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Abstract—This paper concerns data driven fault detection of
vertical rail vehicle suspension systems issue. The underlying
vehicle system are equipped with only accelerator sensors in the
four corners of the carbody, the front and trail bogie, respectively.
The faults considered are the vertical damper fault and vertical
spring fault. Both PCA-based and CVA-based fault detection
methods are studied in this paper. When there is a detectable
fault, the detector sends an alarm signal if the residual evaluation
is larger than a predefined threshold. By using the professional
multi-body simulation tool, SIMPACK, the effectiveness of the
proposed approach is demonstrated by simulation results for
several fault scenarios.

I. INTRODUCTION

Suspension systems for rail vehicles are to support the
carbody and bogie, to isolate the forces generated by the
track unevenness at the wheels, and to control the attitude
of the carbody with respect to the track surface for providing
ride comfort. The railway vehicle suspension system is very
important parts of railway vehicle and the reliability of the
suspension system is directly related to the vehicle safety.

On line fault detection and condition monitoring for the
suspension system of rail vehicles offer a number of benefits
to railway systems/operations. Detection of component faults
at their early stages will prevent further deterioration in vehicle
performance and enhance vehicle safety. Timely repair or
replacement of the faulty components will lead to increased
operational reliability and availability. The need for scheduled
maintenance and associated costs can be significantly reduced,
because maintenance in the future may be carried out on
demand. So it is necessary to timely detect the fault of vehicles
suspension after it occurs. Some studies on the condition
monitoring of railway vehicle and suspension systems are
reported in [1],[2],[3], [6], [9], [8]and the references therein.

The fault detection issue of the rail vehicle suspension
systems are paid some attentions in the recent years. In
[10][11], the authors derived a fault detection approach for the
rail vehicle suspension systems based on Kalman filter. The
fault isolation is handled by using the similarity measurements.
The interaction multi-model (IMM) approach and parameter
estimation reported in [4],[6] are convinced to be appropriate
alternatives. However, when IMM method is applied, the
models needed is increasing very dramatically when more

components in the primary suspension and secondary suspen-
sion are considered. Parameter estimation method [6] applies
the particles filter for the parameter estimation. The parameter
changes are identified online to indicate the health condition of
the components. Nevertheless, the computation burden of this
approach cannot afforded by the current available monitoring
unit. It is true that there is great potential for the improvement
in the performance of condition monitoring if the a priori
knowledge or information captured by the models is fully
used. However, in many cases, the parameters of the vehicle
suspension system are not available. In the mean time, due
to nonlinearities of the components and the complexities of
the suspension systems, a precise model cannot be obtained.
Due to these limitations of the model based fault detection
approaches, there is increasing interest in using the mul-
tivariate statistical approaches to monitoring system health
conditions[7][12][5]. As the knowledge of the authors, there is
no any report which solves the fault detection problem based
on data driven methods.

In this paper, we consider data driven fault detection of
rail vehicle systems problem. The underlying vehicle are
only equipped with accelerator sensors in the corners of
the carbody, the front and trail bogie, which provide the
measured signals for the condition monitoring for the vehi-
cle suspension system. The Dynamical Principle Component
Analysis (DPCA) and Canonical Variate Analysis (CVA) based
approaches are applied for the fault detection problem, re-
spectively. The considered faults are the vertical damper faults
and the vertical spring faults of both primary and secondary
suspensions. A subway vehicle model is used for the Matlab-
Simpack hybrid simulation study in this paper.

This paper is organized in the following. The railway vehicle
system, its dynamics and the sensor configuration for the data
collection are introduced in Section 2. In the third section, the
DPCA and CVA fault detection methods are briefly reviewed.
The SIMPACK-Matlab co-simulation results are provided in
Section 4. Finally, conclusions are given in Section 5.
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II. THE VERTICAL RAIL VEHICLE SUSPENSION
SYSTEMS

A. The Vehicle Suspension System

A subway vehicle model is used for the study in this
paper. To describe the dynamic behaviour more accuracy,
three degree-of-freedom (bounce, pitch and roll) is considered
for both carbody and bogies. The vertical suspension system
of this subway vehicle is depicted in Fig. 1. The equations
describing the dynamic behaviour of the railway vehicle are
developed from the application of Newton’s laws of motion
to the individual masses. The dynamical equations of the
suspension system for a vehicle moving on a straight track
are derived in the following.
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Fig. 1. The vertical suspension system of the rail vehicle

For the carbody, the three DOF equations are described as:

𝑀𝑧 + 4𝐶2𝑧 𝑧̇ − 2𝐶2𝑧 𝑧̇𝐹𝐵 − 2𝐶2𝑧 𝑧̇𝑅𝐵 + 4𝐾2𝑧𝑧

−2𝐾2𝑧𝑧𝐹𝐵 − 2𝐾2𝑧𝑧𝑅𝐵 = 0 (1)

𝐽𝜙𝜙+ 4𝐶2𝑧𝑙
2𝜙̇− 2𝐶2𝑧𝑙𝑧̇𝐹𝐵 + 2𝐶2𝑧𝑙𝑧̇𝑅𝐵 +

4𝐾2𝑧𝑙
2𝜙− 2𝐾2𝑧𝑙𝑧𝐹𝐵 + 2𝐾2𝑧𝑙𝑧𝑅𝐵 = 0 (2)

𝐽𝜃𝜃 + 4𝐶2𝑧𝑏
2𝜃 − 2𝐶2𝑧𝑏

2𝜃𝐹𝐵 − 2𝐶2𝑧𝑏
2𝜃𝑅𝐵

+(4𝐾2𝑧𝑏
2 + 2𝐾𝜃)𝜃 − (2𝐾2𝑧𝑏

2 +𝐾𝜃)𝜃𝐹𝐵

−(2𝐾2𝑧𝑏
2 +𝐾𝜃)𝜃𝑅𝐵 = 0 (3)

Where 𝑧, 𝑧𝐹𝐵 and 𝑧𝑅𝐵 are the vertical displacement of the
carbody, the leading bogie and the trailing bogie, respectively.
𝜙 represents the pitch angle of the center of gravity(c.g.) while
𝜃 is the roll angle of the c.g. for the masses. Their subscripts
have the same meaning with the subscripts of 𝑧. Please refer
to Table I for the parameters.

For the leading bogie, the three DOF equations are described
as:

𝑀𝐵𝑧𝐹𝐵 − 2𝐶2𝑧 𝑧̇ − 2𝐶2𝑧𝑙𝜙̇+ (4𝐶1𝑧 + 2𝐶2𝑧)𝑧̇𝐹𝐵

−𝐶1𝑧 𝑧̇𝑊1𝑅 − 𝐶1𝑧 𝑧̇𝑊1𝐿 − 𝐶1𝑧 𝑧̇𝑊2𝑅 − 𝐶1𝑧 𝑧̇𝑊2𝐿 −
2𝐾2𝑧𝑧 − 2𝐾2𝑧𝑙𝜙+ (4𝐾1𝑧 + 2𝐾2𝑧)𝑧𝐹𝐵 −𝐾1𝑧𝑧𝑊1𝑅

−𝐾1𝑧𝑧𝑊1𝐿 −𝐾1𝑧𝑧𝑊2𝑅 −𝐾1𝑧𝑧𝑊2𝐿 = 0 (4)

TABLE I
VEHICLE PARAMETERS

Description Unit
𝑀 Carbody mass 𝑘𝑔
𝑀𝐵 Bogie mass 𝑘𝑔
𝐽𝜙 Carbody pitch inertia 𝑘𝑔𝑚2

𝐽𝜃 Carbody roll inertia 𝑘𝑔𝑚2

𝐽𝐵𝜙 Bogie pitch inertia 𝑘𝑔𝑚2

𝐽𝐵𝜃 Bogie roll inertia 𝑘𝑔𝑚2

𝑙𝑏 Half of the distance between two 𝑚
wheelsets in a bogie

𝑤𝑏 Half of the distance between two 𝑚
air spring in lateral

𝑙𝑐 Half of the carbody length 𝑚
𝑤𝑐 Half of the carbody width 𝑚
𝐾2𝑧 Spring constants of air spring 𝑘𝑁/𝑚
𝐾1𝑧 Spring constants of primary spring 𝑘𝑁/𝑚
𝐶2𝑧 Damping constants of secondary damper 𝑘𝑁𝑠/𝑚
𝐶1𝑧 Damping constants of primary damper 𝑘𝑁𝑠/𝑚
𝐾𝜃 Spring constants of the anti-roll spring 𝑘𝑁/𝑚

𝐽𝐵𝜙𝜙𝐹𝐵 + 4𝐶1𝑧𝑙
2
1𝜙̇𝐹𝐵 − 𝐶1𝑧𝑙1𝑧̇𝑊1𝑅 − 𝐶1𝑧𝑙1𝑧̇𝑊1𝐿 +

𝐶1𝑧𝑙1𝑧̇𝑊2𝑅 + 𝐶1𝑧𝑙1𝑧̇𝑊2𝐿 + 4𝐾1𝑧𝑙
2
1𝜙𝐹𝐵 −𝐾1𝑧𝑙1𝑧𝑊1𝑅

−𝐾1𝑧𝑙1𝑧𝑊1𝐿 +𝐾1𝑧𝑙1𝑧𝑊2𝑅 +𝐾1𝑧𝑙1𝑧𝑊2𝐿 = 0 (5)

𝐽𝐵𝜃𝜃𝐹𝐵 − 2𝐶2𝑧𝑏
2𝜃̇ + (2𝐶2𝑧𝑏

2 + 4𝐶1𝑧𝑏
2
1)𝜃𝐹𝐵 +

𝐶1𝑧𝑏1𝑧̇𝑊1𝑅 − 𝐶1𝑧𝑏1𝑧̇𝑊1𝐿 + 𝐶1𝑧𝑏1𝑧̇𝑊2𝑅 − 𝐶1𝑧𝑏1𝑧̇𝑊2𝐿

−(2𝐾2𝑧𝑏
2 +𝐾𝜃)𝜃 + (2𝐾2𝑧𝑏

2 + 4𝐾1𝑧𝑏
2
1 +𝐾𝜃)𝜃𝐹𝐵 +

𝐾1𝑧𝑏1𝑧𝑊1𝑅 −𝐾1𝑧𝑏1𝑧𝑊1𝐿 +𝐾1𝑧𝑏1𝑧𝑊2𝑅 −𝐾1𝑧𝑏1𝑧𝑊2𝐿

= 0 (6)

Where 𝑧𝑊1𝑅 represents the vertical displacement of the
right wheel in the leading wheelset under the leading bogie
while 𝑧𝑊2𝐿 means the vertical displacement of the left wheel
in the trailing wheelset under the leading bogie. The meanings
of other symbols can be easy understood in this logic. In
consideration of the fact that the wheelsets are rolling against
the track, the vertical displacement of the wheel can be seen
as the the unevenness of the track. In a similar way, the model
of the trailing bogie can be derived.

The state-space form of the vehicle dynamical model can
be derived as:

𝑥̇ = 𝐴𝑥+𝐵𝑑𝑑 (7)

𝑦 = 𝐶𝑥+𝐷𝑑𝑑 (8)

where

𝑥 =
[
𝑧̇ 𝜙̇ 𝜃 𝑧 𝜙 𝜃 𝑧̇𝐹𝐵 𝜙̇𝐹𝐵 𝜃𝐹𝐵 𝑧𝐹𝐵

𝜙𝐹𝐵 𝜃𝐹𝐵 𝑧̇𝑅𝐵 𝜙̇𝑅𝐵 𝜃𝑅𝐵 𝑧𝑅𝐵 𝜙𝑅𝐵

𝜃𝑅𝐵
]𝑇

𝑑 =
[
𝑧̇𝑊1𝑅 𝑧̇𝑊1𝐿 𝑧̇𝑊2𝑅 𝑧̇𝑊2𝐿 𝑧𝑊1𝑅 𝑧𝑊1𝐿

𝑧𝑊2𝑅 𝑧𝑊2𝐿 𝑧̇𝑊3𝑅 𝑧̇𝑊3𝐿 𝑧̇𝑊4𝑅

𝑧̇𝑊4𝐿 𝑧𝑊3𝑅 𝑧𝑊3𝐿 𝑧𝑊4𝑅 𝑧𝑊4𝐿

]𝑇
𝑦 =

[
𝑧 𝜙 𝜃 𝑧𝐹𝐵 𝜙𝐹𝐵 𝜃𝐹𝐵 𝑧𝑅𝐵 𝜙𝑅𝐵

𝜃𝑅𝐵
]𝑇
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Matrixes 𝐴,𝐵𝑑, 𝐶 and 𝐷𝑑 can be derived from the above
differential equations, 𝑑 is the vertical track velocity and
displacement due to track vertical irregularities.

B. The Model Based on Acceleration Measurements

The developed model (7) and (8) represent the dynamical
property of the vehicle suspension system. In this model,
the vertical displacement, pitch angle displacement and roll
angle displacement of the cardody and the bogie are needed
to be measured for the fault detection purpose. However,
displacement sensor and angle sensors have the problems such
as reliability, maintenance and installation. Compare to these
sensors, accelerator sensors have the advantages of cheap and
reliable. It does not need to be maintained for a long time
period. Due to all the reasons stated above, only accelerator
sensors are adopted for obtaining the measurement signals.
The sensor configuration is designed as shown in Fig. 1. In
the following, the new output equation will be derived.

Carbody sensors are equipped in the four corners on the
floorboard, and the bogie sensors are equipped in the four
corners on the upside of the bogie. By applying double integral
to the acceleration signals, displacement signals are acquired.
That is

𝑧 =

∫ ∫
𝑎𝑑𝑡𝑑𝑡 (9)

where 𝑎 is the acceleration value and 𝑧 is the displacement.
However, these displacement signals obtained is different from
the outputs in our model, for example, the angle displacements.
So, the model outputs needed to be modified.

As depicted in Fig. 2, we set four index points on the
rectangle to discuss the relationship between the vertical
displacements at the four corners with the angle displacement.
These four index points are the center of the rectangle, the
middle pint of the front edge, the middle pint of the right edge
and the front corner on the right. The vertical displacement of
the four index points are 𝑧, 𝑧𝐹 , 𝑧𝑅 and 𝑧𝐹𝑅, respectively. Then
one obtains

𝑧 + 𝑧𝐹𝑅 = 𝑧𝐹 + 𝑧𝑅 (10)

FrontRear

Left

Right

z
Fz

Rz
FRz

Fig. 2. Relationship among the displacement of the four index points

Consider the pitch motion, we have the equation

𝑧𝐹 = 𝑧 + 𝑙 sin(𝜙) ≈ 𝑧 + 𝑙𝜙 (11)

for a small pitch angle.
Consider the roll motion, we have a similar equation:

z
Fzφ

l

Fig. 3. The pitch motion

𝑧𝑅 ≈ 𝑧 − 𝑤𝜃 (12)

z

Rz

θ

w

Fig. 4. The roll motion

Combing with (10),(11),(12) together, we have the follow-
ing transformation relationship:

𝑧𝐹𝑅 ≈ 𝑧 + 𝑙𝜙− 𝑤𝜃 (13)

In the same procedure, one obtains:

𝑧𝐹𝐿 ≈ 𝑧 + 𝑙𝜙+ 𝑤𝜃 (14)

𝑧𝑅𝑅 ≈ 𝑧 − 𝑙𝜙− 𝑤𝜃 (15)

𝑧𝑅𝐿 ≈ 𝑧 − 𝑙𝜙+ 𝑤𝜃 (16)

Then the new state space is transformed into

𝑥̇ = 𝐴𝑥+𝐵𝑑𝑑 (17)

𝑦𝑐𝑜𝑟 = 𝑇𝐶𝑥+ 𝑇𝐷𝑑𝑑 (18)

where the transformation matrix

𝑇 =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 𝑙𝑐 −𝑤𝑐 0 0 0 0 0 0
1 𝑙𝑐 𝑤𝑐 0 0 0 0 0 0
1 −𝑙𝑐 −𝑤𝑐 0 0 0 0 0 0
1 −𝑙𝑐 𝑤𝑐 0 0 0 0 0 0
0 0 0 1 𝑙𝑏 −𝑤𝑏 0 0 0
0 0 0 1 𝑙𝑏 𝑤𝑏 0 0 0
0 0 0 1 −𝑙𝑏 −𝑤𝑏 0 0 0
0 0 0 1 −𝑙𝑏 𝑤𝑏 0 0 0
0 0 0 0 0 0 1 𝑙𝑏 −𝑤𝑏
0 0 0 0 0 0 1 𝑙𝑏 𝑤𝑏
0 0 0 0 0 0 1 −𝑙𝑏 −𝑤𝑏
0 0 0 0 0 0 1 −𝑙𝑏 𝑤𝑏

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦

where

𝑦𝑐𝑜𝑟 =
[
𝑧𝐹𝑅 𝑧𝐹𝐿 𝑧𝑅𝑅 𝑧𝑅𝐿 𝑧𝐹𝐵 𝐹𝑅𝑧𝐹𝐵 𝐹𝐿

𝑧𝐹𝐵 𝑅𝑅 𝑧𝐹𝐵 𝑅𝐿 𝑧𝑅𝐵 𝐹𝑅 𝑧𝑅𝐵 𝐹𝐿

𝑧𝑅𝐵 𝑅𝑅 𝑧𝑅𝐵 𝑅𝐿

]𝑇
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𝑧𝐹𝑅 and 𝑧𝐹𝐿 represent the vertical displacement of the front
corners on the right and left, respectively. 𝑧𝐹𝐵𝐹𝑅 represent
the vertical displacement of the front corner on the right of
the leading bogie.

Remark 2.1: Data is the very critical for the data driven
fault detection methods. The data should contain rich informa-
tion of the system dynamics and the fault information when a
fault occurs in the system. In this paper, only acceleration
sensors are used for the vehicle suspension fault detection
systems. From the above observation, the dynamics of rail
vehicle suspension systems are contained in the displacements
of the the carbody, the front and rail bogies, which can be
obtained by the acceleration sensors. The sensor configuration
presented before can provided enough information for the fault
detection.

III. DPCA AND CVA FAULT DETECTION
PRINCIPLE

Thanks to its simplicity and efficiency in processing huge
amount of process data, PCA is recognized as a powerful tool
of statistical process monitoring and widely used in the process
industry for purpose of fault detection and diagnosis[12][7].
In the meantime, it is noticed that the CVA based condition
monitoring methods are outperformed PCA based approaches
[5]. In this paper, both methods are studied for the considered
vehicle suspension fault detection systems. The main steps for
these two methods are briefly reviewed in this section.

A. A Brief Description of PCA

The standard PCA-based fault detection consists of three
steps and can be formulated as follows:
∙ Data collection and pre-processing: Consider a data matrix

𝑋 ∈ R𝑁×𝑚 consisting of 𝑁 samples and 𝑚 sensors
collected from process. Matrix 𝑋 is then scaled to zero mean,
and often to unit variance. Let the scaled data be

Y =

⎡
⎢⎣
𝑦𝑇1
...
𝑦𝑇𝑁

⎤
⎥⎦ ∈ R𝑁×𝑚 (19)

with 𝑦𝑖 ∈ 𝑅𝑚, 𝑖 = 1, ⋅ ⋅ ⋅ , 𝑁 , denoting the ith scaled vector.
∙ Decomposition of covariance matrix: The covariance

matrix is formed as ∑
0
≈ 1

𝑁
Y𝑇Y.

By means of SVD or EVD (eigen value decomposition), the
covariance matrix is decomposed as follows:

1

𝑁 − 1
Y𝑇Y = PΛP𝑇 ,Λ =

[
Λ𝑝𝑐 0
0 Λ𝑟𝑒𝑠

]
(20)

with 𝜎2𝑖 , 𝑖 = 1, ⋅ ⋅ ⋅ ,𝑚, is the 𝑖𝑡ℎ singular value of the
covariance matrix and

Λ𝑝𝑐 = 𝑑𝑖𝑎𝑔(𝜎21 , ⋅ ⋅ ⋅ , 𝜎2𝑙 ),Λ𝑟𝑒𝑠 = 𝑑𝑖𝑎𝑔(𝜎2𝑙+1, ⋅ ⋅ ⋅ , 𝜎2𝑚)

𝜎21 ≥ ⋅ ⋅ ⋅ ≥ 𝜎2𝑙 ≫ 𝜎2𝑙+1 ≥ ⋅ ⋅ ⋅ ≥ 𝜎2𝑚,PP𝑇 = I𝑚×𝑚[
P𝑇
𝑝𝑐

P𝑇
𝑟𝑒𝑠

]
[ P𝑝𝑐 P𝑟𝑒𝑠 ] =

[
I𝑙×𝑙 0
0 I(𝑚−𝑙)×(𝑚−𝑙)

]

∙ On-line fault detection: When a new scaled measurement
𝑥 ∈ R𝑚 is available, the SPE and Hotelling’s 𝑇 2 indices can
be computed as

T2 = 𝑦𝑇P𝑝𝑐Λ
−1
𝑝𝑐 P𝑇

𝑝𝑐𝑦 (21)

𝑆𝑃𝐸 = 𝑦𝑇P𝑟𝑒𝑠P𝑇
𝑟𝑒𝑠𝑦 (22)

The fault detection logic is 𝑆𝑃𝐸 ≤ 𝐽𝑡ℎ,𝑆𝑃𝐸 and 𝑇 2 ≤
𝐽𝑡ℎ,𝑇 2 ⇒ fault-free. Otherwise ⇒ faulty.

where 𝐽𝑡ℎ,𝑇 2 and 𝐽𝑡ℎ,𝑆𝑃𝐸 are the thresholds for SPE and
𝑇 2 respectively.

The PCA methods can be extended to take into account
the serial correlations, by augmenting each observation vector
with the previous 𝑙 observations and stacking the data matrix
in the following manner,

Y(𝑙) =

⎡
⎢⎢⎢⎣

𝑦𝑇𝑡 𝑦𝑇𝑡−1 ⋅ ⋅ ⋅ 𝑦𝑇𝑡−𝑙

𝑦𝑇𝑡−1 𝑦𝑇𝑡−2 ⋅ ⋅ ⋅ 𝑦𝑇𝑡−𝑙−1

⋅ ⋅ ⋅ ⋅ ⋅ ⋅ . . .
...

𝑦𝑇𝑡+𝑙−𝑛 𝑦𝑇𝑡+𝑙−𝑛−1 ⋅ ⋅ ⋅ 𝑦𝑇𝑡−𝑛

⎤
⎥⎥⎥⎦ (23)

where 𝑦𝑇𝑡 is the 𝑚-dimensional observation vector in the
training set at time instance 𝑡. By performing PCA on the
data matrix in Eq. 23, a multivariate autoregressive (AR) (ARX
model if the process inputs are included) is extracted directly
from the data. This approach of applying PCA to Eq. 23 is
referred to here as dynamic PCA (DPCA).

B. CVA for Dynamic Processes

The stacked past and future vectors, p and f, are represented
as follows:

p𝑡−𝑙
𝑡−1 = [y𝑇𝑡−1 ⋅ ⋅ ⋅ y𝑇𝑡−𝑙]

𝑇 (24)

f𝑡+𝑙+1
𝑡 = [y𝑇𝑡 ⋅ ⋅ ⋅ y𝑇𝑡+𝑙−1]

𝑇 (25)

where y denotes output vectors, subscript t is the present time
index for y, and 𝑙 is the number of the lag or the lead. In
CVA, the stacked future and past vectors are normalized using

d𝑓,𝑡 =
∑−1/2

𝑓𝑓
f𝑡+𝑙+1
𝑡 , d𝑝,𝑡−1 =

∑−1/2

𝑝𝑝
p𝑡−𝑙
𝑡−1 (26)

where
∑

𝑓𝑓 = 𝐸(f𝑡+𝑙+1
𝑡 f𝑡+𝑙+1

𝑡

𝑇
) and

∑
𝑝𝑝= 𝐸(p𝑡−𝑙

𝑡−1p𝑡−𝑙
𝑡−1

𝑇
)

( 𝐸( ⋅ ) denotes the expectation operator). The normalized
vectors d𝑓,𝑡 and d𝑝,𝑡−1 are defined as the scaled stacked
future and past vectors at time 𝑡, respectively. The conditional
expectation of the scaled future vector takes the form:

𝐸̂(d𝑓,𝑡∣d𝑝,𝑡−1) =
∑−1/2

𝑓𝑓

∑
𝑓𝑝

∑−1/2

𝑝𝑝
d𝑝,𝑡−1 (27)

where 𝐸̂(𝛼∣𝛽) denotes the expectation of 𝛼 under condition

𝛽. The physical mean of
∑

𝑓𝑝, defined as 𝐸(f𝑡+𝑙+1
𝑡 p𝑡−𝑙

𝑡−1

𝑇
),

is the well-known Hankel matrix. Thus,
∑−1/2

𝑓𝑓

∑
𝑓𝑝

∑−1/2
𝑝𝑝

indicates the scaled Hankel matrix. The scaled Hankel matrix
can be factorized using singular value decomposition (SVD),

⌢

d𝑓,𝑡 =
∑−1/2

𝑓𝑓

∑
𝑓𝑝

∑−1/2

𝑝𝑝
d𝑝,𝑡−1

= USV𝑇d𝑝,𝑡−1 ≈ U𝑘S𝑘V𝑇
𝑘 d𝑝,𝑡−1 (28)
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Fig. 5. Co-simulation between SIMPACK and MATLAB/SIMULINK

where
⌢

d𝑓,𝑡 denotes 𝐸̂(d𝑓,𝑡∣d𝑝,𝑡−1) and 𝑘 represents the state
order. U𝑘 and V𝑘 consist of the first 𝑘 column vectors of 𝑈
and 𝑉 , respectively, and the diagonal matrix S𝑘 is the 𝑘× 𝑘
principal submatrix of S. Then, the past and future CVs at
time 𝑡 are given by

z𝑡 = U𝑇
𝑘 d𝑓,𝑡 = U𝑇

𝑘

∑−1/2
𝑓𝑓 f𝑡+𝑙+1

𝑡 = L𝑘f𝑡+𝑙+1
𝑡

m𝑡 = V𝑇
𝑘 d𝑝,𝑡−1 = V𝑇

𝑘

∑−1/2
𝑝𝑝 p𝑡−𝑙

𝑡−1 = J𝑘p𝑡−𝑙
𝑡−1

(29)

respectively, and these CVs satisfy

z𝑘 = S𝑘m𝑡 (30)

Similar to the 𝑇 2 and SPE indices, the following indices
are used in this paper:

𝑇 2
𝑠 = y𝑇 J𝑘J𝑇𝑘 y (31)

𝑆𝑃𝐸𝑠 = 𝑟𝑇𝑡 𝑟𝑡 (32)

where 𝑟𝑡 = (𝐼 − J𝑘J𝑘)y

IV. SIMULATION

A. Co-simulation to Generate the Suspension Faults

In this section, SIMPACK vehicle model is used to generate
the acceleration signals and different faults in both primary
and secondary suspension are simulated. Here we discuss
how to simulate the suspension faults in SIMPACK. The
interface between MATLAB/SIMULINK and SIMPACK make
it possible to simulate suspension fault with different fault
magnitudes at any time during the operation.

As we all known, the damper will generate a force, whose
value equals the damper coefficient times piston’s velocity,
to reject the moving of the piston. And we generate the
damper fault signal in the way it works. As shown in Fig.
5, for example, sensors are equipped at the position of a
secondary damper to measure it’s moving velocity. Suggest
that the damper lose half of its value at the 15th second.
Then a external force is exerted on the piston to reduce the
performance of the damper as shown in Fig. 5. The direction
of the external force is opposite to the force generated by
the damper, and the value of force equals the fault magnitude
times piston’s velocity. In a similar way, spring fault can be
simulated.

TABLE II
FAULT SCENARIOS

scenario fault fault pattern faulty time (s)
fault 0 no fault
fault 1 𝐶2 failure 15
fault 2 𝐾1 lost 90% 20
fault 3 𝐾2 lost 25% 30
fault 4 𝐾2 lost 90% 30

B. Fault Detection Results

The simulation results for the railway vehicle suspension
fault detection are shown in this section. The track irregular-
ities used in the simulations are the German 6th grade track
spectrum. The faults considered in the simulation study are
listed in Table II.

The no fault data are used for training the models. For the
DPCA approach, the time lags is selected as 20. 120 principle
components are selected to be retained in the model. For the
CVA approach, the measured data is compressed by PCA
method and only 6 variables are kept in the new data. This
avoids the problem that Σ

−1/2
𝑓𝑓 and Σ

−1/2
𝑝𝑝 are not real. The

time lags and leads in the CVA approach are selected as 20.
In the CVA model, 18 states are selected.

The fault detection results are shown in Fig. 6-9. In all the
figures, the red solid line indicates the no fault case. The blue
dashed line represents the case of 𝐶2 failure. The 𝐾1 lost 90%
of its value is indicated by the green dash-dotted line. For the
fourth scenario, 𝐾1 lost 25% of its value, is represented by
the black dotted line. Finally, the 𝐾1 lost 90% of its value
fault is represented by the cyan dots.

Fig. 6 shows the fault detection results of PCA approach
using the 𝑇 2 index. Fault 1, 2 and 4 are detected successfully.
The 𝑇 2 index of the weak fault 3 is not obvious. The
SPE index of the PCA approach is shown in Fig. 7. The
performance is similar to that of the 𝑇 2 index. Fig. 8 shows
the results of the CVA approach by using 𝑇 2

𝑠 index. It can be
seen that the CVA approach is very sensitive to fault 2. The
fault 1 is also detected successfully. The detection results of
the fault 3 and 4 are not very satisfied. Similar performance
is observed by using the 𝑆𝑃𝐸𝑠 index.
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Fig. 6. Fault detection results based on PCA and 𝑇 2 index
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Fig. 7. Fault detection results based on PCA and 𝑆𝑃𝐸 index
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V. CONCLUSION

In this paper, the data driven fault detection problem for
the railway vehicle suspension systems are studied. A new
fault detection system is proposed where only the acceleration
signals are used for the detection purpose. Both PCA and
CVA based approaches are studied. For large magnitude faults,
both approaches achieves very good detection performance.
However, for weak faults, for instance, the 𝐾2 lost of 25% of
its value, both methods do not detect the faults obviously. This
means that both methods cannot detect early stage fault. New
strategy for improving the sensitivity of the data driven fault
detection methods are necessary. The final comment is that the
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Fig. 9. Fault detection results based on PCA and 𝑆𝑃𝐸𝑠 index

components nonlinearities are not considered in the simulation
study. They should be investigated in the future work.
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