [29]:

L'(W,b) = % 2, wa H2 + % S gt (9)
where,
0, uf‘ <e
aj = ZC(Lfls_ ) s, (10)

1

and 7 is the sum of constant terms that does not depend on
either W or b, and the superscript k denotes the number of iter-
ations. Therefore, the IRWLS procedure is now constructed; it
searches the next step solution linearly along the descending
direction based on the previous solution. Further, the procedure
can be summarized in the following steps [29]:

1) Set k =0, wk =0, b* =0, and compute uf‘ and a;.

2) Compute the solution to (7), and label it as W* and b°.

Define a descending direction for (5) as

Pk_[WS_Wk}

(bs —bk)T (1D

3) Obtain the next step solution, i.e.,

Wk+1
|:(bk+1)T :| = |:(bk)T
Subsequently, use a backtracking algorithm to compute
the step size nk .
4) Compute ué‘“ and a;, set k = k + 1, and return to step
2 until convergence.
More details regarding MSVR can be found in [28], [29].

II1. EVALUATION AND TESTING

As mentioned above, a major challenge in our research and
other high-speed rail health monitoring research is the lack of
truth values of the components’ health status in the suspension
system against time/mileage; this implies that we cannot utilize
the traditional method to validate our proposed approach.

In our research, the approach evaluation and testing includes
two parts:

1) Using the simulation data generated from impact analy-
sis for evaluation: an evaluation of the proposed method
is performed based on the simulation data generated
from Module 2. Noises are added with a signal-to-noise
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TABLE II

SENSOR CONFIGURATION IN VEHICLE SUSPENSION
SYSTEMS OF CAR 7 AND CAR 8

Sampling
CAR Sensing Point
Frequency
Left 1
Axle box Right 2 5000 Hz
Car-7 Bogie frame Left 3
(Trail Car) g Right 4
2000 Hz
Car bod Left 5
Y Right 6
Axle box Iiieit ; 5000 Hz
Car-8 . g
(Motor Car) Bogie frame  Left 9
Car Bod Left 10 2000 Hz
Y Right 11
Car 7 Car 8

i e
12| #7 Right AXTe-box
#7 Teft Axle-box

#8 Teft Axle-bc?x

#7 Train right floor 11 #8 Train right floor

, 6

1A e = = e Azpms s o or L e
AFBEEEEEEEEEDEE @mﬁh EEELE RS
- 9EEEBEERARBEBEEEEE EEECEEEEEEEETE
/ #7 Train left floor g/ \02 Welikezde \a \az
#7Right & back-end Frame

o\
#8 Train left floor “10

48 Left & front-end Frame

Fig. 8. Position of 11 sensors on two cars, left is the trail car, and right is
the motor car.

ratio of the specific range to test the robustness and
sensitivity of the proposed method.

2) Using the real tracking data for testing: by applying
our proposed approach in the field data of high-speed
train vibration signal, we can obtain the estimated values
regarding the health status of the primary components
in the suspension system.

A. Operational Data Description

The Test and Control Group of the State Key Laboratory of
Traction Power in Southwest Jiaotong University continuously
tracked the signal on one CRHIA (CRH, China Railway
High-speed)-type train operating in China for 10 months from
August 2015 to June 2016. The bogie frame of CRHIA
EMU was designed by employing the AM96 bogie that used
a modern high-speed bus bogie classic U-frame without a
bolster structure, as a prototype. The data contain 25 entire
trips collected along three different routes, 11 trips on the
Changsha—Huaihua line, three trips on the Guangzhou—Zhuhai
line, and 16 trips on the Sanya—Haikou loop line.

The vibration signals of one trail car (referred as Car 7) and
one motor car (referred as Car 8) were collected through
11 onboard acceleration sensors on the car body, bogie frame,
and axle box. Meanwhile, the speed data of the train was
also collected via a GPS device and the operation speed
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TABLE III
AM96 VEHICLE PARAMETERS

Description Unit
Mp Mass of bogie frame %4 1725 kg
Ms Mass of car body V4 6300 kg
kp Primary spring stiffness per wheelset 1.30 x 10° kN/m
ks Secondary spring stiffness per bogie 0.69 x 10°kN/m
c, Primary damping coefficient per wheelset 3.7 x 10° kNs/m
c Secondary damping coefficient per bogie 22.6 x 10° kNs/m

@

of this CRH1A-type high-speed rail was up to 250 km/h.
Fig. 8 shows the information on the positions of the sensors,
and Table II details the sensor configuration in the vehicle
suspension systems of Car 7 and Car 8.

B. Modeling Vehicle Dynamics and Training Data
Generation for CRHIA EMU

The principal parameter values of the AM96 bogie [44], [45]
are given in Table III. By applying the vehicle parameters of
Boogie-AM96, the theoretically based transfer function of the
primary and secondary suspension system can be obtained:

Gs(s)
226s 4+ 6900

= 6352 + 2265 + 6900
Gp(s)

(12)

932453 +3.31 x 10%241.28 x 1075 +3.59 x 108

- 4347544-818705345.52 x 10652 +1.28 x 1075 +3.59 x 108
13)

To generate the training dataset, we changed the spring
stiffness and damping coefficient from 50% to 200% of its
initial value with an interval of 1%, to obtain the associated
Bode plots. Meanwhile, to render the method reliable under
external factor changes, we generated training data with the
mass of the car body varying from 50% to 200% of its initial
value with an interval of 10%.

In addition, to test the robustness and sensitivity of the
proposed method, we added white Gaussian noise with a
specific signal-to-noise ratio, which ranges from 26 dB to
54 dB, using algorithms called AWGN [46]. Meanwhile, for
simulating real conditions, we did the similar operation and the
signal-to-noise ratio was set as 34 dB to expand the training
dataset.

Subsequently, the findpeaks algorithms were applied to
perform the smoothing and peak detection of these magnitude
response curves. The simulation range and features extracted
for further modeling are summarized in Table I'V.

C. Evaluation and Testing of MSVR for CRHIA EMU

To compare with MSVR, we tested three additional regres-
sion methods: 1) the standard support vector regression (SVR)
method, which only contains a one-dimensional output;
2) the multivariate Gaussian process regression (MV-GPR)
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method [47], which has been proven to be a powerful and
effective method for nonlinear regression problems owing to
its simple structure in obtaining and expressing uncertainties
in predictions, its capability in capturing a wide variety of
behaviors by parameters, and its natural Bayesian interpre-
tation [48]; 3) the multivariate least-squares linear regression
(MV-LR) [49], which is the most typically used method owing
to its fast operation and ease of implementation.

The metrics used to evaluate the models are the mean
absolute percentage error (MAPE) and root mean square error
(RMSE). Models with a low MAPE and low RMSE are
preferred.

o Mean Absolute Percentage Error (MAPE): It is a

measure of prediction accuracy of a forecasting method
in statistics, and is defined by the formula

100% ~— A, — F;
M = 14
— > | | (14)

Ay

t=1

where A; is the actual value and F; is the forecast value.

o Root Mean Square Error (RMSE):It is a measure of
the differences between values predicted by a model or
an estimator and the values observed, and is defined by
the formula

n
> O —w)?
=1

n

15)

where y; is the actual value and y, is the predicted values.

Table V reports the parameter settings for the models and
the parameter tuning are based on cross-validation results. For
all MSVR and SVR model training, the Gaussian radial basis
function (RBF) kernel was used and defined as K (x;, x;) =

exp(“ Xj —Xj || 2 /o?), where o is the kernel parameter. There-
fore, three hyperparameters are used for MSVR: regularization
parameter C, kernel parameter ¢, and error parameter ¢. For
the MSVR and SVR models, the parameters are optimized
using the five-fold leave-one-out cross validation in the prede-
fined ranges, and the best combination is selected according to
the least RMSE. For MV-GPR models, the squared exponential
covariance function is selected. Further, model hyperparame-
ters Oppgpr = {l,aj%,a,%} are tuned similarly, where [ is a
characteristic length-scale, a]% is a signal variance, and anz is
the noise variance.

The performances of the MSVR, SVR, MV-GPR, and
MV-LR models trained by the simulation data are summarized
in Table VI. We found that the MSVR models performed
significantly better, and was more accurate by 10% or higher
than the MV-GPR and MV-LR models for all the evaluation
metrics. Regarding the single outputs from the SVR models,
the M-SVR model also improved the results by approximately
2% accuracy. This may be because, in the MSVR model,
it considers the nonlinear relations not only between features
but also among the output component parameters themselves.
Meanwhile, the estimation accuracy of all the MSVR models
could achieve 91% or more, implying that the relationship
between the features extracted and the health status of each
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TABLE IV
OVERVIEW OF SIMULATION ANALYSIS — COMPONENT DEGRADATION IMPACT

Simulation Group  Components

Standard Value

Simulation Range Response Curves

Primary spring stiffness

1.30 x 10° kN/m

50-200% (1%)

1 Secondary spring stiffness 0.69 x 10° kN/m 50-200% (1%) 364816
Mass of car body 6300 kg 50-200% (10%)
Primary damping coefficient 3.7 x 10* kNs/m 50-200% (1%) 364816
11 Secondary damping coefficient 22.6 x 10° kNs/m 50-200% (1%)
Mass of car body 6300 kg 50-200% (10%)
TABLE V

PARAMETERS SETTINGS FOR MSVR, SVR, AND MV-GPR MODELS

Model Kernel Function Hyper-parameter Training Range
MSVR RBF 0, =1C,0mr-¢}  {[1,100],[107,100],[10°°,107 ]}
SVR RBF 0, ={C",on»€'y  {[1,100],[107,100],[107°,107]}
MV-GPR  Squared Exponential 0, ={l,07,0,}  {[10°,10],[10°,100],[10*,10"']}

mvgpr

TABLE VI
PERFORMANCES OF MSVR, SVR, MV-GPR, AND MV-LR MODELS IN TERMS OF MAPE AND RMSE

Simulation MV-GPR
Output Metrics MSVR SVR MV-LR

Group (MEAN)

MAPE (%) 5.89 7.34 14.76 19.69
Primary Spring Stiffness
| RMSE 0.0579 0.0721 0.1438 0.1953
MAPE (%) 8.97 10.29 17.26 21.71
Primary Damper Coefficient
RMSE 0.0871 0.1013 0.1703 0.2151
MAPE (%) 4.37 6.96 13.27 18.06
Secondary Spring Stiffness
- RMSE 0.0426 0.0673 0.1311 0.1791
MAPE (%) 7.53 9.92 16.43 20.84
Secondary Damper Coefficient

RMSE 0.0739 0.0972 0.1632 0.2073

suspension’s component is well built for the real tracking of
data detection.

D. Application to Data From Real Operations

We applied the proposed method on the vibration data from
real operations, as described in Section III. A.

First, data preprocessing was conducted, including data
cleaning and normalization. Data from the trail car (Car 7) was
analyzed owing to the deficiency of data in the motor car
(car 8). Only data from sensor 1 (axle box), sensor 3 (bogie
frame), and sensor 5 (car body) were selected for the study
as they directly measure the vibration input and output of the
primary and secondary suspension systems. The vibration data
collected from one entire trip were regarded as one dataset,
which implies that 25 datasets were available for processing.
Further, each dataset consisted of three data subsets from
sensor 1, sensor 3, and sensor 5. Considering that the data
were time domain vertical acceleration data, we performed
mean removal and normalization (divided by sample standard
deviation) for each data subset.

Subsequently, the transfer functions and frequency response
curves were calculated based on the vibration data. The
TFESTIMATE algorithm was applied to estimate the transfer
function of the primary and secondary suspension systems.
Given the input signal from sensor 1 (axle box) and the output
signal from sensor 3 (bogie frame), the function could compute
and plot the transfer function estimate of the primary suspen-
sion system. Similarly, the transfer function of the secondary
suspension system could be generated. Subsequently, the mag-
nitude frequency response curves of the primary and secondary
suspensions were obtained for further peak finding and feature
extraction (Fig. 9). In total, 60 magnitude—frequency response
curves were generated, with one curve each for the primary
and secondary suspensions generated for one data subset.

The magnitude frequency response curves of the secondary
suspensions generated from our simulation data and real track-
ing data have a prominent resonant frequency at approximately
1 Hz, which is consistent with the literature. Zhai et al. [50]
found that the natural vibration frequency of the car body’s
vertical suspension system (secondary suspension system) was
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Fig. 10. Variation in the health status of the suspension system with mileage traveled.

approximately 1 Hz. They also found that the prominent
resonant frequency of the railway vertical primary suspension
system was approximately 11.46 Hz, which was studied and
tested in [51].

Finally, by applying the MSVR models built before, we esti-
mated the stiffness and damping variations of the suspension
systems for each trip. The results are shown in Fig. 10.
We found no obvious change in stiffness and damping coef-
ficients in any suspension system in the first 30.8 x 10*km
mileage traveled. Meanwhile, the fluctuation range of the esti-
mation results for the secondary suspension system is smaller
than that for the primary suspension system. This result is
reasonable, because the air spring and anti-yaw damper in the
secondary suspensions have a longer useful life, less load, and
less wear. Further, based on the specifications of TG/GL145-
2016 CRH 1A/1B/1IE EMU LEVEL III MAINTENANCE
REGULATION, the air spring should be replaced when the
train has traveled 360 £ 10 x 10*km. Meanwhile, the CRHIA
train in our study merely traveled 30.8 x 10*km, which is one-
twelfth of the designed mileage, during the signal tracking
period. For the primary suspension system, a slight change
occurred, approximately 1%, in the spring stiffness, when the
train traveled over 25 x 10*km. This may be caused by the
poorer lubricating property in the spring blades against the

mileage traveled. This is also consistent with another study that
reported the degradation rate of the suspension spring health of
approximately 1% when the operational time is approximately
one-twelfth of the designed lifetime [52], [53].

E. Discussion on Sensor Requirements

In this study, the operational vibration data were collected
via accelerometer sensors. The performance of these sensors
would affect the effectiveness of the proposed method. Set-
ting comprehensive required specifications on the sensors is
challenging within this study, yet some sensitivity analysis and
discussion are provided in this section to inform future studies.

The performance and cost of specific accelerometers vary
significantly depending on the type of mechanisms involved
in the accelerometers, e.g. piezoelectric, piezoresistive, capac-
itive, Hall effect, magnetoresistive, and temperature sensors,
etc. In addition, low-cost and low power micro-electro-
mechanical systems (MEMS) devices are increasingly avail-
able. In this study, the operational vibration data were collected
via accelerometer sensors. The sensors were installed by
China State Key Laboratory of Traction Power for multiple
research projects. Thus, the selection of the sensors and instal-
lation locations were not particularly optimized for this study.
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TABLE VII
ZW9609A-2 ACCELEROMETER INFORMATION

FREQUENCY
TYPE RANGE  PRECISION SENSITIVITY N POWER PRICE
Vertical: 993.7 mV/g
ZW9609A-2 +2g 0.1% Lateral: 992.6 mV/g DC(‘_235£§) Hz o 8 4+20Vpe  ~700USD

Longitudinal: 1003.3 mV/g

25
—%¥— Primary Spring Stiffness

—— Primary Damping Coefficient
20 {1 —#— Secondary Spring Stiffness
—#— Secondary Damping Coefficient

0 1 2 3 a 5 6
Noise level = Amplitude_Noise/Amplitude_Signal (%)

Fig. 11. The sensitivity analysis result of the framework.

The sensors are ZW9609A-2 integrated circuits piezoelectric
accelerometers. The detailed information of the accelerometer
is depicted in VII.

In terms of precision, a sensitivity analysis was performed
to test the robustness and sensitivity of the proposed method
subject to accelerometer measurement errors. When generating
training dataset as described in Section III. B, we added white
Gaussian noise with different specific signal-to-noise ratios to
the simulated sensor measurements, using algorithms called
AWGN. The sensitivity analysis result is showed in Fig. 11.
The proposed method can provide relatively accurate results
(MAPE < 10%) when the sensor precision is higher than 2%.

Regarding the installation locations, our method requires
three sensors to be installed on axle box, bogie frame, and car
body, respectively, and they should be vertically aligned with
the suspension system to be monitored. In this study, the instal-
lation of the accelerometers was not optimized for monitoring
suspension systems. More sensors were installed than needed.
We only picked Sensor 1, Sensor 3 and Sensor 5, to demon-
strate how to use our method in real operations. The detailed
sensor configuration is described in Fig. 8 and Table II.

IV. CONCLUSION

A novel domain-knowledge-guided data-driven framework
for the prediction of the health status of high-speed rail
suspension systems was proposed. The proposed framework
included three parts: 1) vehicle dynamics modeling, 2) impact
analysis and feature extraction, and 3) building MSVR models.
Simple modeling and transfer function generation of the
high-speed rail’s primary and secondary suspension systems
were performed first. Next, the investigation of the impact
of spring and damper degradation generated magnitude—
frequency curves. The peak finding and measurement in the
magnitude—frequency curves were performed by intelligent
algorithms. The positions, heights, and widths of the peaks at

the resonant frequency were the important features to be mea-
sured and extracted for building the regression model. Finally,
the MSVR method was used to model the relationship between
the components’ parameters and the extracted features.

The proposed framework was evaluated and tested both
with the simulation data and real tracking data. We found
that the MSVR models achieved good prediction performance
for both the simulation data and field data. Through analysis,
the health monitoring results of the suspension system from
the high-speed rail in practice using the proposed framework
were reasonable and consistent with the other studies’ results.

However, this framework still requires improvement because
the accuracy of the health status estimation is closely linked
to the vehicle dynamics modeling that is affected by the
vehicle parameters for perfect health. Regarding the vehicle
parameters for perfect health, some deviations could exist
between the parameters from real high-speed rails and those
provided by the manufacturer. Further, we still require the
ground truth values of the suspension system’s health status in
the field data to improve and further validate our framework.

Future extensions of this research work includes the fol-
lowing: 1) modification of the framework to enable real-time
online monitoring; 2) estimation of the remaining useful life
and the design of the corresponding maintenance strategy;
3) extension of the application of the proposed approach to
the suspension systems of other types of vehicles, such as
metros, trucks, and sedans, as they can be subjected to similar
vehicle system dynamics and monitored using similar types of
features.
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