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A Traction Control System Signal-Based Method for
Gear Slack Fault Detection 1n Electric Locomotive

Qiang Ni"?, Juntong Liu

Abstract—Gear slack fault (GSF) is a typical fault in traction
motor drive system, which will result in the inability to convert
motor torque into driving force. However, it is often misdiagnosed
as a wheel set idling and speed sensor faults, which can easily
cause traction control unit (TCU) to perform incorrect protective
actions, leading to safety accidents. Therefore, it is very impor-
tant to make full use of information collection and calculation
capabilities of TCU to detect this fault. In this article, a real-time
fault detection method based on time series event mode (TSEM) of
multidimensional information in TCU is proposed. First, based on
the GSF mechanism, relevant signals are selected, and the feature
indexes are extracted. Second, according to the operation condition
switching law of the traction system, six TSEMs related to feature
indexes are established for representing GSF. Third, the similarity
between the real-time sampled window data and each TSEM is
calculated. Then, the diagnostic decisions are made by using the
obtained similarities. Finally, the proposed real-time fault detection
method is verified by the actual operation data. The experimen-
tal results show that, comparing with the existing fault detection
method, the proposed method has better performance in sensitivity
and reliability.

Index Terms—Electric locomotive, fault detection, gear slack
fault (GSF), time series event mode (TSEM), traction control unit
(TCU), traction motor drive system.

I. INTRODUCTION

LECTRIC locomotives (ELs) are one of the most important

branches of the intelligent transportation. Basically, all ELs
are driven by electricity obtained from the catenary through
pantograph [1]. As one of the key systems, the electric traction
drive system (ETDS) obtains electric power from the pantograph
catenary system, converts it into the driving force of traction
motor, and then drives the train through the gear drive system
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[2]. Due to the complex operating environment, the ETDS is
susceptible to corrosion, temperature, humidity, power supply
surge, static electricity and other factors [3]. Although there
is strict regular maintenance based on the mileage, occasional
sudden failures are still inevitable during train operation [4].
Therefore, it is of great significance to study real-time and
accurate fault detection method to improve system intelligence
and to ensure system operation safety [5].

ETDS consists of transformer, rectifier, inverter, dc-link, and
motor units. At present, numerous diagnostic and detection
methods on typical faults in ETDS have been published. From
the diagnostic perspective, they can be divided into two cat-
egories, namely, component level and system level. For the
component level diagnosis methods, they focus on single or
multiple components in ETDS. Representative approaches are a
model-based diagnosis method for insulate-gate bipolar transis-
tor (IGBT) open-circuit in three-level rectifier [6], a data-driven
diagnostic method for IGBT open-circuit in inverter [ 7], a model
and data hybrid-driven diagnostic method for stator winding
interturn short-circuit fault in permanent magnet synchronous
motor [8] and a multisensors diagnosis method in traction con-
verters [9]. The above methods only diagnose one fault type, and
their diagnosis performance is susceptible to the interference of
the associated coupling faultin ETDS. Lietal. [10] and Gou et al.
[11] proposed methods for synchronous diagnosis of IGBT and
sensors respectively. In fact, the coupling relationship between
different components in ETDS is very complex. In addition,
component level faults often belong to relatively minor faults,
and generally do not trigger ETDS protection in a short time,
leading to EL halt.

Regarding system level faults, which are also known as func-
tional faults, refer to the phenomenon of abnormal monitoring
signals in the traction control unit (TCU). As compared to
component level faults, functional faults are more severe. Once
they occur, the EL needs to stop and handle them in a short time
to avoid serious accidents. The process of tracking the cause of
abnormal phenomenon is diagnosis. Chen et al. [12] proposed a
main circuit ground fault diagnosis method for ETDS, Ni et al.
[13] improved the diagnostic performance of the main circuit
grounding fault. Ni et al. [14] proposed a diagnosis method for
grid-side over-current phenomenon in ETDS.

Gear slack fault (GSF) is an abnormal state of gear trans-
mission systems. Once it occurs, traction torque cannot be
transmitted to the driven gear and the speed of traction motor of
GSF axis will be significantly higher than that of other traction
motors, which will cause the idle protection to be activated and
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the train to be unloaded. If the fault is not diagnosed in a timely
manner, the crew will adopt the method of cutting off the idle
protection, which can lead to a “sweeping” accident. Therefore,
an effective real-time detection of GSF is needed to ensure the
train’s safety.

Many researchers have published a large number of results
on gear fault detection in the electromechanical transmission
system [15]. Galloway et al. [16] proposed a representation
learning method with three-layer neural network architecture
for gear fault diagnosis, which can not only learn bases but
also weight bases adaptively. Cheng et al. [17] proposed a
deep slow feature analysis and belief-rule-based method for
operating gears of high-speed trains. The resampling technology
is applied to diagnose the gear faults in [18] by converting the
vibration signal into angular domain signal and extracting its
envelope and square envelope spectrum features. Wang et al.
[19] proposed a convolutional neural network-based gear fault
diagnosis method by using variational mode decomposition of
the vibration signal. However, although bearing faults have been
effectively diagnosed, they are not done from the perspective
of improving the performance and safety of the control sys-
tem using sampled system signals. Furthermore, these methods
require vibration information not collected by control system,
and diagnostic algorithms cannot be completed in the TCU. The
stator current is closely related to the load state of the motor and
is an important signal for closed-loop control of the motor. The
motor current signal analysis methods are developed to monitor
the health condition of gear. Miao et al. [18] investigates the
vicinity of the drivetrain frequency of the current spectrum under
health and fault conditions. Wang et al. [19] proposed a squeezed
modulation signal spectrum method for motor-gear system. Xu
et al. [20] and Zhang et al. [21] are only applicable to single
motor systems, and their performance in closed-loop control
and operating condition change still need further verification. In
ETDS, the bogie is composed of three parallel motor transmis-
sion shafts. Huang et al. [22] treated all the axles in the bogie as a
whole and used the speed information of each axle for slipping
detection. Nevertheless, the mechanism of GSF is obviously
different from the above applications. Therefore, there is a gap
in effectively diagnosing GSF by using the TCU information.

In ETDS, traction motor performs closed-loop control by
TCU. The sampled signals and intermediate calculated signals
show certain time series changing laws [23]. The time series of
stator current, speed and dc-link voltage in induction motor drive
systems are learned by extreme learning machine for multisensor
fault diagnosis [9]. Chen et al. [24] proposed a hybrid of data and
prior knowledge method for IGBT open-circuit fault in rectifier
by mining the time series variation law of dc-link voltage, input
current and input voltage of pulse rectifier. Shih et al. [9] and
Chen et al. [24] are only suitable for situations where the fault
duration is long and the fault samples are rich. Ni et al. [14]
took the voltage and current from the grid side over-current to
the main circuit breaker protection as a time series feature model
(TSFM), and traced the causes of the grid side over-current of the
traction transformer by identifying the TSFMs. The frequency of
voltage and current on the grid side is fixed at 50 Hz. Moreover,
the signals in [9], [24], and [14] are all analog signals and
sampled by sensors. However, for GSF, to our best knowledge,
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the related signals include both analog and digital signals, as
well as both sampled sensor signals and calculated intermediate
signals in the TCU. Furthermore, the speed of the traction motor
changes in real-time, it means the frequency of the current
is variable. In addition, operating conditions such as traction,
braking, and coasting are also dynamically switched. Therefore,
how to construct time series event mode (TSEM) is a challenge.

Motivated by the above research gaps, this article will study
GSF detection problem from traction control system perspective
and propose a TSEM recognition method by fully utilizing the
information in TCU and the changes in physical relationships
before and after the occurrence of faults. The main contributions
of this article can be listed as follows.

1) The GSF detection method is implemented based on sig-
nals in TCU without installing additional hardware, rather
than the conventional mechanical vibration information
or only speed information. The entire bogie is regarded
as a whole, and the multiaxis speed signals, traction force
signals, and operating condition information in TCU are
fully utilized to identify GSF.

2) The problem of GSF detection is transformed into a TSEM
recognition problem. Six TSFMs are proposed to repre-
sent GSF characteristics by investigating the switching
operation condition law. In order to increase the distin-
guishability of TSFMs, the six templates of TSEM are
proposed on the basis of TSFM by studying the changing
law of feature indexes under each TSFM.

3) A fault detection method based on similarity compari-
son between sampling window sequence and time series
template is proposed, which improves the sensitivity and
robustness of fault detection method and its effectiveness
is verified by field experimental data.

The rest of this article is organized as follows. In Section II,
the traction motor drive system and mechanism of GSF are intro-
duced. In Section III, feature indexes related to GSF are extracted
from system signals, and TSEMs are established. In Section IV,
TSEMs and sampling data are quantified as templates and train
operating mode, respectively. Then real-time similarity between
the operating mode and each template is calculated by DTW
algorithm, and GSF is finally judged by CUSUM algorism. In
Section V, data from numerous cases are used to verify the
effectiveness of the proposed data. Finally, Section VI concludes
this article.

II. TRACTION MOTOR DRIVE SYSTEM AND
GEAR SLACK FAULT

A. Principle of Torque and Traction Force Conversion

The traction motor dive system in an EL is mainly composed
of several basic mechanical units, each of which includes traction
motor shaft, axle box, gearbox, and other components as shown
in Fig. 1. The traction motor rotor shaft and the driving gear
(pinion) are taper fit, and the torque is transmitted through in-
terference connection. During the train operation, TCU controls
speed information of traction motors, which are converted into
locomotive movement through transmission gear system.

The traction control system collects real-time speed of traction
motor rotor shaft from nondrive end (NDE) for closed-loop
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Fig. 1. Traction motor drive system and gear system.
controlling. Normally, the motor rotor shaft and the pinion T—Vi—V V% —Fa —Fe - Fo,
Traction

connecting end are relatively static. The motor traction force
F, is less than the maximum static friction F between the
motor rotor shaft and the pinion connecting end. The relationship
between the rotor shaft speed Vpg and the bogie axle speed Vias
can be expressed as

Vape = kVeas (D

where k is transmission coefficient of the gear. The relationship
between traction motor output electromagnetic torque 7, and
motor speed Vnpg can be written as:

dW
j 4VNDE

—— 4+ RW 2
I + NDE ()

where 77, is the load torque, J represents the moment of inertia,
and R denotes the damping coefficient.

T, — Ty, =

B. Mechanism Analysis of Gear Slack Fault

According to analysis of several GSF cases, GSF usually
occurs at the joint between the pinion and the motor rotor shaft,
or at the sliding point between the motor shaft and the pinion.
When it occurs, the motor torque cannot be fully converted into
the driving force for the train to move forward. It means that the
motor shaft and pinion slip, and the static friction F changes into
the sliding friction F}. The T, R and J will be greatly reduced
and are almost zero, then (2) can be rewritten as

T. _ dVapE
J T odt

Due to TCU performing speed closed-loop control on the fault
bogie axle, traction force will be dynamically adjusted so that
the Vapg is approximately equal to the given speed. Due to the
very small 77, and J on the faulty bogie axle after GSF, a slight
amount of traction can cause a rapid change in speed, as shown
in Fig. 2. V; ~ V3 means the bogie axle speed (Vgas) and a
bogie has three axles. F'e; ~ F'es represents the traction forces
of three axes, respectively.

After the traction inverter operates, the operating conditions
of the train include traction, braking, and coasting. When the

3
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Fig. 2. Related signals of GSF in TCU (the second axis fault).
TABLE I
RELATIONSHIP BETWEEN Vipg AND Vgas UNDER DIFFERENT OPERATING
CONDITIONS WHEN GSF OCCURS

Operation conditions Description of relationship

Traction Vo> kVias
Coasting VNpE=kVBAS
Braking VNpE< kVBAs

GSF occurs, the relationship between Vypg and Vpas can be
given in Table I.

III. TIME SERIES FEATURE MODE OF GSF
A. GSF-Related Indexes Extraction

It can be seen from the mechanism of GSF that GSF has a
strong correlation with operating condition of EL, Vxpg, Vaas
and traction force F, in a bogie. As shown in Fig. 2 and Table I,
when a GSF occurs, both the second axle speed and actual
traction force show abnormalities, which are strongly related
to the operating conditions at that time. The speed of the faulty
axle has an abnormal increase in under traction conditions, and
due to the dynamic closed-loop regulation of TCU, the actual
speed of the faulty axle remains slightly higher than other axles
in a dynamic stable state; When under braking conditions, the
speed of the faulty axle will be lower than the normal shaft speed
through dynamic adjustment of traction force, and the speed
difference is uncertain. When under idle working conditions,
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TABLE II
RELATED SIGNALS AND FEATURE INDEXES FOR GSF (A BOGIE)

Signals Feature

in TCU Description indexes Description
VNDE Speed of motor rotor Ji Operating condition
v Speed of bogie axles 7 Average speed of axles
BAS <13 in Fig.2 ? (Vi+Vat13)/3
. . Speed of fault axle
ocC Operating condition Js Vi or Vaor Vs
. Average traction force
F. Traction force Ja (Fei+FeytFes)/3
) Traction force of fault axle
’ Fej or Fe or Fey
M, i Jy )y Js Ji s
P — = Traction
100 “”:-L J\-I, —('nu\‘l.ing
’ ’ (17 M, M, - Braking
80+ : - 4 L Y 1
60 -
a0t oA Nl : 1
b A i W
LRk | N M
20 .M \ | | { L[\ |- \.
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Fig. 3. Feature indexes related signals (the second axis fault).

| OC,(k) _’ OC/(/(-H )
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M M,

Fig. 4. TSFMs and operating condition (OC) switching modes.

the speed of the faulty axle is equal to the normal axle speed.
Therefore, this article selects these three types of information
to extract faulty indexes. As shown in Fig. 1, an EL usually has
two bogies, each of which has three bogie axles. Normally, the
traction force and speed of each bogie axle are equal. Therefore,
feature indexes are extracted for representing GSF, as given in
Table II.

Based on historical data, the variation law of feature indexes
J1 — Js can be obtained, as shown in Fig. 3.

B. Forming TSFMs With Extracted Indexes

In actual operation, EL has three operation conditions, that is,
traction, coasting, and braking. As shown in Figs. 2 and 3, during
EL operation, the operation conditions are dynamically switched
and the dynamic process only has a short duration. Therefore,
in this article, this dynamic process is described by using five
consecutive sampling points. Based on engineering knowledge
and data analysis, there are a total of six operation condition
switching modes, as shown in Fig. 4. The GSF characteristics in
each mode can be described by the time series matrix of feature
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TABLE III
CHANGING CHARACTERISTICS OF FEATURE INDICATORS IN EACH TSFM

TSFM Description
M, Ji: Traction, J2-J3<0, Js-J5>0;
M, Ji: Braking, (J2-J3>0) , (Ja- J5s>0);
Y Ji: From traction to braking; From (/2 - J3<0) to (J2 -
3 J5=~0); From (Js - Js>0) to (Ja - J5=0) ;
M Ji: From braking to coasting; From (/>>J3) to (J2 -
4 J50); From (J4> Js) to (JixJ5~0) ;
Y Ji: Coasting to traction, (J2- J3=0) to (J2- J3<0), (Js-
} Js=0) to(Js - J5>0);
1y Ji: From coasting to braking; from (J2 - 3=0) to
6 (J2>J3) , from (Ja- J5=0) to (Ja- J5>0);
yi Ml Y2 L,V M4 y2
| f—————i100 1 100
0 \_—\ 50 0 \/— 50 JI
-1 0 t -l (;t J>
yi M2 y2 yi M5 y2 J3
1 100 1 _/_ 100 J4
e ——————
0 50 0 / 50 JS
= /_— 0 t = f 0 t
M M3 o8 VA M6 Y2
1 100 1 100 yl:  J
_\_ — y2: I~s
0 50 0 50
Fig. 5. Feature indexes of time series in different TSFMs.
indexes. Six TSFMs can be written as
Ji(k — 4) Tk —1) Ji(k)
Jo(k —4) Jo(k —1)  Ja(k)
M; = . . . )
Js(k — 4) Js(k — 1) Js(k)

where i represents an integer between 1 and 6, k represents the
current sampling time, and M; means ith TSFM.

The changing rules of feature indexes in each TSFM are given
in Table III.

IV. REAL-TIME GSF DETECTION BASED ON
SIMILARITY COMPARISON

It can be seen from Fig. 5 and Table III that GSF can be
represented by TSFMs. Therefore, if the sampling data is suffi-
ciently similar to one of them, the axle of the sampling source
is diagnosed as GSF. However, when two series with different
data lengths are compared, the result based on conventional
distance calculation methods (such as Euclidean distance) will
have a large deviation from the actual result. Besides, the result
is ineffective if the similarity between the analog sampling data
and TSFMs are directly compared without quantification.

In this section, to tackle the above problems, we first quantify
the TSFMs to TSEMs and the sampling data as fault templates
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TABLE IV
TEMPLATES OF TSEM AFTER DISCRETIZATION
Mode 7 7 7 T T
J J, J, J, Js
Ml (11111) (00000)  (11111) _ (11111)  (00000)
Mz (-1-1-1-1-1)  (11111)  (00000)  (11111)  (000OO)
M (11100) (00000)  (11100)  (11100)  (00000)
3
A7, CIF1-100) (11100) - (00000)  (11100)  (00000)
4
M (00011) (00000)  (00011)  (00011)  (00000)
5
M (000-1-1)  (00011)  (00000)  (00011)  (000OO)

(=)}

and current train operating mode, and then use DTW algorithm
to calculate the similarity in between. Finally, GSF is diagnosed
by using CUSUM algorithm.

A. TSFMs and Sampling Data Quantification

As shown in Figs. 3 and 5, the feature indicators under the
six modes have obvious temporal variation patterns. .J; reflects
changes in operating conditions, with only three states and not
continuous variables, exhibiting distinct event characteristics.
As shown in Fig. 5 and Table III, the J3 and J» describe the
variation pattern of speed information between the fault axis
and the overall axis, the J5 and J, describe the variation pattern
of traction force information between the fault axis and the
overall axis. The difference between J; and J, as well as
the difference between J3 and .J4, exhibit hysteresis switch-
ing characteristics in different TSFM. Therefore, the feature
indexes can be discretized into events for increasing the dis-
tinguishability of TSFMs, and then the TSFM will be converted
to TSEM.

The feature index .J; that represents the operating conditions
of the train is quantified as

1, Jl = DR
Ji={-1, J,=BR. 5)
0, Jy=20

Feature indexes .JJo — J3 and J4 — J5 that respectively repre-

sent traction force and speed information are quantified as
Jo=1,J3=0, Jy—J3>FEy
Jy=0,J3=0, |Jo—J3] >Ey (6)
Jy=0,J3=1, Jo—J3<—Ey
Ji=1,J5=0, Jy—Js5> Fre
Ji=0,J5=0, |Jy—Js| > Er (7
Ji=0,J5=1, Ji—J5s < —Fre

where Ey represents the threshold of speed difference among
axles, EF. represents the threshold of traction force difference
among axles. After the discretization, templates of TSEM are
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Fig. 6. Fault templates established by quantifying TSEMs.

established (see Fig. 6 and Table IV). In this article, lengths of
template are all set to 5.

According to the GSF-relevant signals captured from the data
sampling window, TCU continuously extracts feature indexes
J1 — Js and saves as time series J1 — J'5, which are quantified
to obtain the train operating mode of the sampling data at current
time k. It is written as

J1(k,N) Ji(k=N+1) Jy(k—=N+2) - Jy(k)
Jo(k, N) Jo(k=N+1) Jo(k—=N+2) - Jy(k)
Js(k,N) Js(k=N+1) Js(k—N+2) J5 (k)

(3)

where J1(k, N) — J5(k, N) represent quantified feature in-
dexes of time series, N is the number of samples included in the
series which is set to 10 in this article.

B. Fundamental Principal of DTW Algorithm

DTW algorithm, which solves the problem of time scale
synchronization, is commonly used in measuring the similarity
between two given series with different lengths [23]. It combines
time warping and distance measuring to calculate the optimal
match of two series.

Suppose two time series S = {s1, S2,...,8,} and Q =
{q1, q2, .., gm}, and a matrix D)y, is defined as

D(i,j) = |Isi — ¢jl|w )

where position (i, j) of the matrix contains the alignment cost
betweens;andg; (i =1,2,...,n;7=1,2, ..., m; w=2).

Suppose that p; — pr, are points along the warping path, the

restrictions of DTW are listed as follows.

1) Boundary conditions: p; = (1,1) and p;, = (n, m).

2) Monotonicity: Each point on the path must monotonously
change with time, which can be described as n1 < n; <
ng, my < m; < mp.

3) Continuity: For a point p; = (si, ¢i) and the following
pointp;+1 = (Sit1, gi+1) onthe path, s;41 — s; < land

Giv1—q < L
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Fig. 7. Flow chart of the proposed real-time fault detection method.

All of the warping paths between the time series S and () are
calculated according to the formula d(z,,, ym) = (Tn, Ym)>
Then the optimal path P = (p1, pa, ..., px) are found so that
the cumulative distance d(n, m) is the minimum. It is written as

K
DTW(S, Q) = min (Z pk> = d(n,m) (10)
k=1
where the cumulative distance is
’7(7’7] - 1)

C. Similarity Calculation

Similarity function d;; (k) are defined as shown in (12), and
(13) is defined to find out the maximum similarity between the
operating mode and TSFM templates at the current time k

dig(k) = forw (ilk, N), M) (12)

Sj(k) = max (d1j<k)7d2j(k)7"' 7d5j(k)7) (13)

where fprw is an operator of DTW algorithm, J;(k, V) repre-
sents the ith quantified feature index of time series with samples
of N at the current time k in the sampling window, M ;z)

represents the ith time series feature index of the jth template of
TSFM.

D. GSF Detection Decision-Making

Considering the existence of a certain degree of noise and
interference in sampling signals, and in order to improve the
reliability of GSF detection, GSF is finally diagnosed by us-
ing CUSUM algorithm [24]. Defining the decision-making

function as
gj(k) =max (0,g;(k — 1) + T'S; — s;(k))  (14)

where T'S; is the similarity threshold between two compared
series. The following fault decision logic is adopted as

]., gj(k) > hj
F = 1
) {0, i 13)
1, 3F;(k)=1
F(k) = ! 1
(k) {0 VF;(k)=0 (16)

where hj(j=1,2,...,6) represents the fault-diagnosed
threshold, which can be set based on application experience,
F;j(j=1,2,...,6) is the sub flag of GSF, and F; = 1 rep-
resents the fault occurrence related to the jth template; F'is the
general flag of GSF, and 1 represents GSF occurrence. The whole
process of GSF real-time detection is shown in Fig. 7.
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Fig. 8.

HXDI1C electric locomotive.

V. FIELD EXPERIMENT AND RESULTS
A. Data Description

To verify the effectiveness of the proposed fault detection
method, this section conducts experiment based on field data
collected from the HXD1C EL equipped with six axles (see
Fig. 8). TCU collects signals from sensors and executive parts in
the traction drive system. As a module in TCU, the subprogram
of GSF detection captures information, including traction force
and speed of each axle, and operating conditions of the train
from the TCU buffer and recording waves as a fault case. Each
case has a total of 15 000 points, including information before
and after the fault and the sampling period is 0.3 s. The total
number of collected sample cases include normal data case,
real relaxation faults case, speed sensor malfunction case and
wheelset idle case.

The experiment consists of two parts. The first part verifies the
advantages of the proposed method compared with the existing
engineering (EE) method based on GSF case data. The second
part verifies the robustness of the proposed method by using
speed sensor fault case data and wheel set idling fault case
data. In this experiment, the data window N of feature indexes
calculation is set to 10, because the length of each template is
all set to 5 and it is enough to contain template information.

B. Performance Indicator

To objectively show the advantages of the proposed method,
fault detection rate (FDR) is introduced as the performance
indicator [13], which is used to illustrate the detection sensitivity.
The calculation form of FDR is given as follows:

_ Num(fuea] freat)
Ny

FDR x 100% (17)
where N is total fault samples, fr.. denotes the real happened
fault, fgeeer denotes the detected fault, and Num( faetect| freal)

represents the number of faults detected in case of all GSF.

C. Results Analysis

In tests of the EE method, when the speed of the tested axle
exceeds the threshold Viyaxm or the difference amount each
axle exceeds the threshold AV, the EE method determines
the occurrence of the GSF. The process of detection can be
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Fig. 9. Real gear slack fault case. (a) Operating condition of the train.

(b) Train speed Variation. (c) Traction force Variation. (d) Quantified GSF-
relevant feature indexes. (e) Fault flags of the EE method. (f) Fault flags of the
proposed method.

written as

F=1 V(V;>Vmaxwn, Vi— Vaer > AVa) (18)

where F is initially set to 0, V; denotes the speed of the tested
axle, Vayer denotes the average speed of the tested frame. Vyiax
is set to 140 km/h and AV, is set to 5 km/h in this experiment.

In the first part of the experiment, the advanced performance
of the proposed method is demonstrated by comparing with the
EE method in a GSF case. As shown in Fig. 9, GSF occurs on
the fifth axle. It can be seen from Fig. 9(a)—(c) that the fault
axle appears no difference to normal axles when the system is
working in idling condition. When operating condition switches
to traction, the speed of the fault axle shows an abnormal rise
and then consistently keeps a slightly higher value compared
to the normal ones, and the traction force fluctuates around 0.
In the starting stage of the fault, due to the closed-loop speed
control, the speed difference between the fault and the normal
axles is too small to detect by using the EE method. As the
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Fig. 10.  Speed sensor fault case. (a) Operating condition of the train. (b) Train

speed Variation. (¢) Traction force Variation. (d) Quantified GSF-relevant feature
indexes. (e) Fault flags of the EE method. (f) Fault flags of the proposed method.

degree of fault increases, the fault will not be detected until the
speed difference exceeds the limit. However, this type of fault
can be easily discovered by the proposed method. It can be seen
from Fig. 9(d)—(f) that relevant feature indexes of time series
can describe GSF in detail, and diagnoses it as fault of mode
1 within 4 s. In addition, in order to prove the universality of
the proposed method, comparisons of performance in different
cases are given in Table V.

To further verify the effectiveness of the proposed method,
the robustness experiments are performed under two interfer-
ence cases. Fig. 10 shows the results of the experiment with

Fig. 11.  Wheel set idling case. (a) Operating condition of the train. (b) Train
speed Variation. (c) Traction force Variation. (d) Quantified GSF-relevant feature
indexes. (e) Fault flags of the EE method. (f) Fault flags of the proposed method.

unavailable sixth speed sensor. It can be seen from Fig. 10(b) that
the speed of the sixth axle measured by the fault sensor remains
in zero value, which means that the speed difference between
axles excess the threshold AVyy,. As a result, TCU isolates the
fault axle traction from the system and misdiagnoses the fault
as GSF by using the EE method. In contrast, the operating
mode does not match any of the template modes when using
the proposed method.

Fig. 11 shows an experiment conducted under wheel set idling
condition. It can be seen from Fig. 11(b) that at the point around
210 s, the traction force plunges to 0, which denotes that the
power of the shaft cannot be transmitted to the fault wheel
set. After losing the traction, the speed of the train steadily
decreases until the train stops. The same mechanism as the
last experiment, the EE method misdiagnoses the fault while
the proposed method is robust enough to diagnose the fault is
irrelevant to GSF.

It is obvious that compared to the existing detection method,
the proposed method can detect the GSF in an early stage, and
seldomly misdiagnose it. In other words, the proposed detection
method has better performance in sensitivity and robustness.
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VI. CONCLUSION

This article addressed the problem of GSF detection from the
perspective of monitoring signals from traction control systems,
which differs from the conventional method based on mechani-
cal vibration signal. A time series event mode recognition-based
method for GSF detection is proposed based on signals in TCU
without additional hardware. The fault TSFMs are proposed by
combining knowledge of switching operation conditions and
data analysis. Based on the characteristics of feature index,
the TSFMs are converted into TSEMs. The GSF is diagnosed
in real-time by measuring the similarity between the sampled
window data and the templates of TSEM.

The proposed method is applied to a real-life electrical trac-
tion system and is verified by using actual field test data. The
experimental results show that the proposed approach is superior
to the conventional one with respect to FDR and detection delay
in case of GSF. Furthermore, the proposed method has strong
robustness in case of the speed sensor fault and wheel set idling
cases. According to the obtained results, it can be seen that the
proposed method with its simpler form and lower design efforts
is promising for GSF detection.
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